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Three-dimensional (3D) graphene-based macrostructures are being developed to combat the issues associated with two-dimensional (2D) graphene materials in practical applications. The 3D macrostructures (3DMs), for example, membranes, fibres, sponges, beads, and mats, can be formed by the self-assembly of 2D graphene-based precursors with exceptional surface area and unique chemistry. With rational design, the 3D macrostructures can then possess outstanding properties and exclusive structures. Thanks to various advantages, these macrostructures are competing in a variety of applications with promising performances unlike the traditional activated carbons, biochars and hydrochars, which have less flexibilities for modifications towards versatile applications. However, despite having such a wide range of applications, 3DMs remain applicable on laboratory scale due to the associated factors like cost and extensive research. This perspective provides an overview of available graphene-based macrostructures and their diverse synthesis protocols. In the synthesis, hydrothermal route, chemical vapor deposition (CVD), wet spinning, 3D printing, vacuum filtration, spray drying and emulsion methods are highlighted. In addition, the physio-chemical properties of these macrostructures are discussed with the relationship among the porosity, surface area and the bulk density. The perspective also highlights the versatile potentials of different 3DMs in wastewater remediation by adsorption, desalination, and catalytic oxidation, etc. Following the concluding remarks, future outlooks on commercial applications of 3DMs are also provided.
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INTRODUCTION
Because of the exceptionally large theoretical surface area (≈ 2600 m2/g), versatile chemistry and other physicochemical properties, graphene and its derivatives of graphene oxide (GO) and reduced graphene oxide (rGO) have been employed for a vast range of applications, for example, environmental remediation, climate change mitigation, and sustainable energy application (Sun et al., 2014; Yousefi et al., 2019). Since its discovery, graphene in collaboration with various nanotechnologies has demonstrated great success in water and wastewater treatment (Sun et al., 2012; Wang et al., 2013). However, the use of these 2D nanosheets creates various challenges due to their highly hydrophilic nature (Wang et al., 2020). For instance, graphene has a very high colloidal stability in water and therefore, the challenging recovery would form major barrier in practical applications. Over the past few years, extensive efforts have been made to combat this issue. It is demonstrated that 3D graphene macrostructures can be competing alternatives to nanoscale graphene and its compounds (Chowdhury and Balasubramanian, 2017). Graphene macrostructures are a 3-dimensional form of graphene and graphene-based compounds. These macrostructures are very practical and attractive because they not only possess the efficiency of nanomaterials but the ease to manipulate and handle of bulk materials.
In the midst of this emerging research based on graphene macrostructures, we present a perspective on the applications of 3DMs in the vast area of wastewater treatment over the past decade. Rather than being exhaustive, we focus on the recent research trends with a few examples. This research topic is still emerging with very few studies presented in the past few years especially in the degradation of emerging organic contaminants.
Graphene oxide tends to easily form liquid crystal domains in water even at a very low concentration because of its high colloidal stability, high aspect ratio, and geometrical anisotropy (Xu and Gao, 2011). The major driving force of GO nanosheets into the self-assembly of 3D structure is the ordered liquid crystalline arrangement in water. The stable suspension of dispersed graphene oxide has the ability to self-assemble into the light and highly porous sponges by being spun to form fibres, cross-linked to GO beads, pressed to membranes, sprayed to form 3D particles, or even chemically deposited on templates to form foams via hydrothermal or chemical procedures such as chemical vapour deposition (CVD). These synthesis procedures are relatively easy and provide a potential to scale up for commercial applications. In addition, facile and precise control on the porosity and the surface area of the macrostructure is enabled which plays a vital role in their applications. The 3D macrostructure from self-assembly of 2D GO has been applied in various areas such as air and water purification, batteries, and sensors, among which water remediation is of particular interest. 3MDs can be used in various wastewater remediation technologies, for example, adsorption, absorption, catalysis, and desalination. Figure 1 shows the various structures of membranes, fibres, sponges, mats, and beads with their respective synthesis for this purpose (Xu et al., 2015).
[image: Figure 1]FIGURE 1 | Self-assembly of 2D graphene-based nanosheets into 3D macrostructures.
RATIONAL DESIGN OF MACROSTRUCTURE TOWARD TAILORED PHYSIOCHEMICAL PROPERTIES
The self-assembly of 2D GO nanosheets into 3D macrostructures leads to a wide range of properties and environmental performances. Most of the basic characteristics such as porosity, surface area, and bulk density are interrelated, and therefore tend to affect the efficiencies of these 3DMs in their applications. Therefore, it is very important to analyse the trends and to correlate the verse applications of 3DMs to their physiochemical properties.
Pore Structure of 3D Macrostructures
The efficiency of all materials in the removal of pollutants from wastewater highly depends on the surface area and the availability of the active sites. As such it is necessary to study the pore structure and size as they are inversely correlated to surface area and directly correlated to interconnectivity (Yousefi et al., 2019). To balance the surface area and the interconnectivity, Bai et al. suggested the synthesis of a hierarchical pore structure. The hierarchical structure has large pores which are connected with small pores. This avails a large surface area for the reaction and also provides a proper-interconnected network of pores throughout the macrostructure (Bai et al., 2015). The morphology and size of the pores are crucial parameters to consider when designing 3DMs for the removal of viscous oils and other solvents. For this application, structures with a larger pore size are desirable. Chemical vapor deposition (CVD) has been mostly used for the synthesis of sponges with the large pore. These sponges tend to have a more open structure with thin pore edges (Bong et al., 2015).
Another cost-effective method for the synthesis of sponges with large pores is the use of a template. Templates can be dipped in an aqueous dispersion of graphene oxide to coat the outer surface to form microporous graphene oxide coated sponges (Hu et al., 2014). Luo et al. fabricated the graphene sponge using polyurethane as the reinforcement. The sponge formed had a low surface energy with high adsorption capacity (Luo et al., 2017). From the above studies, it can be concluded that the porosity plays a great role since modifications and decorations on the foams affect the surface charges making the foam hydrophilic or hydrophobic. This in turn affects the capillary action of the fluids for instance in the removal of dense and more viscous contaminants than water from narrow channels (Yousefi et al., 2019).
Specific Surface Area and Bulk Density of 3D Macrostructures
Bulk density and the pore volume of 3DMs are interrelated. Generally, when the 3D macrostructure has a high bulk density, the structure is composed of more 2D nanosheets and in turn, it has fewer pores. The effect of density is one of the key considerations in the adsorption of oils and viscous solvents. Theoretically, low bulk density macrostructures should be considered for removal of oil. However, this cannot be implemented practically since contact with water could easily disintegrate these 3DMs due to their low stiffness. Hence, a balance should be considered to ensure that the structure is efficient in the removal of oils and meantime, it does not disintegrate (Yousefi et al., 2019).
The specific surface area of 3DMs determines their efficiency in the removal of the contaminants. 2D nanosheets with a high aspect ratio provide active sites for interaction between the pollutants and catalysts. However, it should be noted that macrostructures with a higher bulk density do not necessarily lead to 3DMs with large specific surface areas (Yousefi et al., 2019). Porosity, interconnectivity and the morphology of the structure jointly determine the specific surface area of 3DMs. In a study based on the removal of methylene blue, the surface area played a great role. Liu et al. prepared a graphene hydrogel with a specific surface area of 450.3 m2/g for the removal of dyes from wastewater. The results showed that the adsorbent was able to remove 177.3 mg/g of MB from the solution (Liu Y. et al., 2017).
From the above study, it can be concluded that specific surface area is a key that controls molecular adsorption on the surface. Among various studies conducted on 3DMs, only a few studies were able to synthesise macrostructures with surface areas larger than 1000 m2/g. Therefore, more researches still need to be done on these macrostructures and new methods, and modifications should be proposed to advance this field. One promising solution to this problem is the rational design of pore architecture, however, this method may form larger pores and hence weaken the whole 3D structure.
APPLICATIONS IN WATER REMEDIATION
3D macrostructures have versatile applications in the removal of contaminants such as dyes, hazardous oil, organic solvents and heavy metals by adsorption, desalination and catalytic oxidation for wastewater remediation as shown in Table 1.
TABLE 1 | Applications of 3D graphene-based macrostructures in wastewater remediation.
[image: Table 1]Removal of Heavy Metals From Wastewater
Heavy metals are frequently discharged to aquatic environments via mining, manufacturing industries, agriculture, automobile among others (Sulaiman et al., 2019). They pose a major hazard to both humans and ecosystems, because the high toxicity of these metals severely threat public health and may cause death in an extreme case. Graphene oxides have ion-chelating negatively charged functional groups which render their 3D macrostructures ideal for the adsorption of the heavy metals from water (Cong et al., 2012; Vilela et al., 2016). The large surface area and the highly porous structure provide ample active sites for adsorption. Yao et al. studied the removal of Cr(IV) using 3D titanium dioxide–graphene hydrogel via adsorption (Li et al., 2016), and showed that oxygen-containing functional groups on the surface of the hydrogel can enhance the adsorption of anionic metal ions by formations of hydrogen bonds. However, it is difficult to remove heavy metals from the wastewater using graphene materials alone. Therefore, external energy is required to boost this process and as such, partial electrical conductivity of graphene oxide macrostructures can be used to tackle this problem. More sophisticated techniques such as the combination of high specific surface area, porosity, introduction of photocatalytic metals oxides such as TiO2 and partial electrical conductivity, which tend to be more advantageous than just adsorption, can be applied (Liu P. et al., 2017). Additionally, metal ions saturated with 3DMs can be separated easily from aqueous solution and can be reclaimed by acid washing to desorb the metallic phase. Further, graphene oxide-based nanocomposite materials consisting of photocatalytic nanomaterials were used to simultaneously adsorb and reduce heavy metal ions thereby quickening the reclamation process (Gao et al., 2013). Hence, it can be concluded that 3DMs are quite efficient in heavy metal removal and could be a revolution in future if this technique is applied in a commercial wastewater treatment plant.
Removal of Dyes From Wastewater
As a result of industrial growth, a wide range of dyes are being discharged to water bodies. Among all 3D macrostructures, GO sponges and beads have shown promising efficiencies in the removal of various dyes from wastewater. The adsorption of dyes on these 3D macrostructures is aided by the electrostatic forces and the π–π interaction (Sui et al., 2013; Wu et al., 2013).
The availability of the active sites on the GO structure plays a vital role in the adsorption of dyes. When GO surface comes in contact with water, the active sites are occupied by the dissolved organic matters such as humic acid which may affect the adsorption performance. However, most studies ignore this impact by the dissolved organic matters and are also limited to a few pollutants. For the commercial application, a better understanding is required on the roles of organic matters, pH of the solution, and the complexity of the multiple pollutants. Further, most of the dye adsorption is conducted in batch other than continuous tests. Also, after the adsorption, regeneration is necessary yet lacks effective methods. Further, most contaminants studied for the adsorption process in the laboratory are made of small molecules and therefore have simple chemistry. In reality, more complex and toxic organic contaminants such as pharmaceuticals and toxins present in the wastewater need to be mineralised (Yousefi et al., 2019). It can therefore be concluded that with the help of advancing technology, 3DMs could be used in commercial wastewater remediation plants to adsorb dyes, and regenerate the adsorbent for multiple uses to be viable economically.
Removal of Organic Solvents and Oils
Oil and organic solvent spills have become a major issue in terms of marine and freshwater pollution. Spills can be cleaned up by dilution, neutralisation, washing, decontamination, and absorption, most of which however are unreliable as they cause secondary pollutions. Absorption can avoid these risks and can remove the secondary contaminants (Bao et al., 2016). Various lightweight and inert traditional adsorbents have been used but the small pores limit the diffusion of more viscous fluids such as crude oil (Muhammad Shafiq et al., 2017). GO macrostructures with a large specific surface area and porosity can be used as an alternative to traditional solutions. Unlike other pollutants such as dyes and metal ions which are removed by adsorption, most hydrocarbons are eliminated from wastewater by physical absorption. This explains why sponges with high porosity are efficient in this application. Nonetheless, seawater may alter the wettability and the stability of the GO sponges upon prolonged contacts. To overcome this issue modification of GO is necessary and previous studies have shown that partial reduction of GO can be used to restore the hydrophobicity and oleophilicity of the sponge. Chemical reduction of the 3D macrostructures can favour the interactions with the target with the π–π bond (Yousefi et al., 2019).
One major advantage of using 3D macrostructures for this purpose is the easy and effective regeneration of the macrostructure. One idea of regenerating the structure is to burn off the oil without damaging the structure. Alternatively, the absorbed solvent can be squeezed out of the structure, however, the efficiency, in this case, will change. Another quite promising technique is to heat the oil-loaded macrostructure to evaporate the oil phase and simultaneously collect it by condensation for efficient recovery of oil and regeneration of the 3D macrostructure (Bi et al., 2012; Li et al., 2014).
Removal of Salts From Water as Desalination
This process is usually based on membrane technology. In recent years, graphene-based membranes have proven to be a potential candidate in the membrane synthesis for the desalination process. Graphene-based nanosheets are usually very thin and smooth which in turn ensure rapid water transportation through the defects or the channels between these sheets (Liu et al., 2016). Among various desalination techniques, two major graphene-based membrane strategies have been proposed for this purpose: highly nanoporous single sheet structures and stacked 3D macrostructures. The nanoporous single sheet membranes have etched defects which can be as a result of plasma etching or ion bombardment (Surwade et al., 2015). However, these membranes cannot be practically applied in the desalination process due to the challenges in precise control of selectivity and scaling up for commercial application (Surwade et al., 2015). As such, 3D macrostructures have been studied since they are feasible and cost-effective for the desalination process.
3D macrostructures are generally applied in the form of pressure-driven membranes. In this case, the interlayer spacing between the stacks is used to determine the selectivity of the materials for separation. Manipulation of the interlayer spacing of the stacks can be used to regulate the materials flowing through the channel of the membrane (Mi, 2014). Unlike nanoporous single-sheet membranes, 3D macrostructures can be scaled up for commercial use by the production of large-area membranes via gravure printing machine. The gravure printing machine is used in this process to align the nematic phase of graphene oxide liquid crystal suspensions for the formation of highly ordered stacks of graphene oxide. This alignment of the GO sheets enhances the stability of the membrane and also sharpens the size of the channel within the membrane to improve the permeability of water and reject the large solutes (Xu et al., 2017).
Despite putting great efforts into the fabrication of pressure-driven membranes, the current 3D macrostructures have yet exceeded the perselectivity of the state of the art thin film composite desalination membranes (Elimelech and Phillip, 2011). These membranes are allowing a higher permeability of water with a poor salt selectivity hence acting as ultrafiltration or nanofiltration processes and not reverse osmosis. Generally, the efficiency of the membrane is determined by the amount of salt it retains rather than the amount of water it permits. Hence, one major challenge with this pressure-driven membrane is to form thins and defect-free nanomaterial-based membranes for laboratory purpose. Besides, other factors such as membrane fouling and decrease in the desalination performance should also be evaluated to ensure long-term stability (Elimelech and Phillip, 2011).
3D Macrostructures for Advanced Oxidation Processes
Recently graphene-based materials have shown excellent efficiencies in advanced oxidation processes (Duan et al., 2015; Duan et al., 2016; Kang et al., 2020; Li et al., 2021). However, one major challenge is the recovery for reusability since the nanoparticles are hard to collect and recycle. One alternative method is the use of 3D macrostructures for the mineralisation of pollutants. The integrated morphology of the 3D macrostructures makes it easy to separate in the practical application. Further, hybridisation with metal oxides such as MnO2 and Co3O4 can be done easily during the synthesis. This results in synergistic charge transfer and enhances mass transport which eventually increases catalytic activity. Besides, these structures also prevent the release of the catalysts in the environment (He et al., 2018).
Wang et al. synthesised N-doped 3D graphene aerogel (NGA) for catalytic oxidation of emerging contaminants like antibiotic from wastewater (Wang et al., 2019). The as-prepared catalyst was used to chemically activate peroxymonosulfate for the degradation of Ibuprofen. The results showed that about 90% of Ibuprofen was removed in 180 min. Stability and reusability were also studied by using the catalyst for three successive runs. It was seen that 90% degradation was achieved after the first-round while 51.8 and 28.4% degradations were achieved after the second and third round.
From Table 1, it can be concluded that graphene-based macrostructures can activate PMS for mineralisation of various pollutants. However, most studies are based on the degradation of dyes and very few studies are done on the degradation of POPs. Further research needs to be done on the degradation of various POPs. Further, stability and the reusability of the catalyst needs to be studied in detail to ensure the efficiency of the degradation not to drop significantly with each cycle. Also, more studies are required to further disclose the catalytic mechanisms of 3D graphene-based macrostructures in verse applications.
CONCLUDING REMARKS AND PERSPECTIVES
Diverse morphological forms of 3-dimensional graphene-based macrostructures can be obtained by rational synthesis and modifications according to the specific application. These macrostructures have proven to be advantageous as they are easy to manipulate and handle than nanoparticles. Furthermore, 3DM’s relatively large specific surface area and porosity would play a vital role in the applications such as adsorption of heavy metals and dyes, organic solvents and oils, and catalytic oxidation thus aiding in the purification and remediation of the wastewater. Despite having such remarkable progress in the past few years, there are a few obstacles that we believe need to be overcome to capitalize on the proposed applications of graphene-based macrostructures for environmental remediation. Based on the above discussion, future outlooks can be based on below points.
1. Further studies should be conducted to investigate how these 3D graphene-based wastewater remediation technologies can be integrated into the existing wastewater treatment plants for promising outcomes. For instance, research should be done on how to integrate this treatment in the ultrafiltration process in case of a 3D graphene membrane.
2. Industrial applications require bulk production of 3DMs and therefore various environmentally friendly and economically viable processes should be developed to magnify the production on a commercial level. This also includes the preparation of the precursor (graphene oxide) as it requires a lot of costly resources hence, a breakthrough in GO synthesis is also required. This, in turn, will help to develop less expensive methods for quality wastewater treatment.
3. The applications of these 3DMs are still limited to simple separation such as oil and water separation, dye and heavy metal removals, and simple catalysis. Applications in the degradation and complete elimination of emerging contaminants such as pharmaceuticals and personal care products (PPCPs) (Asif et al., 2021) and disinfections are still quite scarce.
4. Finally, most current studies are only based on laboratory scale models to evaluate the performance of these macrostructures. With the advancement in technology and the improvement in the research sector, 3DMs applications should be driven to advanced levels such as pilot and full scale, which will be beneficial for industrial applications. This will thereby aid in developing novel wastewater remediation techniques at commercial level.
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Photocatalytic CO2 reduction is a promising method to mitigate the greenhouse effect and energy shortage problem. Development of effective photocatalysts is vital in achieving high photocatalytic activity. Herein, the S-scheme heterojunctions composed by BiOBr and g-C3N4 with or without S doping are thoroughly investigated for CO2 reduction by density functional theory (DFT) calculation. Work function and charge density difference demonstrate the existence of a built-in electric field in the system, which contributes to the separation of photogenerated electron-hole pairs. Enhanced strength of a built-in electric field is revealed by analysis of Bader charge and electric field intensity. The results indicate that S doping can tailor the electronic structures and thus improve the photocatalytic activity. According to the change in absorption coefficient, system doping can also endow the heterojunction with increased visible light absorption. The in-depth investigation indicates that the superior CO2 reduction activity is ascribed to low rate-determining energy. And both of the heterojunctions are inclined to generate CH3OH rather than CH4. Furthermore, S doping can further reduce the energy from 1.23 to 0.44 eV, indicating S doping is predicted to be an efficient photocatalyst for reducing CO2 into CH3OH. Therefore, this paper provides a theoretical basis for designing appropriate catalysts through element doping and heterojunction construction.
Keywords: graphitic carbon nitride, density functional theory, CO2 reduction, photocatalytic, nonmetal doping, heterojunctions
INTRODUCTION
With the development of society, the greenhouse effect has posed a great threat to human life due to excessive CO2 emission. Numerous solutions have been explored, including electrochemical Liu et al. (2016), Albo et al. (2017), thermochemical Erb and Zarzycki (2016), Gong et al. (2016), and photochemical methods (Deng et al., 2020; Deng et al., 2021; Gogoi et al., 2021; Meng et al., 2021; Zhang et al., 2021b). Among them, photocatalytic methods are promising due to the sustainability of solar light (Chen et al., 2020; Liu et al., 2020; Xu et al., 2020b; Zhen et al., 2020; Liu et al., 2021a; Wei et al., 2021a; Zhang et al., 2021c). Specifically, photocatalytic CO2 reduction can convert CO2 into usable hydrocarbon fuels (Huo et al., 2021; Kang et al., 2021; Ke et al., 2021; Yang et al., 2021; Yang et al., 2021b; Zhang et al., 2021d). Even though photocatalysis shows great advantages, its application in CO2 reduction is still greatly limited because of the chemical inertness of CO2 and low visible-light utilization. Therefore, exploration of effective photocatalysts is necessary. In the past few years, various photocatalysts have been explored for photocatalytic CO2 reduction such as metals (Dong et al., 2020), metal sulfides (Suzuki et al., 2018; Ge et al., 2019; Wang et al., 2020; Xu et al., 2020a), metal oxides (Wang et al., 2020; Chen et al., 2021; Wang et al., 2021), and nonmetals (He et al., 2020; Fei et al., 2021). Despite the great progress, low visible-light absorption and poor catalytic activity are still common problems faced by these photocatalysts. Therefore, modification, especially element doping and heterojunction construction, have been widely implemented to improve the photocatalytic activity (Truc et al., 2019; Ren et al., 2020; Lian et al., 2021; Liu et al., 2021b). Through element doping and heterojunction construction, the electronic structure and recombination of photogenerated electron-hole pairs can be effectively regulated and inhibited.
As a promising metal-free polymeric photocatalyst, graphitic carbon nitride has features of good physicochemical stability, a narrow bandgap, and appropriate band potential (Wang et al., 2009; Li et al., 2020a; Xia et al., 2020; Xie et al., 2020; Li et al., 2021b; Zhang et al., 2021a). In addition, the CO2 molecule exhibits a strong affinity to pyridine nitrogen in g-C3N4, which is beneficial for CO2 reduction (Zhu et al., 2017). Construction of hybrids has also proven to be effective for g-C3N4 (Li et al., 2020b; Li et al., 2020c; Li et al., 2021a; Li et al., 2021c; Li et al., 2020d; Mei et al., 2021; Tao et al., 2021). For instance, Fu et al. designed a 2D/2D WO3/g-C3N4 composite, in which atomic-level thickness of each is realized (Fu et al., 2019). The ultrathin 2D/2D WO3/g-C3N4 is proven to be S-scheme heterojunction, exhibiting high redox capacity and improved photocatalytic activity. In addition, element doping can also have a great influence on the properties of g-C3N4 through tailoring the electronic structures (Chen et al., 2021). Tian et al. fabricated P-doped g-C3N4 by mixing melamine and diammonium hydrogenphosphate (Tian et al., 2020). It was found that the light absorption is redshifted with the increase of doping concentration which is due to the electronic redistribution by P ion doping. It can be deduced that appropriate element doping and heterojunction building is fruitful in regulating the electronic structures and improving the photocatalytic performance.
Among available photocatalysts, BiOBr is deemed to be a prominent candidate for constructing a heterojunction with g-C3N4. It has appropriate bandgap and layered structure where one (Bi2O2) slab is surrounded by the upper and lower chlorine atoms. More importantly, its unique layered structure allows the formation of 2D/2D Van der Waals heterojunction with g-C3N4. In addition, the BiOBr/g-C3N4 hybrid has already been investigated by theoretical and experimental research as photocatalysts (Jiang et al., 2018; Qu et al., 2020). It has been proven that the BiOBr/g-C3N4 hybrids show superior photocatalytic activities in degradation of dyes and organic pollutants. Even though theoretical and numerous experimental studies have been done on the BiOBr/g-C3N4, reports on CO2 reduction are lacking, and further investigation is still needed to figure out the intrinsic photocatalytic mechanism of CO2 reduction on BiOBr/g-C3N4. In addition, previous studies indicate that element doping such as S doping can promote the performance of photocatalytic CO2 reduction (Raziq et al., 2018; Wang et al., 2018; Ojha et al., 2019). It can be inferred that the introduction of S atom into BiOBr/g-C3N4 (BiOBr/S-g-C3N4) can improve the photocatalytic CO2 reduction performance.
Herein, the effect of sulfur doping on the BiOBr/g-C3N4 heterojunction is investigated by exploring electronic, optical properties, and CO2 reduction reaction. Through the theoretical calculation, comprehensive understanding of the CO2 reduction over BiOBr/g-C3N4 systems will be acquired. Furthermore, electron distribution, visible light adsorption, and CO2 reduction will also be investigated comprehensively. It is expected that this research can provide a basis for the design of novel CO2 reduction materials.
CALCULATION DETAILS
Vienna ab initio simulation package (VASP) was employed for calculations (Hafner, 2008). The geometry structures were optimized utilizing the generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof (PBE) as exchange–correlation function (Grimme, 2006; Wu and Cohen, 2006). The DFT-D method of Grimme was selected to treat van der Waals interaction (Le et al., 2012). A 500 eV cutoff energy was adopted for the plane-wave expansion. For Brillouin-zone, a 4 × 2 × 1 Monkhorst–Pack k-point mesh was used in the geometry optimization and other properties calculation. A vacuum distance of 15 Å was used to eliminate periodic interactions between adjacent images. The convergence criteria of the geometry optimization for the energy change and maximum force were set to be 10−5 eV and 0.01 eV/Å, respectively.
In the process of constructing heterojunction, the lattice match is the key point. It is necessary to choose two components with similar cell parameters. Herein, a 1 × √3 single layered g-C3N4 is placed at the top of a 2 × 3 single-layered BiOBr for constructing 2D/2D BiOBr/g-C3N4 heterojunction. The 2D/2D BiOBr/S-g-C3N4 heterojunction is built by stacking a 1 × √3 S-g-C3N4 monolayer above a 2 × 3 BiOBr monolayer.
For CO2 reduction, the reaction processes of each step were evaluated by calculating their Gibbs free energy change (ΔG) (Han and Sohn, 2005; Yan et al., 2016), which is expressed by the following equation:
[image: image]
In this formula, ΔH denotes the energy difference of each reaction step gained from DFT calculation. T represents the temperature at 298.15 K ΔS and ZPE are the change of entropy and zero-point energy, respectively.
RESULTS AND DISCUSSION
Geometric Structures
Prior to the investigation of heterojunctions, the geometric structures of monolayered g-C3N4, S-doped g-C3N4 (S-g-C3N4) and BiOBr along the (001) facet were first studied. As shown in Figure 1, the optimized lattice parameters are a = b = 7.13 Å for monolayered g-C3N4; the parameters are a = b = 3.95 Å for monolayered BiOBr. These results agree well with the experimental and theoretical results (Zhao and Dai, 2014; Bai et al., 2016; Zhu et al., 2018). According to previous research, S atom is more inclined to substitute pyridine nitrogen on g-C3N4 (Wang et al., 2018; Ghashghaee et al., 2020). Therefore, the doped g-C3N4 is constructed by replacing the 2-fold coordinated N atom with S atom (Figure 1B). The calculated lattice constants are a = b = 7.15 Å. Compared with the pristine g-C3N4, the S−C bonds in S-doped g-C3N4 are slightly longer than the corresponding N−C bonds because of the larger atomic radius of S atom than that of N atom. Figures 2A,B are the top and side view of optimized BiOBr/g-C3N4 heterojunction; Figures 2C,D depict the top and side view of optimized BiOBr/S-g-C3N4 heterojunction. The equilibrium distance between g-C3N4 and BiOBr in BiOBr/g-C3N4 is 2.66 Å, while it is 2.64 Å in BiOBr/S-g-C3N4. The equilibrium distance of these two heterojunctions exhibits the feature of van der Waals (vdW) heterojunction, indicating that a vdW interaction is established between (S-doped) g-C3N4 and BiOBr. Moreover, it can be seen clearly that the g-C3N4 in both heterojunctions changes from a planar structure to a curved structure, indicating there is an interaction between g-C3N4 and BiOBr.
[image: Figure 1]FIGURE 1 | Optimized geometric structures of monolayered g-C3N4, S-g-C3N4, and BiOBr. The C, N, S, Bi, O, and Br atoms are represented by the grey, blue, yellow, purple, orange, and brown balls, respectively.
[image: Figure 2]FIGURE 2 | Optimized geometric structures of BiOBr/g-C3N4 and BiOBr/S-g-C3N4 heterojunctions. (A) and (C) are the top view; (B) and (D) are the side view.
In addition, the thermodynamic stability of BiOBr/(S-doped)g-C3N4 heterojunctions is evaluated by calculating the formation energy based on the following equations:
[image: image]
where EH is the total energy of BiOBr/g-C3N4 or BiOBr/S-g-C3N4 heterojunction, EA represents total energy of pure or S-doped g-C3N4, and EB represents the total energy of BiOBr. A more negative value of binding energy suggests a more stable structure. The calculated formation energies of BiOBr/g-C3N4 and BiOBr/S-g-C3N4 are −0.52 and −0.63 eV, respectively, demonstrating that both the constructed heterojunctions are stable.
Work Function
As an important criterion to judge charge transfer, the work function is equivalent to the gap between Fermi level and vacuum level. It is expressed by the following formula:
[image: image]
where Evac and EF represent vacuum level and Fermi level, respectively. The work functions of g-C3N4, S-doped g-C3N4, and BiOBr are obtained and shown in Figure 3. The calculated Φ of g-C3N4 is 4.62 eV, consistent with the previous results (Mahmood et al., 2020). After the introduction of S atom, the work function is reduced to 3.96 eV. This is mainly due to the fact that S atoms own more valence electrons than N atoms, which can raise the Fermi level. In addition, it is found that the Fermi level of BiOBr (6.40 eV) is lower than those of g-C3N4 and S-g-C3N4. Therefore, it can be deduced that the electrons will flow from the pure and S-doped g-C3N4 to the BiOBr until reaching the uniform Fermi level.
[image: Figure 3]FIGURE 3 | The calculated work functions of BiOBr, g-C3N4, and S-g-C3N4. The red and black dotted lines signify the Fermi level and vacuum energy level, respectively.
Charge Density Difference
To intuitively reflect the charge transfer and separation between different constituents, the charge density difference is calculated by:
[image: image]
where ρ[BiOBr/(S-doped)-g-C3N4], ρ[(S-doped)-g-C3N4], and ρ(BiOBr) are the charge densities of S-doped or pure BiOBr/g-C3N4 hybrids, S-doped or pure g-C3N4, and BiOBr, respectively. Figure 4 depicts the charge density difference of hybrid systems along Z axis. The charge depiction and accumulation are marked by blue and yellow regions, respectively. It is obvious that the surface of S-doped and pure g-C3N4 are mainly covered by the blue region, while the BiOBr surface is dominant by the yellow region. Therefore, the electrons transfer from S-doped and pure g-C3N4 to BiOBr in the heterojunctions, which agrees well with the analysis of aforementioned work function. Particularly, the blue and yellow coverage areas in the S-doped hybrids are broader than those in the pure hybrids, indicating that S doping brings about a stronger interface interaction. In addition, the Bader charge is calculated to quantitatively investigate the charge transfer. It is found that there are 0.08 electrons transferring from g-C3N4 to BiOBr. As for the S doping counterpart, the number of charge transfers from S-doped g-C3N4 to BiOBr increases to 0.15 e. This further confirms that the introduction of S atom to the hybrid can have a great effect on increasing interfacial electron transfer.
[image: Figure 4]FIGURE 4 | The top and side view of charge density difference in (A) BiOBr/g-C3N4 and (B) BiOBr/S-g-C3N4. The blue and yellow areas represent charge consumption and accumulation, respectively. The isosurface value was 0.3 e⋅nm−3.
Strength of Built-in Electric Field
Electron transfer results in uneven charge distribution at the interface, thus forming a polarized electric field at the hybrid’s interface. As an important physical quality, the electric field has a great correlation with band bending and separation of photogenic electrons and holes. The strength of the built-in field can be evaluated by the following equation:
[image: image]
Herein, P is the dipole moment; ε is the dielectric constant which is equal to 8.85 × 10−12 Fm−1; S represents the surface area of heterojunctions; and d represents the interfacial distance of heterojunctions. The calculated E value for doped and non-doped hybrid is 2.56 × 109 and 0.64 × 109 Vm−1, respectively. Obviously, the electric field intensity of S-doped heterogeneous junction is greatly improved. This improvement is mainly attributed to the magnitude of p value, which is related to the number of electron transfers at the interface. Following the above analysis of charge transfer, the BiOBr/S-g-C3N4 exhibits more electron transfer at the interface, thus leading to a larger dipole moment and stronger electric field intensity.
Optical Absorption
To explore the influence of doping and heterojunction construction on light absorption, the absorption coefficient α(ω) is calculated according to equation:
[image: image]
where ε1 and ε2 denote the real and imaginary parts of dielectric function, respectively. ω is the optical frequency which determines the dielectric functions. Figure 5 describes the calculated absorption spectra of g-C3N4, S-g-C3N4, BiOBr/g-C3N4, and BiOBr/S-g-C3N4. In the visible light range (1.5–3.1 eV), the light absorption intensity is ordered by BiOBr/S-g-C3N4 > BiOBr/g-C3N4 > S-g-C3N4 > g-C3N4. There are obvious red shift and enhanced light absorption intensity for S-g-C3N4, BiOBr/g-C3N4 relative to pure g-C3N4. Moreover, the strongest visible light absorption occurs in BiOBr/S-g-C3N4 heterojunction which further verifies the positive effect of element doping and heterojunction constructing on optical property. Therefore, both the S doping and heterojunction construction of g-C3N4 with BiOBr can improve the visible light absorption.
[image: Figure 5]FIGURE 5 | Optical absorption coefficients of single layered g-C3N4, single layered S-g-C3N4, BiOBr/g-C3N4, and BiOBr/S-g-C3N4 heterojunction.
Photocatalytic Mechanism
Based on the aforesaid results, it is found that the S atom can elevate the Fermi level of g-C3N4, thus enhancing the strength of the built-in electric field of BiOBr/g-C3N4 heterojunction. To further explore the reasons for photocatalytic activity enhancement, the photocatalytic mechanism is interpreted comprehensively (Figure 6). According to the analysis of work function, before contact, the g-C3N4 possesses a higher Fermi level than the BiOBr. Upon contact, the electrons will transfer from g-C3N4 to the BiOBr until Fermi level is equalized. The electron flow leads to a built-in electric field pointing to BiOBr and band bending of each component. Upon light illumination, the electrons on the valance band (VB) are excited to the conduction band (CB), leaving the photogenerated holes in the VB. Under the effect of internal electric field and band bending, the holes in the g-C3N4 VB will combine with the electrons in the BiOBr CB at the interface. The electrons with strong reduction ability are reserved in the g-C3N4 CB for CO2 reduction; holes with superior oxidation capacity in the BiOBr VB survive for oxidation reactions such as pollutant degradation. Therefore, BiOBr/g-C3N4 heterojunction follows the S-scheme photocatalytic mechanism. After the introduction of S atom, the doped heterojunction still follows the S-scheme photocatalytic mechanism. And the main difference between the S-doped and undoped one is their interface interaction.
[image: Figure 6]FIGURE 6 | (A) and (B) are the charge transfer mechanism in BiOBr/g-C3N4 before and after contact, while (C) and (D) are the charge transfer mechanism in BiOBr/S-g-C3N4 before and after contact.
Specifically, the S atom enlarges the Fermi level difference between BiOBr and g-C3N4 by 0.12 eV, which induces more interfacial electron transfer. Consequently, an increased interfacial field (2.56 × 10−9 V/m) is established. In general, the elevated Fermi level of S-doped heterojunction generates a stronger interfacial field, which provides a stronger force for the recombination of electrons and holes than the non-doped counterpart. Additionally, it also leads to more effective separation of electrons and holes. To sum up, the introduction of S atom can promote the photocatalytic activity by facilitating charge separation.
CO2 Reduction
The above analysis indicates that the S atom doping can regulate electric fields and increase light absorption. In this regard, the heterojunction with S doping is expected to be a preferable photocatalyst for CO2 reduction. Through the investigation of the reaction mechanisms, as well as identification of active sites and reduction products of BiOBr/g-C3N4 with or without S doping for CO2 reduction, we will have a profound understanding of CO2 reduction reaction.
As the initial step for CO2 reduction, the absorption of CO2 attaches importance to the further reduction processes. It is critical to find the active sites for CO2 molecules. According to the photocatalytic mechanism of the BiOBr/(S-doped)g-C3N4 heterojunction, the photogenerated electrons for CO2 reduction are mainly on the surface of g-C3N4. Thus, the CO2 reaction process proceeds on the (S-doped) g-C3N4 side of BiOBr/g-C3N4. As shown in Figure 7, various possible adsorption sites on the g-C3N4 side of BiOBr/g-C3N4 are considered by comparing their adsorption energy. For convenience, different kinds of C and N atoms are labeled as C1, C2, C3, N1, and N2, respectively. It is found that the C2 and N2 atoms exhibit more negative adsorption energy than the rest, indicating higher affinity to CO2. In addition, after the structure optimization, the CO2 molecule adsorbed on the C2 site inclines to move over the N2 atom, indicating that the N2 position is the most favorable site for CO2 adsorption. Thus, the two coordination N atoms are selected to be the active sites for the initial CO2 adsorption, in agreement with the previous studies (Zhu et al., 2017). For the BiOBr/S-g-C3N4, the C2, N2, and S positions are selected as potential active sites. The calculated absorption energy for C2, N2, and S are −0.10, −0.17, and −0.14 eV, respectively. After S doping, judging from absorption energy, the two coordination N atoms still preserve the strongest affinity for CO2 molecules. Thus, the N2 atom in the BiOBr/S-g-C3N4 is also treated as the initial active site. In general, both the pure and S-doped BiOBr/g-C3N4 exhibit strong CO2 adsorption capacity, which is beneficial for the subsequent reduction reaction.
[image: Figure 7]FIGURE 7 | The adsorption energy of CO2 at different adsorption sites in BiOBr/g-C3N4.
After the CO2 adsorption, the following reduction processes can proceed by a hydrogenation step on the C or O atom. All the possible intermediates and reaction paths are listed in Figure 8. The most favorable reaction pathways of CO2 reduction to CH3OH or CH4 are obtained by comparing their free energy of each step. For the pure BiOBr/g-C3N4, the scheme and the most stable structure of the optimal path for CO2 reduction are depicted in Figure 9. The first step of the reaction is the hydrogenation of CO2 into COOH* with a free energy of 1.23 eV. In terms of the whole barrier diagram, this step is deemed to be the rate-limiting step with the highest energy barrier, which is due to the inertness of CO2 molecules, and similar results have been found in other studies (Zhi et al., 2019). After the generation of COOH*, the following step is related to the acquisition of CO and HCOOH by a dehydroxylation or hydrogenation step of COOH*, respectively. The respective free energy for CO and HCOOH formation is calculated to be −0.51 and −1.12 eV, indicating that both processes are exothermic and spontaneous. Moreover, the more negative ΔG of HCOOH generation manifests that the formation of HCCOH is more competitive relative to that of CO. The desorption ability of the two intermediates is further investigated to evaluate whether they are intermediates or final products. The calculated adsorption energy for HCOOH and CO are −0.78 and −0.14 eV, respectively. The interaction between HCOOH and catalyst is strong due to the more negative adsorption energy, indicating that the HCOOH is more likely to be intermediate for the next reduction. By contrast, the CO inclines to desorb from the catalyst surface. Therefore, we focus the subsequent reaction on the hydrogenation and dehydration of HCOOH. The calculated ΔG from HCOOH to HCO* is 0.64 eV, suggesting an endothermic process. During the process of HCO* protonation, the reaction free energy of H2CO and CHOH* differs considerably. The energy barrier for H2CO formation is −0.22 eV, while that for CHOH* is 1.93 eV, which is apparently a non-spontaneous process. Thus, the H2CO intermediate is more favorable for the next reaction. After comparing the free energy in generating H3CO* (1.23 eV) and CH2OH* (0.05 eV), the CH2OH* is selected for the latter reaction. It is worth noting that the two products, CH3OH and CH4, share the same reaction path before the formation of CH2OH*. After that, the product of CH3OH is obtained through a hydrogenation at the C of CH2OH*; while the CH4 is generated by experiencing the CH2OH*, CH2*, CH3*, and CH4 reaction path. Moreover, the rate-determining step for CH4 and CH3OH generation on the pure and S-doped heterojuncions is the same, to explore the reaction selectivity, the free energy of each reaction step is further compared. It is obvious that the protonation of CH2OH to CH3OH is a spontaneous exothermic process with a free energy of −0.51 eV, while the highest energy barrier of CH2OH to CH4 is 0.98 eV. Thus, compared with CH4, CH3OH is more liable to be the final product. On the whole, among the three reduction products, i.e. CO, CH3OH, and CH4, the BiOBr/g-C3N4 heterojunction showed stronger selectivity to CO and CH3OH than CH4.
[image: Figure 8]FIGURE 8 | The possible reaction paths and intermediates of CO2 reduction by hydrogenation of C and O. The red part is the optimal reaction path on the BiOBr/g-C3N4 and BiOBr/S-g-C3N4.
[image: Figure 9]FIGURE 9 | (A) Optimized structure of reaction intermediates and (B) free energy diagram on the optimal path of CO2 reduction on BiOBr/g-C3N4. The blue and red dotted lines indicate optimal and infeasible reaction paths, respectively. The white spheres represent H atoms.
Figure 10 shows the favorable free energy scheme and the most favorable adsorption geometries of the optimal path for CO2 reduction on BiOBr/S-g-C3N4. It is found that the reaction pathways for CO2 reduction to CO, CH3OH, and CH4 on S-doped hybrid are the same as those on the undoped counterpart but the reaction energy of each step is quite different. The respective optimal reaction path for the CO and CH3OH formation on the doped system still proceeds sequentially in the following order: CO2, COOH*, CO; CO2, COOH*, HCOOH, HCO*, H2CO, CH2OH*, and CH3OH. However, the formation of CH4 is obtained according to CO2, COOH*, HCOOH, HCO*, H2CO, CH2OH*, CH2*, CH3*, and CH4. For CO generation, each step of the reaction is endothermic with a rate-determining energy of 0.46 eV. It is clear that the rate-determining step for CH3OH formation on doped hybrid is the last step, namely, conversion of CH2OH* into CH3OH. Unlike it, the highest energy barrier for CH3OH on pure hybrid occurs at the first step. And the BiOBr/S-g-C3N4 possesses lower rate-determining energy (0.44 eV) than the undoped hybrid (1.24 eV). Thus, S-doped hybrid is more conductive to the CH3OH formation. Moreover, in the process of CO, CH3OH, and CH4 generation, the energy barrier of the rate-determining step of CO and CH4 is larger than that of CH3OH. Therefore, the BiOBr/S-g-C3N4 also inclines to reduce CO2 into CH3OH rather than CO and CH4.
[image: Figure 10]FIGURE 10 | (A) Optimized structure of reaction intermediates and (B) free energy diagram on the optimal path of CO2 reduction on BiOBr/S-g-C3N4.
CONCLUSION
In this work, DFT calculations are adopted to investigate the geometric structure, electronic properties, and CO2 reduction mechanism of pristine and S-dopedBiOBr/g-C3N4. The charge density difference demonstrates the existence of a built-in electric field pointing to BiOBr, and the formation of S-schemeheterojunction is validated. Bader charge analysis indicates that more electrons transfer in the doped hybrids compared with the pristine one. Integrated with the calculation of the strength of thebuilt-infield, it can be inferred that S doping can enhance the interfacial electric field intensity. The improved electronic interaction is on account of the elevation of the Fermi level by S doping. Also, the computed optical absorption coefficient indicates improved visible-light absorption after S doping and construction of heterojunction. Through the investigation of CO2 reduction, it is found that both the pure and S-doped hybrids prefer to reduce CO2 to CH3OH rather than CH4. Moreover, compared with the pure heterojunction, the BiOBr/S-g-C3N4 exhibits a more superior CO2 reduction activity towards CH3OH due to the lower limiting energy. Therefore, the heterojunctions construction and nonmetal doping can lower CO2 reduction energy barrier, which will ultimately improve the photocatalytic activity. This work will provide a theoretical basis for the design of g-C3N4-based photocatalysts.
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The continuous rise in plastic waste raises serious concerns about the ensuing effects on the pollution of global environment and loss of valuable resources. Developing efficient approach to recycle the plastic has been an urgent demand for realizing a sustainable circular economy. Photocatalytic valorization directly utilizes solar energy to transform plastic pollutant into chemicals and fuels, which is hardly implemented by traditional mechanical recycling and incineration strategies, thus offering a promising approach to address the contemporary waste and energy challenges. Here, we focus on the recent advances in the high-value utilization of plastic waste through photocatalysis. The basic principle and different reaction pathways for the photocatalytic valorization of plastic waste are presented. Then, the developed representative photocatalyst systems and converted products are elaborately discussed. At last, the review closes with critical thoughts on research challenges along with some perspectives for further development of this emerging and fascinating filed.
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INTRODUCTION
Plastic as one of the most influential inventions of 20th century has been widely applied in our daily life (Andrady and Neal, 2009; Bai et al., 2019; Jie et al., 2020; Gausas et al., 2021; Zhang F et al., 2021). Currently, about 360 million tonnes (Mt) of plastic are produced each year (Martín et al., 2021), and the number is expected to double over the next 2 decades (MacArthur 2017). However, only a small portion of the produced plastic is recycled after use. Around 80% of all plastic is directly incinerated or discarded as waste annually due to the durability, which exists in landfills or in the environment (Figure 1), and is hard to be degraded by ambient onslaughts such as light, water, heat, and so on (MacArthur, 2017; Jehanno and Sardon, 2019; Geyer 2020; PlasticEurope, 2020). The rapid accumulation of plastic waste has resulted in a worldwide “white pollution.” For example, it has been estimated that if the current trend continues, more than 8 Mt of plastic will enter the ocean each year, and the overall weight of the waste plastic will higher than that of fish in 2050 (Thompson et al., 2004; MacArthur, 2017; Uekert et al., 2018; Martín et al., 2021). Moreover, the huge production of plastic also exacerbates the global energy crisis, due to that almost all of the plastics are produced from petrochemicals derived from fossil fuel production, such as light (C1–C4) fractions of oil and natural gas, which accounts for ∼ 6% consumption of the fossil fuel (Vollmer et al., 2020; Martín et al., 2021). The ever-increasing demand accompanying with the continuously rised discarding of plastic causes serious environmental and energy challenges, which call for reducing, increasing reuse and recycling of the plastic to tackle the dilemma and moves toward circular economy (Lopez et al., 2017; Ru et al., 2020; Tennakoon et al., 2020).
[image: Figure 1]FIGURE 1 | Schematic illustration of the life cycle of plastic.
In fact, the plastic waste is a misplaced resource. The vast majority of the plastics are polymer, which enables them to be valorized as new chemical feedstock via correct treatment (Keane, 2007). If all of the global plastic solid waste could be recycled, it would save an estimated 3.5 billion barrels of oil a year, valued at $176 billion dollars, implying a high economic benefit (Garcia and Robertson, 2017; Rahimi and García, 2017). At present, the most widely adopted strategy for the plastic waste valorization is based on mechanical recycling (Martín et al., 2021). The approach collects and reprocesses the plastic polymer as raw material for new plastic manufacturing by sorting, shredding, melting, and re-extrusion (Al-Salem et al., 2009; Kumar et al., 2011; Mark et al., 2020; Schyns and Shaver, 2021; Zhang K et al., 2021). It is favored by environmental friendliness, but commonly suffers from property deterioration of the products due to the chain scission, branching, and oxidation of the plastic polymer caused by the reprocess treatment (Mark et al., 2020; Worch and Dove, 2020). In addition, the application of the approach is limited by the type of the plastic. Only two types of polyethylene terephthalate (PET) and polyethylenes (PE) plastics are mechanically processed (Garcia and Robertson, 2017). Plastic with high temperature sensitivity or high melt viscosity not flow at elevated temperatures cannot be recycled by this approach. More importantly, the mechanical processing is incapable in handling microplastics due to their small size (≤ 5 mm) and dilution (Eerkes-Medrano et al., 2015; Tofa et al., 2019; Uekert et al., 2019; Zhang F et al., 2021).
In contrast, chemical recycling is a more promising plastic valorization strategy that now sparkle in both academic and industrial arenas. The process focuses on transformation of plastic waste into small molecules, ranging from starting monomers to constituent hydrocarbons (Worch and Dove, 2020). The products not only can be re-polymerized into virgin plastic, but also can be upcycled into alternative chemicals and fuels, thus enabling the materials reusing in a closed loop. Especially, the approach is applicable to all kinds of plastic waste (Martín et al., 2021). Nevertheless, the chemical recycling is generally an energy-intensive process, requiring high temperature and/or pressure (Worch and Dove, 2020). To endorse the circular economy framework, the development of low energy input catalytic processes to efficiently transform the plastic waste into original monomer sources and targeted products is crucial.
In this context, photocatalytic recycling directly driven by solar energy provides an advanced solution to address the key challenges associated with the traditional chemical recycling efforts. Actually, the photocatalytic treatment of plastic has been a long theme, but previous research endeavors are devoted to the degradation of plastic to CO2 (Shang et al., 2003; Zhao et al., 2007; Zhao et al., 2008; Liang et al., 2013). Until recently, the photocatalytic conversion of plastic into chemicals and fuels has been reinvigorated. It can be achieved through the selection of appropriate photocatalysts and control of the reaction conditions, thus providing an alternative method to conventional recycling process for valorization of the plastic waste. In this mini review, we focus on the up-to-date progresses of photocatalytic valorization of plastic waste to produce chemicals and fuels. The different photocatalytic conversion pathways, developed catalysts, and end products of waste plastic recycling are discussed. Also, some key issues alongside with perspectives in this field are highlighted.
BASIC PRINCIPLE FOR PHOTOCATALYTIC VALORIZATION OF PLASTIC WASTE
Photocatalysis is a mimic technology of nature photosynthesis. It typically involves three distinct steps: 1) light absorption of photocatalysts to excite charge carriers, 2) separation and transportation of the photogenerated charge carriers, and 3) redox reaction on the surface of the catalyst, as illustrated in Figure 2 (Liu et al., 2015; Yang et al., 2015; Lu et al., 2019; Shang et al., 2021). In order for photocatalysis to proceed, the energy of incident photons should be equal or higher than the band gap of photocatalysts. Meantime, the reduction potential of photoelectrons in the photocatalyst conduction band (CB) should be more negative than the value of the reactant to be reduced, while the oxidation potential of holes in the valence band (VB) should be more positive than that of the substrate to be oxidized (Habisreutinger et al., 2013; Xiao et al., 2015; Yang and Xu, 2016; Clarizia et al., 2017; Yang et al., 2018; Uekert et al., 2020a). Specifically, for photocatalytic valorization of plastic waste, the holes in the VB of photocatalyst after photoexcitation are commonly utilized for the oxidation of the plastic to generate organic products, or degrade it to CO2, while the electrons in the photocatalyst CB can be employed to reduce the protons in H2O to H2, CO2 to carbon fuels, or be captured by O2 to involve in the subsequent oxidation of the plastic.
[image: Figure 2]FIGURE 2 | Basic principle and three typical conversion pathways for photocatalytic valorization of plastic waste (LMCT refers to ligand to metal charge transfer).
Depending on the different consumption pathways of the photogenerated charge carriers, the current reports for photocatalytic valorization of plastic waste can be classified into three conversion mechanisms (Figure 2): (i) photocatalytic plastic upgrading to fine chemicals integrated with H2 production. The process is similar to the traditional half reaction for photocatalytic H2 production. The plastic substrate acts as an electron donor and is oxidized by the holes of the excited photocatalyst to generate organic products, while the photogenerated electrons are transferred to the surface of the photocatalyst and reduce water to H2; (ii) photocatalytic valorization of waste plastic to oxygenated chemical feedstocks. In this process, the C-C bond of plastic substrate is firstly cleaved to produce primary products and radical fragment, which then be further oxidized by dissolved O2 in air or hydrolyzed under aerobic reaction conditions to give oxygenated derivatives, such as carboxylic acids; (iii) photocatalytic plastic degradation coupled with sequential CO2 reduction to produce C2 fuels. This strategy includes two processes, where the first step is the degradation of plastic into CO2 through photooxidative C-C bond cleavage over photocatalyst. Then, the produced CO2 is captured as raw material and further reduced by the same photocatalyst into C2 fuels by photoinduced C-C coupling process. To elaborately present the three different reaction pathways, some typical examples are discussed in the below section.
PHOTOCATALYTIC PLASTIC UPGRADING TO FINE CHEMICALS INTEGRATED WITH H2 PRODUCTION
The initial study of photocatalytic H2 production form plastic waste can be dated back to 1981. Sakata and co-workers reported that a range of plastic [PE, polyvinyl chloride (PVC) and Teflon] could be photodecomposed to produce H2 (Kawai and Sakata, 1981). It finds that improving the alkalinity of the reaction solution results in higher H2 production rate. However, CO2 is produced as a by-product in this study and the conversion efficiency is low. After that, although there are some reports about the photocatalytic treatment of plastic, nearly all of them are focused on degradation (Feng et al., 2011; de Assis et al., 2018; Das and Mahalingam, 2019). No typical study about the photocatalytic H2 production from plastic waste has been reported. In recent years, with the urgent demand for green conversion of the continuously accumulated plastic waste and the advancement of photocatalysis, the solar-driven photocatalytic valorization re-emerges. In 2018, Reisner’s group have reported a high photocatalytic H2 evolution from a variety of plastic polymers such as polylactic acid (PLA), PET, polyurethane (PUR), and a real PET water bottle under alkaline condition (10 M NaOH), accompanying with the conversion of the polymer into organic products such as formate, acetate and pyruvate (Supplementary Figures 1A–G) (Uekert et al., 2018). Typical CdS semiconductor with suitable band gap and appropriate conduction band and valence band positions (CB-0.5V vs. NHE, VB + 1.9V vs. NHE) is employed in this work. Owing to the strong alkalinity, a thin layer of Cd oxide/hydroxide shell (CdOx) is formed on the surface of the CdS quantum dots (QDs), which can prevent the photocorrosion of the CdS. The as-prepared CdS/CdOx QDs displays high H2 evolution performance that is comparable to the activity of CdS-based composites for photoconverting of traditional organic substrates, such as furfural and glucose (Supplementary Figures 1A,B). The external quantum yields reach around 15% for PLA, 3.7 for PET, and 0.14 for PUR at λ = 430 nm.
In order to further improve the photoactivity, a simple pretreatment of the plastic substrates in 10 M NaOH solution for 24 h under dark condition of 40°C is developed. The supernatant is used for the photocatalytic reaction. As shown in Supplementary Figure 1A, it is obvious that the simple pre-treatment results in markedly enhanced H2 evolution rates, four times for both PET, and PUR. This is because that the pre-treatment initiates hydrolysis, releasing monomers into solution which can be more rapidly photocatalytic converted. The negligible pre-treatment influence on PLA is due to its easy dissolvability in NaOH. Mass spectra analysis in deuterated and nondeuterated solvent confirms that the generated H2 originates from H2O rather than the substrate (Supplementary Figure 1F). Also, no gaseous CO2 and CO32− is detected in the solutions after reaction (Supplementary Figure 1G). These results verify that the polymers are partially oxidized to organic molecules. Although the overall conversion remains below 40% for all polymers, the research shows a fascinating potential for energy-saving treatment of the plastic waste without greenhouse gas discharge.
Owing to that the bare semiconductor photocatalysts generally suffers from lack of surface active sites, and rapid recombination of photogenerated charge carriers, thus limiting the overall photocatalytic performance (Majeed et al., 2016; Shi et al., 2018). To resolve the problems, Liu et al. have synthesized a CdS/MoS2 nanoctahedral heterostructures by loading MoS2 as cocatalyst. The composite is synthesized using CdMoO4 nanoctahedron as template and precursor by in situ vulcanization with H2S (Supplementary Figures 2A,B) (Zhao et al., 2020). This in-situ synthesis method forms a close and sufficient S atomic contact interface between CdS and MoS2, which is conductive to the transfer of electrons from CdS to MoS2. When applied to photocatalytic conversion of plastic, the hybrid CdS/MoS2 shows significantly enhanced photocatalytic H2 evolution rates than pure CdS and pure MoS2 using PLA as reaction substrate under alkaline conditions (10 M NaOH) (Supplementary Figure 2C). Also, a high photocatalytic H2 evolution (60.8 mmol h−1 g−1) is observed for photocatalytic conversion of PET, demonstrating the universality of the CdS/MoS2 composite for integrated photocatalytic H2 production and plastic upgrading (Supplementary Figure 2D). 1H NMR analysis spectra of the PLA-NaOD solution shows a new peak after photocatalytic reforming reaction, which is ascribed to the oxidation product of alkali-induced pyruvate compounds. This was consistent with the reported results of Reisner et al. (Uekert et al., 2018). However, the addition of excess Ba(OH)2 solution into the supernate obtained after reaction forms white precipitate (Supplementary Figure 2E), indicating the generation of a certain amount of CO2 during the photoconversion of plastic. The study confirms the crucial role of loading cocatalyst to promote the photocatalytic valorization performance.
Moreover, Li et al. have constructed a 2D/2D MoS2/CdxZn1-xS (0.2 ≤ x ≤ 0.8, Mt/CxZ1−xS) heterostructure for PET photoconversion coupled with H2 production (Supplementary Figure 3A) (Li et al., 2021). As shown in Supplementary Figure 3B, in the presence of light and photocatalyst, the H2 evolution rates of MoS2/CxZ1-xS firstly increase with the increment of x until x = 0.5. 1H-NMR analysis shows that in NaOH aqueous solution, the PET is mainly hydrolyzed into ethylene glycol, terephthalic acid, and glycolate before reaction (Supplementary Figure 3C). After 5 h illumination, some small molecular organic compounds such as formate and methanol appear in the 1H-NMR spectrum, confirming the photocatalytic conversion of PET. Moreover, M4.3/C0.5Z0.5S shows high photocatalytic H2 evolution stability during 5 h continuous illumination in either PET or PET-bottle-based aqueous solution (Supplementary Figure 3D). This work extends the catalyst for the photocatalytic plastic upgrading.
Considering the toxicity of Cd in CdS/CdOx, in another work of Reisner, et al., they have further developed a new Cd-free catalyst, namely cyanamide-functionalized carbon nitride (CNX) coupled with a nickel phosphide (CNx/Ni2P) for photocatalytic valorization of plastic (Supplementary Figure 4A) (Uekert et al., 2019). Carbon nitride (CNx) has been studied widely in photocatalysis because of its non-toxic, cheap and visible light absorption. Particularly, the CNx has strong alkali resistance, thus endowing it to be a promising competitive alternative to CdS for photocatalytic conversion of plastic. As presented in Supplementary Figure 4B, under low pH conditions (1 M KOH), the CNx|Ni2P shows moderate photoactivity. The external quantum yields at λ = 430 nm is ca. 0.035 for PET and 0.101 for PLA. Increasing the alkalinity of the reaction solution can significantly improve the H2 evolution activity, as exemplified in Supplementary Figure 4C. Isotopic labeling experiments with D2O verify that H2 originates from water rather than the substrate. 1H NMR spectroscopy analysis of the reaction mixtures shows that the photoconversion of PET produces complex products, including terephthalate, formate, glyoxal, glycolate, acetate, and other intermediates yet without CO32− (Supplementary Figures 4D,G). On the contrary, the PLA offers a much simpler system. It is oxidized primarily to small quantities of formate (i) and acetate (iv) with a small amount of CO32− (Supplementary Figures 4E–G). The results are similar to those reported for photoreforming of PET with CdS/CdOx (Uekert et al., 2018). Moreover, the photoconversion of real-world plastic wastes with low concentration of plastic, including polyester microfibers, PET bottles, and oil-coated PET bottles, over the CNx|Ni2P has been evaluated, which also reveal noticeable H2 evolution activity (Supplementary Figure 4H). The result directly proves the transformation of real-world plastic waste into both H2 and valuable organics.
Furthermore, to overcome practical scaling challenges of traditional powder photocatalyst systems, such as sedimentation, difficult to recycle, and competing light absorption with waste solution, Reisner and co-workers have immobilized the CNx|Ni2P photocatalyst on textured glass (Supplementary Figure 4I) (Uekert et al., 2020b). It has been found that the 1 cm2 square CNx|Ni2P panel can photoconvert waste plastic into H2 and organic molecules with rates comparable to those of photocatalyst slurries, while enable facile photocatalyst recycling. Moreover, as shown in Supplementary Figure 4J, an up-scaled 25 cm2 panel is fabricated to photoreform municipal solid waste (MSW) in seawater under lower sunlight (0.2 Sun) for 5 days, which still keeps 50% of the activity tested under ideal conditions (0% seawater, 100 mW cm−2), thus further verifying the versatility and real-world applicability of the CNx|Ni2P panel system.
PHOTOCATALYTIC VALORIZATION OF WASTE PLASTIC TO OXYGENATED CHEMICAL FEEDSTOCKS
In the above cases, the plastic is primarily hydrolyzed in alkaline solution to break the stubborn C-C chemical bonds, thereby hastening the photocatalytic process. In spite of the advantage, the alkaline pretreatment is detrimental to the natural environment. Given this aspect, it is imperative to find alternative ways to convert the plastic under mild conditions. In a study of Soo et al. (Gazi et al., 2019), they have demonstrated a vanadium (V) photocatalyst system (Supplementary Figure 5A) that can controllably cleave the C-C bond for organic transformations and plastic recycling in the natural environment without alkaline pretrement. The study is started by examining the performance of the V catalysts for breaking down carbon-carbon bonds in over 30 different types of chemicals. Quantitative conversions and moderate-to-high yields of aldehyde and alcohol products are obtained for all the substrates, demonstrating a broad functional group tolerance, and high catalytic applicability of the photocatalytic system.
Encouraged by the promising result, the authors further test the photocatalytic performance of the catalysts for conversion of PE (Supplementary Figure 5B). Notably, the reaction has to be conducted with white LEDs at 85°C in a mixture of acetonitrile and toluene to fully dissolve the substrate. The result reveals a full conversion of the PE after 6 days. Formic acid and methyl formate are identified as some of the products. However, CO2 is also detected, which is ascribed to the over-oxidation of formic acid. The reaction is suggested to proceed via LMCT mechanism. A depicted in Supplementary Figure 5C, the C-C bond of the hydroxyl-terminated polymer would cleave with the assistance of V catalyst to produce a carbonyl group as one of the primary products, while the other radical fragment would react with dissolved O2 in air to eventually give another oxygenated compound. This work highlights the practicability of the photocatalytic C-C activation for transformation of plastic wastes into chemical raw materials under alkali-free condition.
PHOTOCATALYTIC PLASTIC DEGRADATION COUPLED WITH SEQUENTIAL CO2 REDUCTION TO PRODUCE C2 FUELS
Besides one-step conversion, Xie, and co-workers (Jiao et al., 2020) recently have reported a sequential photoinduced C-C cleavage under atmosphere and C-C bond coupling in the absence of oxygen, which for the first time realizes highly selective conversion of various waste plastic into C2 fuels under simulated natural environment (room temperature, pure water, and simulated one-sun irradiation; Supplementary Figure 6A). In the research, single-unit-cell thick Nb2O5 layers (2.96 nm) is prepared from niobic acid atomic layer precursor as catalyst (Supplementary Figure 6B), due to its high redox potentials, valence band maximum at + 2.5 V vs. NHE and the conduction band minimum at 0.9 V vs. NHE at pH 7, which is conducive for maximal exposure of active site and thus promoting the light conversion performance. The photocatalytic conversion of real-world PE, polypropylene (PP) and PVC plastics over the ultrathin Nb2O5 shows that the catalyst can completely degrade these plastics to CO2 within 40, 60, and 90 h, respectively (Supplementary Figure 6C). Meanwhile, CH3COOH yields progressively increased during the photoconversion processes (Supplementary Figure 6D). Through a series of control experiments, isotope labeling and synchrotron radiation vacuum ultraviolet photoionization mass spectrometry, the CH3COOH products is verified to be generated by the photoreduction of the CO2 generated from degradation of plastic.
Correspondingly, a specific mechanism is proposed (Supplementary Figure 6E). The photoconversion of the plastic is suggested to undergo two continuous processes: initially, the plastic is oxidized by the O2 and •OH radical to cleave C-C bond and form CO2. Meantime, the O2 is reduced to O2•−, H2O2, and H2O. Subsequently, the resulting CO2 is further reduced to CH3COOH and the water was oxidized to O2 through the photoinduced C-C coupling reaction occurring between COOH intermediates. This is significantly different with the above discussed one-step strategy, providing a fascinating alternative strategy to valorize the real-word plastic without any pretrement. However, due to the poor CO2 reduction activity of the existing photocatalysts, the production of C2 fuel is relatively low at present.
CONCLUSION AND OUTLOOK
In summary, the latest advances in photocatalytic valorization of plastic for fuels and chemicals production are highlighted in this mini review. Three typical conversion pathways have been classified, including (i) photocatalytic plastic upgrading to fine chemicals integrated with H2 production; (ii) photocatalytic valorization of waste plastic to oxygenated chemical feedstocks and (iii) photocatalytic plastic degradation coupled with sequential CO2 reduction to produce C2 fuels. Correspondingly, the developed catalyst systems that fall into these reaction pathways, and products generated from the photocatalytic conversion of plastic are elaborately discussed. The key progresses made in this area present a fascinating alternative strategy to alleviate the white pollution crisis. Nevertheless, the investigation of photocatalytic valorization of plastic is still at an early stage of discovery, especially in comparison with the traditional photocatalytic applications, such as water splitting, CO2 reduction, and selective organic transformations. Some great challenges including the limitations of the overall reaction efficiency, selectivity, and durability lie between the laboratory study and practical application. In order to promote the deployment of the technique, more research effort is deserved.
For example, in spite of the charming future of the research field, the developed photocatalyst system for the plastic valorization is very limited at present. Over the past 40 years, a huge amount photocatalyst systems have been developed. Only for overall all water splitting-the challenging task in photocatalysis, more than 100 metal oxides-based photocatalytic systems have been reported. In this context, the exploration of new types of photocatalysts is highly desired, which would be the most direct way to advance the photocatalytic plastic valorization.
In addition, the loading of cocatalyst is essential for achieving highly efficient, selective, and steady photocatalytic plastic conversion. The cocatalyst can play multifunctional roles including (i) boosting the separation and transfer of photogenerated charge carriers, (ii) inhibiting the photocorrosion of catalysts and (iii) promoting adsorption and activation of target molecules. Till now, great progresses are achieved in the design and synthesis of noble metal-based, transition metal-based such as metal sulfide, phosphide, nitride, and oxides cocatalysts. Thus, the tailoring of active cocatalyst would greatly contribute to achieving high-efficiency photocatalytic plastic conversion system.
Furthermore, at present, alkaline pretreatment of plastic is the most commonly utilized reaction media, which would harm the environment. Moreover, the alkaline treatment generally induces non-selective cleavage of the C-C bond to mixed short-chain organic molecules, which leads to poor selectivity of the photogenerated products. Also, the alkaline reaction media may corrode some metal oxides photocatalysts and results in deactivation. As such, developing more universal and mild solvent and pretreatment method, such as mixed organic solvent, is indispensable.
Finally, to implement the photocatalytic plastic valorization from laboratory study to “practical” application, the construction of fixed photocatalyst device must be taken into account. Particularly, the fix of photocatalyst on flexibly porous substrate should be a preferred option. This would not only prevent sedimentation and promote catalyst recycling, but also alleviate the cost of reduced mass transfer between the catalyst and reactant. In the long run, only through the collective optimization of the catalyst, reaction media and reactor, the practical application of photocatlytic plastic valorization can be reliable.
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SUPPLEMENTARY FIGURE 1 |  (A) Photocatalytic conversion of plastics over CdS/CdOx QDs under simulated solar light; (B) produced H2 amount of the photo-reforming of PET bottles under simulated solar irradiation over several days; 1H-NMR spectra of PLA (C), PET (D), and PUR (E); mass spectra of the gas evolved after photoreforming of PLA (24 h) over CdS/CdOx QDs in (F) 10 M NaOH, 10 M NaOD in D2O, or (G) 10 M NaOH. Conditions: AM 1.5G, 100 mW cm−2, 25°C. The figure is reprinted with permission from Uekert et al. (2018), copyright 2018, Royal Society of Chemistry.
SUPPLEMENTARY FIGURE 2 |  (A) Schematic transformation from CdMoO4 to CdS/MoS2 nanooctahedron heterostructure; (B) SEM image of CdS/MoS2; (C) photocatalytic H2 evolution activity of the different samples using pretreated PLA solution (stirring in 10 M KOH at 40°C for 24 h in the dark); (D) integrated photocatalytic H2 production and organics upgrading of furfural alcohol (FA), bacterial cellulose membrane (BC), pretreated PLA solution and PET solution over CdS/MoS2 in 10 M KOH; (E) photograph of the obtained white precipitate after adding excess Ba(OH)2 solution into the supernate taken immediately after photocatalysis. Conditions: λ ≥ 420 nm, 110.3 mW cm−2. The figure is reprinted with permission from Zhao et al. (2020), copyright 2020, Wiley.
SUPPLEMENTARY FIGURE 3 |  (A) The mechanism of H2 evolution coupled with the conversion of PET plastic over Mt/CxZ1-xS; (B) the control experiment and photocatalytic H2 evolution from pretreated PET solution (stirring in 10 M NaOH at 40°C for 24 h) of M4.3/CxZ1-xS (0.2 ≤ x ≤ 0.8) under simulated sunlight; (C)1H-NMR spectra of an aqueous solution of pretreated PET plastic before and after photocatalytic H2 generation of 5 h; (D) photocatalytic H2 evolution stability of M4.3/C0.5Z0.5S under simulated sunlight and anaerobic environment. Condition: AM 1.5 G. The figure is reprinted with permission from Li et al. (2021), copyright 2021, Wiley.
SUPPLEMENTARY FIGURE 4 |  (A) Schematic diagram of the photocatalytic plastic valorization using a CNx|Ni2P photocatalyst; (B) long-term photoreforming of pretreated PET and PLA (stirring in 2 M KOH at 40°C for 24 h in the dark); (C) the influence of KOH concentration for photoreforming of pretreated PET (20 h irradiation); black circles in (C) mark H2 evolution per gram of substrate over CNx|Pt (2 wt%) under the same conditions; 1H NMR spectra of pretreated PET (D) and PLA (E, F) after photoreforming (insets show zoomed-out views of the spectra); (G) chemical structures and peak assignments; (H) long-term photoreforming of different plastics under simulated solar light. Conditions: AM 1.5 G, 100 mW cm−2, 25°C. The figure is reprinted with permission from Uekert et al. (2019), copyright 2019, American Chemical Society. (I) Photograph of a 25 cm2 CNx|Ni2P panel with a schematic diagram of the photoreforming process; (J) up-scaled long-term H2 evolution under ideal (100 mW cm−2, pure deionized water) and worst (20 mW cm−2, seawater) cases. Conditions: 100 mW cm−2 or 20 mW cm−2, 25°C, MSW (stirring in 0.5 M KOH at 80°C for overnight). The figure is reprinted with permission from Uekert et al. (2020a), copyright 2020, Wiley.
SUPPLEMENTARY FIGURE 5 |  (A) Structure of the V-based photocatalyst; (B) the conversion scheme of PE over the V catalysts; (C) proposed reaction mechanism for the cascade C-C bond cleavage in polyethylene-monoalcohol. The bonds that undergo cleavage are highlighted in bold and red. Conditions: white LEDs, 85°C. The figure is reprinted with permission from Gazi et al. (2019), copyright 2019, Wiley.
SUPPLEMENTARY FIGURE 6 (A) Schematic illustration for converting various waste plastic into C2 fuels by a designed sequential pathway under simulated natural environment conditions; (B) atomic force microscopy image of Nb2O5; (C) the yield of CO2 during the photoconversion of pure PE, PP, and PVC over the Nb2O5 atomic layers; (D) the yield of CH3COOH under the simulated solar light; (E) schematic representations for the band-edge positions of Nb2O5 atomic layers along with the potentials of CO2, H2O, H2O2, and O2 redox couples at pH 7 and the proposed two-step C-C bond cleavage and coupling mechanism from pure PE into CH3COOH. Conditions: AM 1.5G, 100 mW cm−2, 298 ± 0.2 K. The figure is reprinted with permission from Jiao et al. (2020), copyright 2020, Wiley.
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Controlled release systems of agrochemicals have been developed in recent years. However, the design of intelligent nanocarriers that can be manufactured with renewable and low-cost materials is still a challenge for agricultural applications. Lignocellulosic building blocks (cellulose, lignin, and hemicellulose) are ideal candidates to manufacture ecofriendly nanocarriers given their low-cost, abundancy and sustainability. Complexity and heterogeneity of biopolymers have posed challenges in the development of nanocarriers; however, the current engineering toolbox for biopolymer modification has increased remarkably, which enables better control over their properties and tuned interactions with cargoes and plant tissues. In this mini-review, we explore recent advances on lignocellulosic-based nanocarriers for the controlled release of agrochemicals. We also offer a critical discussion regarding the future challenges of potential bio-based nanocarrier for sustainable agricultural development.
Keywords: nanopesticides, biopolymers, lignocellulosic materials, nanotechnology, nano-enabled agriculture, sustainable agriculture, circular bioeconomy
INTRODUCTION
The development of environmentally friendly tools that can produce crops or livestock without negative impact on humans and the environment is central to the Sustainable Development Goals. Nowadays, with the development of nanotechnology, researchers are obtaining good outocomes using nanomaterials (NMs) (Mattos et al., 2017; Guo et al., 2021; Sikder et al., 2021). For instance, engineered nanoparticles (ENPs) are capable of improving the efficiency of pesticides and fertilizers through the controlled release of agrochemicals, as well as by providing enhanced plant performance or by enabling plants to act as real-time sensors, actuators, or electronic devices (Baker et al., 2017; Saleem and Zaidi, 2020; Agathokleous et al., 2020; Acharya and Pal, 2020; Usman et al., 2020; Singh et al., 2021; Grillo et al., 2021a). The increased surface area to volume ratio of the ENPs enables a greater control of interfacial interactions with a given cargo to act on demand or specific stimuli as well as many other features. Besides, several factors such as surface charge, particle size, composition, solubility, and manufacturing methods can be exploited to control the interaction of ENPs with specific plants and organisms (Jogaiah et al., 2021), with the goal of developing targeted systems. Although most of the current nanopesticides or nanocarriers are developed from synthetic (e.g., polymers) building blocks, several systems have been developed using biopolymers as tools for the controlled release system of agrochemicals (Mattos et al., 2017). Lignocellulosic-based nanopesticides are biodegradable and offer an interesting platform to produce safe-by-design nanopesticides as they can be non-toxic (Chamundeeswari et al., 2019; Zhang et al., 2019; Bhattacharyya et al., 2020; Shrestha et al., 2021; Ur Rahim et al., 2021) (Figure 1). Moreover, lignocellulosic material can be obtained from agriculture side streams, which is ideal to reduce costs during the production of nanopesticides, which are intended to be applied in large scale agricultural operations. This strategy also indicates a from plant-to-plant effort, ideal for a circular bioeconomy landscape.
[image: Figure 1]FIGURE 1 | Schematic representation of a (A) lignocellulosic building blocks matrix, (B) advantages to produce, and (C) different types of nanopesticides that can (D) enhance pest management (e.g., weeds, viruses, bacteria, fungi, and insects) as well as display unique properties such as (E) targeting wood-destroying pests.
There are mainly three non-edible lignocellulosic biopolymers that have been used in the development of materials: cellulose, lignin, and hemicellulose, along with pectin, tannins, acids, and proteins (Okolie et al., 2021). Even though the manipulation of its feedstock is challenging to engineer, lignocellulosic materials have low-cost production and eco-friendly properties (Li et al., 2021a). Although lignocellulosic-based nanocarriers are still under development for the agricultural sector, several advances have been achieved thus making this technology useful for nano-enabled agriculture. The increased use of lignocellulosics in nano-enabled agriculture is expected to take place because there are new technologies that can 1) increase the extraction efficiency of lignocellulosic materials; 2) modify lignocellulosic structures for desired properties; and 3) design hybrid nanostructures with controllable shape and size. Nonetheless, the application of lignocellulosics in nano-enabled agriculture is currently related to the controlled delivery and release of pesticides and nutrients (Worrall et al., 2018; Papadopoulos et al., 2019; Chen et al., 2020a; Teo and Wahab., 2020). However, lignocellulosic nanomaterials could potentially stabilize emulsions (such as those used in oil borne pesticides) instead conventional surfactants in multiphase systems (Tardy et al., 2021). In this review we summarize and discuss the recent advances in lignocellulosic nanocarriers for agricultural applications; in addition, we offer a critical discussion regarding the future challenges of lignocellulosic nano-enabled materials for sustainable agricultural development.
TYPES OF LIGNOCELLULOSIC-BASED NANOPESTICIDES FOR AGRICULTURE
Cellulose-Based Nanopesticides
Cellulose is a linear polymer composed of several hundreds of glucose units linked by β-1,4-glycosidic bonds (Figure 2A). Cellulose is highly abundant, being sourced from agro-industrial biomass (from 1st generation to wastes and residues), marine biomasses, and microorganisms. (Kaya and Tabak., 2020; Siqueira et al., 2020; Teo and Wahab., 2020; Bahloul et al., 2021). Cellulose nanomaterials have been marketed in several sectors of the economy, including agriculture. However, cellulose intra- and intermolecular hydrogen bonding interactions hinder its dissolution in water although being highly hydrophilic (Credou and Berthelot, 2014; Shatkin and Kim, 2015). Therefore, several studies have focused on the chemical modification of cellulose using a variety of routes to modify its physicochemical properties, enable dissolution, and therefore to facilitate the conception of nanocarriers that can be applied for improving agrochemical efficacy (Rop et al., 2020; Machado et al., 2021). For instance, dialdehyde carboxymethyl cellulose (DCMC) and carboxymethyl cellulose (CMC) were conjugated with zein (a protein from corn) to develop nanocarriers for avermectin (Chen et al., 2020b; Hao et al., 2020). In both cases, the resulting nanopesticides showed high leaf adhesion as well as efficient protection of the active ingredient against ultraviolet light (UV) when compared to its conventional form. Avermectin has been also encapsulated in CMC-grafted polyethyleneglycol (PEG) nanoparticles (Zhu et al., 2020) and in CMC grafted poly 2,2,3,4,4,4-hexafluorobutyl methacrylate (PHFBA) (Su et al., 2021a); both showed enhanced insecticidal activity against fall webworm (Hyphantria cunea) and an improved of the release profile of the active ingredient for 95 h, respectively. Additionally, glycine methyl ester (GLY) and glycidyl methacrylate (GMA) were used as intermediate and organic nitrogen sources, respectively, to modify CMC during the synthesis of a nanopesticide containing emamectin benzoate. Such nanopesticide and nanofertilizer increased the insecticidal activity against the diamondback moth insect (Plutella xylostella) and showed a potential system to be used as organic nitrogen fertilizer without toxic effect on seed germination (Zhao et al., 2021a).
[image: Figure 2]FIGURE 2 | (A) Types of lignocellulosic materials (cellulose, hemicellulose (e.g., xylan) and lignin) pointing out their main advantages (black) and disadvantages (red). (B1) Representation of a formulation containing lignin nanoparticles. (B2) Transmission electron microscopy image of pyraclostrobin-loaded lignin nanoparticles in the range of 100—300 nm. (B3) Effect of empty lignin (gray bars) and fungicide-loaded lignin (red bars) NPs on Esca leaf symptoms in four Portugieser grapevine plants monitored yearly from 2015 to 2019. (B4) Transmission electron microscopy image of fungicide-loaded lignin NPs. (B5) Lignin-based fungicide-loaded NPs being applied in a grapevine plant to target Esca. (B2,B3) were reproduced with permission from Machado, 2020, Copyright (2020) American Chemical Society, and (B4,B5) were reproduced with permission from Machado, 2020, Copyright (2019) John Wiley and Sons. Further permissions related to the material excerpted should be directed to the ACS and John Wiley and Sons.
On the other hand, nanoparticles crosslinked by cellulose have received an increased attention in the agricultural sector due to their good stability under environmental conditions (Sun et al., 2020). For instance, stimuli-responsive nanocapsules based on cellulose modified with fatty acid (undec-10-enoic) loaded captan and pyraclostrobin were developed against apple canker (Neonectria ditissima), and the results showed that the active ingredients were released when triggered by the presence of cellulolytic fungi (Machado et al., 2021). Another study showed the fabrication of carboxymethylcellulose sodium salt and hydroxyethyl cellulose-based biodegradable hydrogels using citric acid (CA) as a crosslinker; good water uptake and a sustainable release profile were observed (Das et al., 2021).
A mixture of (nano)cellulose with inorganic (nano)materials (for example clays) opens up strategies for the design of nanopesticides with a widened pallet of biological, thermal, and structural properties. For instance, carboxymethyl cellulose hydrogels filled with nanocellulose and nanoclays (Bauli et al., 2021) or cellulose-g-poly (ammonium acrylate-co-acrylic acid)/nano-hydroxyapatite (Rop et al., 2020) showed good efficiency on hydrogel nutrient release and improved the moisture retention around the plant in the soil. Furthermore, a hybrid nanopesticide composed of hollow mesoporous silica/hydroxypropyl cellulose was reported to control rice blast fungus (Magnaporthe oryzae), and a dual-responsive release profile of the active ingredient was observed when in presence of cellulase (enzyme) or under acid conditions (Gao et al., 2021a). Moreover, layered double hydroxides (LDH) were mixed with CMC to fabricate polymeric nanocomposite able to mitigate the downside effect of herbicides in paddy cultivation (Sharif et al., 2021). In addition, they observed high adhesion of nanocellulose towards hydrophilic surfaces has led to the development of biogenic nanohybrids containing biogenic silica and cellulose nanofibers for the encapsulation of various molecules including a biopesticide (thymol) (Mattos and Magalhães, 2016; Mattos et al., 2018).
The difficulty of promoting dissolution of cellulose, in parallel with the current regulation on bioplastics that defines cellulose derivatives as plastics, will accelerate the development of nanocarriers from cellulose colloids, such as cellulose nanofibers, which have unique physicochemical properties such as higher surface area, nanodimension, high-temperature resistance, and biocompatibility (Shahi et al., 2021; Tardy et al., 2021). Cellulose nanofibers (CNFs) have been reported as potential high performers in nanoformulations of fertilization (do Nascimento et al., 2021), as well as cellulose nanocrystals (CNC) with chitosan to control tomato bacterial speck disease (Schiavi et al., 2021), among others (Table 1). For its diversity and abundance, cellulose is an outstanding material with a list of properties yet to be explored as a nanopesticide thus, understanding better its composition and potential interactions with agrochemicals and non- target and target organisms is essential to the future design of sustainable nano-enabled agriculture.
TABLE 1 | Examples of lignocellulosic-based nanopesticides.
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Lignin is a three-dimensional and complex aromatic biopolymer that is bound to cellulose and hemicellulose within the plant cell wall microstructure (Figure 2A). Furthermore, it has attracted great attention due to its availability at large scales (Lizundia et al., 2021). In the last years, lignin-based nanoparticles (LNPs) have been used in agriculture against fungus, and insects due to their eco-friendly properties, low cost, and good encapsulating properties; however, this formulation is insoluble in the aqueous environment, which raises some technical difficulties when producing nanocarriers or promoting cargo delivery. Nevertheless, production of LNPs has been demonstrated to be possible for upscaling at reasonable cost (Abbati de Assis et al., 2018; Bangalore Ashok et al., 2018). For instance, stem lignin nanoparticles have been used as matrix in the controlled release of the herbicide diuron (Yearla and Padmasree, 2016). Chemical modifications in lignin to control their interactions with water and solubility (Balakshin and Capanema, 2015; Agustin et al., 2019; Falsini et al., 2019; Ma et al., 2020; Machado et al., 2020), also facilitate their use in nano-enabled strategies for agriculture. For instance, sodium lignosulfonate can electrostatically interact with other polymers [e.g., chitosan (Li et al., 2019)], and cationic surfactant [e.g., dodecyl dimethyl benzyl ammonium chloride (Zhang et al., 2021a), cetyltrimethylammonium bromide (Peng et al., 2020)] by self-assembly to form stimuli-responsive nanopesticides (Table 1). Kraft lignin (KL) has a tunable amphiphilic nature due to the abundant phenolic hydroxyl groups capable of forming a stable double-layered nanomaterial with ionic surfactants (Ela et al., 2020), nanocapsules with olive oil (Falsini et al., 2020), and is also able to chelate cationic metals (Sipponen et al., 2017). Other nanopesticides have also been synthesized with alkali lignin (AL) (Yin et al., 2020), organosolv lignin (Zhang et al., 2020a), and methacrylate lignin (Yiamsawas et al., 2021).
In this regard, some interesting studies have been using lignin nanoparticles for the controlled release of fungicide to target Esca (a type of grapevine trunk disease that negatively impacts grape yields and the wine industry around the world). For instance, Machado et al. (2020) developed several fungicide-loaded lignin nanocarriers (Figure 2B1,2) to be applied in a single injection into Vitis vinifera (“Portugieser”) plants, and the results showed successfully inhibition of lignase-producing fungi (e.g., Phaeomoniella chlamydospora and Phaeoacremonium minimum) as well as fungicide efficiency for at least 4 years against Esca (Figure 2B3). Furthermore, two other stimuli-responsive lignin-based nanocarriers were developed for the treatment of Esca (Fischer et al., 2019; Peil et al., 2020). In both studies, the fungi associated with Esca degraded lignin through secretion of ligninolytic enzymes (e.g., laccases and peroxidases) and, thus, released fungal spores (Trichoderma reesei) (Peil et al., 2020) and the hydrophobic fungicide pyraclostrobin (Fischer et al., 2019) loaded in lignin nanocarriers (Figure 2B4,5). Moreover, another triggered strategy is based on the controlled release of micronutrients , such as copper and iron, to fertilize and protect plants against various pathogens (Gazzurelli et al., 2020; Li et al., 2021b).
Despite the development of numerous lignin-based nanocarriers for agriculture, the great challenge of these nanoformulations is still the complexity and variability of chemical structure of this resource given the batch-to-batch variations in the extraction process. In this context, studies such as those by Beckers et al. (2021) have been important as it is possible to synthesize lignin-like monomers (e.g., phenylcoumaran and β-O-4-aryl ether) able to comprise linkages found in native lignin with promising results. Nevertheless, lignin-first biorefining approaches have recently been proposed to produce well-defined lignin structures that can be further utilized in a more systematic way (Lourencon et al., 2019).
Hemicellulose-Based Nanopesticides
Hemicellulose is a biopolymer with a degree of polymerization of ca. 50–200 and molecular weight below 90 kDa, thus a much smaller building block when compared to cellulose or lignin (Ye et al., 2021). Hemicelluloses represent 15–25% of the wood cell-wall but can reach up to 45% in annual, seasonal plants. Such biopolymers include xyloglucans, xylans (Figure 2A), mannans and glucomannans, and beta-glucans. A wide range of applications has been associated with hemicellulose, such as the generation of chemical products, packaging materials, drug delivery systems, and more recently as pesticide delivery systems (Naidu et al., 2018; Wijaya et al., 2021). The extraction of hemicellulose comes from lignocellulosic biomass, wood, foliage, grass, and agricultural residues and can be carried out using organic solvent but more commonly with hydrothermal extractions (Naidu et al., 2018).
Due to the low water solubility of hemicelluloses, there are still some challenges to produce stable hemicellulose-based nanocarriers for the controlled release of agrochemicals. However, several examples have been demonstrated in recent years. Beckers et al. (2020a) described the first synthesis of nanocarriers built from xylan extracted from corn cobs to contain the fungicide pyraclostrobin, by interfacial polymerization method of diisocyanate of toluene (TDI) in an inverse emulsion. Hence, such nanopesticide was colloidally stable in water and cyclohexane for several weeks as well as it was efficient against phytopathogenic fungi (Botrytis cinerea) as the biocide release from the xylan nanocarriers was stimulated by the fungi. In another study, xylan-based nanoparticles (without active ingredients) were fabricated and their antifungal effect was studied on corn husk fiber and on the high-density polyethylene (HDPE) composite. Such nanoparticles prevented the formation of hyphae in wood as well as increased the strength of the composite (Gao et al., 2021b). Additionally, lignin sulfonate-based nanocarriers containing hemicellulose residues showed potential for controlled delivery of agrochemicals such as the fungicides pyraclostrobin or prothioconazole (Beckers et al., 2020b). In addition, xylan-based nanoparticles are advantageous for their biocompatibility, biodegradability, and low-cost biological material (Beckers et al., 2020b). Recently, lignin-xylan and arabinoxylan nanoparticles were also reported as an enzymatic-responsive for pesticides release (Jiang et al., 2020) (Table 1) as well as a gene delivery system for CRISR-Cas9 DNA (Sarker et al., 2020), respectively.
β-Glucan is a homopolymer, an abundant class of polysaccharides in plants, fungi, and bacteria. Most recently, ß-Glucan-based nanocarriers have been extensively studied as drug delivery systems (Su et al., 2021b). For instance, Kaziem et al. (2022) developed a smart-delivery formulation based on carboxymethylated-β-glucans on the mesoporous silica nanoparticles (MSNs) surfaces after loading chlorothalonil (CHT) fungicide, with bioactivity against phytopathogens better than commercial formulation and lower toxicity to manure worm (Eisenia fetida) and zebra fish (Danio rerio). In another study with the same formulation, the authors observed that CHT@MSNs-β-glucans showed 2.6 times lower toxicity to the planktonic crustacean (Daphnia magna) and also exhibited lower effects on soil microbial abundance than commercial chlorothalonil (Kaziem et al., 2021), which improves its use as a nano-enabled agrochemical.
Other Lignocellulosic Materials-Based Nanopesticides
Other lignocellulosic materials, even in minor quantities, are rising in agriculture as compounds of nanocarriers. Pectin (Pec), a structural compound present in the primary cell walls of higher plants has been applied for the development of nano-enabled delivery systems for agrochemicals. Pectin has been used to configure an intelligent stimuli-responsive carrier triggered by pectinase, an enzymes produced by plants, filamentous fungi, bacteria, and yeasts. Moreover, a hybrid system comprising mesoporous silica nanoparticles and pectin (MSN-Pec) could delivery prochloraz (a fungicide) slowly, showing potential to be used in rice crops (Abdelrahman et al., 2021). Pectin-based nanocarriers showed promising behavior to mitigate drought stress in plants of arid and semi-arid environments (Sharma et al., 2017). Carbendazim-loaded chitosan-pectin nanoparticles showed a good response against pathogenic fungi Fusarium pxysporum and Aspergillus parasiticus (Kumar et al., 2017). Composite systems, such as chitosan/tripolyphosphate/pectin nanoparticles, were reported as a delivery system for paraquat herbicide to reduce the toxic behavior to alveolar and mouth cell lines, as well as to enhance the herbicidal activity against maize and mustard plants (Rashidipour et al., 2019). Thus, the nanoencapsulation of paraquat improves its herbicidal activity and reduces its toxic and mutagenic effects (Grillo et al., 2015; Pontes et al., 2021; Rashidipour et al., 2021).
Tannins, especially tannic acid, have been used in nanopesticide formulations (Table 1) as an additive to promote better foliage adhesion of particulates (Yu et al., 2019; Zhi et al., 2020). The ability of tannins to promote multiple and diverse secondary interactions towards virtually any surface has warranted their utilization to modify nanocarriers surfaces while adding UV protection and antioxidant properties (both useful to increase the lifetime of the active ingredient) (Guo et al., 2016). Finally, acids such as rosin (abietic acid) and salicylic acid are used in the attempt to create efficient nanocarriers (Table 1) (Zhao et al., 2021b; Su et al., 2021c).
CONCLUDING REMARKS AND CHALLENGES AHEAD
Current research on the smart nano-enabled delivery systems for pesticides has opened a new way to view the stimuli-responsive controlled release of crop protectants and to the development of novel agro-technological products. Despite the complexity of biomolecules and the challenges on generating stable nanoformulations, lignocellulosic-based nanocarriers have shown promising features that can be further explored in advanced, and renewable nanocarriers for agriculture. These carriers display unique properties (e.g., targeting wood-destroying pests), low cost, and good biodegradability rate. However, the number of studies on the mechanism of action of these nanopesticides as well as their toxicity impacts in the environment is still very limited (Grillo et al., 2021b). Moreover, little is known about the biodegradation of biopolymers after their modification or compositing, which still restricts their wider utilization in large-scale platforms such as crop protection. Therefore, further research on lignocellulosic nanomaterials is necessary in order to improve the efficient use of biomass resources as well as achieving environmental sustainability in agriculture.
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Electrical crosstalk can constrain the performance of multielectrode arrays in electro- and neurophysiology, in terms of both stimulation and recording. This is especially so at high electrode density, desirable for spatiotemporal mapping of bioelectrical signals from multiple cells. Channel interference due to crosstalk is currently only partially addressed, via continuous interleaved sampling or post-data acquisition spike sorting. Here, we show that a locally-shielded electrode architecture significantly suppresses crosstalk, and enables multi-site recording at high electrode density without the need for spike sorting. Arrays of shielded electrodes, prepared by micro- and nanofabrication techniques in a vertically-oriented coaxial geometry, demonstrate at least a 400 times improvement in spatial density over the unshielded case.
Keywords: multielectrode array, extracellular, optogenetics, nanofabrication, crosstalk
INTRODUCTION
The brain contains both large- and small-scale spatiotemporal organization, with different functions taking place on multiple spatial and temporal scales. To gain insight into the rules that underlie brain function, it is generally accepted that networks of neurons need to be studied (Nadasdy et al., 1998), as opposed to individual neurons in isolation. The extracellular multielectrode array (MEA) is an appropriate device for stimulation of and recording from large numbers of neurons (as well as other electrogenic cells), as it is capable of simultaneously recording both the slow activity associated with changes in the local field potential (an aggregate of the surrounding synaptic inputs) and the fast activity associated with multi-unit neuronal discharges nearby. In order to gain a mechanistic description of the biophysical contributors to neuronal network processes, it is necessary to isolate single-unit activity. Given the size and spacing of neurons within networks [on the 1–10 μm scale (Heathcote and Sargent, 1987)], this requires a device capable of high spatial resolution. While MEAs can be fabricated at high densities [down to 10’s of μm pitch (Multichannel Systems, 2021; Miccoli et al., 2019)], a limiting factor in achieving higher spatial resolution is isolating the activity of individual neurons within the larger array (Ventura and Gerkin, 2012).
Due the spread of the extracellular current into surrounding ionic medium originating from action potentials, the number of effective recording channels in a device will be reduced below their actual number if they are of a critical spacing or smaller. The extent to which an electric field originating from a neuron is recorded by multiple electrodes, rather than by/at a single recording site, may be defined as electrical crosstalk (Wilke et al., 2011). The reciprocal of this situation, coinciding fields from multiple neurons at a single recording site (which then aggregate as a single input instead of multiple distinct inputs) is equally problematic. Overlapping electric potentials and fields are undesirable for both recording and stimulation, the latter being identified as an issue in, for example, MEA technology used for visual prostheses (Nelson et al., 2017). One definition of the degree to which a single pixel of an electrode array dominates all neighboring pixels was given by Wilke, et al. (2011) as the crosstalk coefficient CT = EN-1(x,y,z)/EN(x,y,z), where |E|N(x,y,z) is the electric field magnitude at a point (x, y, z) with all electrodes in the array active, and |E|N-1(x,y,z) is the field at that point with a chosen electrode inactive. This ratio will be the same for electric potential (voltage). CT ranges from 0 to 1, with the low end being minimal crosstalk (measured electric field dominated by the measuring electrode of interest) and the upper end being high crosstalk (multiple electrodes contributing to the measured electric field).
If the overlap between neuronal events (spikes) is relatively small, a common tool used by neuroscientists to isolate individual neurons in multi-unit recordings is the post-data acquisition process of spike sorting. This involves grouping recorded spikes into clusters based on the similarity of their waveforms (Rey et al., 2015) (i.e., voltage dynamics over time). Spike sorting extracts individual spike waveforms out of a temporal window of collected spikes and is highly dependent on the sampling rate. Each datum point of a spike is a possible “feature” to be used for differentiation from other spikes and therefore the problem starts off being an N-dimensional one, where N is the number of data points per spike. Here, the complexity increases exponentially as a function of recorded events and can quickly becomes computationally intensive (Prentice et al., 2011; Hilgen et al., 2017).
The duration of an action potential is on the order of a few milliseconds and so a typical 40 kHz sampling rate will yield 50–100 points per spike. If the sampling rate is too low, it risks becoming insufficient, as cutting out data points can cause an unintentional shift in the maximum point used for alignment. A higher sampling rate corresponds to more data points and a higher accuracy in representing the signal, but requires more computational power. To lower this burden, methods have been developed in order to lower the dimensionality of the problem. One simple method for feature extraction is to take the basic characteristics of a waveform (amplitude, duration/width, rise time, square of the signal, etc.) and use them to differentiate signals. However, it has been shown that this is not always reliable (Lewicki, 1998). Another simple approach called template matching relies on choosing template spike shapes for each unit (Gerstein and Clark, 1964). The shape is then used as a metric in assigning and matching waveforms. However, in addition to manual intervention being problematic, sparsely-firing neurons could be missed with this approach (Quiroga et al., 2007), and action potentials in many types of neurons exhibit intrinsic plasticity evident as experience-dependent changes in membrane ionic conductances and corresponding changes to the dynamics of the action potential (Debanne et al., 2019). The most common feature-extraction and dimensionality-reduction method is principal component analysis (PCA) (Harris et al., 2000; Shoham et al., 2003). While the details of this method are beyond the scope of this paper, the idea is to find an ordered set of orthogonal basis vectors that captures the directions of largest variance in the data and represents any waveform as a linear combination of those principal components (Person, 1901; Quiroga, 2013). Despite these challenges, spike sorting algorithms currently remain a standard process in analysis of neurological data and new methods or refinements are continually being made (Ekanadham et al., 2014; Kadir et al., 2014; Swindale and Spacek, 2014). However, establishing metrics for evaluating spike sorters is an on-going process, with some research showing there is no one-size-fits-all algorithm (Buccino et al., 2020; Magland et al., 2020; Hall et al., 2021).
The most challenging issue to the spike sorting method is the subject of focus for this paper: overlapping spikes or, as defined above, crosstalk. Two or more neurons in close proximity firing synchronously or with a small enough delay will have overlapping extracellular action potentials. This could be interpreted as a signal from a single neuron, rather than from distinguishable neurons. Furthermore, the extracellular waveform originating from an action potential changes shape as it travels through space. Given that field potentials can travel hundreds of microns in ionic solution, the waveform picked up at one location could be drastically different at another and therefore incorrectly interpreted as two unique signals (Einevoll et al., 2012). Outside of spike sorting, various techniques have been utilized to try to minimize the effect of crosstalk by designing devices that constrain the generated electric fields (Chai et al., 2008; Wong et al., 2009; Moghaddam et al., 2011; Kaur et al., 2021).
In this paper, we show that local electrical shielding through a coaxial structure (Naughton et al., 2016) greatly reduces crosstalk when compared to the conventional bare, unshielded electrode. Two stimulation methods, electrical and optical, are employed to demonstrate the utility of local shielding versus the unshielded case, via electrode recordings of stimulated voltage transients. In the optical stimulation experiment, optogenetically-transfected human embryonic kidney cells (HEK 293-ChR2) were employed, as proxies for electrogenic cells such as neurons. Two types of devices were fabricated for each stimulation method: bare multi-electrode arrays (bMEA) and coaxial multielectrode arrays (cMEA). Figure 1 upper shows a schematic of an individual coaxial electrode, with its constituent materials. In Figure 1 middle, we show optical images of the wiring layout for the electrical device (bare = red arrow, coax = blue arrow), and electron microscope images of an individual electrode for each type. In Figure 1 lower, we show the wiring layouts for the optical devices, and a photograph of an actual chip. We indicate representative locations of clear holes (red dots) in an otherwise optically-opaque metal film on the glass substrates onto which the MEAs (pixels = black dots) were fabricated. These holes enabled localized optical illumination and excitation via from below. In each cMEA stimulation device, the outer conductors/shields of the coaxes were common, with the cores individually electrically-addressed.
[image: Figure 1]FIGURE 1 | Multielectrode array devices used for electrical and optical stimulation. Upper: Schematic of coaxial electrode comprising the cMEA device. Middle: Electrical stimulation device (center) with unshielded, bare electrode/bMEA (left) and shielded, coaxial electrode/cMEA (right) regions. Left and right are magnified views of the respective regions, each containing rows of sensing areas with varying separation. The sensing areas are the 10 µm in diameter circles at the ends of gold address lines. All areas outside of sensing areas have been passivated (insulated). Zoomed insets show SEM images of respective individual, ∼2 µm diameter, vertically-oriented electrodes. Constituent material labeled (AO = Al2O3). Lower: Optical stimulation device with cMEA chip with well (center), and wiring schematics for bMEA (left) and cMEA (right), both with 10 mm diameter sensing regions (black dots) at 60 mm pitch. Red dots indicate 20 mm-diameter transparent areas on the substrate and under the sensors, facilitating optical illumination up through the electrode cores.
RESULTS
Simulations
We also modeled/simulated the performance of unshielded and shielded MEA configurations. Using the finite element method (FEM) simulation software COMSOL Multiphysics (RRID: SCR_014767), a computational model of the device was made employing realistic material parameters, intending to examine the overlap of electric potential of a pair of electrode sensing areas as a function of electrode separation. A pattern of seven rows of electrode pairs, arranged with each row having a specific separation distance (from 5 μm to 1,000 μm), was placed in a simulated electrolyte solution (having nominally the same electrical properties as the medium used in the electrical experiment, i.e., static dielectric constant ε ∼ 80, dc electrical conductivity σ ∼ 1.5 S/m). Although crosstalk and the detection of field potentials in situ are influenced by a myriad of factors including cell type, distance from electrode and the nature of the contact with electrodes, the purpose of this simulation was to find the amplitude of the potential at the recording electrode surface generated by a source (e.g., neuron spike) as a function of separation distance. Green-Lorentz reciprocity reduces this problem to solving Poisson’s equation for the scalar potential generated from the recording electrode as a voltage source (Lorentz, 1896).
Simulations were performed for bare, unshielded and coaxial, shielded electrodes for a range of electrode diameters and heights, as well as, for the shielded case, with an outer shield of various heights relative to that of the core electrode. Shown in Figure 2 are results for 20 μm-diameter, 5 μm-tall electrode pairs, with the shields in the coaxial case 60% the height of the core (i.e., 3 μm). Experiments were later performed with bare electrodes and coaxial electrodes having such 60% shielding. For clarification, the simulations of pairs were performed separately for each separation distance, all with 1 mV excitation. The 10 and 50 μm separation results are expanded in the middle panel of Figure 2. Throughout, dark red (blue) represents regions where an electrode strongly (weakly) senses the source signal, as indicated by the color scale at right. It is clear from the images that unshielded electrodes (left images) experience overlap in the sensing regions of adjacent electrodes at separation distances far greater than do the shielded electrodes (right images). For distances of 50–100 μm and less, the sensing regions of the unshielded electrodes appreciably overlap. This effectively renders two individual electrodes as a single electrode of larger size, representing a loss in pixelation density and thus an emergence of crosstalk. Conversely, even at separation distance as small as 10 μm (bottom of middle panel in Figure 2), the shielded electrodes continue to show a separation of signal with CT* ≤ 0.8. Here, CT* = |V(d)|/|V(0)|. CT*is an effective crosstalk coefficient and |V(d)| is the signal of a particular sensing region a distance d from the excitation source. Simulation results for CT*, from linear cuts through neighboring electrodes at 50 μm spacing, are shown in the center panel of the figure.
[image: Figure 2]FIGURE 2 | Finite element modeling. Top view of simulated equipotential contours for (left) bare and (right) shielded electrodes (5 μm height, 20 μm-diameter), biased at 1 mV, with electrode spacings, from the top of 1,000, 500, 250, 100, 50, 25, and 10 μm. Color bar at far right indicates strength of signal from a source (e.g., action potential/neuron spike) sensed by an electrode. Middle panel shows magnified view of 50 and 10 μm spacing rows, as well as calculated CT* values versus distance for the 50 μm spacing. The coaxial, shielded electrodes include simulated radially coatings of 200 nm Al2O3 and 120 nm Cr, the latter with height 3 μm.
It is important to note that these simulations are largely scale invariant. That is, if the bare electrodes were of smaller or larger diameter than those simulated in Figure 2, the sensing regions would overlap and still be dominated by crosstalk at separation distances of a few times the electrode diameter. Multiple 2D and 3D geometries have been simulated and the results are qualitatively the same. Since the goal of this work is to move to higher density arrays eventuating in a sensing region comprised of a single coax, we made the geometry of the simulation as to compare a single coaxial structure with conventional MEA technology (a single, flat, cylindrical pad). While our experimental arrays feature multiple coaxial structures within a single sensor region, the simulations represent a conservative estimate of field overlap since the experimental arrays have more shielding surface area. For comparison, in conventional MEA architectures, the field distribution will likely be larger because of the lack of local shielding and greater surface area found in a capped cylinder (as opposed to the coaxial structure which has the cap removed). Therefore, the results of this simulation can give one a sense of the maximum pixelation allowed, given an electrode size, in order to avoid a large amount of crosstalk.
Electrical and optical stimulation
For electrical stimulation experiments, the well of the device in Figure 1 (middle), containing independent bMEA and cMEA regions, was filled with an electrolyte buffer solution using a pipette. Starting with the bMEA device and the 1 mm separation row, and moving incrementally to the 5 μm separation row, a voltage pulse was sent to one left electrode (using a Ag/Cl pellet in the electrolyte buffer solution as a ground), with voltage signals at all remaining electrodes recorded simultaneously. The experiment was repeated using the right electrode of a particular row as the stimulating electrode, to ensure mirror symmetry. Raw data traces for distances from excitation source d = 10, 25, 50, 100, 500, and 1,000 μm are shown in Figure 3 (upper, in red). For tests on the cMEA, one coax location’s shield (rather than a distant wire) was set to ground. The same procedure as above was performed (signal injected on the left, followed by the right, to confirm symmetry). Raw cMEA data traces are shown in Figure 3 (lower, in black), again for d = 10–1,000 μm. Data from five-sweep trials were averaged and the mean values plotted with error bars showing the dispersion in the steady-state value. It was observed from experiments that signals recorded during the first sweep were highest, while subsequent sweeps moved towards a steady state value.
[image: Figure 3]FIGURE 3 | Recording with bMEA and cMEA under electrical excitation. Voltage pulse of (100 μV, 5 ms) as applied to one electrode in the arrays of Figure 1-upper indicated as source, with recorded waveforms of the bMEA (upper) and cMEA (lower) at distances from source as shown.
For optical stimulation, optically-evoked field potentials were detected in HEK-293 cells transfected with the blue-light sensitive channelrhodopsin protein ChR2(H134R) (Zhang et al., 2007). Transfection and culture processes on the arrays, described in previous work (Naughton et al., 2016), were used. Devices were aligned in the measuring apparatus amplifier (Multichannel Systems MEA-2100) and one of the 60 channels was set to ground. To ensure one had live, working cells throughout the array (i.e., capable of optical actuation), a 473 nm wavelength laser was aligned above an array and illuminated the sample. Once cell viability was confirmed via captured deflections, the laser was moved to backside alignment, sequentially positioned to several sites below the array, and five-sweep trials were performed. Representative raw data plots of voltages at the source (i.e., a cell excited at the illuminated coax) and at multiple channel distances from that source are shown in Figure 4, for both the bMEA (upper) and cMEA (lower) devices. It can be seen there that, for each light-excitation site, the deflections in the local field were confined to only a few proximate (i.e., illuminated) sensing regions for the cMEA, as opposed to nearly full signal at least 180 μm away in the bMEA. We note that the waveforms of the optically-induced deflections in HEK cells seen by the cMEA appear somewhat different from those seen by the bMEA. Both the bare electrodes and the cores of the shielded array are capacitively coupled to the signal from the cells, but the shielding in the latter serve to significantly reduce this coupling. Assuming the same liquid medium impedance R for both structures, this serves to correspondingly reduce the time constant τ = RC of the cMEA measuring circuit. Specifically, the data in Figure 4 yield τ ∼ 475 and 120 ms for the bMEA and cMEA, respectively. We have simulated the capacitance C of these circuits using electromagnetic finite element modeling routines (CST Studio Suite), and calculate a capacitance ratio of CbMEA/CcMEA = 5 [image: image] 2, consistent with the measured ratio of ∼4. As such, the cMEA structure better represents the extracellular true response.
[image: Figure 4]FIGURE 4 | Recording with bMEA and cMEA under optical excitation. Voltage response vs. time of optogenetically-transfected HEK-293 cells for the bMEA (upper) and cMEA (lower) devices in sensing regions at indicated distances d from backside-illuminated (0.5 s duration, shaded regions) stimulation location (d = 0). Large extracellular potentials were evident at the site of stimulation and nearby electrodes in the bMEA but only at the site of stimulation on the cMEA. All windows correspond to 1.5 s recordings.
For both electrical and optical stimulation, the recorded electrical response was confined to sensing areas in close proximity to the stimulation location for the cMEA device. On the other hand, this response persisted to significantly larger distances for the bMEA device. In Figure 3, electrical stimulation, it can be seen that the response is ∼75% suppressed a distance of 50 μm from the source for the cMEA, but only ∼15% suppressed for the bMEA case. Beyond that distance, cMEA electrodes detect no residual signal, while almost half the stimulation signals persist out to 1 mm distance in the bMEA. Both electrical and optical stimulation results reflect the suppression of channel crosstalk in the shielded environment provided the cMEA.
DISCUSSION
In order to quantitatively compare the two devices, data were collected and trials for each experiment averaged. The electrode voltage at the point of excitation was named V(0). The distances to the surrounded electrodes were calculated and the crosstalk coefficient CT*, introduced above, was extracted for each electrode. Like the CT discussed in the introduction, a large CT* corresponds to high crosstalk, since the sensing region is capturing a large portion of the source. We show in Figure 5 the voltage response, plotted as effective crosstalk CT* = V(d)/V(0), versus distance d from excitation for the electrical and optical stimulation experiments, from data in Figures 3, 4 as well from as additional like experiments (averaged data ± standard deviation shown). Red (blue) symbols are data from unshielded bMEA (shielded cMEA) samples, open (solid) symbols are from optical (electrical) experiments. The dashed lines represent the computer simulated response using the same formalism as employed for Figure 2. Data sets from two of each type of MEA device are shown (thus the two symbol types for each). By combining the optical and electrical stimulation data sets, one sees a common trend, in that for both experiments, the coax outperforms bare electrodes in reducing crosstalk. These results are summarized in Figure 5, where one can see that the effective crosstalk coefficient for the shielded electrodes is significantly lower than that for the bare electrodes for all distances greater than a few micrometers from the source. This corresponds to significantly better suppression or filtering of stray electric fields from sources far from the recording device. In the bare electrode devices, sensing regions within 100 μm of the signal still show a CT* more than 0.9, which corresponds to very large crosstalk. Such signal overlap might become problematic from the perspective of establishing ground-truth data. One can get a quantitative sense of the effect of local shielding in MEA technology from Figure 5. That is, using 50% crosstalk as a representative gauge, the shielded, coaxial case yields a ∼20× improvement in linear spatial resolution (∼25 vs. 500 μm for unshielded, Figure 5). This corresponds to a 202 ∼ 400× improvement for an areal device, e.g., versus a typical MEA.
[image: Figure 5]FIGURE 5 | Comparison of excitation and device types. Main panel: Effective crosstalk coefficient V(d )/Vo vs. distance d from excitation source for electrical excitation experiments, for both unshielded bMEA (red symbols) and shielded cMEA (blue symbols) devices. Inset: Wider range of data, out to d = 500 μm, for both electrical (solid symbols) and optical (open symbols) stimulation. Standard deviations are indicated. Lines are results from simulations of electrical response versus d, for both types of devices. Different symbols for same conditions refer to results on different identical devices. Data from five-sweep trials were averaged and mean values plotted with error bars showing ± standard deviation.
The main limitation of this study is the selected cell culture used in the optical stimulation experiment. The technical ease in achieving transfection for optogenetic applications, high density to ensure electrode coverage, electrical characteristics, and high survivability of HEK cells make them a suitable choice in a proof-of-concept study. However, there is an obvious difference between HEK cells and neurons such as those typically cited in neural studies. An appropriate next step would be to culture transfected neurons or hippocampal slices. This would further develop the proof-of-concept on two dimensions: 1) showing crosstalk reduction in cells with well-known electrical characteristics and thus able to verify ground-truth measurements, and 2) testing the morphology dynamics of the cell-coaxial electrode interface. Moving from a quasi-2D system, as that found in conventional MEA technology, to a 3D architecture could help prevent cell drift, while at the same time, promote cell engulfment of the inner electrode, which has shown the ability to record subthreshold signals and, coupled with electroporation, intracellular activity by penetrating the cell membrane. We do not, however, anticipate that different cell lines will have a profound effect on the results.
SUMMARY AND CONCLUSION
The experiments and simulations presented herein demonstrate the suppression of crosstalk enabled by local shielding through the use of a coaxial electrode architecture. They suggest that, in order to avoid signal overlap in high density multielectrode arrays, a coaxial or similarly locally-shielded architecture could be utilized. While current state-of-the-art electrode arrays (e.g., HD MEAs, CMOS-based multiplexing sensor arrays, neuropixels) achieve high density, crosstalk represents a rate-limiting effect on spatial resolution. Conversely, the present coaxial architecture, in addition to achieving even higher pixel density than presented here (nothing in the fabrication process prevents us from pushing the pixel density into the nanoscale), is able to reduce electrical crosstalk and thus maintain high spatial resolution. Theoretically, the shielded architecture can improve until the thermal noise floor becomes dominant. For nanoscale coaxial arrays, using the Johnson-Nyquist noise equation as a first order approximation, one should still have a practical S/N ratio with a noise floor of tens of microvolts. The device characteristics could be further improved by the changing the impedance through increasing the inner electrode surface area (lowering the shield) or changing the inter-electrode (inner—outer metal annulus) gap.
In the reciprocal paradigm, where electrodes are utilized for evoking cell behavior through electrical stimulation, we have shown the coaxial architecture is advantageous in achieving localized cell engagement. This advantage also extends to isolated optical stimulation. Instead of achieving targeted optical stimulation through beam steering or scanning-based approaches, the shielded electrode facilitates in situ optical integration. Future work in device development could also move to an entirely on-device optical component, thus allowing high speed, individually addressable optoelectronic recording and modulation. In addition to alleviating the burden of advanced optical methods, such adoption could reduce dependence on spike sorting, elaborate as algorithms for such have been developed, in analysis of multicell recordings using multielectrode/microelectrode arrays. The locally-shielded array configuration can thus find future utility in connectomic studies of neuronal and other electrogenic cell configurations.
MATERIALS AND METHODS
For devices for optical stimulation experiments, a 10/300 nm Ti/Au layer, thick enough to be optically opaque in the 400–700 nm wavelength range, was sputter deposited onto glass substrates, followed by standard photolithography and wet etching to yield eight 20 μm-diameter openings (in the metal) spaced 300 μm apart. These openings were necessary to facilitate light (from a 472 nm laser), later used to evoke ion currents in HEK cells, to transmit through the glass and up through the cores of the pillars, then onto a specified region, rather than macro-illuminating the sample (to the full diameter of the light cone and thus covering multiple sensing regions). The light cone of the laser was measured to be ∼300 μm in diameter in the geometry employed, such that only one region would be illuminated at a time. Nanoimprint lithography (NIL) was then used on 5 μm-thick SU8 photoresist to create a 10 mm2 area pillar array (containing 2 μm diameter, 5 μm tall pillars at 10 μm hcp pitch) (Rizal et al., 2013) atop this metal film. After depositing a 10/120 nm Ti/Au layer (to serve as the bMEA electrode metal or the cMEA core electrode metal), an 8 × 8 square array of 10 μm diameter sensing areas (each encompassing on average three pillar electrodes to be wired in parallel) at 60 μm pitch was patterned using photolithography, and a subsequent wet chemical etch left 60 individually addressed sensing areas (i.e., excluding the four corners). These sensing areas were aligned with the aforementioned openings in the light-confining metal layer. Atomic layer deposition (ALD) was used to deposit a 225 nm thick aluminum oxide layer covering the entire sample (thus passivating the address lines), and photolithography plus wet etching was used to open up holes over the macroscale pad (pin-out) regions.
For the coaxial structures, an outer metal layer of 120 nm thickness Cr was further deposited (to serve as the coax shield electrode) and photolithography + wet etching was used to pattern the Cr. To expose the inner coax metal as well as to decapitate the pillars to facilitate the transmission of light through the 2 μm core of each pillar in the sensing area, and thus allow for optical stimulation, two processes were used. An SU8 layer was spun on and baked to form a mechanical stabilization layer. Next, a chemical mechanical polisher was used to decapitate the pillars and standard wet chemical etching was used to lower the heights of the Cr and alumina layers around the coax pillar core. A plasma etch process was then used to lower the height (thickness) of the SU8 filler. In order for the HEK cells to be grown and contained within the electrode region, a PDMS liquid-confining well (5 mm diameter, 10 mm height) was attached to the substrate, also using PDMS.
For the electrical stimulation experiments, devices were also fabricated on glass substrates. A NIL process similar to that described above was used to create two SU8 pillar array regions (10 mm2 areas containing similar 2 μm diameter, 5 μm tall pillars at 10 μm pitch), with the regions separated by 50 mm. Each region comprised a 20 μm diameter sensing area, which contained on average seven individual pillars. The sensing areas were arranged as seven rows of pairs, each row having a different separation distance, from 1,000 to 10 μm. One region contained a bMEA, and the other a cMEA. A metal layer (10/110 nm Ti/Au) was deposited via physical vapor deposition and photolithography + wet etching was used to define the 28 individually addressed sensing areas in each of the two pillar regions (56 total areas). Next, a 200 nm thick aluminum oxide layer was deposited on the entire sample using ALD. Holes were etched in the alumina in order to access the Au layer macro pads (where the address lines originating from the sensing areas terminated) corresponding the pin locations on the pre-amplifier board. Finally, a 120 nm Cr layer was deposited using physical vapor deposition. Photolithography was used to pattern the cMEA region, so as to leave Cr covering 28 sensing areas and to have subsequent address lines coming from each area. To expose the cMEA inner metal, an anisotropic lithographic process was combined with subsequent wet etching in order to lower the heights of the Cr and alumina layers. The resulting outer metal to inner metal height ratio was ∼0.6. Two plastic wells fabricated using a 3D printer were attached with PDMS to contain an electrolyte buffer solution (aCSF) within the bare and coaxial electrode regions.
In preparation for experiments, the bMEA and cMEA regions were characterized by measuring DC resistance (in air) between the individual electrodes for the bare electrode region and between all terminals (inner and outer electrode as well as inter-electrode) for the coaxial region. Typical resistances were in the GΩ range, indicating no shorts in the circuit. Capacitance of the coaxial samples was also measured and those results checked against the calculated values according to the equation for a coaxial capacitor: [image: image]. Measured values were within 10% of the calculated values, with differences attributed, in part, to stray capacitance originating from the unshielded portions of the coaxes. Additionally, the devices needed to be sterilized prior to cell culture. This was done by placing them in a sterilization packet: a bag which contains a scaffold that expands to let steam pass to its inner contents during the sterilizing process and then contracts during a cooling phase to insulate the inside from any foreign contaminates. The packet was placed inside a steam autoclave and a standard dry process was run at 100°C for 30 min with a 30 min cool down phase). After the devices were autoclaved, they were placed inside a sterile hood until the HEK cells were ready to be plated (placed on the devices).
As mentioned earlier, optically-evoked field potentials were detected using HEK-293 transfected with the blue-light sensitive channelrhodopsin protein ChR2(H134R) (Lorentz, 1896). Transfection and culture processes, described in previous work (Naughton et al., 2016), were used. To ensure cell adherence to the bare electrode and coaxial structures contained in two separate PDMS wells, the two devices were incubated in a sterile solution of 0.01% poly-l-lysine overnight at 37°C 5% CO2. HEK-ChR2 cells were trypsinized from cell culture dishes and recovered by centrifugation at 595 g for 6 min at 4°C. The cells were resuspended in DMEM 10% FBS media containing 250 μg/ml G418 at a density of ∼ 106 cells/ml. A 0.1 ml aliquot of cells was added to one well of a coaxial device and cultured overnight at 37°C 5% CO2. The seeding density of cells almost completely covered both the bare electrode and coaxial structures within 24–48 h of subsequent cell culture and adherence. The color of the medium was carefully monitored to ensure cell health. From previous experiments, we noticed that dark yellow meant the medium needed to be changed and that there was cell overgrowth. Since we selected for cells of successful transfection, we wanted the entire pillar region to be covered in HEK293-ChR2 cells to ensure every sensing region was covered and therefore was a potential stimulation zone. Once it was evident there was cell overgrowth (yellow colored medium), the medium was aspirated and replaced with fresh medium. Immediately after this, the devices were covered in aluminum foil (to avoid exposure to stimulating light) and the devices were brought to the Multichannel Systems amplifier for measurement. A 473 nm DPSS laser (Model BL473-100FC ADR-700A, Shanghai Laser and Optics Century Co., Ltd.) coupled to a multimode 200 μm diameter optical fiber (0.39 NA, Thor Labs) with a spot size of ∼350 μm was used for photo stimulation. Prior to placing the devices in the amplifier system, the laser light was characterized using the same process described in previous work (Naughton et al., 2016). The maximum intensity was found to be 20 mW/cm2 and this level was used throughout the experiment.
The bMEA was uncovered, placed in the amplifier system, and the macropads were aligned with the pins. A Ag/Cl pellet was placed into the electrolyte buffer solution to act as a ground, since no other ground was present in the area. All 60 channels were monitored simultaneously to ensure the baseline voltage reached a steady state for each sensing region. Initially, the data acquisition program was run continuously and the laser was aligned for topside illumination. The laser was manually actuated and the illumination area was moved throughout the entire sensing region. This was done to ensure a positive response from the cells. Once cell response due to optical stimulation was visually confirmed, the laser was adjusted and attached to a micromanipulator for backside illumination. The data acquisition program was changed to a trigger capture program using a TTL signal (Stimulus Generator STG4002, Multichannel Systems) with a 0.5 s square wave pulse. The laser was then moved to several sites below the area containing the individual sensing regions and a five sweep trial was performed at each spot (with averages displayed in Figure 4 and peak averages ± standard deviations in Figure 5). All 60 channels were monitored throughout each trial and the approximate laser location was noted prior to stimulation. Throughout the experiment, deflections could be seen in all illuminated working channels. For the bMEA region, a Ag/Cl pellet was again placed into the electrolyte buffer solution to act as a ground, since no other ground was present in the area. A pulse generator program was used to send in a train of 100 μV, 500 ms square-wave pulses spaced 1 s apart.
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There are many challenges in delivering active pharmaceutical ingredients from biomaterials, including retention of payload activity, accurate temporal release, and precise spatial administration, to name only a few. With our constantly increasing knowledge of biology and physiology, pathologies that require therapeutic interventions are becoming more understood. While the desired temporal and spatial administration of a therapy might be theorized, the ability to deliver an active therapeutic in a precise location during a specific time frame is often challenging. This has led researchers to develop hybrid biomaterials containing inorganic nanoparticles in order to combine the advantages of both inorganics and organics in payload delivery applications. Organic materials have many beneficial properties, including the ability to form networks and matrices to create three-dimensional structures from the nanometer to centimeter scale, biodegradability, the versatility to use both synthetic and natural precursors, and ease of chemical modifications, while inorganic materials offer highly controllable nanoscale features, can entrap and protect therapeutics, and have degradation properties that can be tightly regulated. Here in, we discuss the current state-of-the-art in active pharmaceutical ingredient delivery from biomaterial hybrids, demonstrate the added levels of control that these hybrid biomaterials offer, and give our perspective on future innovations in the field.
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INTRODUCTION
Innovations in biomaterial design have accelerated greatly over the last decades, expanding from materials that have limited interactions with the body to current designs where natural, synthetic, composite, living, stimuli responsive and/or actuable biomaterials not only interact with cells and tissues but can also instruct specific outcomes post implantation (Dos Santos et al., 2020; Lavrador et al., 2021). Implanted organic biomaterials are most commonly in the form of hydrogels or polymer scaffolds, and can either be injected into tissues or preformed structures can be surgically placed into an exposed area (Pawelec et al., 2018; Babu et al., 2021). One important property engineered into biomaterials is the capability to release active pharmaceutical ingredients (APIs) for applications ranging from cancer therapeutics to nervous system repair (Fadia et al., 2020; Yang et al., 2020; Ciciriello et al., 2021). Releasing APIs from implantable biomaterials has several advantages, including on site release with tunable kinetics, administration of multiple APIs from the same biomaterial, and actuable payload release (Dumont et al., 2015; Rambhia and Ma, 2015; Gayet et al., 2020). As a way to more precisely regulate API release kinetics from biomaterials, inorganic nanoparticles have begun to be incorporated into their structure to form nanoparticle-laden composites. These composites allow for the advantages of organic biomaterials, formation of 3D architectures, biodegradability, cellular adhesion, and diverse material selections, to be combined with the advantages of inorganic nanoparticles, including designed degradability, tunable nanoscale sizes, the capability to include mesopores into the nanoparticles, and, importantly, entrapment and protection of APIs.
Inorganic nanoparticles used in biomedical applications are derived from many different materials, including gold, silver, iron oxide, clay, silicon, and silica (Park et al., 2009; Mousa et al., 2018; Dutz et al., 2020; Kankala et al., 2020; Mitchell et al., 2021; Morillas-Becerril et al., 2021). Gold nanoparticles are inert and nontoxic, can be synthesized with diameters ranging from 1–150 nm, and offer photophysical properties as well as the ability for drugs to be incorporated onto their surface (Ghosh et al., 2008). Silver nanoparticles are readily fabricated below 100 nm, and show the most promise in biomedical applications as anti-bacterial and anti-fungals (Nene et al., 2021). Super paramagnetic iron oxide nanoparticles can be fabricated in a range of sizes from >10 nm to more than 200 nm and their magnetic properties allow them to be contrasting agents in biomedical imaging (Dadfar et al., 2019). It is difficult to make these three classes of nanoparticles porous, limiting the potential to trap APIs within these particles. Clay nanoparticles are layered silicate structures that crystalize into nanoparticles, and their interactions with biologics make them intriguing carriers for drug delivery, but their variability and solubility may be problematic (Dawson and Oreffo, 2013). Silicon nanoparticles, especially porous silicon nanoparticles (pSiNPs), are most commonly created through electrochemical etching of crystalline silicon in sizes ranging from ∼70 nm to multiple micrometers, and their large pore volume, biodegradability, and ease of surface functionalization make them excellent API carriers (Canham, 1995; Li et al., 2018). Fabrication of these particles predominately requires hydrofluoric acid and there is variability in their size distribution. Mesoporous silica nanoparticles (MSNs) are most commonly synthesized through the surfactant templating approach, and their large pore volume, tunable sizes and shapes, and ease of surface functionalization give them exceptional properties for API delivery (Manzano and Vallet-Regi, 2020). However, controlling their biodegradation properties can be difficult. While the main research thrust in particle development for applications in health has been towards nanomedicine, the unique properties of inorganic nanoparticles have begun to lead researchers to incorporate them into biomaterials to create multifunctional hybrid materials with a greater level of control of API release.
Inorganic nanoparticles incorporated into three-dimensional biomaterials
There are many different strategies that have been used to incorporate inorganic nanoparticles into biomaterials, and these procedures are selected based on several factors, including the desired material properties, the fabrication processes of both the inorganic nanoparticles and the biomaterial, and the desired application. Hydrogels, polymer networks that have the ability to retain water and form a swollen gel, are used extensively as biomaterials due to their biocompatibility, resemblance to native tissues in mechanical properties and water content, ease of fabrication, injectability, and their versatility to be readily modified to induce cell adhesion and growth (Kim et al., 1992; Mandal et al., 2020). Inorganic nanoparticles have been incorporated into hydrogels through three general design principles: 1) micro or nano-gels that stabilize nanoparticles, 2) nanoparticles non-covalently incorporated into the hydrogel network, and 3) nanoparticles covalently crosslinked in a hydrogel matrix (Thoniyot et al., 2015). One straightforward fabrication approach is the formation of a hydrogel in a nanoparticle suspension that non-covalently incorporates nanoparticles into the hydrogel structure (Sershen et al., 2002). Nanoparticles have also been incorporated into hydrogels after gelation, either through addition of nanoparticles during hydrogel swelling or through various centrifugation steps with a preformed hydrogel (Pardo-Yissar et al., 2001; Jones and Lyon, 2003). Another approach loads nanoparticle precursors into crosslinked hydrogels with the addition of reducing agents forming nanoparticles throughout the hydrogel network (Wang et al., 2004). Nanoparticles themselves have been used as crosslinkers for hydrogels, incorporating them directly into the hydrogel network to impact the hydrogel mechanical properties and gelation rate (Skelton et al., 2013; Rose et al., 2014; Fiorini et al., 2016). By applying these techniques, inorganic nanoparticles can be incorporated into hydrogels in order to capitalize on the advantages of both material types. This has allowed researchers to create hydrogels with unique characteristics, including self-healing (Wu et al., 2020), photothermal activity (Sershen et al., 2005), magnetically induced hydrogel disruption (Qin et al., 2009), anti-bacterial effects (Urzedo et al., 2020), and electrical conductivity (Koppes A.N et al., 2016), demonstrating the various functions that these materials may possess.
Biodegradable polymers represent a class of biomaterial scaffolds that are used extensively in tissue engineering (Zhang and King, 2020). They can be fabricated into a variety of structures, including films (Lyu et al., 2019), tissue engineering scaffolds (Daly et al., 2012; Shahriari et al., 2017; Pawelec et al., 2018), microneedles (Sullivan et al., 2010), and micro- and nano-fibers (Venugopal and Ramakrishna, 2005). Polymer films are readily fabricated via casting or spin coating, and porosity can be incorporated into scaffolds through particulate leaching from the polymer films (Suntornnond et al., 2015). Microneedles are commonly fabricated through creation of a master mold followed by filling molds with polymers of interest (Park et al., 2005). Micro- and nano-fibers are made predominately via electrospinning, but other techniques, including blow spinning, centrifugal or force spinning, or thermal drawing, have also been applied to make these structures (Coffer et al., 2005; Padron et al., 2013; Behrens et al., 2014; Canales et al., 2015; Koppes R.A et al., 2016; Dos Santos et al., 2020; Rihova et al., 2021). Because most of these polymer structures are made from a polymer melt or from polymers dissolved in an organic solvent, inorganic nanoparticles can be readily mixed into the melt or polymer solution prior to creation of the 3D structure and incorporated throughout the formed architectures (Fan et al., 2009; Kashanian et al., 2010; Kim et al., 2010; Johnson et al., 2019; Yadid et al., 2019). Inorganic nanoparticles can also be coupled onto the surface of these materials, creating polymer structures that have surfaces composed of inorganic nanoparticles (Demir et al., 2018; Funnell et al., 2021). One other approach is pressing inorganic particles into polymer structures via heating of the polymers near their melt temperatures, pressing dried particles onto the structures, and then cooling the polymers back below their melt temperature (Irani et al., 2015; Bodiford et al., 2018). 3D printing of polymer solutions and melts containing inorganic nanoparticles is another more recent advance in this field, allowing for tightly controlled three-dimensional architectures with nanoparticles embedded throughout (dos Santos et al., 2021). Using these approaches, inorganic nanoparticles are incorporated into biomaterials to capitalize on the advantageous properties of both materials.
Drug delivery from inorganic nanoparticles
Inorganic nanoparticles are being extensively explored in nanomedicine due to their capability to load APIs and target them to tissues of interest. There are several strategies that can be used to incorporate payloads within metal nanoparticles, including covalent attachment of the API to the surface of the nanoparticles (Gibson et al., 2007) (Figure 1A). There are also non-covalent interactions that have been applied by modifying the surface of gold nanoparticles to create electrostatic affinity towards nucleic acids and anionic proteins (Sandhu et al., 2002). Modifying iron oxide NP surfaces (Hola et al., 2015) allows drugs to be loaded into the interspace of nanoparticle clusters (Bakandritsos et al., 2012) or linked to an activated nanoparticle surface (Magro et al., 2014). Porous inorganic nanoparticles are especially attractive for applications in API delivery because of the large pore volume they offer to load APIs inside the structure of the nanoparticle. Pores allow for an added control of drug release kinetics, where pore size, surface chemistry, and pore capping or filling strategies can be used to tailor API release from these structures (Figure 1A). pSiNPs and MSNs have been studied extensively as API carriers because of these properties (Anglin et al., 2008; Slowing et al., 2008). APIs can be loaded using a variety of techniques, including covalent attachment to the surface (Secret et al., 2013; Zhang et al., 2019), affinity adsorption (Liu et al., 2013; Kaasalainen et al., 2015; Kwon et al., 2017; Zilony et al., 2017), oxidation trapping (Fry et al., 2014; Kim et al., 2016), calcium and magnesium silicate trapping (Kang et al., 2016; Wang et al., 2018), during synthesis (Prasetyanto et al., 2016), post-synthesis adsorption (Wang et al., 2014), adsorption and subsequent rapid solvent evaporation (Mellaerts et al., 2008), and pore-capping following drug incorporation (Lai et al., 2003; Giri et al., 2005; Aznar et al., 2009; Zhao et al., 2009).
[image: Figure 1]FIGURE 1 | Mechanisms of payload release. (A) Mechanisms of drug release from different inorganic nanoparticles. Surface loading techniques, nanoparticle size, pore size, and pore interactions all impact the release rate of APIs from inorganic nanoparticles. (B) API release from polymer scaffolds. Loading techniques, degradation mechanisms of the polymer, and architecture size of the polymer structures impact payload release rate. (C) Release of APIs from hydrogels is impacted by hydrogel mesh size, electrostatic and other affinity-based interactions, or the ability to covalently couple APIs into the hydrogel network. (D) Inorganic nanoparticles incorporated into biomaterials. These drug release mechanisms can all be combined by incorporating inorganic nanoparticles into biomaterial scaffolds.
Polymer scaffolds in drug delivery
Polymer scaffolds, especially those composed of polycaprolactone, polylactic acid, polyglycolide, and copolymers such as poly (lactic-co-glycolic acid), have been used extensively in tissue engineering due to their biocompatibility, biodegradability, and ease of manufacturing (Liu and Ma, 2004; Place et al., 2009). These advantageous properties have led researchers to develop techniques to release APIs from polymers. The most commonly employed strategy is to blend the polymer and drug together either in solution or in a polymer melt prior to formation of the scaffold. Drug release is governed by several factors, including polymer degradation (bulk vs. surface) and the scale of the polymer architecture (Figure 1B) (Xu et al., 2017). While this method works well for hydrophobic APIs with commonly employed synthetic polymers, blending does not work well for hydrophilic APIs. Soak loading is one technique that can be used to overcome this limitation (Cho et al., 2015), but this technique can lead to burst release of the drug from the surface. In order to extend the release timeframe, APIs have been covalently linked to the polymer surface (Seifu and Nath, 2019). Fabrication specific techniques have also been employed to incorporate APIs into polymer scaffolds. Specifically, electrospinning allows for the formation of core-sheath fibers, where the inner core can be hydrophilic and the outer polymer sheath can be formed to be hydrophobic (Sill and von Recum, 2008; Hu et al., 2014), and centrifugal spinning has been used to incorporate water soluble vitamins into fibers (Rihova et al., 2022). However, hydrophilic APIs may not be homogenously distributed throughout the polymer structures and fabrication techniques need to be optimized for each API type.
Hydrogels in drug delivery
Hydrogels offer many beneficial properties in API delivery, providing spatial control of API release in their site of implantation, temporal control through polymer network interactions, and protection of APIs from the native tissue environment (Li and Mooney, 2016). The most straight-forward approach for incorporation of APIs is through mixing the payload with the hydrogel precursors prior to gel formation (Leach and Schmidt, 2005). The mesh size plays an important role in API release rates with this technique (Figure 1C) (Amsden, 1998). Hydrogels have also been designed to electrostatically interact with charged APIs to modulate their release (Tabata and Ikada, 1998). Other affinity-based mechanisms have been exploited to control API release (Delplace et al., 2016) including covalent attachment of aptamers into hydrogel networks (Soontornworajit et al., 2010), extracellular matrix-protein interactions (Sakiyama-Elbert and Hubbell, 2000), protein-protein interactions (Pakulska et al., 2013), and co-polymers containing hydrophobic domains (Thatiparti et al., 2010). Covalently binding of desired payloads to the hydrogel backbone represents a highly stable incorporation strategy that can greatly extend API release (Mann et al., 2001). The difficulty in loading hydrophobic drugs, the relatively quick release of hydrophilic APIs, and the problems associated with covalently crosslinking APIs into hydrogel networks leave areas for further innovation in the design of drug eluting hydrogels.
Payload delivery from hybrid biomaterials
Hybrid biomaterials offer diverse mechanisms to control API release kinetics. These biomaterials create complex drug interactions with the implanted scaffolds, first through the API loading strategy employed, then the choice of material and architecture, and finally through affinities to the biomaterial network. Polymeric nano-and micro-fibers have been created with drug loaded inorganic nanoparticles embedded throughout (Figure 1D) (Elsherbini and Sabra, 2022). API loaded MSNs have been used extensively to create these hybrid materials using electrospinning techniques (Qiu et al., 2013; Zhou et al., 2015; Lim et al., 2016; Yuan et al., 2016; Chen et al., 2019; Lian et al., 2019; Wang et al., 2019; Sun et al., 2020; Mohebian et al., 2021; Xu et al., 2021; Batista et al., 2022). This approach can be used to extend release of loaded APIs since the nanoparticles act to protect their payloads. They also provide a versatile platform, where different classes of APIs can be loaded into the MSNs while the fabrication procedure of the hybrid fibers remains largely unchanged. Importantly, APIs can be incorporated both throughout the polymer network and within loaded nanoparticles to have two different drug release profiles (Yuan et al., 2016; Samadzadeh et al., 2021; Xu et al., 2021). This allows for quick release of the incorporated API followed by a long-term sustained release due to loading into the nanoparticles. Other nanoparticles have also been used in these strategies, including amorphous calcium phosphate (Fu et al., 2016), graphene oxide (Rezaei et al., 2021), and zinc oxide (Fazli et al., 2016). Further control of drug release from these scaffolds can be added by incorporating magnetic nanoparticles into scaffolds (Kim et al., 2013). Through application of an alternating magnetic field, magnetic nanoparticles in the scaffolds generate heat to induce swelling of the polymers and release incorporated payloads. Similar strategies can be used to incorporate pSiNPs into fibrous scaffolds. Spray nebulization techniques have been used to create nanofibrous scaffolds containing API loaded porous silicon nanoparticles (Zuidema et al., 2018; Zuidema et al., 2020a; Zuidema et al., 2020b). These platforms are highly versatile, and by simply changing the approach to load APIs into nanoparticles, the same fabrication technique was used for prolonged release of active proteins, nucleic acid-based devices and aptamers, and hydrophilic APIs. API loaded porous silicon particles have also been incorporated into poly (ε-caprolactone) films to slow release kinetics (Irani et al., 2015; Bodiford et al., 2018).
There are several mechanisms with which to control drug release from hybrid hydrogels, and the most elementary is through passive diffusion out of the nanoparticle and through the hydrogel matrix. Silica nanoparticles loaded with ibuprofen (Zhao et al., 2014), antibiotics (Alvarez et al., 2014), and proteins (Lee et al., 2013; Fiorini et al., 2016) have been embedded into hydrogels to prolong their release compared to loading the APIs directly into a hydrogel. We demonstrate this concept here to provide an obvious visual to show the power of these hybrid materials. Rhodamine 6G was loaded into poly (ethylene glycol) conjugated, cage-like organosilica nanoparticles (OSCs) following a previously reported two-step bottom-up protocol (Supplementary Material) (Talamini et al., 2021). The OSCs have a relatively small diameter (44 ± 4 nm, Supplementary Figure S1A), that allows them to be uniformly distributed throughout the precursor solution without forming aggregates. Their cage-like structure provides space for API loading while protecting the payload inside the cage. While these properties are beneficial for applications in nanomedicine, they can also be employed to control payload release from hybrid materials. OSCs were then non-covalently incorporated into a polyacrylamide hydrogel (Figure 2A). As a control, free rhodamine 6G was dispersed in the hydrogel precursor solution prior to gelation. Qualitative release of rhodamine 6G was then visualized over time from the hydrogels (Figure 2B). Rhodamine 6G hydrogels were placed in the center of a hydrogel mold so visualization of the release could be monitored. After only 3 h of incubation in PBS, it is apparent that the control hydrogels have begun to release rhodamine 6G from the hydrogel network, while only a small amount of the rhodamine can be seen outside the original area of gelation in the OSC hydrogels. The rhodamine could freely diffuse into the solution when no nanoparticles were present. Even after 48 h, rhodamine 6G can be visualized in the nanoparticle containing gels where there is only a small amount of rhodamine 6G in the surrounding hydrogel from the controls at this time frame. This experiment demonstrates how inorganic nanoparticles can be used to control the release of small molecules out of hydrogel networks. While this model system provides a visual of the advantages of these hybrids, more advanced designs are easily envisioned. Engineering the particle degradation timeline can be used to precisely release payloads instead of the elementary release kinetics demonstrated here, while incorporation of API-loaded nanoparticles into hydrogels that biodegrade on-demand may provide a means to release a nanoparticle from hours, to days, to even weeks after a hydrogel is implanted. Beyond nanoparticle loading, there are several other mechanisms with which to control drug release from hybrid hydrogels which include electro-responsive, magnetically responsive, and light responsive mechanisms (Liu et al., 2006; Giri et al., 2011; Yan et al., 2012; Merino et al., 2015). As an example, pSiNPs combined with gold nanorods have been incorporated into alginate hydrogels, and near infrared light can be used to trigger release from these materials (Zhang et al., 2018).
[image: Figure 2]FIGURE 2 | Rhodamine 6G release from OSC incorporated polyacrylamide hydrogels. (A) Schematic depicting hydrogel design. Rhodamine 6G was loaded into OSCs, following by physical entrapment in UV crosslinked polyacrylamide hydrogels. (B) Release of rhodamine 6G from hydrogels. Rhodamine 6G control hydrogels are compared to rhodamine 6G-loaded OSC incorporated hydrogels. At t = 0, rhodamine 6G control and OSC hydrogels are crosslinked into the center of the molds. At t = 3 h, the release of rhodamine 6G from control hydrogels is obvious as the dye can diffuse out of the gel through the network mesh and as the gel swells. In the OSC-rhodamine hydrogels, very little diffusion is evident. 24 h after crosslinking control hydrogels have very low amounts of rhodamine visible, while the OSC-rhodamine hydrogels still have rhodamine in the center and around the crosslinked hydrogel. At 48 h, there is nearly no rhodamine visible in the control hydrogels, while rhodamine 6G is still visible in the center the OSC-rhodamine crosslinked hydrogels and throughout the hydrogel mold.
DISCUSSION
There are many unexplored research avenues that may elicit even further control of API release from inorganic nanoparticle biomaterial hybrids. In hybrid hydrogels, many different drug interactions can be foreseen that will improve control of API release timelines. API release first can be governed by loading into inorganic nanoparticles, and the rate can be controlled through applying adsorption loading, adding electrostatic interactions, adjusting the pore size, covalent attachment, or capping/filling the pores after loading. Once an API leaves the nanoparticle, release can be further controlled by interactions with the hydrogel network. This may be through affinity with the hydrogel itself, either through controlling the mesh size of the hydrogel or electrostatic interactions. More advanced affinities can be envisioned, such as releasing an API from an inorganic nanoparticle with affinity to an aptamer coupled to the hydrogel, as previous studies have demonstrated the ability of aptamers to sequester chemokines inside a hydrogel (Enam et al., 2017). Recent advances in hydrogel design explore injectable microparticle hydrogels that can assemble to form granular hydrogels (Daly et al., 2020; Darling et al., 2020; Muir et al., 2022). Incorporating API-loaded inorganic nanoparticles into hydrogel microparticles could be used to further control the release characteristics from these biomaterials. 3D printing strategies can also be used, where API-loaded inorganic nanoparticles are printed into hydrogels during fabrication. Within polymeric scaffolds, new pathways to control API release can also be envisioned. The ability to load and protect different categories of APIs into pSiNPS and fabricate nanofibers from solutions of polymers in organic solvents can be exploited in many different ways. One clear advancement would be to incorporate multiple therapeutics into the same scaffold. This could be done by loading different APIs into inorganic nanoparticles, and incorporating all the nanoparticles together into polymer solutions prior to fabrication. Through this process, there are possibilities to release proteins, nucleic acids, and small molecule drugs all from the same scaffold. Release rates can be controlled by selection of the polymer used to create the scaffolds and the API loading technique (Zuidema et al., 2020a).
The field of API delivery from inorganic nanoparticle incorporated biomaterials is still relatively young, and as advances to both inorganic nanoparticles and biomaterial scaffolds are realized, further complexities can be engineered into these hybrids. Currently, one of the major limitations in the field is incorporating nanoparticles only into specific regions of biomaterials. Nanoparticle location impacts API release over time, and can be important at tissue interfaces and for creating API gradients. If a pathology can be improved by releasing two APIs, location of the nanoparticles also plays a key role in their release profiles. 3D printing will play a role in selective placement of different NPs throughout biomaterial regions, however, this becomes more complicated for applications that require injectable materials. Other limitations are in optimizing biomaterial mechanical properties, since most inorganic nanoparticles will create stiff nanoregions throughout biomaterials that may impact cellular growth. Nonetheless, as nanotechnology fabrication techniques become more ubiquitous and costs decrease, combining nanoparticles with biomaterials will be a common research thrust for control of API release from biomaterials. It can be envisioned that precise API release paradigms can be achieved using biomaterial hybrids that traditional biomaterials cannot realize. With applications foreseen in diverse areas- ranging from cancer therapy, wound healing, bone repair, and nervous system regeneration- research into biomaterials that exploit the advantages of nanotechnology will continue to evolve towards applications in the clinic.
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Numerous nanobiotechnologies include manipulations of short polypeptide chains. The conformational properties of these polypeptides are studied in vitro by circular dichroism and time-resolved infrared spectroscopy. To find out the interaction parameters, the measured temperature dependence of normalized helicity degree needs to be further processed by fitting to a model. Using recent advances in the Hamiltonian formulation of the classical Zimm and Bragg model, we explicitly include chain length and solvent effects in the theoretical description. The expression for the helicity degree we suggest successfully fits the experimental data and provides hydrogen bonding energies and nucleation parameter values within the standards in the field.
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1 INTRODUCTION
A variety of short polypeptide chains are widely used in bionanotechnological applications, in particular for self-assembling nanomaterials which have well-ordered structures (Loo et al., 2011; Hwa Chan et al., 2017; Tong et al., 2022). Understanding the conformational stability of short polypeptides in various solvents is thus crucial for tuning the technological processes. These facts make obvious the necessity for a simple and tractable model that would simultaneously account for the finite size and solvent effects.
Helix–coil transition models are thermodynamic theories describing the conformations of linear polymers in solution. One of the most common transition models is the Zimm–Bragg (ZB) (Zimm and Bragg, 1959) model with its extensions and variations. Although Zimm and Bragg formulated their model in the 1950s, it appeared to be very successful and is still widely used for fitting experimental data (Schreck and Yuan, 2011; Wood et al., 2011; Neelamraju et al., 2015). Together with its strength, the original model formulation is phenomenological and lacks a microscopic Hamiltonian. When attempting to incorporate the influence of solvent into the approach, the lack of model Hamiltonian makes it unclear how the ZB model parameters should be adjusted to describe solvent effects, especially when it comes to solvents with directional interactions, such as water. Recently, a spin Hamiltonian formulation of the ZB model was suggested (Badasyan et al., 2010). Thus, the thermodynamics of the ZB model was reconstructed from statistical mechanics. Coupled with the spin description of water–biopolymer interactions from Goldstein (1984), Ananikyan et al. (1990), Badasyan et al. (2011), and Badasyan et al. (2014), the approach resulted in an algorithm to process the helix–coil experimental data (Badasyan et al., 2021) for longer polypeptides. Separately, the effects of finite chain length within the ZB model have been thoroughly studied (Badasyan, 2021).
In addition to obvious biotechnological relevance, there are not so many studies of short polypeptide chains in water. The seminal study of Scholtz et al. (1991) has set the standards in the field. The authors used a single-helical sequence approximation of the Zimm and Bragg model of α-helix to coil transition in order to process the experimental data for short polypeptides of lengths from 14 to 50 residues. Unfortunately, the fits reported in their Figure 3 are not convincing, and the coefficient of determination R2 ranges from 0.3 to 0.91, as reported in Table 1 (Scholtz et al., 1991).
Recently, Ren et al. (2017) and Wang et al. (2004) considered different aspects of polypeptide unfolding in shorter chains and also suffered from poor fit. It is unclear whether the poor fit is a consequence of the inapplicability of the single-sequence approximation for the chain lengths studied, or whether the Zimm–Bragg model fails, per se. Last but not least, solvent effects undoubtedly play an important role and need to be taken into account on the same grounds as the effects of finite size.
There are other important effects, for instance, related to the differences in sequence and charge. Although they are relevant in principle, we will limit our study to the consideration of finite size and water-like solvent effects.
In this article, based on our recent amendments to the seminal Zimm and Bragg model, we suggest and approve the validity of an algorithm to treat the experimental data on the helix–coil transition of short polypeptides in water.
2 MODEL AND METHODS
2.1 The classical definition of the ZB model
The Zimm and Bragg model (Zimm and Bragg, 1959) of helix–coil transition in a polypeptide chain is most of the time discussed in its simplest, nearest neighbor version. Two model parameters are taken into account: stability parameter s and nucleation parameter σ. Assigning 0 to coil state and 1 to helical state, constructing the transfer-matrix of statistical weights, and solving the determinant, we arrive at an explicit expression for the characteristic equation in the form of a second order polynomial in λ (Zimm and Bragg, 1959; Badasyan et al., 2010):
[image: image]
where σ is the nucleation parameter which has an entropic contribution and describes the difficulty of initiating the helix, and s is the stability parameter which has both enthalpic and entropic contributions and has a meaning of a statistical weight, usually represented in terms of a (Gibbs or Helmholtz) free energy change between the helix and coil states:
[image: image]
Herein, β = 1/T, and we measure temperature T in energy units. The Zimm–Bragg model describes the state of a peptide unit, which comprised many atoms with a single spin variable and is, therefore, a coarse-grained model. The free energies in Eq. 2 are thus thermodynamic quantities averaged at the level of a repeated unit and should not be confused with the statistical quantities, referring to the whole polypeptide chain. When we take into account that the two ends of a chain are free from H-bonds for the partition function of the Zimm–Bragg model, we will have
[image: image]
where N is the number of repeat units in the entire chain, [image: image], [image: image], and
[image: image]
is the spatial correlation length.
One of the most important measurable and theoretical quantities to describe the helix to coil transition in biopolymers is the degree of helicity, which is defined as an average relative number of H-bonds between repeated units. The degree of helicity in the ZB model is defined through the partition function and eigenvalues, and in terms of model parameters s and σ, it reads as
[image: image]
To find the transition temperature Tm, we should search for an inflection point on the transition curve. To find it, we need to take the second derivative of helicity degree θ to be 0 (Badasyan, 2021):
[image: image]
The transition interval is found in the following way:
[image: image]
where Δs = 1/(dθ/ds). For greater details, an interested reader is referred to Badasyan (2021).
2.2 Hamiltonian definition of the ZB model
As discussed earlier, to include the solvent effects into account, we need a Hamiltonian formulation of the ZB model. But even before introducing the solvent part of the Hamiltonian, we need to step back and review the Hamiltonian formulation of the ZB model itself, as presented in Badasyan et al. (2010). The model is a version of an earlier one (Ananikyan et al., 1990) and is based on two parameters: the energy parameter W = V + 1 = eU/T, where U is the energy of the H-bond and T is the temperature; the parameter Q of entropic origin, which is the ratio between the number of all accessible states versus the number of states in the helical conformation. Assume that a Q-valued spin variable γi describes the state of the ith repeated unit and γi = 1 value corresponds to the repeated unit in the ordered, helical state, while other Q − 1 identical values are for the coil state. Q ≥ 2 condition describes the degeneracy of the coil state. The Hamiltonian of such a model reads
[image: image]
where N is the number of repeat units, and J = U/T is the temperature-reduced energy of H-bonding between polymeric units. [image: image], where δ(γk, 1) stands for the Kronecker symbol, which is different from zero only when γk = 1, [image: image].
The partition function Z can be obtained as
[image: image]
where [image: image] are elements of the Q × Q matrix of statistical weights.
The characteristic equation for the Hamiltonian Eq. 8.
[image: image]
converts into the classical Zimm–Bragg expression Eq. 1 after a simple change of variables [image: image]:
[image: image]
Therefore, the Hamiltonian in Eq. 8 provides exactly the same thermodynamics as the ZB model, hence, can be considered equivalent to it (Badasyan et al., 2010).
The degree of helicity is defined as the average relative number of H-bonds. In the previous model, an H-bond is formed between two repeat units when both are in the same helical conformation state (γ = 1). So, we can write the degree of helicity as
[image: image]
As we see the degree of helicity of the ZB model in the Hamiltonian representation in Eq. 12, it differs from the classical representation in Eq. 5 by the term of [image: image] which is very close to 1 only when the parameter σ → 0.
2.3 Solvent effects and finite size effects within the ZB model
We assume that H-bond formation with solvent is possible only for those repeat units of the polymer that do not participate in intramolecular H-bonding and two vacancies appear after one intramolecular H-bond is broken. To each solvent molecule near repeat unit i, a spin variable μi, with values from 1 to q, is assigned. One broken N − H…O = C H-bond originates two binding vacancies for solvent; therefore, for each γi, there are two μis. Orientation 1 of spin μ is the bonded one, with energy Ups; all other q − 1 orientations correspond to coil configuration and zero energy (Badasyan et al., 2014).
The Hamiltonian of such a solvent model is
[image: image]
where [image: image] is the reduced energy of a polymer–solvent H-bond, resulting in the total partition function of the ZB model as
[image: image]
This expression includes both in vacuo form of the partition function and the term due to solvent. Solvent degrees of freedom [image: image] can be summed out in Eq. 14, resulting in (see Badasyan et al. (2014))
[image: image]
where K = eI, [image: image] and
[image: image]
According to the relationship between W and s for the renormalized energetic parameter [image: image], using the change of variables, we will have the following equation (Badasyan et al., 2021):
[image: image]
where Q = 1/σ, h is the single H-bond energy within the polypeptide, and hps is a single polypeptide–solvent H-bond energy; R = kBNA is the ideal gas constant. To make the fit results tractable, from Eq. 17 on, we measure the temperature t in Kelvin and energy in Joule/mole. The entropic cost value of q is chosen to be 16 according to the specifications of H-bonding angles of a water molecule (see Eq. 16 of Badasyan et al. (2021) for the justification of the value chosen). Recent studies of hydrated proteins report the appearance of t − t0 temperature shift as a result of the presence of partially glassy states reflecting the non-Arrhenius relaxation in experiments (Adam and Gibbs, 1965). t0 is a fitting parameter standing for the glass transition temperature in supercooled liquid (see Badasyan et al. (2021) for details). The final expression for helicity degree with the account of solvent effects and the final lengths is as follows:
[image: image]
where [image: image] is given by Eq. 17 and Ztotal is given by Eq. 15.
The eigenvalues and the correlation length do not depend on chain length N, but the partition function does. The partition function in Eq. 15 has three size-dependent limits (Badasyan, 2021): 1) infinite chain limit (N → ∞); 2) long-chain limit (N ≫ ξ); and 3) short-chain limit, also known as a single sequence approximation (N < ξ). Interestingly, there is a gap in the validity of approximations for the practically most relevant chain lengths between two and five correlation lengths. The last fact makes it relevant to use the most general expression for the partition function, valid for any N:
[image: image]
3 RESULTS AND DISCUSSION
3.1 Fitting model to experimental data
Using the analytic form of the degree of helicity, we have obtained Eq. 18. We are ready to fit the experimental data and find inter- and intra-molecular H-bonding energies, nucleation parameter σ, and glass transition temperature t0.
We start with the data from Scholtz et al. (1991). Scholtz et al. (1991) measured thermal unfolding curves for a series of alanine-based peptides with repeating sequences and varying chain lengths. We digitized their results presented in Figure 3 and fitted them into our model. Results of the fit are presented in Table 1 and Figure 1.
TABLE 1 | Results obtained from fitting for experimental data taken from Scholtz et al. (1991). The first column shows chain length (in repeated units), and the next four columns show fitting parameters, described in the text; numbers in brackets show errors in percentages. Nucleation parameter σ is recalculated as 1/Q. For all fits, the coefficient of determination is R2 = 0.999. Energies are measured in Joules per mole and temperature in Kelvins.
[image: Table 1][image: Figure 1]FIGURE 1 | (A) Helicity degrees for different chain lengths (N, r.u.). The data points (symbols) are taken from Scholtz et al. (1991). Solid lines are fits of Eq. 18 to experimental data. Fitting values are reported in Table 1: (B) fraction helix (helicity degree) data with original fits reproduced from Figure 3 of Scholtz et al. (1991) (with permission from Biopolymers journal), (C) inter- (hps) and intramolecular (h) H-bonding energies, and (D) nucleation parameter σ vs. N. Averages and standard deviations are shown in the graph.
As one can see from Table 1, the overall quality of fit is very good, the value of the coefficient of determination is R2 = 0.999, and errors of fitted quantities are small. Not surprisingly, from Figure 1, an excellent fit to experimental data is seen much better than in the original article (Scholtz et al., 1991). All the energies, obtained from the fit, fall within the range of values expected for hydrogen bonding in polypeptides. They cannot be compared to the fit results of Scholtz et al. (1991), since the theory they used did not contain any quantities of solvent and reports only one energy. Instead, our approach, in addition to the intramolecular (inside polypeptide) hydrogen bonding energy h, accounts for the intermolecular (polypeptide-solvent) energy hps. Since for all chain lengths considered, h > hps, no cold denaturation can take place in the system, although the suggested approach is applicable for the case of cold denaturation as well (Badasyan et al., 2021). The only quantity, which can be directly compared, is the nucleation parameter, for which we got an averaged value of σ = 0.003, practically equal to the value 0.0029 reported in Table 1 of Scholtz et al. (1991).
Another study of helix–coil transitions in Ala-based polypeptides of different lengths was performed by Wang et al. (2004). The mean residue ellipticity [θ]222 at 222 nm as a function of temperature can be converted to helicity degree using the following convention (Wang et al., 2004):
[image: image]
n is the number of repeat units in the chain; x is a constant equal to 2.5, used for correction of non-hydrogen bonded carbonyls not contributing to θH (Wang et al., 2004).
Here again, we fit our Eq. 18 (Wang et al., 2004) to data points. Results of the fit are presented in Table 2 and Figure 2.
TABLE 2 | Results obtained from fitting for experimental data taken from Wang et al. (2004). Quantities and units same as in Table 1. For all fits, the coefficient of determination is R2 = 0.999.
[image: Table 2][image: Figure 2]FIGURE 2 | (A) Helicity degrees for different chain lengths (N, r.u.). The data points were taken from Ting Wang et al. (2004). Solid lines are fits of experimental data using Eq. 18. Fitted values from Table 2: (B) inter- (hps) and intramolecular (h) H-bonding energies and (C) nucleation parameter σ vs. N. Averages and standard deviations are shown in the graph.
We again see a very good overall quality of fit with R2 = 0.999 and small errors of fitted quantities. The energies, obtained from the fit, fall within the range of values, expected for hydrogen bonding in polypeptides. However, these energies are certainly higher for polyAla sequences of Ting Wang et al. (2004), as compared to Glu, Lys, and Ala mixtures of Scholtz et al. (1991). In both Figures 1B and 2B, h and hps values are close to each other. On the one hand, this is as expected: both are H-bonding energies. On the other hand, it is surprising how close these energies are; a small alteration of the balance can bring global changes. As to the nucleation parameter, it shows a wider span of values around σ = 0.003. Ting Wang et al. (2004) reported the value of σ = 0.002, resulting from fitting the kinetic data. We see it reasonably close to our value, considering that the models used are different.
The same approach, as we have shown in our recent publication (Badasyan et al., 2021), can also fit cold denaturation data, but since h > hps for the data considered, cold denaturation is not observed.
Ren et al. (2017) performed helix–coil experiments with synthetic homopolypeptide samples of different lengths. The results were compared with the Schellman and ZB models. For short chains, the ZB model was reported to fit well, while for longer chains, the authors reported that fit was not achieved. When trying to reproduce their results, we noted certain inconsistencies with the experimental data reported in Ren et al. (2017). For instance, it is not clear whether refer to the helicity degrees or fractions of denaturation. When comparing Zimm and Bragg (1959), Scholtz et al. (1991), and Wang et al. (2004), the transition curves have opposite behaviors. Anyway, even corrected, the fit is not converging or is very poor for the Ren et al. (2017) data, with either their formulas or our expression Eq. 18 (Wang et al., 2004). For the abovementioned reasons, we have excluded their data from consideration.
3.2 Transition temperature and interval analysis
The fitted curves of helicity degree we have obtained can be used to calculate transition temperatures and transition intervals from Eq. 6 to Eq. 7 for every chain. This way we can obtain the size scaling of these relevant quantities.
Transition temperature [image: image] for finite chains of length N can be found using the Eq. 6 (Neelamraju et al., 2015) condition. For infinite chains, the transition temperature [image: image] can be estimated by inserting [image: image] in Eq. 17 (Ren et al., 2017).
Transition interval ΔTN for finite chains is found in Eq. 7 (Schreck and Yuan, 2011). Its infinite chain limit expression ΔT∞ can be estimated analytically as [image: image].
As shown in Figure 3, fitted experimental curves follow the size-scaling trends in both transition interval and temperature, as reported of Badasyan (2021) recently. Moreover, at all chain lengths considered in Scholtz et al. (1991), systems are beyond the single-sequence approximation but below the limit of long chains for the Zimm–Bragg model.
[image: Figure 3]FIGURE 3 | Transition interval and temperature in relative units over a range of reduced chain lengths for the transition data obtained from Scholtz et al. (1991). As we see, there are five correlation lengths and the finite size effects are still strong.
4 CONCLUSION
We have extended the application of the Zimm–Bragg model to the simultaneous account of chain length and solvent effects. Using derived formulas, we successfully analyze the experimental data for the set of two polypeptides and show a better fit as compared to the originally reported one. As a result, it became clear that the poor fit reported in Scholtz et al. (1991) and Wang et al. (2004) can be overcome by a detailed analysis of the size and solvent effects. Last but not least, we confirm once more the statement made in Badasyan (2021) that in many real-world applications and nanobiotechnologies, the characteristic chain lengths fall between those of a single-sequence approximation and a long-chain limit. It means special care should be taken when estimating the stabilities of short polypeptides.
Although we have neglected the effects arising from the difference in amino acid sequences and related charges, our approach represents an improvement over previous approaches and allows us to achieve better fitting of the experimental data, suggesting that our fitting parameters account in an implicit way for the average effect of sequence and charges for small polypeptides (Schiro and Weik, 2019;Mallamace et al., 2016).
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Thermal feature-size enhancement in multiphoton photoresists
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We demonstrate a new approach for decreasing the feature size in multiphoton absorption polymerization (MAP). Acrylic photoresists containing the photoinitiator KL68 (bis-[4-(diphenylamino) stryl]-1-(2-ethylhexyloxy), 4-(methoxy)benzene) exhibit a proportional velocity (PROVE) dependence, yielding smaller feature sizes at lower fabrication speeds. The feature size in this photoresist decreases substantially with a temperature increase of less than 10°C when all other fabrication parameters are kept constant, suggesting that the PROVE behavior results from local heating. Although higher temperatures have previously been associated with decreased feature sizes in MAP, the effect observed here is considerably stronger than in previous work, and is shown to be a property of the photoinitiator. This discovery opens the door to exploiting thermal gradients to improve resolution in MAP lithography.
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INTRODUCTION
There is currently a tremendous demand for the rapid prototyping and manufacture of three-dimensional (3D) parts with feature sizes as small as a few tens of nanometers (Fourkas et al., 2021), for use in application spaces such as microelectronics (Camposeo et al., 2019), photonics (Campbell et al., 2000), biomedicine (Pan and Wang, 2011), the automotive industry (Finkbeiner, 2013), and telecommunications (Wu et al., 2015). The ability to fabricate geometrically complex structures using a broad range of materials has made additive manufacturing techniques attractive means for microfabrication (Ngo et al., 2018). Multiphoton absorption polymerization (MAP) is a unique approach to additive manufacturing, given this technique’s high resolution and its inherent 3D fabrication capability for structures with complex geometries (Lafratta et al., 2007).
MAP is most often performed using negative-tone photoresists, which are materials that become cross-linked, and therefore insoluble, upon sufficient exposure to light. Typical acrylic photoresists consist of a mixture of multifunctional monomers and a radical photoinitiator. Upon photoexcitation, the photoinitiators generate radicals, leading to a cross-linking chain reaction that, with sufficient exposure, renders the material insoluble.
Due to the nonlinear nature of multiphoton excitation, the polymerization reaction is contained within the focal volume of a tightly focused laser beam, where the crosslinking induced exceeds the solubility threshold. The shape and size of the laser focus determine the geometry and size of individual volume elements (voxels). Voxels can have a transverse dimension as small as 100 nm when excitation is performed using an 800 nm, ultrafast laser (Lafratta et al., 2007; Sugioka and Cheng, 2014). MAP has fostered a revolution in the rapid prototyping and on-demand creation of parts with sub-micron resolution. For instance, MAP has been used for the fabrication of micromachines (Farrer et al., 2006), 3D photonic crystals (Rybin et al., 2015), microring resonators (Li et al., 2008), waveguides (Klein et al., 2005), microlasers (Yokoyama et al., 2003), and scaffolds for cell growth (Allen et al., 2005; Basu et al., 2005).
Typical photoinitiators in multiphoton photoresists exhibit positive contrast, meaning that the size of the fabricated features increases with decreasing fabrication velocity, or, equivalently, with increasing exposure. However, recently a number of photoinitiators have been shown to exhibit apparent “negative contrast” (Stocker et al., 2011). Photoresists formulated with such photoinitiators exhibit proportional velocity (PROVE) behavior (Stocker et al., 2011), i.e., the size of fabricated features increases with increasing fabrication velocity. PROVE materials open the door to new applications that demand higher precision in nanofabrication.
Here we present a study of MAP lithography in acrylic photoresists with the photoinitiator bis-[4-(diphenylamino) stryl]-1-(2-ethylhexyloxy), 4-(methoxy)benzene (KL68) (Devoe et al., 2011). We demonstrate that these photoresists exhibit PROVE behavior resulting from a novel mechanism, local heating. We show that the feature size in photoresists containing KL68 decreases substantially with an increase in temperature of less than 10°C. In contrast, in MAP photoresists based on conventional photoinitiators, the feature size decrease over this temperature range is minimal or non-existent, as observed previously by Kawata and co-workers (Takada et al., 2008). Our findings open the door to using thermal effects to achieve improved resolution in MAP.
MATERIALS AND METHODS
Sample preparation
The photoinitiators we examined included bis-[4-(diphenylamino) stryl]-1-(2-ethylhexyloxy), 4-(methoxy)benzene (KL68), Lucirin TPO-L, malachite green carbinol base (MGCB), and malachite green carbinol hydrochloride (MCB•HCl). KL68 (Figure 1A) was synthesized as reported previously (Leatherdale et al., 2007). Lucirin TPO-L, MGCB and MCB•HCl were purchased from Sigma Aldrich, and were used as received. Photoresist samples were prepared by mixing two monomers, which, unless otherwise noted, were tris (2-hydroxy ethyl) isocyanurate triacrylate (Sartomer 368) and ethoxylated trimethylolpropanetriacrylate (Sartomer 499), in a 1:1 weight ratio (SR368/499). This formulation was chosen for its low shrinkage and high adhesion (Baldacchini et al., 2004). Photoinitiators were dissolved in the monomer mix at the weight percentages discussed below. Because the 2-photon-absorption cross section of KL68 is substantially greater than that of the other photoinitiators used, the weight percent of KL68 used was considerably smaller so that the laser power used for exposure was similar for all photoresists. After preparation, each photoresist was placed in a sample vial and left on a rotator overnight. No attempt was made to remove oxygen or radical inhibitors from the photoresists, as our goal was to study the polymerization behavior under the conditions most often used in the laboratory.
[image: Figure 1]FIGURE 1 | (A) The chemical structure of KL68. (B) A scanning electron micrograph of a representative fallen voxel from a KL68 photoresist at 24°C (see Figure 3A). (C) The UV/visible absorption spectrum of KL-68 in toluene (0.02 mM).
#1 glass coverslips (Corning) were used as substrates for our experiments. The coverslips were first cleaned in an oxygen plasma for 4 min. The coverslips were then immersed in a solution of 93% ethanol, 5% distilled water, and 2% (3-acryloxypropyl) trimethoxysilane by volume for 14 h, following by rinsing in ethanol for 1 h and drying at 95°C for 1 h. This acrylation procedure promotes adhesion of polymerized structures.
A photoresist sample was mixed and filtered through a 0.2-µm-pore-diameter filter, after which one drop was placed on an acrylated cover slip. A coverslip was taped to a microscope slide, covered with another coverslip, and then mounted on a sample holder for MAP experiments. The piece of cellophane tape between the two coverslips set the thickness of the photoresist film at ∼60 µm. After exposure, the unpolymerized resin was removed by rinsing twice in ethanol for 2 min each, and once in water for 2 min. After development, the samples were left to dry at room temperature. For examination with a scanning electron microscope (SEM), the coverslips were attached to a mount with carbon tape and covered with a ∼20 nm platinum/palladium layer using a sputter coater.
Optical setup
MAP was performed with a tunable, mode-locked, Ti:sapphire oscillator (Coherent Mira 900-F) with a center wavelength of 800 nm, a pulse duration of ∼150 fs, and a repetition rate of 76 MHz. For photodeactivation studies, a second, identical oscillator was used at 800 nm in continuous-wave (CW) mode for inhibition of polymerization. The two beams were combined in a polarizing beam cube and directed to the sample through a 100 ×, 1.45 NA oil-immersion objective (Zeiss α Plan-FLUAR) mounted on an inverted microscope (Zeiss Axiovert 100). Cover slips with photoresist samples were mounted on a 3-axis piezoelectric stage (Physik Instrumente) for fine sample positioning in all dimensions. The piezo stage was attached to a motor-driven stage (Ludl Electronic Products, Ltd.) for coarse sample positioning. The movement of the piezo stage was controlled using a LabVIEW program, and fabrication was followed in real time using a CCD camera and a monitor. For reciprocity measurements, the minimum average power at which fabricated lines were observed was determined visually (Tomova et al., 2016) on the display screen. During all measurements, the axial position of the focal plane was kept fixed to ensure that a constant distance was maintained above the coverslip surface. For accurate measurement of the polymerization threshold powers, a reflected portion of the 800 nm beam (∼5%) was chopped at a fixed frequency and was sent to a calibrated Si photodiode, the output of which was sent to a lock-in amplifier (Stanford Research Systems, SR810) referenced to the chopping frequency.
Temperature studies
The effect of temperature on polymerization efficiency was studied in photoresist samples containing KL68, MGCB, and Lucirin TPO-L. The temperature of each sample was controlled by an objective heater (Bioptechs Inc.). The sample was allowed to come to thermal equilibrium at each temperature before measurements were made.
For estimation of the voxel size through SEM analysis, we used the ascending scan method (Sun et al., 2002; Sun et al., 2003). Rows of voxels were fabricated for each photoresist and temperature. Every row contained 20 voxels, each of which was exposed for 0.5 s at a fixed laser power. This exposure time was chosen because in a typical radical photoresist the voxel dimensions (Sun et al., 2003) and the exposure threshold (Yang et al., 2019; Liaros and Fourkas, 2020) become relatively insensitive to small changes in exposure time, allowing for the creation of more reproducible voxels. The focal height above the substrate was increased by 100 nm for each consecutive voxel in the row. At some focal height, the voxel is attached only weakly to the surface, and so falls over upon development. An SEM of a representative fallen voxel that was used in the analysis below is shown in Figure 1B.
RESULTS
KL68 characterization
The UV/visible absorption spectrum of KL68 in toluene shows an absorption band centered at ∼430 nm (Figure 1C). Based on this spectrum, we expect that 800 nm excitation should fall within the 2-photon absorption band for this material.
In the simplest model of exposure, the same exposure dose leads to the same degree of crosslinking, regardless of the exposure duration. Such behavior is known as reciprocity. In the case of 2-photon excitation, reciprocity implies that so long as the integral of the square of the irradiance over the exposure time is the same, then the degree of crosslinking should be the same. Reciprocity is only observed in radical photoresists in limited circumstances (Yang et al., 2019; Liaros and Fourkas, 2020). Nevertheless, the threshold power for polymerization in radical photoresists typically increases as the fabrication velocity increases (and thereby the exposure time decreases). Such behavior is observed, for instance, in a 1:1 SR368/499 photoresist containing the conventional, Norrish Type I radical photoinitiator, Lucirin TPO-L (Figure 2A). The threshold power depends strongly on fabrication velocity up to ∼100 μm/s, after which the dependence becomes weaker. At even higher fabrication velocities the threshold power becomes nearly independent of velocity (Supplementary Figure S1A). The structure in the data at velocities below 100 μm/s hints at the existence of complex photopolymerization dynamics. Given our estimated beam diameter of 0.5 μm, the exposure time at a given point is approximately half of the inverse velocity in μm/s. A logarithmic plot of the threshold power as a function of the exposure time (Supplementary Figure S1B) is flat at exposure times between 0.1 and 1 ms. This behavior has been shown in similar systems to be due to oxygen diffusion occurring on a shorter time scale than exposure (Yang et al., 2019). At longer exposure times the power threshold decreases, which in similar systems has been attributed to diffusion of the initiator being faster than the exposure time (Yang et al., 2019). Interestingly, our data show two distinct periods of decreasing threshold within this time range; the source of this bimodal decrease is unclear. These results for Lucirin TPO-L can be viewed as baseline data for the typical polymerization dynamics of 1:1 SR368/499 photoresists.
[image: Figure 2]FIGURE 2 | Threshold power as a function of velocity for (A) 1 wt% Lucirin TPO-L in 1:1 S368/499 at 24°C, (B) KL-68 at 0.0075 wt%, 0.01 wt%, and 0.04 wt% in 1:1 S368/499, (C) 0.01 wt% KL68 in 1:1 SR368/499 at 24°C, 27°C, and 30°C, and (D) 0.01 wt% MGC•HCl in 1:1 SR368/499 at 23°C and 30°C. In all experiments the excitation wavelength was 800 nm. The error bars represent the standard deviation in the exposure threshold based on multiple measurements. In some cases the error bars are smaller than the symbols.
Figure 2B shows the threshold power for polymerization as a function of fabrication velocity for three different concentrations of KL68 in a 1:1 SR368/499 photoresist. The polymerization threshold power decreases significantly as the fabrication velocity is increased, before levelling off at higher fabrication velocities. The higher the photoinitiator concentration, the lower the velocity at which the threshold power becomes insensitive to velocity. Corresponding logarithmic plots of the threshold power as a function of exposure time (Supplementary Figure S2) are flat at short times and grow linearly at longer times. The slopes in this latter region are similar for the two lower concentrations, and smaller for the highest concentration. The same behavior has been observed in photoresists with KL68 concentrations up to 0.1 wt%. Photoresists with even higher KL68 concentrations were not examined in detail due to their high photosensitivity, but the same PROVE behavior was still observed.
The data in Figure 2B; Supplementary Figure S2 indicate that in KL68 photoresists, longer exposure times result in less crosslinking than do shorter exposure times. In other words, KL68 endows PROVE behavior in these photoresists, implying that the light that drives the exposure also inhibits the exposure in some manner. As in other PROVE photoresists, the crosslinking must occur relatively slowly, such that at higher velocities the focal point moves away from an exposed region before crosslinking is complete, removing the source of inhibition and decreasing the exposure threshold (Stocker et al., 2011). In the PROVE materials explored previously, this behavior was attributed to the existence of a long-lived, photodeactivatable state in the photoinitiation pathway. In such a case, deactivation is driven by linear absorption of the same laser that drives multiphoton excitation in the photoinitiator (Stocker et al., 2011).
To check for the presence of this phenomenon, a CW beam of the same wavelength as the mode-locked excitation beam can be employed simultaneously (Li et al., 2009). In the case of KL68 photoresists, addition of a CW, 800 nm beam with a power of up to 120 mW during the 800 nm, 2-photon excitation of the KL68 photoresists at an average laser power of 12 mW did not have any impact on the exposure threshold. This finding indicates that photodeactivation of electronic states is not the mechanism underlying the PROVE behavior in this system, and that ultrafast pulses are essential to deactivation.
Temperature studies
As an alternative hypothesis, we explored whether local heating by the excitation beam is responsible for the observed PROVE behavior. Such heating arises primarily from effects precipitated by absorption to an excited electronic state, such as intramolecular vibrational relaxation and solvation. Therefore, when there is no linear absorption at the excitation wavelength, heating is only significant upon ultrafast pulsed excitation, which can drive multiphoton absorption. Heating during exposure has been demonstrated to be modest in a representative multiphoton photoresist, on the order of a few °C (Mueller et al., 2013). Such a small temperature increase would not typically be expected to have a significant effect on the polymerization threshold or the feature size (Takada et al., 2008). To determine whether thermal effects play a role in the KL-68 photoresists studied here, an objective heater was used to control the sample temperature. The threshold power for polymerization was measured as a function of fabrication velocity in a sample containing 0.01 wt% KL 68 in 1:1 SR368/499 at 24°C, 27°C, and 30°C. The data in Figure 2C demonstrate that the polymerization threshold increases significantly between 24°C and 30°C at all velocities examined. At all temperatures, the polymerization threshold decreases as the fabrication velocity increases from 20 μm/s to 300 μm/s, and then remains independent of velocity for fabrication velocities up to the highest measured here, 1 cm/s (see also Supplementary Figure S3A). Corresponding logarithmic plots of the threshold power as a function of exposure time are shown in Supplementary Figure S3B.
As a control, we performed temperature-dependent experiments in photoresists containing either Lucirin TPO-L or MGC•HCl as the photoinitiator in 1:1 SR368/499. Lucirin TPO-L is a conventional radical photoinitiator, and at 1 wt% in the photoresist we observed no statistically significant difference in the polymerization threshold between 23°C and 30°C. As shown in Figures 2A,D, a photoresist containing 0.25 wt% MGC•HCl exhibits PROVE behavior at both 23°C and 30°C, and there is no statistically significant difference between the data at the two temperatures. The corresponding logarithmic plots of the threshold power as a function of exposure time are shown in Supplementary Figure S4.
The above results indicate that thermal effects have a strong impact on the photopolymerization dynamics of KL68 photoresists as compared to conventional photoinitiators, and even to PROVE photoinitiators studied previously. To investigate whether temperature influences the feature size, we studied the voxel dimensions as a function of temperature in a 0.01 wt% KL68 photoresist. To create the voxels, we chose a laser power that was above the polymerization threshold at 24°C, and that did not cause any sample damage for an exposure time of 0.5 s, which is comparable to the longest exposure times used in Figure 3. With increasing temperature, reference lines and voxels became less visible, indicating a lower polymerization rate.
[image: Figure 3]FIGURE 3 | Temperature dependence of the voxel height (squares) and width (circles) in a photoresist composed of (A) 0.05 wt% KL68 in 1:1 SR368/499 at a fixed irradiance and exposure time. (B) Voxel size temperature dependence for 3 wt% Lucirin TPO-L in 1:1 SR368/499. (C) Voxel size temperature dependence for 1.5 wt% MGCB in 1:1 SR368/499. (D) Voxel size temperature dependence for 0.05 wt% KL68 in a 3:1 mixture of SR351/285. The error bars represent ±1 standard deviation as determined by measuring at least 10 voxels in each case.
Figure 3A shows the voxel height and width as a function of temperature for this photoresist. Both the average voxel height and width decrease with increasing temperature. A temperature increase of 3 °C causes the average voxel height to go from ∼1,150 nm to ∼980 nm, a decrease of ∼17%. The average voxel width goes from ∼310 to ∼270 nm, a decrease of ∼15%. Above 27°C, no polymerization was observed at the laser power used.
To determine whether the observed temperature dependence arises from the photoresist or from the photoinitiator, we performed control experiments with the same monomer mixture using either Lucirin TPO-L or MGCB as the photoinitiator. As shown in Figure 3B, for a 3 wt% Lucirin TPO-L photoresist the average voxel width was nearly constant throughout this temperature range. Some of the voxels were deformed, resulting in a larger deviation in the mean voxel dimensions than in the case of the KL68 photoresist. The results for a 1.5 wt% MGCB photoresist are shown in Figure 3C. The average widths of the voxels ranged between ∼560 nm at the lowest temperature to ∼520 nm at the highest temperature, a decrease of ∼8%. The average voxel height ranged from 2.08 μm at the lowest temperature to 2.00 μm at the highest temperature, a decrease of ∼4%. The fact that the two control photoresists exhibit considerably smaller, and likely statistically insignificant, changes in voxel dimensions over a temperature range that is twice as large as the one accessible for the KL68 photoresist indicates that although the photoresist composition might play a minor role in the temperature-dependent behavior of the KL68 photoresists, the photoinitiator itself is the most important contributor. To explore this effect further, we studied KL68 photoresists formulated with different monomers. In Figure 3D we present the voxel dimensions from photoresists that contained 0.05 wt% KL68 in a 3:1 by weight mixture of trimethylolpropane triacrylate (SR351) and tetrahydrofurfuryl acrylate (SR285). Increasing the temperature from 24°C to 30°C causes the average voxel height to decrease by approximately 50%, from ∼800 to ∼400 nm, and the average width to decrease by ∼38%, from ∼220 to ∼160 nm.
DISCUSSION
The data presented here indicate that the PROVE behavior observed in radical photoresists that incorporate KL68 as the photoinitiator is thermal in origin, in contrast to previously reported photoinitiators in which PROVE behavior arises from photodeactivation of a long-lived intermediate. Furthermore, our experiments demonstrate that this thermal effect can be harnessed to enhance resolution in MAP.
For the same monomer mixture, the results of temperature-dependent exposure-threshold and voxel-size experiments with KL68 as the photoinitiator differ substantially from those for the control photoinitiators, Lucirin TPO-L, MGCB, and MGC•HCl. The magnitude of the thermal effect with KL68 is also dependent on the monomer mixture. These results all support the conclusion that the initiation mechanism for KL68 differs from that of the other photoinitiators studied here. Lucirin TPO-L is a classic, Norrish Type I photoinitiator that undergoes photolysis to create reactive radicals upon electronic excitation (Roffey, 1982). MGCB and MGC•HCl are both believed to eject electrons upon photoexcitation (Stocker et al., 2011). These electrons are solvated in the photoresist, eventually leading to the initiation of radical photopolymerization. Deactivation for these photoinitiators is photoinduced, and is believed to result from back transfer of the solvated electrons (Li et al., 2009).
Photoinitiators such as KL68 are believed to induce radical polymerization via the transfer of an electron to a monomer (Cumpston et al., 1999). When an electron is transferred to another molecule, as opposed to being solvated within the photoresist, photoinduced back transfer with near-infrared light may not be able to occur. Furthermore, if polymerization were initiated immediately upon electron transfer, then a reduced rate of polymerization at an increased temperature would be indicative of a decreased electron-transfer rate. Although such a scenario is not impossible, the magnitude of the decrease in polymerization rate in the second photoresist studied here renders this possibility unlikely given that the electron transfer is photoinduced, and therefore would not be expected to have a high barrier (Marcus, 1993).
The most likely explanation for our results is that photoinduced electron transfer from the photoinitiator to a monomer creates a weakly reactive species that can eventually lead to a crosslinking reaction. In this scheme, the mechanism of deactivation would be thermally-induced electron back transfer. Regenerating the neutral photoinitiator in its ground state is an exergonic process, but a barrier must be overcome for this back transfer to occur. The strong temperature dependence of the thermal deactivation rate further suggests that the Gibbs free energy of activation for the back-transfer process is high, a situation that is not uncommon (Marcus, 1993).
The two KL68 photoresist compositions investigated here exhibit substantially different temperature sensitivities. The viscosity of the SR499/SR368 photoresist is orders of magnitude greater than that of the SR351/SR285 photoresist, although both photoresists are more viscous than typical solvents. It is therefore somewhat surprising that the SR351/SR285 photoresist exhibits the stronger temperature dependence in the polymerization rate. A lower viscosity should lead to a greater rate of cage escape for the geminate ion pair created by photoinduced electron transfer (Olmsted and Meyer, 1987). If anything, this rate should increase modestly at higher temperature. Because cage escape prevents back transfer, a higher temperature should increase the efficiency of photoinitiation. We estimate the viscosity of the SR351/SR285 photoresist to be 80 cP, which may be high enough to minimize the importance of cage escape.
The energetics of the electron-transfer process depends upon the species involved. Because the electron must be transferred from an excited KL68 molecule to a monomer, changing the monomers will change the energetics. The SR351/SR285 photoresist may therefore have a higher Gibbs free energy of activation for back transfer, which would lead to a stronger temperature dependence for the voxel size.
We should also consider the fact that the SR351/SR285 photoresist forms a polymer with a considerably lower degree of crosslinking than that created by the SR499/SR368 photoresist, given that the SR285 monomer contains only a single acrylate group. Thus, the gelation point of the SR351/SR285 photoresist occurs at a higher degree of conversion than is the case for the SR499/SR368 photoresist. This difference may also lead to a higher degree of sensitivity to the kinetics of the photoinitiation process in the SR351/SR285 photoresist.
CONCLUSION
We have studied MAP in acrylic photoresists incorporating the photoinitiator KL68. We find that photoresists containing KL68 exhibit PROVE behavior, which means that the size of fabricated features increases with increasing fabrication velocity. The mechanism for PROVE behavior with KL68 is different from that of previously studied PROVE photoinitiators. In particular, the polymerization efficiency in KL68-based photoresists exhibits a strong temperature dependence.
KL68 is one of many push-pull molecules with high 2-photon absorption cross sections that have been developed as photoinitiators for MAP (Cumpston et al., 1999; Malval et al., 2009; Nazir et al., 2013). Such molecules typically initiate polymerization via photoinduced electron transfer, and so may also exhibit the type of temperature-dependent behavior observed here. It would be interesting to explore thermal PROVE behavior in other such systems. The energetics of back transfer, and therefore the temperature dependence of the process, can be tuned by varying both the photoinitiator and the monomers. Still, further work is required to ascertain the exact mechanism of resolution enhancement so that the potential of this phenomenon can be harnessed to full advantage. It will also be of interest to explore whether species such as oxygen and radical inhibitors influence the thermal effects described here. This new mechanism for PROVE behavior presents an intriguing new path towards controlling and improving resolution in MAP.
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The surface chemical characteristics of nanomaterials have a substantial impact on the affinity probe used to enrich proteins and peptides for MALDI-MS analysis of a real human sample. Detecting phosphoproteins involved in signalling is always difficult, even with recent developments in mass spectrometry, because protein phosphorylation is often temporary from complicated mixtures. This review summarizes current research on the successful enrichment of various intriguing glycoproteins and glycol peptides using surface affinity materials with distinctive qualities such as low cost, excellent structural stability, diversity, and multifunction. As a consequence, this review will provide a quick overview of the scholars from various backgrounds who are working in this intriguing interdisciplinary field. Label-free cancer biomarkers and other diseases will benefit from future challenges.
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INTRODUCTION
Phosphorylation is the main post-translational protein adjustment, influencing signal transduction, quality articulation, cell cycle, cytoskeletal guideline, and apoptosis, among other cell flagging pathways (Wang et al., 2014; Müller, 2018; Ramazi and Zahiri, 2021). Phosphoproteomics has been a prominent study issue since it is critical for interpreting biological changes and discovering new techniques to identify and treat sickness (Arrington et al., 2017; Farooq et al., 2022). Enrichment of objective biomolecules is usually required in today’s biological examinations because direct detection of target biomolecules is often difficult due to numerous typical constraints (e.g., low abundance of objective biomolecules, the presence of contaminants) (Angel et al., 2012; Rejeeth et al., 2018). Affinity materials with unique benefits such as reasonable price range, amazing physical consistency, diversity, and functionality have been widely used for enriching objective biomolecules from complicated biological samples based on the peculiar affinity communication systems between the affinity materials and the objective biomolecules (Limo et al., 2018; Zhou and Pang, 2018). In response of the fast development in material science, particularly the development of nanotechnologies, a variety of excellent affinity materials have been developed to enrich different biological molecules (Ray et al., 2010; Tiambeng et al., 2020). Interestingly, in the field of phosphoproteomics, affinity materials for increasing phosphorylated proteins/peptides are getting a lot of attention (Wang et al., 2015) (Riley and Coon, 2016).
Mass spectrometry (MS) with great specificity and faster data processing has been the most dynamic and crucial tool for phosphoproteomics research in recent years (Iwamoto and Shimada, 2018; Macklin et al., 2020). Regardless, due to significant issues such as the low abundance of phosphorylated proteins/peptides resulting from high heterogeneity and low stoichiometry of protein phosphorylation, the sign victory impact of high-overflow parts (e.g., nonphosphorylated atoms, lipids, and salts), and the low ionisation productivity of phosphorylated proteins/peptides in MS examination, direct MS-based phosphoproteomics investigation is not recommended (Goel et al., 2018; Bekker-Jensen et al., 2020). As a result, performing preliminary analysis before MS has become a crucial step in efficiently reducing the complexity of proteome preliminaries and concentrating phosphorylated proteins/peptides to improve MS investigation outcomes (Angel et al., 2012). Enrichment analysis prior to MS has become a vital step in successfully lowering the complexity of proteome trials and concentrating phosphorylated proteins/peptides in order to improve MS analysis outcomes up to this point (Nakayasu et al., 2021). The employment of a linker molecule to render metal ions impotent on a porosity bead, polymer bead, or nanomaterial is one of the most extensively used technologies, and great effort has gone into constructing the IMAC material (Colón and Furukawa, 2020). Linkers like iminodiacetic acid and nitrilotriacetic acid are commonly used to chelate metal ions. The attached metal ions were easily washed away during the sample loading and washing procedure due to the comparatively anaemic interaction, dramatically lowering the enrichment efficiency (Rodzik et al., 2020) (Fang et al., 2017).
Unfortunately, intrinsic difficulties such as high-cost antibodies, limited universal applicability, and biological sample decay hamper these approaches (Morofuji et al., 2016; Zhou and Rossi, 2017). Affinity material-based enrichment approaches, on the other hand, have a number of advantages, including universality, low cost, and minimal impact on the structural integrity of phosphorylated proteins/peptides (Wang et al., 2015; Rejeeth et al., 2018; Zhang et al., 2019; Rejeeth et al., 2022). However, affinity material-based approaches still face nonspecific binding of nonphosphorylated proteins/peptides, which can significantly hamper the selective enrichment of phosphorylated proteins/peptides (Delom and Chevet, 2006; Rainer and Bonn, 2015). Developing high-performance affinity materials remains the most important and broadly used way to improve the enrichment performance of affinity material-based strategies, despite the addition of some auxiliary measures (e.g., chemical treatment of the biological sample, pH directive of loading buffers, and additive addition) (Gabriel et al., 2019; Keeble Anthony et al., 2019).
The present state of affinity materials for the enrichment of phosphorylated proteins and peptides is discussed in this review. The focus will be on the design and creation of affinity materials, as well as the presentation and discussion of relevant enrichment methods. The difficulties and future directions of this discipline will also be highlighted. Because several assessments on specific topics, such as MS technology, enrichment conditions, and enrichment protocols, have already been completed, the details of some related issues, such as MS technology, enrichment conditions, and enrichment protocols, are not presented here.
AFFINITY-BOUND NANOPARTICLES: MANUFACTURING AND PROPERTIES
Biomolecule-conjugated nanoparticles (NPs) have been shown to have promising uses in bioanalysis. The reviewed affinity materials are grouped into three types depending on the species of the affinity site: magnetic-based affinity materials, silica-based affinity matrials and hydrogel-based affinity materials (Scheme 1). In the meantime, the enrichment processes utilised by these affinity materials will be described. In general, the three particles involve the use of various reducing agents, formation management, size preparation, and the discovery of some interesting previous literature reports for medication and gene delivery against various cancers and other ailments.
[image: Scheme 1]SCHEME 1 | Schematic illustration of phosphopeptide enrichment for MS detection using diverse affinity materials.
Magnetic nanoparticles
Magnetic nanoparticles are made up of an inorganic core containing paramagnetic/superparamagnetic structures like magnetite (Fe3O4) or maghemite (Fe2O3), as well as a shielding layer, which is often made up of polymers and gives colloidal stability and solubility (Gao et al., 2009; Wu et al., 2015). Magnetic nanoparticles (MNPs) have been studied for a variety of uses. In order to provide imaging, treatments, and targeting modalities, MNPs must be encased in biocompatible materials, primarily polymeric ligands containing chemical functional groups to conjugate biomolecules and ligands (See Figure 1).
[image: Figure 1]FIGURE 1 | The scheme illustrates two strategies to fabricate multifunctional magnetic nanoparticles and their potential applications. Reproduced from ref 30. Copyright 2003 American Chemical Society.
Due to their unique properties and modalities in fields such as imaging, drug administration, magnetic separation, and purification, magnetic particles, particularly superparamagnetic MNPs, have increased in prominence in biomedical research in recent decades (Ali et al., 2021). Superparamagnetic iron oxide nanoparticles (SPIONs) have been used in tumour imaging, stem cell detection, metastatic breast cancer imaging, Alzheimer’s disease detection, lymph node imaging, and many more imaging applications as an intrinsic T2 magnetic resonance imaging (MRI) contrast agent (Cheng et al., 2014; Fatima et al., 2021). Readers can be enticed to look into extensive evaluations in this sector. SPIONs have been used in a variety of applications, including chemotherapeutics, gene transfer, and hyperthermia (Musielak et al., 2019; Suciu et al., 2020).
Magnetic separation has significant potential in biological research because it allows for targeted capture that is selective, sensitive, and regulated (Yildiz, 2016). Magnetic separation, which employs an external magnetic field to trap target molecules with MNPs via affinity interaction, may be more time, labour, and yield efficient than complex and time-consuming chromatographic separations and purifications (Zborowski and Chalmers, 2011; Musielak et al., 2019). To create a design a superparamagnetic-magnetically responsive only in the presence of an external magnetic field-adsorbent or catcher with high magnetization must be used with proper features such as stability, biocompatibility, and having binding units affinity ligands to capture the target of interest with high specificity and selectivity, and a superparamagnetic-magnetically responsive only in the presence of an external magnetic field-adsorbent or catcher with high magnetization must be used with proper features such as stability (Suciu et al., 2020).
The immobilisation of affinity ligands on the surface of particles toward the target proteins is the basis for magnetic particle-based separation of proteins such as antibodies, biomarkers, and enzymes, and a comprehensive list of applications, including homemade and commercial magnetic particles, has been reviewed elsewhere (Mani et al., 2011; Yildiz, 2016). On the other hand, the goal of this article is to discuss recent research in this field. Immobilized metal affinity chromatography (IMAC) has long been a favoured enrichment method in phosphoproteomics (Ndassa et al., 2006). Apart from electronic attraction, IMAC is prepared using metal cations with unoccupied organisation orbitals, and chelation between the immobilised metal cations and the phosphoryl oxygen in phosphorylated proteins/peptides is the primary enrichment mechanism (Balmant et al., 2016). The matrix supports carrying chelating ligands are normally synthesised first, and then the metal cations are immobilised onto the chelating ligands to form IMAC affinity materials. Cu2+, Zn2+, Fe3+, Ga3+, Al3+, Ti4+, and Zr4+ are some of the metal cations that have been employed in IMAC thus far. In traditional IMAC materials, the most frequent metal cations are Fe3+ and Ga3+ (Ruprecht et al., 2015). Antibody-free approaches are promising and need to be developed for real-case applications in serum to address the limitations of antibody-based techniques in terms of robustness, expense, and throughput. In this work, we demonstrated a novel approach using hyaluronic acid (HA)-modified materials/devices for the extraction, detection, and profiling of serum biomarkers via ligand-protein interactions. Figure 2 shown using hyaluronic acid (HA)-modified materials/devices (e.g., Fe3O4@SiO2@HA) (Rejeeth et al., 2018).
[image: Figure 2]FIGURE 2 | Schematic illustration for the preparation of Fe3O4@SiO2@HA particles and their application in the extraction and detection of biomarkers from human serum samples by MS. Reproduced from ref 7. Copyright 2018 Springer.
Due to the unusual coordination specificity of metal (IV)-phosphate chemistry, Zr4+-IMAC and Ti4+-IMAC with phosphate group as chelating ligands displayed greater selectivity for phosphopeptides than regular Fe3+-IMAC beads (Ruprecht et al., 2015). Iminodicitic acid (IDA) and nitrilotriacetic acid (NTA) are two chelating ligands that are frequently employed to immobilise metal cations (e.g., Fe3+ and Ga3+) (Blankespoor et al., 2005). Sample loading and washing could impair the immobilised metal cations since each metal cation can only bind to one NTA or IDA ligand. Figure 3 discusses, scientists are on the lookout for new chelating ligands with greater chelating ability. As a result, novel, extremely effective chelating ligands such as arsenate (AsO32), phosphate (PO32), adenosine triphosphate (ATP), and dopamine have proved successful in immobilising metal cations, particularly Ti4+ and Zr4+ (Yan et al., 2013).
[image: Figure 3]FIGURE 3 | The Ti4+-G@PD with the above unique properties was anticipated to have excellent performance for the selective enrichment of phosphopeptides, which would be highly beneficial for mass spectrometric analysis. Reproduced from ref 45. Copyright 2003 American Chemical Society.
As affinity probes, magnetic nanoparticles (Fe3O4@Al2O3) efficiently concentrate polyhistidine (His)-tagged proteins/peptides from complicated materials (Zhang et al., 2013). This method can be used to quickly determine whether or not a sample contains His6-tagged organisms. Cell lysates containing recombinant Shiga-like toxins labelled with His6 were used as samples to demonstrate that this technology may be used to examine exceedingly complex samples (Schmit et al., 2019). The entire analysis procedure takes around 10 min, including on-plate enrichment and enzymatic digestion, followed by MALDI-MS analysis (Rühl et al., 2017). For similar reasons, magnetic nanoparticles (MNP) with amine functionalization are roughly four times smaller than those previously utilised. Researchers compared the enrichment performance of the magnetic nanoparticle approach to a commercially available glycopeptide enrichment kit offered by EMD Millipore using tandem mass tags from Thermo Scientific (Bodnar and Perreault, 2013). The MNP approach is easy to apply and takes less than 10 min, and it enriches sialylatedglycopeptides quantitatively and qualitatively more than a commercially available kit (Bodnar and Perreault, 2013). Another study used magnetic nanoparticles modified with polyethyleneimine (PEI) as a highly selective affinity probe. The particles collected phosphopeptides from a tryptic digest of a protein mixture that contained 0.07% (mole/mole) phosphoproteins, which is the highest selectivity ever observed. In matrix-assisted laser desorption/ionization mass spectrometry analysis, the detection limits of phosphopeptides generated from bovine casein and casein were 5 fmol (Chen et al., 2011). This method was also utilised to boost the amount of phosphopeptides in a non-fat milk protein digest. Using antibodies against target peptides, MNPs could concentrate serum biomarker peptide fragments. MNPs were conjugated to polyclonal antibodies against the tumour necrosis factor (TNF) peptide and utilised to collect TNF from a TNF-spiked blood sample, followed by MS analysis (Dunning and Lame, 2018). These effective applications to single glycoproteins and complete proteome combinations collected from physiological fluids revealed magnetic practical flexibility that is unrivalled.
Silica particles
Two synthesis methods for silica nanoparticles include the Stober process and reverse micro emulsion (Koźlecki et al., 2016). A water in oil (w/o) micro emulsion is formed up of a homogeneous mixture of water, oil, and surfactant molecules (Koźlecki et al., 2016). The Stober method involves hydrolysis and condensation of siloxane precursors (such as tetraethylorthosilicate TEOS) with ethanol and ammonia to produce silica particles (Kim and Kim, 2002). This method has been used to incorporate a variety of organic colour chemicals. They are classified as spherical, mesoporous, or macrospores in biomedical applications (Borzęcka et al., 2022). Spherical silica NPs, on the other hand, carry cargo through encapsulation or conjugation. Mesopores (pore sizes ranging from 2 to 30 nm) and macrospores are the two types of pores found in mesoporous silica NPs (50–100 nm pore size) (Narayan et al., 2018). Physical and chemical adsorption are frequently utilised to disperse active payloads. The release profile of payloads delivered by porous silica NPs is controlled by chemical linkers or silica matrix degradation, whereas the “gatekeeper” strategy of modifying the inner surface of the pores to control the binding affinity with drugs controls the release profile of payloads delivered by porous silica NPs (Jafari et al., 2019).
MO modified mesoporous silica composites with various affinity sites were made using simple techniques that took into account the unique qualities of mesoporous silica (e.g., size exclusion effect, high surface area, easy modifiability, and stable skeleton) as well as MO affinity ability (e.g., solgel) (Mamaeva et al., 2013). These compounds can extract phosphopeptides from complicated biosamples quickly and selectively (e.g., human serum). Using mesoporous silica particles, titanium phosphonate was employed to selectively extract phosphopeptides from complicated peptide and protein combinations (Kim et al., 2010). Using MALDI-TOFMS detection, the limit of detection for phosphopeptides from -casein and standard phosphopeptide spikes in human serum was as low as 1.25 fmol (Karayel et al., 2020). The modified mesoporous silica particles were then utilised to enrich phosphopeptides from the serum of patients with hepatocellular carcinoma and healthy persons, which were subsequently evaluated using MALDI-TOFMS. MALDI-TOF MS/MS results for blood phosphopeptide profiling were also confirmed utilising a combination of isobaric tagging for relative and absolute quantitative labelling (Rauniyar and Yates, 2014). The substantial disparities in serum phosphopeptide profiling between cancer patients and healthy people emphasise the technique’s utility in cancer detection and biomarker development. This approach could be applied to a wide range of biological samples and disorders. Microspheres with a Fe3O4@nSiO2 core and a perpendicularly oriented mesoporous SiO2 shell (Fe3O4@nSiO2@mSiO2) were used to develop a novel peptide enrichment approach (Chen et al., 2010). The magnetic receptivity of the Fe3O4@nSiO2@mSiO2 microspheres is advantageous, as it speeds up and simplifies the enrichment process. The microspheres’ highly organised nanoscale pores (2 nm) and high surface areas were shown to have a good size-exclusion effect for peptide adsorption. A Fe3O4@nSiO2@mSiO2 microsphere was also investigated. The microspheres were used to concentrate endogenous peptides in rat brain extract on a large scale. After enrichment, the sample was examined with an Automated nano-LC-ESI-MS/MS, revealing a total of 60 distinct peptides (Bian et al., 2020). Figure 4 shown the Fe3O4@nSiO2@mSiO2 microspheres are a viable contender for selectively separating and enriching endogenous peptides from difficult biological samples due to their simple and low-cost production as well as the convenient and efficient enrichment procedure (Zhu et al., 2012).
[image: Figure 4]FIGURE 4 | Schematic diagram for the preparation of monodisperse Fe3O4@mSiO2 microspheres. Reproduced from ref 63. Copyright 2012 Elsevier.
Phosphate-imprinted mesoporous silica nanoparticles (MSNs) as a sorbent for phosphopeptide selective enrichment and an offline combination with matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS) for very efficient protein phosphorylation analysis (Rahi et al., 2016). To make the molecule, a new technology called dual-template docking guided molecular imprinting was applied (DTD-OMI). High phosphopeptide selectivity, interference tolerance, rapid binding equilibrium, and substantial binding capacity were among the attributes of the molecularly imprinted mesoporous material produced, making it an ideal sorbent for selective phosphopeptide enrichment.
Macroporous silica with open big pores outperforms mesoporous silica in terms of MOs loading and subsequent phosphorylated protein/peptide binding to affinity composites. For chromatography, a mechanically stable silica microparticle with macrosized interior pores (1.6 m particles with 100 nm pores) was developed (Mann et al., 2013). Concanavalin A (Con A) and Aleuriaaurantia lectin (AAL) were used to derivatize the material, and the binding capabilities were examined using conventional glycoproteins. Con A was able to bind 75 g of a common glycoprotein in a 50 1 mm column, demonstrating good binding capacity for microaffinity enrichment. In a 50 1 mm column, Con A was able to bind 75 g of a common glycoprotein, exhibiting good binding capacity for microaffinity enrichment (Mann et al., 2013). Importantly, in some mesoporous materials with lengthy channels, the open macroporous structure can allow effective mass transmission while avoiding the so-called “shadow effect.” Figure 5 shown to make Al-MOSF and Ti-MOSF, Al2O3 and TiO2 were placed onto macroporous ordered silica foam, respectively (MOSF) (Wan et al., 2009).
[image: Figure 5]FIGURE 5 | Schematic illustration of strategies employed for enriching phosphopeptides. Reproduced from ref 66. Copyright 2009 Wiley.
Hydrogel particles
Using cellulose as a matrix, a new simple synthetic technique for producing magneticcellulose or nanocomposite microspheres was successfully developed. The cellulose matrix’s micro-nano porous architectures were critical in in situ synthesising TiO2 nanoparticles while preserving TiO2’s basic structure and character, enabling for enrichment in a hostile environment (Montoya et al., 2011). Due to their strong capture capability, the novel magnetic cellulose/TiO2 nanocomposite microspheres (MCTiMs) showed high effectiveness for selective extraction of trace phosphopeptides from tryptic digest of alp-casein and human serum samples. With a molar ratio of 1:1000, MCTiMs were used to preferentially concentrate phosphopeptides from alpha-casein and BSA mixtures, which was significantly better than commercial TiO2 nanoparticles (Kupcik et al., 2019). The Figure 6 shown TiO2 nanoparticles implanted in the magnetic cellulose microspheres had high specific surface areas and a high adsorbing nature, resulting in a strong Lewis acid-base interaction, according to our findings. As a result, MCTiMs will be a great choice for phosphopeptide enrichment in complex systems using MS (Tan et al., 2013).
[image: Figure 6]FIGURE 6 | Schematic illustration of strategies employed for enriching phosphopeptides. Reproduced from ref 69. Copyright 2013 American Chemical Society.
For the first time, magnetic cellulose/TiO2 nanocomposite microspheres (MCTiMs) were made using a two-step process. In the first stage, magnetic cellulose microspheres (MCMs) were created by microwave heating cellulose/Fe3O4 colloidal micro-droplets efficiently to induce the sol-gel transition (Luo et al., 2009). MCTiMs were generated in the second step by dispersing MCMs in TiO2 precursor solution and then generating TiO2 nanoparticles in situ in MCMs’ micro-nano pores. Meanwhile, the amount of TiO2 in MCTiMs may be controlled by changing the precursor solution feeding volume to make MCTiMs-1, MCTiMs-2, MCTiMs-3, and MCTiMs-5, a series of MCTiMs (Duan et al., 2015). Meanwhile, the amount of TiO2 in MCTiMs may be controlled by changing the precursor solution feeding volume to make MCTiMs-1, MCTiMs-2, MCTiMs-3, and MCTiMs-5, a series of MCTiMs. The growth of a more compact shell layer at a higher level of TBOT resulted in an impediment for TBOT diffusing into the microspheres due to the uncontrolled creation of TiO2 nanoparticles on the surface of microspheres. The successful application of phosphopeptide enrichment necessitates the use of microspheres with excellent magnetic response qualities. Using an external magnetic field, MCTiMs with a sensitive magnetic response can be swiftly removed from peptide solutions, allowing for convenient recycling. A tryptic digest of alpha-casein, a combination of alpha casein and BSA, and fresh human blood samples were used to demonstrate the selectivity of MCTiMs for phosphopeptides. The process and procedure for phosphopeptide enrichment utilising MCTiMs are proposed. The TiO2 nanoparticles were firmly attached in the pores of MCTiMs, and the magnetic cellulose matrix’s pore wall safeguarded their structure and reaction activity. During the incubation process, phosphopeptides diffused rapidly into the magnetic cellulose microspheres, colliding with TiO2 nanoparticles and quickly anchoring on the TiO2 surface via Lewis reaction. Enrichment was successful and effective. Based on Lewis acid-base interaction, TiO2 with a positively charged surface can selectively adsorb phosphorylated species at acidic pH, and TiO2 with a large surface area has a stronger binding ability on phosphopeptides (Tan et al., 2013).
Magnetic celluloseTiO2 was developed by Duan’s research team for selective phosphopeptide enrichment. Magnetic cellulose microspheres were created using Solgel (MCMs). The transition of cellulose Fe3O4 colloidal microdroplets is caused by microwave heating. Then MCMs were distributed in TiO2 precursor solution and in situ manufactured TiO2 nanoparticles within the porous structure of MCMs to make magnetic celluloseTiO2nanocomposite microspheres (MCTiMs) (Long et al., 2017). MCTiMs had their magnetic hysteresis curve reduced, but they still allowed for efficient separation under external magnetic fields. Using the Lewis acid-base method, the phosphopeptides could be efficiently bonded to the nanosphere and separated, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Schematic illustration of strategies employed for enriching phosphopeptides. Reproduced from ref 72. Copyright 2017 American Chemical Society.
CONCLUSION
A wide range of affinity materials for enrichment of phosphorylated proteins/peptides based on diverse enrichment processes have been developed during the last few decades. Despite significant progress, the majority of these materials’ applications are still in their infancy. The bulk of these affinity materials were tested utilising similar or even rigid assessment systems (e.g., digest mixes of standard pure phosphorylated and nonphosphorylated proteins, human serum, and nonfat milk), demanding more extensive and precise testing. It is important to note that proper enrichment conditions, such as pH and solvent composition, are also necessary for effective phosphoproteomics uses of these materials. Furthermore, because different affinity materials might have complementary enrichment capability, a mixture of affinity materials can be used when a comprehensive analysis of exceedingly complicated biosamples is required. Furthermore, the interaction mechanisms and concepts between affinity materials and target phosphorylated molecules are critical for the design of desired efficient affinity materials, though the bulk of these are unknown and require further research.
A substantial amount of research will be committed to the enhancement and production of affinity materials to meet the needs of phosphoproteomics analysis, in tandem with the development of phosphoproteomics analysis. More powerful multifunctional affinity materials are projected to come from the combination of established preparation methods and emerging technologies (e.g., nanotechnology). Understanding the basic microscopic enrichment methods and principles could be another challenge, thus further research will be done in this area to provide theoretical guidance for the design and fabrication of powerful affinity materials.
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Introduction: Many researchers have explored the bound states in the continuum (BICs) as a particular bound wave state which can be used to achieve a very high Q-factor. High-Q factor devices, typically based on the bound states in the continuum (BICs), are well used in the fields of hypersensitive biochemical sensors, non-linear effects enhancement, plasmon lasers, and hi-performance filtering. However, symmetrical-protected BIC is difficult to achieve experimentally high-Q factor because it strongly depends on the geometry and can be destroyed by any slight disturbance in the potential well.
Methods: Therefore, we proposed a parameter-adjusted Friedrich-Wintergen BIC based on the analysis model of time-coupled model theory, where the target system parameters can be tuned to achieve high-Q excitation.
Results: Moreover, considering the tunability and flexibility of the components in various practical applications, we integrate active materials into metasurface arrays with the help of external stimuli to achieve modulation of high-Q resonances. Our results demonstrate that an optical resonator based on FW-BIC can modulate the BIC state by changing the intermediate gap.
Discussion: The BIC state and the high-Q factor Fano resonance can be dynamically tuned by adding temperature-sensitive VO2 material.
Keywords: FW-BIC, terahertz, metasurfaces, optical switch, high-Q
1 INTRODUCTION
With the bound states lying inside the continuum spectrum and coexisting with extended waves, bound state in the continuum (BIC) was initially proposed in quantum mechanics and widely used in diverse scientific fields as a particular bound state located in the radiation region (Lu et al., 2021b; Bogdanov et al., 2019; Hsu et al., 2016). The bound states lie inside the continuum spectrum and coexist with extended waves (Wang et al., 2022a; Kang et al., 2022). Bound states in the continuums (BICs) differ from conventional wave-binding mechanisms because they are perfectly bound by the system without any radiation. BIC mode can be achieved in two methods (Huang et al., 2021). One is to construct a symmetry-protected BIC, wherein the capture mode with a certain symmetry is embedded into an apparent-symmetric continuum, preventing the capture mode from leaking (Cong and Singh, 2019). Because even the smallest disturbance may destroy the potential well, this kind of BIC may be difficult to obtain experimentally (Sadreev, 2021). Another is to create a Friedrich-Wintergen BIC (FW-BIC), where the target system parameters are tuned to achieve high-Q excitation via continuous cancellation (Zhao et al., 2020; Friedrich and Wintgen, 1985).
Textcolorred with a broad application in highly sensitive refractive sensors (Meng et al., 2022; Bogdanov et al., 2019; Chen et al., 2022), electric field enhancement (Ren et al., 2018; electromagnetic induced transparency (Azzam et al., 2018) and non-linear effects enhancement (Mittleman, 2017; Lu et al., 2021a; Fang et al., 2018) as well as a significant demand in photonic systems. High-Q resonators greatly enhance the interaction between light and matter, reduce the radiation loss of devices. Be capable of capturing the energy in the resonator in the BIC mode with little leakage into the continuum, an extremely high-Q factor could be achieved in the BIC (Lee et al., 2020). Due to the infinite lifetime and the absence of leakage in an ideal BIC, external excitations cannot couple to the BIC, and the ideal BIC is unobservable in the electromagnetic spectrum (Doeleman et al., 2018). However, by introducing structural perturbations in the metasurfaces supporting the BIC, the high-Q resonance mode induced by the two low-Q mode couplings identifies the emergence of a quasi-BIC in the far-field response (Ren et al., 2021).
When considering the diverse practical applications of the optical medium’s components in optical switching, optical sensors, and hyperactivity spetroscopy, their tunability and flexibility are noteworthy (Ren et al., 2019; Han et al., 2021; Fang et al., 2021). It can be observed that passively adjusting the geometrical parameters of the resonance structure allows for a finite extent of tuning of the resonance frequency, modulation depth, and linewidth of the Fano resonance. The results have initially demonstrated that accurate active control of the Fano resonance can be achieved at additional levels in bringing active materials into the meta surface arrays, such as semiconductors, graphene (Xiao et al., 2018; Ren et al., 2020; Lan et al., 2021; Wang et al., 2022a), and VO2 (Yang et al., 2022). VO2, as an active material, has temperature-sensitive insulator-metal transition (IMT) characteristics, and its conductivity can rapidly increase by 4-5 orders of magnitude under external thermal excitation (Fan et al., 2013; Zhu et al., 2012; Mandal et al., 2011; Liu et al., 2012; Zhao et al., 2018).
In this paper, we propose a split-ring resonator based on Friedrich-Wintergen BIC (FW-BIC). We tune the high-Q factor Fano resonance of the split-ring resonator by adding temperature sensitive vanadium dioxide material (VO2). High-Q factor Fano resonances coupled with significant near-field enhancement in optical cavities are essential for a wide range of applications in filtering and sensing, lasers, and non-linear effects enhancement. A metasurface array with an integrated active material enables active control of the components, which is beneficial for various practical applications such as optical switches, optical sensors, and transitivity spectroscopy. The proposed metasurface provides a platform for trapping and manipulating electromagnetic waves provided by free-space radiation. The employed theoretical model can be generalized to help design quasi-BIC in other frequency regions.
2 MATERIALS AND METHODS
To experimentally realize the FW-BIC response of the coupled resonance, we designed a device consisting of a split-ring resonator. The period P of the metasurface is 200 µm, and the other parameters are shown in Figure 1. The metamaterial structure consists of an aluminum device and a silicon substrate. The aluminum thickness is 1 µm, and electrical conductivity is 3.74 × 107S/m. The silicon substrate is 20 µm thick, ϵ = 11.7, and 100 µm thick glass below. Our structure is resonant at a terahertz frequency, with both an inductor-capacitance (LC) mode and a dipole mode. In our structure, the resonance frequency of the LC mode can be tuned by changing the intermediate gap (g2) to produce the FW-BIC state with little effect on the resonance frequency of the dipole mode. The two-sided gap can affect the resonance frequency of the dipole mode. The function of regulating the BIC position or quasi-BIC to BIC conversion is achieved by adding sensitive materials at different sites, such as temperature-sensitive vanadium oxides. With such a plateau, we can control the frequency detuning between the two modes near the ideal BIC. We performed simulations using the finite element method (FEM) with COMSOL Inc (2020) to obtain the response.
[image: Figure 1]FIGURE 1 | Illustration of the generation of BIC via coupled resonant modes, model design and measurement of transmission spectra. (A) The transmission coefficient for different frequency settings. The Q-factor is infinite in the BIC mode. (The red arrows label ω1 and the black arrows label ω2.). (B) 3D schematic diagram of the metasurfaces. (C) Schematic of the metasurface design. The design dimensions are as follows: period p = 100 µm, the ring outer diameter D = 120 µm, width W = 10 µm, double seam width g1 = 10 µm, control the shift of g2. (D) The amplitude transmission spectrum of the metasurface at g2 = 2 µm under the Y polarization and the current distribution corresponding to the transmission valley. (E) The amplitude transmission spectrum of the metasurface of g2 = 8 µm, and the current distribution corresponds to the transmission valley. (F) The amplitude transmission spectrum of the metasurface of g2 = 14 µm, and the current distribution corresponds to the transmission valley. (G) The amplitude transmission spectrum of the metasurface at g2 = 20 µm and the current distribution correspond to the transmission valley.
Here, a two-mode system coupled by two ports is described using a time-coupled mode theory model to better explain the principle of Friedrich-Wintergen (Zhao et al., 2019; Suh et al., 2004):
[image: image]
As given by the formula, the coupling coefficient between mode i and port j is expressed by dij (i, j ∈ 1, 2); the input amplitudes of ports 1 and 2 are p1+ and p2+; ω1 and ω2, τ1 and τ2 indicate the resonant frequency and attenuation rate of the two modes, respectively; d is the direct coupling rate between the two modes; τ12 and τ21 are the coupling coefficients generated by damping, and finally, the resonance amplitude of the mode supported by the system could be expressed by r1 and r2. Due to the symmetry of the system, τ12 = τ21 = [image: image].
In this system, the output wave that excites the resonant mode is represented as follows:
[image: image]
where p1− and p2− are the outgoing wave amplitudes at ports 1 and 2; r and t are the direct reflection and transmission coefficient between the ports in the absence of the resonant modes; cij is the coupling coefficient between the port j and the mode i; r1 and r2 are the resonance amplitude of modes supported by the system.
Under the above framework, the transmission coefficients of uncoupled single mode and coupling mode can be calculated. The transmission valley in the transmission occurs at the resonant frequencies (ω1 and ω2) for each individual mode. The transmission spectrum is represented by a Fano response with two transmission valleys and a peak. Once the two modes are coupled to each other, the resonant frequencies of the two resonance modes correspond to the transmission valleys, and the coupling between the two modes forms a transmission peak. ω1 + jτ1 and ω2 + jτ2 demonstrate two complex eigenvalues exhibited by the coupled resonator, where the imaginary and real parts are the resonant frequency and attenuation rate of the hybrid eigenmode, respectively. Q = ω/(2τ) is expressed as a quality factor for the eigenmode. The peak transmission coefficient corresponds to one eigenmode with a high-Q factor, while the other eigenmode suppressed by the high attenuation rate has a Q value less than 1. The Fano resonance may shift with the frequency detuning between the resonant modes (δω = ω1 − ω2) as shown in Figure 1. One of the eigenmodes is promoted to the BIC state, and the eigenvalue radiation becomes a pure imaginary number due to a loss of zero when the Friedrich-Wintgen condition [image: image] is satisfied.
3 RESULTS
As shown in Figure 1, when the two-sided gap g1 is 10 µm unchanged, the peak of quasi-BIC appears when the intermediate gap g2 size is 2 µm. The current distribution indicates that 0.51 THz corresponds to the LC mode and 0.86 THz corresponds to the dipole mode. The transport peak at 0.55 THz results from the coupling of the LC and dipole mode and act as a quasi-BIC mode. It has been reported that the Fano resonances can be excited by a set of antiparallel magnetic dipoles that are weakly coupled to the free space and emerge as high-Q resonances. Since the LC mode and the dipole mode are coupled to each other through resonant and leaky channels, the quasi-BIC mode has been theoretically and computationally predicted to have Fano line shapes. As the gap g2 increases, the LC mode moves towards a higher frequency, closing to the dipole resonance frequency. A decrease in the frequency detuning leads to a decrease in the transmission peak and an increase in the Q-factor. When the gap size is 14 µm, the BIC can be identified by the vanishing of the Fano transmission peak. As for the FW-BIC, on the one hand, the surface current is weak, suggesting that it is barely coupled to free-space radiation and is entirely confined by bound states in the absence of leaky channels.
On the other hand, the faint in-phase collective current on the upper and lower arms of the resonator with the same incident THz wave direction comes from the dipole resonance of the symmetric structure. When the BIC condition is broken by increasing the gap size of g2, the transmission peak appears again. At this time, the surface current is considerably excited, and the current direction on the resonator surface is rearranged, indicating that the bound state is coupled with the incident radiation, thus generating quasi-BIC resonance. Note that unlike symmetry-protected BIC, quasi-BIC of FW-BIC in this structure is realized by changing the gap size without destroying the symmetry.
Recently, a few studies have tentatively demonstrated that Fano resonances enable precise active control at an additional level if specific active materials are integrated into metasurface arrays, such as semiconductors, graphene, and vanadium dioxide. As an active material, VO2 has temperature-sensitive insulator-metal transition (IMT) characteristics. Its conductivity can be rapidly increased by 4-5 orders of magnitude under external thermal excitation, and it is only one order of magnitude lower than gold. VO2 can be expressed as a material with dielectric ϵr = 9 in the terahertz band, and its conductivity can shift from 10S/m to 100000S/m with the increase of temperature.
Since the gap on both sides can affect the resonance frequency of the dipole mode, in order to realize the function of regulating the BIC position, we designed the Al-VO2 hybrid metasurface, as shown in Figure 2. Interactions between electrons, orbitals, and crystal structures can cause abrupt changes in the electromagnetic and thermal properties of VO2 near the phase transition temperature. During the phase transition, VO2 dramatically changes the properties of electromagnetic waves at all wavelengths, especially in the terahertz band. At temperatures lower than the phase transition temperature, VO2 is in the insulating phase, and the band gap of VO2 is 6eV, which allows THz wave to fully penetrate the equivalent transparent state. At temperatures higher than the phase transition temperature, VO2 is a metallic phase and its Fermi level coincides with the 3D band of the V atom, such that the band gap of VO2 becomes 0. At this point, VO2 can approximately replace the metal, which leads to a reduction of the equivalent gap width and thus affects the position of the FW-BIC. As can be seen from the simulation results, for the designed Al-VO2 hybrid metasurface, we can easily shift the frequency corresponding to the BIC from 0.64 THz to 0.69 THz by using external thermal excitation to shift the temperature.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of the Al − VO2 metasurface. The metal design dimensions are as follows: period p = 100 µm, the ring outer diameter D = 120 µm, width W = 10 µm, double seam width g1 = 15 µm, control the change of g2. Vanadium oxide filling both sides seam width to 10 µm. (B) The low-temperature regime and the amplitude transmission spectrum of the metasurfaces of different g2. (C) High-temperature state, the amplitude transmission spectrum of the metasurfaces of different g2.
4 DISCUSSION
Based on the above analysis of the time-domain coupled model, for an ideal FW-BIC, the decay rate of this mode (τ) should be close to 0, and hence the theoretical Q-factor (Q = ω/(2τ)) should be approximately infinite. For the lossy BIC in the experiment, although the energy leakage from the element surface to the port is 0, the ohmic loss in the metal and the dielectric loss in the substrate will still lead to a large decal rate, thus leading to a finite Q-factor. Therefore, we used COMSOL to reduce the imaginary part of the ϵ to 10–5 to calculate the Q-factor of BIC with a near-loss-free metal (the first Brillouin zone of the square lattice is plotted on the top left in Figure 3). Figure 3 shows the Q factors of eigenmodes close to 0.56 THz calculated by this method. Figure 3 shows the Q factors of eigenmodes close to 0.56 THz calculated by this method, and the Q factor of BIC rises rapidly to a maximum value at the point of Γ. The insertion diagram below shows the possible eigenmodes near 0.56 THz in the M-Γ direction.
[image: Figure 3]FIGURE 3 | (A) The colour plot of the simulated transmission spectra of the BIC at low temperatures by scanning g2 from 2 µm to 20 µm. (B) The colour plot of the simulated transmission spectra of the BIC at the high-temperature state by sweeping g2 from 2 µm–20 µm. (C) The Q factor and band structure correspond to the low-temperature BIC (inset) state. (D) The Q factor and band structure correspond to the high-temperature BIC (inset) state. The metal loss is reduced, and the imaginary part ϵ of the dielectric constant is reduced to 10−5S/m. The quasi-BIC we study appears at the Γ point in the first red Brillouin zone with an extremely high Q factor.
In the BIC state, the energy transfer of electromagnetic waves is mainly in the z-axis direction, so that the magnetic field is confined in the x-o-y plane. However, in the case of a quasi-BIC, a part of the magnetic field arises out of the x-o-y plane due to energy leakage. Therefore, the energy leakage in the case of a quasi-BIC can be easily verified by monitoring the magnetic field component in the z-axis direction. We monitored the z-directional magnetic field strength of the metal split-ring resonator pair at the Fano resonance, as shown in Figure 4. Split-ring resonator has nearly no Z-direction magnetic field in the BIC state, indicating no energy leakage in the split-ring resonator and an extremely strong Z-direction magnetic field around the split-ring resonator in the quasi-BIC state. It can be seen that the magnetic field in the quasi-BIC state is enhanced more than that in the BIC state, indicating a significant magnetic field leakage.
[image: Figure 4]FIGURE 4 | (A) Z direction magnetic field strength corresponds to the quasi-BIC mode of g2 = 2 µm. (B) Z direction magnetic field strength corresponds to the BIC mode of g2 = 8 µm. (C) The Z-direction magnetic field strength corresponds to the quasi-BIC mode of g2 = 20 µm. (D) The x-o-y plane current corresponds to the quasi-BIC mode of g2 = 2 µm. (E) The x-o-y plane current corresponds to the BIC mode of g2 = 8 µm. (F) The x-o-y plane current corresponds to the quasi-BIC mode of g2 = 20 µm.
By varying the intermediate gap (g2), we can tune the resonant frequency of the LC mode to switch between the BIC state and the quasi-BIC state, which slightly affects the resonant frequency of the dipole mode. Therefore, in order to achieve adjustable BIC resonance and active switch of Fano resonance, we embed VO2 in the middle gap to present the dielectric state and mental state at different temperatures as well as realize the control by employing external thermal excitation.
The conductivity of VO2 can be expressed by the effective medium theory (EMT) formula: (Lu et al., 2021a).
[image: image]
where g is the shape-related parameter controlling the seepage threshold. σi, σm and σeff is the conductivity of insulating phase, metal phase and effective frequency, respectively, fv is the volume fraction of the metal domain. Wherein, the volume fraction of metal phase fv can be expressed as: (Ma et al., 2020).
[image: image]
where fmax = 0.95 is the maximum volume fraction of metal composition at the highest temperature in vanadium dioxide, T is the regulated VO2 temperature, T0 is the phase transition temperature, the heating point and cooling point are 68 °C and 64 °C respectively, ΔT = 2 °C is the transition width. From the above equations, it is clear that tuning the temperature can alter the volume fraction of the metallic phase and thus the conductivity of VO2. As the temperature increases from room temperature to above the phase transition temperature, the VO2 embedded in the intermediate gap will gradually decrease the equivalent intermediate gap width. The transmission peak at 0.63 THz is the result of coupling between the LC and dipole mode. As the equivalent gap approaches the gap corresponding to the BIC mode, the frequency detuning [image: image] almost satisfies the Friedrich-Wintgen condition [image: image], which will reduce the transmission peak.
The metasurfaces supporting quasi-BIC modes can provide significant local field enhancement due to high Q resonances. The electric field is confined to the gap region for metal split-ring resonator, leading to a substantial electric field enhancement. The simulation results in Figure 5 show that when g2 = 2 µm, the quasi-BIC mode achieves a maximum electric field enhancement of 163 at the resonant frequency of the coupled mode compared to the BIC mode when g2 = 9 µm. For a metasurface with BIC modes, the electric field enhancement disappears because the incident wave does not couple to the coupled modes of the metasurface. For the Al-VO2 hybrid metasurface in Figure 5, as the temperature increases, the equivalent intermediate gap decreases and the electric field enhancement gradually increases. It is shown that the closer the quasi-BIC state is to the BIC state, the higher the quality factor and the lower the electric field enhancement rate.
[image: Figure 5]FIGURE 5 | (A)Schematic diagram of the VO2 − Al metasurface. The metal design dimensions are as follows: period p = 100 µm, the ring outer diameter D = 120 µm, width W = 10 µm, both side seam width g1 = 10 µm, g2 = 8 µm. After vanadium oxide filling, the intermediate seam width changes to 2 µm. (B)The amplitude transmission spectrum of the metasurfaces at the corresponding conductivity to different temperatures. High-temperature state, the amplitude transmission spectrum of the metasurfaces of different g2. (C)Simulated field enhancement of the metasurface center. Electric field enhancement to quasi-BIC responses distant from the BIC point (red) and close to the BIC point (blue). Field enhancement away from the BIC point (red) can reach 163.
In this paper, we propose a split-ring resonator based on the Friedrich-Wintergen BIC. By changing the parameters and using magnetic field leakage to confirm the split-ring resonator’s BIC mode, we are able to generate high-Q resonances. Additionally, we tune the frequency positions of the temperature-sensitive vanadium dioxide material at various points in the BIC and high-Q factor Fano resonance switches. The metasurface supporting the quasi-BIC mode has been shown to be capable of generating a local electric field increase of 163 approximately, which is critical for a variety of applications in filtering, sensing, and enhancing non-linear effects. Metasurface arrays integrated with novel active materials enable active control of components as a function of optical switches. It provides a platform for capturing and manipulating electromagnetic waves via free-space radiation.
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How many nanoparticles are taken up by human cells is a key question for many applications, both within medicine and safety. While many methods have been developed and applied to this question, microscopy-based methods present some unique advantages. However, the laborious nature of microscopy, in particular the consequent image analysis, remains a bottleneck. Automated image analysis has been pursued to remedy this situation, but offers its own challenges. Here we tested the recently developed deep-learning based cell identification algorithm Cellpose on fluorescence microscopy images of HeLa cells. We found that the algorithm performed very well, and hence developed a workflow that allowed us to acquire, and analyse, thousands of cells in a relatively modest amount of time, without sacrificing cell identification accuracy. We subsequently tested the workflow on images of cells exposed to fluorescently-labelled polystyrene nanoparticles. This dataset was then used to study the relationship between cell size and nanoparticle uptake, a subject where high-throughput microscopy is of particular utility.
Keywords: nanoparticles, cell uptake, fluorescence microscopy, high-throughput, machine learning, image segmentation, modelling, Cellpose
1 INTRODUCTION
The interaction between nanoparticles and cells is studied for a number of applications; within medicine for drug delivery (Shi et al., 2017; Akinc et al., 2019; Wolfram and Ferrari, 2019; Kulkarni et al., 2021; Mitchell et al., 2021), imaging (Bogart et al., 2014; Yu and Zheng, 2015; Kim et al., 2018; Han et al., 2019), vaccination (Friedrichs and Bowman, 2021; Fries et al., 2021; Kisby et al., 2021), and cell therapies (Chakravarty et al., 2010; Stewart et al., 2016; Xiong et al., 2021) and within toxicology to ensure the safe implementation of nanotechnology (Oberdörster et al., 2005; Rivera-Gil et al., 2013; Valsami-Jones and Lynch, 2015; Park et al., 2017; Kah et al., 2021). The ultimate effect of the nanoparticle, whether it is a therapeutic or an adverse one, ultimately depends on the number of particles that may exert said effect. While nanoparticles have been shown to cause effects on cells indirectly over a barrier (Bhabra et al., 2009; Sood et al., 2011; Dugershaw et al., 2020), in most cases their effects occur within the cell, and consequently the number of nanoparticles that enter a cell remains a key question (Åberg, 2021).
To investigate the uptake of nanoparticles by cells, a range of techniques have been used and developed, including Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for metal-containing particles (Chithrani et al., 2006; Cho et al., 2009), magnetophoresis for magnetic particles (Wilhelm et al., 2002), and flow cytometry for fluorescently labelled particles (Salvati et al., 2018), just to name a few [see previous literature for a more comprehensive list; (Salvati et al., 2018; Åberg, 2021)].
Optical microscopy is also a useful technique, in particular for fluorescently labelled particles (Jiang et al., 2010a; Schübbe et al., 2010; Åberg et al., 2021), but also for particles that intrinsically exhibit fluorescence [e.g., quantum dots (Jiang et al., 2010b; Summers et al., 2011)] as well as particles that scatter light strongly (Gibbs-Flournoy et al., 2011). In fact, microscopy has a range of advantages (in particular for adherent cells) that sets it apart from many other techniques to measure nanoparticle cell uptake. Perhaps the most obvious one is that it is possible to directly observe the cell, and thereby relate its accumulated amount of nanoparticles to its phenotypic traits (e.g., cell area) (Panet et al., 2017; Rees et al., 2019), or other characteristics (Caicedo et al. (2017) [e.g., cell cycle state, (Kim et al., 2012; Åberg et al., 2017), as well as its local environment (Snijder et al., 2009)]. Another advantage is that in principle it is possible to explicitly count the number of particles inside a cell, as opposed to relying on more indirect measures such as fluorescence intensity. Admittedly nanoparticles often accumulate within the same organelles inside cells (Sandin et al., 2012; Åberg et al., 2016), and the resulting clusters are often below the diffraction limit, so counting individual objects is not sufficient to gain knowledge of the total number of particles. However, to resolve such clusters one may use super-resolution approaches (Schermelleh et al., 2019), such as stimulated emission depletion microscopy (Schübbe et al., 2010; Müller et al., 2012), or estimate the number of particles within a cluster based on the total fluorescence intensity of the cluster (Wang et al., 2009; Åberg et al., 2016; Rees et al., 2019).
A major disadvantage of microscopy, however, is that the resulting image analysis is labour-intensive and consequently it is typically only applied to a handful of cells. Imaging cytometry can certainly offset the low-throughput character of microscopy (Summers et al., 2011), and may be useful for many applications, but some of the advantages of microscopy are also lost (e.g., the possibility of observing the cell in its native state). Various approaches to make microscopy more high-throughput have consequently been pursued, including within the nanoparticle-cell interactions field (Brayden et al., 2015; Collins et al., 2017). One such approach is the usage of automatic cell identification algorithms, both using commercial (Panarella et al., 2016; Kelly et al., 2021) and free (Panarella et al., 2016; Rees et al., 2019) software. In particular, the free software CellProfiler (Carpenter et al., 2006; Kamentsky et al., 2011; McQuin et al., 2018; Stirling et al., 2021) is quite popular for this purpose, within biological imaging in general and for nanoparticle-cell studies in particular. A quite different approach is the physical separation of the cells, by seeding the cells on specifically prepared arrays where cells only adhere within predefined and well-separated areas (Murschhauser et al., 2019), thereby completely avoiding the difficulty of identifying where one cell ends and the other begins.
More recently, deep-learning (LeCun et al., 2015) based algorithms have been developed to improve automatic cell identification. This is the approach we took in the work reported here; specifically, we used the deep-learning based algorithm Cellpose (Stringer et al., 2021; Pachitariu and Stringer, 2022), and developed a workflow that couples high-throughput microscopy of cells to a semi-automatic identification of the cells based on Cellpose. This workflow was set up because by necessity only limited fields of view of the full sample can be captured, and these views have to subsequently be united post-acquisition into a full(er) view of the sample. Our workflow ensures that all cells are identified, that no cells are identified twice, and that all cells are complete (as opposed to two halves of a cell being identified separately in two images). While the automatic cell identification by Cellpose worked very well, we also included a manual inspection step in the workflow to review the automatic cell identification. We tested the workflow by applying it to microscopy images of cells exposed to polystyrene nanoparticles. Subsequently this dataset was used to investigate the relationship between cell size and nanoparticle uptake (Panet et al., 2017; Rees et al., 2019; Åberg et al., 2021), a topic where microscopy has several advantages over other techniques and where high-throughput is very much desired.
2 MATERIALS AND METHODS
2.1 Materials
HeLa cervical adenocarcinoma cells were acquired from American Type Culture Collection (ATTC; CCL-2TM, lot no. 61647128). Minimal Essential Medium (MEM) containing Earle’s salts and l-glutamine, Foetal Bovine Serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s Phosphate Buffered Saline (PBS) without CaCl2 and MgCl2, and 0.05% trypsin–EDTA were purchased from ThermoFisher (Gibco, Life Technologies).
Yellow/green carboxylated polystyrene nanoparticles of 100 and 500 nm diameter (excitation 505 nm; emission 515 nm) and Wheat Germ Agglutinin (WGA) conjugated with Alexa Fluor 555 were obtained from ThermoFisher (Gibco, Life Technologies) and used without further modifications. DAPI was purchased from AppliChem. and Mowiol 4-88 was acquired from Merck Millipore. Glycerol was obtained from ThermoFisher.
2.2 Cell culture
HeLa cells were cultured under standard conditions (37°C, humidified atmosphere and 5% CO2) in MEM supplemented with 10% (v/v) FBS (cMEM) or DMEM supplemented with 10% (v/v) FBS (cDMEM). Mycoplasma tests were performed regularly and showed no contamination.
2.3 High-throughput fluorescence microscopy
Microscopy coverslips of 12 mm diameter were placed in each well of a 24-well plate. HeLa cells cultured in cMEM were seeded at a density of 50,000 cells per well and left to adhere to the substrate by incubation overnight at 37°C under a humidified atmosphere and 5% CO2. Nanoparticle dispersions were prepared by diluting the nanoparticle stock in cMEM to obtain the appropriate concentrations. The cells were exposed to the particles by replacing the medium with the nanoparticle dispersion, after which the cells were further incubated for 4 h at 37°C under a humidified atmosphere and 5% CO2. Subsequently, the nanoparticle-containing medium was removed and the cells were washed with PBS, followed by fixation using 4% formaldehyde following the protocol provided by the manufacturer. The fixing solution was removed and cells were washed with PBS. Subsequently, the cells were stained using WGA diluted in PBS (1:200 dilution) by incubation at 37°C for 10 min, followed by washing with PBS. Nuclei were stained by incubation with DAPI diluted in PBS (1:5,000) for 5–10 min at room temperature and subsequent rinsing. Finally, the coverslips were mounted on microscope slides (ThermoScientific) using 200 mg/mL Mowiol dissolved in glycerol and left at room temperature for 24 h. The cells were observed with a 40× oil objective using a Zeiss AxioObserver Z1 microscope equipped with a CMOS-colour camera PL-B623 Pixelink 3.1 Megapixels and using TissueFAXS acquisition software.
2.4 Image analysis using CellProfiler
The images were analysed using Cellprofiler (McQuin et al., 2018) (version 3.1.8). To account for a non-uniform intensity of the nuclear (DAPI) signal, however, ilastik (Berg et al., 2019) (version 1.3.3) was first used to identify the nuclei. The IdentifyPrimaryObject module in CellProfiler was then used to identify the nuclei in the binary image output by ilastik. Subsequently, the IdentifySecondaryObjects module in CellProfiler was used to identify the cells from the cytoplasm (WGA) signal, working with the “Propagation” method of the IdentifySecondaryObjects module. The “Propagation” method starts from each nucleus and stops when hitting another cell or when the intensity is below a threshold (McQuin et al., 2018). The threshold was set after measuring the background intensity in a region without cells.
2.5 Image analysis using Cellpose
The workflow is described in the main text. Briefly, Cellpose (Stringer et al., 2021) was run on all images, using the same cell diameter (100 pixels) throughout. The identified cells were manually checked. In a few images, air bubbles were present, in which case the cells within the bubble were removed. Identified cells touching the border were removed from each image and subsequently identified cells that were part of two neighbouring images were removed from the right and/or bottom of the two images. Measurements were then performed on the resulting identified cells: Cell area was evaluated as the number of pixels within and including each outline from Cellpose, multiplied by the size of a pixel (0.228151 μm) squared. Nanoparticle fluorescence was evaluated as the sum of the fluorescence intensity within each outline from Cellpose. Unless otherwise stated, an estimate of the background fluorescence was subtracted from the nanoparticle fluorescence of each cell. The estimate of the background fluorescence was calculated from an empirical linear relationship between the background fluorescence and cell area, evaluated from cells not exposed to nanoparticles as described in Supplementary Figure S3. To show that the conclusions do not depend upon this background subtraction we also show results without it (see main text). When fitting mathematical models to the distribution of experimental data, we fitted to the empirical cumulative distribution function derived from the experimental data (rather than the histogram of experimental values), thereby making the fitting procedure independent of the bins chosen for the histograms.
2.6 Simulations
In order to compare the relationship between cell area and nanoparticle uptake within the model, simple numerical simulations were performed. These simulations were based on the same assumptions as the model, and the results obtained from the simulations were analysed in the same way as the experimental data. In total, 50,000 cells were simulated. Their areas were sampled from a gamma distribution (Eq. 1 below) with a certain shape parameter, k, and scale parameter, θ. The shape and scale parameters were taken from experimental data (Figure 3 below), unless otherwise noted. To evaluate nanoparticle uptake into the simulated cells, for each cell i, the number of nanoparticles it took up was sampled from a Poisson distribution with rate parameter λAiCt, where λ is the rate of uptake per unit area and concentration, Ai the area of the cell, C nanoparticle concentration, and t time. The nanoparticle concentration, C, and time, t, was set according to the experimental conditions the simulations were supposed to describe, while the rate of uptake, λ, was evaluated from fits to the experimental data (e.g., Figure 4B below). Nanoparticle/cell area histograms were determined in the same way as from the experimental data, aside from that the total number of cells were scaled down to the experimentally sampled number of cells for ease of comparison.
2.7 Flow cytometry
HeLa cells cultured in cDMEM were seeded in 24-well plates 2 days or 1 day prior to the nanoparticle exposure at a density of approximately 150,000 cells per well. The well plates were left to incubate at 37°C under a humidified atmosphere and 5% CO2 until the day of the experiment.
A 500 nm particle dispersion at a concentration of 100 or 150 μg/mL was freshly prepared on the day of the experiment under minimal light and under sterile conditions. The nanoparticle stock was vortexed, after which a small amount was diluted in cDMEM to the right concentration. The resulting dispersion was vortexed before incubation in a warm bead bath for at least 30 min to allow for the formation of a biomolecular corona.
Prior to nanoparticle exposure to cells, the nanoparticle dispersion was briefly vortexed again to ensure a homogenous suspension of the nanoparticles. Then the medium was removed from the wells and replaced with nanoparticle dispersion. The cells were further incubated for various times at 37°C under a humidified atmosphere and 5% CO2. After nanoparticle exposure, the nanoparticle dispersions were removed and the cells were washed once with cDMEM and twice with PBS. Subsequently, the cells were detached with the addition of trypsin and incubation for 5 min at 37°C under a humidified atmosphere and 5% CO2. The detached cell suspensions were diluted in cDMEM and centrifuged for 5 min at 250 relative centrifugal force, after which the supernatant was removed by inversion. The cells were resuspended in PBS before flow cytometry measurement.
Measurements were performed using a Novocyte Quanteon (Agilent) flow cytometer. The yellow-green nanoparticles were excited at 488 nm and emission was collected at 530/30 nm. Forward scattering area (FSC-A) and side scattering area (SSC-A) were used to separate living cells from debris and dead cells. These living cells were further separated from doublets using FSC-A against forward scattering height (FSC-H). Cells with no particles and cells with one particle were analysed separately as described in the main text. As a control, a dispersion of 500 nm particles at a concentration of 20 μg/mL was also run through the flow cytometer.
2.8 Particle dispersion characterisation
The 100 nm particle dispersions were characterised using Nanoparticle Tracking Analysis (NTA). The particles were dispersed at a concentration of 109 particles/mL in PBS and cMEM respectively. The cMEM dispersions were left for at least an hour to allow for biomolecular corona formation. The dispersions were measured at room temperature using a NanoSight LM14, measuring at 5 sections of each sample. The results were analysed using NTA 3.0 software (Malvern) and are presented as the average ± standard deviation over the five sections (Supplementary Table S1) or as the full distribution (Supplementary Figure S1).
The 500 nm particle dispersions were characterised using dynamic light scattering by dispersing the particles in PBS and cDMEM, respectively, at a concentration of 150 μg/mL, the highest concentration used when exposing the particles to cells. The cDMEM dispersions were left for at least an hour to allow for biomolecular corona formation. The dispersions were measured at room temperature using a Malvern ZetaSizer Nano ZS (Malvern Instruments, Malvern, United Kingdom). Three measurements of at least 10 runs were recorded for each condition. The measurements were analysed using ZetaSizer Software version 7.13 (Malvern Instruments, Malvern, United Kingdom). The results are presented as the average ± standard deviation over three replicate samples of the z average and polydispersity index evaluated by cumulant analysis (Supplementary Table S1) or the distributions from CONTIN analysis (Supplementary Figure S2).
3 RESULTS
As a nanoparticle model system, we used commercially available yellow/green fluorescently labelled carboxylated polystyrene nanoparticles of 100 nm diameter, because we have previous data on the uptake of these particles to compare to and to support our conclusions (Kim et al., 2012; Varela et al., 2012; Varela et al., 2015; Åberg et al., 2016; Vtyurina et al., 2021; Åberg et al., 2021; de Boer et al., 2022). As a cell model, we used HeLa (human adenocarcinomic cervical epithelial) cells, a well-characterised and well-used cell line (Collinet et al., 2010; Simpson et al., 2012). We also used 500 nm diameter sized yellow/green fluorescently labelled carboxylated polystyrene nanoparticles, because their strong fluorescence proved crucial for further support of our conclusions, as will transpire below. In line with previous studies (dos Santos et al., 2011; Kim et al., 2012; Åberg et al., 2016; Vtyurina et al., 2021; de Boer et al., 2022), dynamic light scattering showed that these nanoparticles are fairly monodisperse and remain well-dispersed in cell culture medium supplemented with serum (Supplementary Table S1 and Supplementary Figures S1, S2).
For measuring cellular nanoparticle uptake using microscopy with high-throughput it is necessary to automatically identify (segment) the cells in the microscopy images. To test the possibility of doing so, HeLa cells were fixed and incubated with DAPI (4′,6-diamidino-2-phenylindole), to stain the cell nuclei, and fluorescently-labelled WGA (Alexa Fluor 555-labelled Wheat Germ Agglutinin) to stain the cytoplasm (Figure 1A).
[image: Figure 1]FIGURE 1 | Comparison of automatic cell identification using different software. HeLa cells were labelled with WGA to distinguish the cytoplasm (red) and with DAPI to distinguish the nuclei (blue). (A–C) One field of view of the cell culture. Scale bars 50 μm. (D–I) Zoom-in at two different locations within the field of view. Scale bars 25 μm. (A,D–E) Original image from which it is easy to discern individual cells by eye. (B,F–G) Cells (cyan) and their nuclei (also cyan) identified using CellProfiler (in combination with ilastik). The outline of many of the cells correspond to what one may discern by eye, but in some cases the outlines clearly do not capture the actual cell borders (cf. panels D,F; and E,G, respectively). (C, H–I) Cells (cyan) identified using Cellpose. The outline of the majority of the cells correspond to what one may discern by eye, including those examples where our usage of CellProfiler did not result in a sufficiently accurate identification (cf. panels D, F, H; and E, G, I, respectively). Nevertheless, there were some cells that were not correctly identified, for example, the cell indicated by a white arrow in panel C, which is actually 2 cells (cf. panel A) though the DAPI staining of the second cell is somewhat faint.
In a preliminary investigation, we used the open-source software CellProfiler (Carpenter et al., 2006; McQuin et al., 2018) to identify the cells in the images. More specifically, we first used the machine-learning based program ilastik (Berg et al., 2019) to identify the nuclei, as their intensity sometimes varied between cells. Subsequently, we used the “propagation” method in CellProfiler to find the cell borders (Figure 1B; see Materials and Methods for details). Unfortunately, we noticed some issues with the cell identification, typically when two cells bordered each other, where sometimes the borders identified by the algorithm did not match the borders that are quite clear from the original image (cf. Figures 1D, F; Figures 1E, G). While the identification can probably be optimised to some degree by changing parameters and, if all else fails, be corrected manually, we found the identification to be less than optimal.
As an alternative, we thus turned to Cellpose (Stringer et al., 2021). We had to optimise the choice of one parameter, cell size, since Cellpose has been trained on microscopy images of a different resolution compared to ours. However, once we had found a reasonable value for the cell size parameter, we found that cell identification worked very well (Figure 1C). In particular, we found that Cellpose identified the cell borders close to what the original image would suggest (cf. Figures 1D, H; Figures 1E, I). It is beyond the scope of the present work to fully compare the CellProfiler- and Cellpose-based approaches; however, see Chen and Murphy (2022) for a study along these lines. Suffice to say here that Cellpose clearly performed better than our usage of CellProfiler (cf. Figures 1D, F; Figures 1E, G). Nevertheless, some misidentification did occur (e.g., Figure 1C; arrow), which could potentially be remedied by optimisation of the staining procedure and/or changing the cell identification parameters (other than cell size). Despite these misidentifications, we reasoned that there were so few misidentifications that correcting these manually would be quick, especially given the rather efficient graphical user interface available for Cellpose (where shortcuts and mouse gestures make correction swift).
Having convinced ourselves that the cells could be identified well and fast, we proceeded by acquiring microscopy images. We employed an automatic imaging system (TissueFAXS) that allowed us to acquire many fields of view of cells in widefield mode, for a total of up to 1,900 cells per sample (more is possible, but was not necessary here). Each field of view was composed of 1,392 × 1,040 pixels, corresponding to 318 × 237 μm2. The images were acquired in a 7 × 9 grid (Figure 2A), where there was substantial overlap between images to ensure that all cells would be fully included in (at least) one image (Figure 2B) and thereby avoid eventual issues from identified cells having to be stitched together from two different images (Figure 2C).
[image: Figure 2]FIGURE 2 | Illustration of high-throughput microscopy and image analysis. (A) Microscopy images were acquired in a grid to cover a large area. (B) Schematic of the situation (which we employed) when the microscopy images are acquired in such a way that they overlap. The indicated cell is here in both image 1 and 2, but only part of the cell is in image 1, while the whole cell is in image 2. Analysis of this cell is consequently easiest if performed in image 2. (C) Schematic of the situation when the microscopy images are acquired in such a way that they do not overlap (contrary to our set up). In this case, the indicated cell is in both image 1 and 2, but is not complete in either. Analysis of this cell consequently needs to be stitched together from two different images. (D–G) Algorithm to ensure each identified cell is included in the dataset only once. The cells that are discarded in each step are shaded, while cells that were previously discarded are shown with dotted outlines. (D) All cells on the overall outer border are removed, thereby keeping only cells that were fully captured in (at least) one image. (E) Depiction of the different steps of the workflow. The steps that can be fully automated have a white background, while the steps that involves manual operation have a red background. The final step is not strictly necessary. (F) All identified cells on the border of each image (not just the border of the overall area) are removed. Potentially this could lead to removal of some correctly identified cells, but if the overlap between images is large enough, then each cell will be captured in at least one image and there will be no cells lost. For example, the cell indicated by an asterisk (*) is removed from image 1, but is fully included in image 2. Similarly, the cell indicated by a dagger (†) is removed from image 2, but is fully included in image 1. The cell indicated by a double dagger (‡) is removed from both image 1 and 2; it should therefore be included in the image below image 1 or 2, if the overlap is large enough. (G) Finally, all remaining identified cells within the overlap region that are in two images are removed from one image, always keeping such an identified cell in the uppermost or leftmost of the two images. For example, the cell indicated by an asterisk (*) is included in both image 1 and 2. This cell is kept in the identification related to image 1, since image 1 is to the left of image 2. (H) To ensure that there is no double counting of identified cells, a useful quick check is to overlay the images of all the identified cells, alternating the colour (here between red and green) between each image. A cell that is included in two images then easily stands out as it will be in both colours (here yellow). (I) Similarly, a quick check to see if all the cells that were originally identified (before the algorithm illustrated by panel D,F–G potentially removed them) is to overlay the originally identified cells (here red) with the final dataset (here green). Cells that have been removed are then readily visible as they are only in one colour (here red).
To analyse these images, after a bit of trial-and-error we arrived at the workflow depicted by Figure 2E, which we found to be quite efficient: First, we ran Cellpose on all microscopy images with a fixed (optimised) cell size. Depending upon the specifics of the computer hardware (especially the presence or absence of graphical processing units, GPUs) and the number of images, this step can take some time. As an admittedly informal guide, it took 25 min to analyse 63 images of 1,392 × 1,040 pixels and in total 1,900 cells with a cell size of 100 pixels on a computer without GPU support. This analysis can, however, be executed without any human intervention. As a next step, we subsequently went through each image and corrected any misidentified cells. This becomes quite efficient after learning all software shortcuts, but nevertheless is somewhat labour intensive. Again as an informal guide, it took us around 90 min to do this for 63 images containing in total some 1,900 identified cells. The (local) density of cells is a major factor here, as cells are typically well-identified when fairly isolated, while the majority of errors occur in dense areas.
At this point we thus had only cells that were considered to be well-identified, but had many cells that were identified in several images. Next, for each image we removed all identified cells touching any of the borders of that image. This discards all identified cells at the overall grid border (Figure 2D), the size and other characteristics of which we cannot know for sure, since they were not fully captured in any image. However, it also discards a large number of identified cells within the overlap regions (Figure 2F). A prerequisite for this step to make sense is thus that each cell is captured fully in at least one image (ensured by choosing a large overlap distance) because then removing the identified cells touching the border will not matter as the cell will also have been identified in a neighbouring image. We carried out this step as follows: For each image, we considered each pixel along each of the four borders (left, top, right, and bottom). If a pixel had been identified to belong to a certain cell, then that cell was removed (from the whole image). This step was performed in a fully automated fashion, something that can be done without expending any substantial computing power. This is advantageous as it decreases the amount of human effort, as well as time.
After this step, we removed all remaining identified cells that were included in two neighbouring images, always keeping the identified cell that was identified either in the left or upper neighbouring image (Figure 2G). The choice of left and upper is, of course, arbitrary, but has to be performed consistently throughout the grid. We carried out this step in the following way: For each overlap region, we considered the identified cells that were identified in the left (upper) image. For each such identified cell, we found the identified cells, if any, that were identified in the right (bottom) image and which overlapped with the cell identified in the left (upper) image. The overlapping cells identified in the right (bottom) image were then removed, if the overlap was large enough (to allow a slightly different identification in the two overlapping images). Again this step was fully automated and does not require a substantial amount of computing power; consequently it can be performed quickly and without human intervention.
Finally we checked that all cells that were originally identified were still included in the dataset and included only once. This can be done quite efficiently by displaying the full grid of images (in reduced resolution) in such a way that the images are overlapped by the amount they were overlapped upon acquisition and alternating the colour between each image (Figure 2H). An identified cell that is present in two images will then exhibit both colours and easily stand out by eye. Similarly to ensure that all cells that were originally identified are still present in the dataset, one can overlap both sets of identified cells, again in two colours. A cell that has been removed during the overall procedure will then have only one colour (Figure 2I). In our dataset this occurred for cells along the outer borders (by design), but also some other cells were removed in this way (Figure 2I). This can be corrected manually, but since they are clearly a minority one can also proceed without them.
Having thus created a dataset containing ∼1,900 cells we then quantified the cell area distribution, since cell area is a parameter where a microscopy-based method exhibits clear advantages over other high-throughput methods. For example, flow cytometry is certainly high-throughput, but does not give an accurate estimate of cell size (Shapiro, 2003). Furthermore, cell-to-cell variability in nanoparticle uptake has been suggested to be driven by cell area Rees et al. (2019). We thus evaluated the area, A, of each identified cell and from that the cell area distribution (Figure 3). We may observe that the distribution is not a normal distribution, but rather exhibits a wider tail towards larger cell sizes. Previous reports have described the cell area distribution, f(A), in terms of a gamma distribution (Rees et al., 2019)
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where Γ is the gamma function, k is a shape parameter and θ a scale parameter. Consistent with this description, we find that a gamma distribution provides an excellent fit to the data (Figure 3; inset), and from such a fit we can evaluate the parameters to be k = 4.99 and θ = 122 μm2. It should be noted that [like previous work (Rees et al., 2019)] the cell area here is quantified using two-dimensional microscopy, so the area is perhaps best interpreted as the projected cell area, rather than the full cell surface area embedded in three-dimensional space. Nevertheless, if we assume that the latter is proportional to the projected cell area, then the two areas will have the same shape of the distribution.
[image: Figure 3]FIGURE 3 | HeLa cell area quantified using high-throughput microscopy. HeLa cells were stained with DAPI (cell nuclei) and WGA (cytoplasm) and observed using fluorescence microscopy (as in Figure 1). The histogram shows experimental data, while the dotted line is a fit of a gamma distribution (Eq. 1) to the data. k and θ are the resulting fitting parameters. Note that the fit was performed on the cumulative distribution function, so as to be independent of the bins chosen for the histogram. (Inset) Cumulative distribution function showing the goodness of fit. (Blue) Empirical cumulative distribution. (Dotted line) Fit. Same x-axis as the main figure.
Having set up the workflow to identify the HeLa cells using high-throughput microscopy, we then exposed the cells to 100 nm nanoparticles (Figure 4A). Nanoparticle uptake was quantified in terms of the total nanoparticle fluorescence per cell. Part of the measured fluorescence is background and while this is small in comparison to the signal (Supplementary Figure S3) we nevertheless wanted to remove it to better relate the measured fluorescence to nanoparticle numbers. Fortunately, we noted a very strong correlation between background fluorescence and cell area for cells not exposed to nanoparticles (Supplementary Figure S3), which allows us to predict the background fluorescence for a cell of a given area. By thus removing the background we were able to quantify the fluorescence stemming solely from the nanoparticles, something we then assumed is proportional to the number of nanoparticles, and hence the number of objects, that entered. Figure 4B shows the resulting distribution of nanoparticle fluorescence over cells, from which we observe a fairly well-defined distribution that appears roughly normally distributed, aside from a clear tail towards higher fluorescences.
[image: Figure 4]FIGURE 4 | Nanoparticle uptake quantified by high-throughput fluorescence microscopy. HeLa cells were exposed to 100 μg/mL of the 100 nm nanoparticles for 4 h, stained with DAPI (cell nuclei) and WGA (cytoplasm), and observed using fluorescence microscopy. (A) Example image with nanoparticles in green and cell outlines (identified as exemplified in Figure 1C) in cyan. Note that there is a substantial number of nanoparticles stuck on the glass outside the cells. Scale bar 25 μm. (B) Fluorescence distribution over cells after background subtraction (Supplementary Figure S3). The histogram shows experimental data, while the dotted line is a fit of a model to the data, assuming a fluorescence per nanoparticle of 105 and using cell area parameters (k and θ) from control cells (Figure 3). λ is the resulting fitting parameter. Note that the fit was performed on the cumulative distribution function, so as to be independent of the bins chosen for the histogram. (Inset) Cumulative distribution function showing the goodness of fit. (Blue) Empirical cumulative distribution. (Dotted line) Fit. Same x-axis as the main figure. (C–D) Two-dimensional cell area-fluorescence distribution from (C) experiments and (D) simulations of the model. In both cases, the distribution has been normalised such that its integral is unity. (E–F) Fluorescence distributions of cells of a given size from (E) experiments and (F) simulations.
Rees et al. developed a model to describe the distribution of number of nanoparticles per cell (Rees et al., 2019), and we decided it would be interesting to test their model also on our data. Their model is essentially based on two ingredients, namely, that the uptake of a particle is a Poisson process and that the probability of uptake is proportional to the area of a cell. Based on these two assumptions, and the empirical observation (Figure 3) that the cell area distribution is approximately a gamma distribution (Eq. 1), Rees et al. showed that the probability, pN, that a cell has taken up N particles is given by
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Here k and θ are the two parameters of the cell area distribution (Eq. 1), and λ the rate of uptake per unit area and concentration. Furthermore, the probability of uptake depends on the two variables concentration, C, and time, t, which, however, in the model only enter together as their product, Ct.
One subtlety of the model that is important to note is that in principle it is formulated not in terms of the total number of particles within the cells, but the total number of nanoparticle clusters (single nanoparticles or nanoparticle agglomerates). Furthermore, what is important is the number of clusters at the time of entrance. In general this may be an issue, because at least the nanoparticles we use here cluster within organelles intracellularly (Sandin et al., 2012; Åberg et al., 2016). The number of clusters that we would count after some time of exposure (e.g., 4 h in the case of Figure 4) therefore has no direct relation to the number of clusters at the time of entrance. Fortunately, the nanoparticles we use here are well-dispersed in medium and typically enter cells as single objects (Sandin et al., 2012; Åberg et al., 2016), so that the total number of nanoparticles is a good approximation to the number of objects that entered the cells. In general, though, using the model on nanoparticles that both agglomerate extracellularly and cluster within the cell would appear fraught with difficulties.
To test whether the model can describe our data we fitted the model with the normalised uptake rate, λ, as free parameter and the known cell area distribution parameters (k and θ) fixed from the experiment on cells not exposed to nanoparticles (Figure 3). Since the model is formulated in terms of number of objects, rather than fluorescence, we furthermore had to make an assumption on the fluorescence exhibited by a single nanoparticle. We used several different values, which, as expected, give different quantitative results, but give the same qualitative outcomes. We therefore focus the presentation here on one choice, but refer to the supplement for others (Supplementary Figures S4, S7). With this approach we observed that the model can describe the nanoparticle fluorescence distribution well, given that a fit of the model with only one free parameter shows good agreement (Figure 4B; inset), an outcome that is independent of the choice of the fluorescence of a single nanoparticle (Supplementary Figure S4) as well as whether we do the background subtraction or not (Supplementary Figure S5).
As a more detailed test of the model, we next investigated the interrelation between cell area and nanoparticle uptake (fluorescence) more directly. Thus we evaluated the two-dimensional distribution of fluorescence and cell area from the experimental data (Figure 4C), from which we observe a fairly wide distribution of fluorescence for a given cell area. To make this more explicit, we furthermore selected cells of a small (<400 μm2), medium (600–800 μm2) and large (>1,000 μm2) size and considered the fluorescence distribution corresponding to these cells specifically (Figure 4E). Even though the sizes of these cell subpopulations were chosen not to overlap, we observe that the corresponding fluorescence distributions still overlap to a quite substantial degree.
To compare these results to what is predicted from the model, we performed simple numerical simulations (see Methods) based on the same assumptions that underlie the model, and evaluated the corresponding simulation data in the same way as the experimental data (Figures 4D, F). We observe that while the model describes the overall fluorescence distribution well (Figures 4B, F grey) it predicts a far too narrow distribution of fluorescence for a given cell size (Figure 4D). This conclusion is unaffected by using the cell area parameters evaluated from the cells exposed to nanoparticles (Supplementary Figure S6) rather than those we evaluated from cells not exposed to nanoparticles (Figure 3). Importantly, the conclusion remains the same also if we use a different assumed value for the fluorescence per nanoparticle (Supplementary Figure S4) as well as if we do not perform the background subtraction (Supplementary Figure S5). The only possibility for realising a wider variability within the model is to assume a much higher fluorescence per nanoparticle (Supplementary Figure S7). However, even then the agreement between model and experiments is rather poor and, furthermore, such high fluorescences would imply that a typical cell takes up only 13 nanoparticles under the conditions shown in Figure 4, contrary to previous observations from microscopy which suggest hundreds of nanoparticles after just a few minutes of nanoparticle exposure at similar concentrations [Supplementary Figure S7; (Åberg et al., 2016; Vtyurina et al., 2021)]. Finally, the corresponding fluorescence distributions of the subpopulations of small, medium and large cells are completely disjoint in the model (Figure 4F), while they strongly overlap experimentally (Figure 4E). All of these conclusions also remain valid at half the nanoparticle concentration (Supplementary Figure S8).
To test the model without assumptions on the fluorescence per particle, we next turned to flow cytometry. While flow cytometry reports on the nanoparticle fluorescence per cell, we were nevertheless able to use that fluorescence to explicitly measure, with high-throughput, the actual number of nanoparticles. To do so, we started from the literature observation that when micron-sized polystyrene particles are exposed to cells, under certain conditions one observes well-defined and well-separated peaks in the fluorescence distribution over cells (dos Santos et al., 2011), consistent with a distinction between cells that have taken up (or at least associate with) 0, 1, 2, etc., particles. We interpret such results as reflecting both a low extracellular particle concentration, and a consequent low probability of uptake, as well as the strong fluorescence of the micron-sized particles, which implies a favourable separation of the peaks from each other. We thus attempted to find conditions where a separation between individual peaks could also be observed for particles smaller than a few microns, which is more relevant for the present study. We succeeded in doing so using 500 nm polystyrene nanoparticles (as opposed to the 100 nm particles used for the results presented in Figure 4) by using a concentration of 150 μg/mL and exposing the cells between 0.5 and 4 h.
Figure 5A exemplifies the fluorescence distribution over cells for one such sample (black outline). We interpret these results to mean that some cells (zeroth peak) have no associated nanoparticles, while other cells have 1, 2, 3, etc., associated nanoparticles (first, second, and third peak, respectively). After the third peak, individual peaks become less well-defined (depending upon the concentration and exposure time). The measured cells are actually cells with associated particles, as opposed to just particles without the cells, as nothing is measured if we simply run the 500 nm particles by themselves through the flow cytometer (Supplementary Figure S9). By considering also the forward scattering of the cells, one readily differentiates cells within the first two peaks from each other (Figure 5B). Indeed, by defining two subpopulations of cells based on their fluorescence intensity and forward scattering (polygons in Figure 5B) we find a good description of the two fluorescence peaks (Figure 5A, blue and red).
[image: Figure 5]FIGURE 5 | Nanoparticle uptake quantified in terms of numbers. HeLa cells were exposed to a 150 μg/mL concentration of the 500 nm particles for various times up to 4 h and then measured using flow cytometry. (A) Distribution of cell fluorescence for a sample exposed to nanoparticles for 1 h. (Black outline) All cells; (Blue) Cells within the zeroth, and (Red) first subpopulation indicated in panel B. The two subpopulations (blue and red) completely overlap with the full population (black outline) for the zeroth and first peaks, indicating that the two subpopulations have been well-identified. (B) Two-dimensional fluorescence-forward scattering distribution. Several subpopulations are easily identified and the first two are indicated by the polygons. The colour bar refers to the number of cells. (C) Proportion of cells with no nanoparticles and one nanoparticle, respectively, as a function of time. (Datapoints) Experimental data. Cells with no particles and cells with one particle were identified as illustrated by panels A–B and their proportion of the full population quantified. The data points represent the mean over 3 samples and the error bars the corresponding standard deviation. (Blue line) Fit of model (Eq. 3) to the experimentally determined proportion of cells with no nanoparticles, with θλC as fitting parameter and k fixed. (Red line) Subsequent parameter-free prediction of model (Eq. 4) for the proportion of cells with one nanoparticle. Repeat experiments are shown in Supplementary Figure S10.
With the approach illustrated by Figures 5A, B, we were able to quantify the number of cells without any nanoparticles and the number of cells with one nanoparticle (this proved sufficient for our purposes but in principle we would be able to do the same also for higher nanoparticle numbers). This is something we can directly compare to the model (Eq. 2), which predicts that the proportion of cells with no nanoparticles is given by
[image: image]
while the proportion of cells with one nanoparticle is given by
[image: image]
Here k and θ are the two parameters describing the cell area distribution (Figure 3), λ the normalised uptake rate, C the concentration and t the exposure time.
We thus exposed cells to nanoparticles for various times up to 4 h, thereby giving us experimental measures of the proportion of cells with, respectively, no nanoparticles and one nanoparticle as a function of time. Figure 5C (squares) shows how the proportion of cells without any nanoparticles starts at 100% before any nanoparticles have been supplied, and then decreases with time. While it may appear that there is a saturation of the proportion of cells that do not take up nanoparticles, a separate experiment, where we used the same nanoparticle concentration but exposed the cells for 18 h, showed that only 3.7% ± 0.2% (mean ± standard deviation of three samples) of the cells remained without particles. Turning to the cells with one nanoparticle, the proportion of such cells (diamonds) starts at 0% before nanoparticle exposure, then increases, and appears to plateau, before presumably decreasing again.
Since the cell area parameters (k and θ) are known and since we varied time t, we next fitted the model (Eq. 3) with θλC as free parameter to the experimentally determined proportion of cells with no nanoparticles. Note that λ, the normalised uptake rate, cannot be taken from our earlier results (Figure 4) because those were for the 100 nm nanoparticles and it seems reasonable to assume that the uptake rate is different for the 500 nm nanoparticles used here. Note, furthermore, that agreement between model and experiment for the first data point is a trivial outcome of the model, which, rightly, implies that no cells will have any nanoparticles before the nanoparticles have been supplied (t = 0 in Eq. 3). After performing the fit, we notice that the best fitted line (Figure 5C; blue line) describes the experimental data rather well. We subsequently used the model for a parameter-free prediction of the proportion of cells with one nanoparticle (Eq. 4), since all parameters of the model have now been independently specified (k and θ from the cell area distribution and θλC from the fit to the proportion of cells without nanoparticles). As may be observed, the prediction (Figure 5C; red line) does not describe the experimental data (diamonds) well. Again, note that agreement between model and experiment is trivial for the first data point, where the model implies that no cells will have one nanoparticle before the cells have been exposed to nanoparticles (t = 0 in Eq. 4). Repeat experiments show the same outcome (Supplementary Figure S10). Applying a similar procedure but leaving all parameters free (i.e., using both k and θλC as fitting parameters) does give a better fit of the model to the data, but at the expense of giving a cell area distribution that is both unreasonable and different from what is experimentally observed (Supplementary Figure S11). Overall, it thus appears that the model cannot describe the experimental data well.
4 CONCLUSION
Fluorescence microscopy has several advantages over other techniques to quantify nanoparticle uptake, including that the cells can be viewed live and in their native state, and that cell parameters such as size and other visible phenotypic traits can be determined. In terms of image acquisition there are no major limitations on the number of cells that can be studied; however, the resulting image analysis has traditionally been a bottleneck preventing microscopy from becoming a true high-throughput technique.
Here we have demonstrated the use of the deep-learning based algorithm Cellpose (Stringer et al., 2021; Pachitariu and Stringer, 2022) on fluorescence microscopy images to quantify the uptake of nanoparticles by cells. The Cellpose cell identification worked very well on our microscopy images, but we nevertheless included manual review of cell identification as an additional quality control. We set up a systematic workflow, including the manual review step but that otherwise is fully automated, to ensure that all cells would be identified and that no cells would be double-counted.
While we here opted for a manual review step, we note that the cell identification was so good that the results are independent of whether we perform this manual review or not (Supplementary Figure S12). Future studies may thus consider using the results as-is and, potentially, instead add a filtering step to remove likely misidentifications. Such a filtering step is, for example, standard in flow cytometry, where one removes data that likely represent cell debris or cell doublets by only considering objects whose measured scattering values are within certain limits Salvati et al. (2018). One could do something similar with the cells identified from microscopy images: For example, identified cells with very small areas could be removed, as one may expect them to often represent debris or other non-cell objects. However, this has to be done with some care, as cells with an area substantially smaller than the average do exist, for example, when a cell divides. The nuclear signal may then give additional information, as dividing cells are expected to have a more intense nuclear signal. Similarly, identified cells with a very large area may be removed, as one would expect them to represent several cells that have been misidentified as a single cell. Again, cells with a substantially larger cell area than the average do exist, and the nuclear signal could be used to differentiate actual large cells (single nucleus) from multiple cells misidentified as one (several nuclei). Regardless of the specifics, it seems feasible to develop an approach to perform this filtering and with time and use have it become de facto standardised.
As a proof-of-concept we used our workflow to create a dataset of some thousands of cells, exposed or not exposed to nanoparticles. We subsequently used this dataset to test a model which has been advanced to explain the observed variability in nanoparticle uptake between cells (Rees et al., 2019). This model is based on the assumptions that nanoparticle internalisation is a Poisson process and that nanoparticle uptake is proportional to cell area. While the model does indeed describe the distribution of nanoparticles over cells well, the model predicts a relationship between nanoparticle uptake and cell area which is quite different to that observed experimentally. Complementary flow cytometry measurements also show a discrepancy between model prediction and experiments. Overall, it thus appears that the model cannot describe the cell-to-cell variability in uptake of the polystyrene nanoparticles used in this study. A likely reason for this is that cell area is not the only relevant cell characteristic that matters, but that other factors also play a role. This is consistent with a recent study of ours, where multiple lines of evidence were presented suggest that, while nanoparticle uptake is certainly correlated with cell size, there are also other cellular characteristics at play (Åberg et al., 2021).
Overall, we have demonstrated the utility of deep-learning based cell identification, specifically the Cellpose algorithm (Stringer et al., 2021), to extract cell characteristics from fluorescence microscopy images. We set up a workflow which includes manual, but swift, human review of cell identification, that allowed us to measure nanoparticle uptake in thousands of cells with confidence. Thus, fluorescence microscopy can be routinely applied to measure nanoparticle uptake, at single-cell level and with high-throughput, and this technique also possesses some advantages compared to other high-throughput techniques.
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Single atom catalysts (SACs) have emerged as a rapidly developing field of catalysis research, with great potential for improving the efficiency and selectivity of many chemical reactions. SACs consist of isolated metal atoms dispersed on a support material, providing a unique and well-defined atomic structure and composition, allowing for precise control over their properties. In particular, iridium SACs are applied in numerous reactions, from electrocatalytic to photocatalytic applications. By the other hand, titanium oxide is a semiconductor with important applications as a reducible support for different catalyst, widely used in different reactions because of its high activity and stability. This review covers recent developments and frontiers in the particular system of Ir – TiO2 SACs. It discusses the importance, synthesis, characterization techniques such as XPS, STEM, Differential Reflectance Infrared Fourier Transform, and XAS, and the applications of Ir – TiO2 SACs. The review also explores the stability and durability of single-atom catalysts and the importance of understanding their structure-activity relationships to optimize their performance. A key dimension emphasized in this review is the importance of investigating the iridium-titania system. Iridium exhibits superior properties compared to other metals, particularly in maintaining stability as a single atom, owing to its resistance to sintering. Gaining a comprehensive understanding of and optimizing these factors are instrumental in unlocking the full potential of Ir – TiO2 SACs. This route offers a promising trajectory towards enhancing catalytic performance across a spectrum of applications and facilitating the discovery of novel chemical reactions.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Ir catalyst supported by TiO2.
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1 INTRODUCTION
Catalysis plays a central role in shaping our lives, over 90% of all chemical products have at least one catalytic step in their manufacture (de Vries and Jackson, 2012). Supported metal nanostructures are the most used form of heterogeneous catalyst in the industrial processes. Considerable endeavors have been dedicated to enhancing the effectiveness of supported metal catalysts downsizing the metal particles (Yang et al., 2013). The size of metal particle is a critical factor in determining the effectiveness of the catalysts, new findings from both theoretical and experimental studies have shown that clusters with sizes smaller than a nanometer exhibit enhanced catalytic activity and/or selectivity compared to particles of nanometer-scale dimensions (Herzing et al., 2008; Turner et al., 2008). There have been reports indicating that active sites often correspond to low coordination sites, such as unsaturated atoms (Remediakis et al., 2005). The size reduction also benefits the metal-support interactions, this phenomenon stems from the chemical bonding effect between the metal and the supports, as well as the associated interface, along with the charge transfer taking place between metal species and supports (Yang et al., 2013).
Late transition metals that are dispersed at the atomic level are often referred to as single atom catalysts (SACs). The SACs can be defined as a catalyst with isolated single atoms anchored onto its surface, capable of driving a catalytic reaction (Qiao et al., 2011). Generally, the single atoms are randomly and uncontrollably dispersed on the substrates. The interaction of these single-atoms with a metal oxide support can be different depending on its environment. The type of metal-support interactions regulates the electronic structure of catalysts, affecting the intrinsic activity of active sites (Samantaray et al., 2020). SACs can differentiate from other related single-site catalysts such as organometallic catalysts, in which in the latter case an organometallic complex are used to form the single-atom site, but keeping part of their ligands to achieve the catalytic reaction (Shan et al., 2022). SACs epitomize the utmost dispersion of a metal on a surface, with all the atoms being exposed. This holds paramount importance for the expensive and scarce noble metal catalysts, such as Ir, Pd, and Pt, which not only find the most applications but also attract significant interest for research purposes.
The significance of developing SACs becomes evident. Although the concept of having uniform active sites is highly appealing, the support structure in the vicinity of the single atom (SA) introduces heterogeneity to the active sites of the single atom catalyst (SAC, perhaps better conveys that the individual metal atoms are situated on the surface of another material) (Kottwitz et al., 2021). Consequently, the ideal uniform activity, which is characteristic of homogeneous catalysts, cannot be achieved. The combination of isolated single metals atoms with supports, gives rise to a distinct classification of catalysts. The synthesis of SAC presents a challenge, especially regarding the proper characterization of these materials, which is known to be inherently challenging owing to maximized atom utilization and precisely defining active centers, the direct observation of single atomic sites was not realized until the use of advanced characterization techniques such as atomic-resolution high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) which allowed imaging with atomic resolution (Li et al., 2019) that can directly measure the single atom to confirm the structure and conformation of the single metal atom, the chemical state of the metal center, and the conformation environment (Zonghua et al., 2020).
Supports play a critical role since they provide stability and enhance the efficiency of the catalysts. A common support is TiO2 which has exhibited remarkable and intriguing properties. TiO2 is a metal oxide with important applications in photocatalysis and oxidation reactions. Iridium, in turn, possesses excellent catalytic properties but its main limitation is its scarceness and high cost. Hence, iridium-based SAC improves the use of resources and, in combination with TiO2 supports, represent excellent alternatives for the enhancement of catalytic activities towards different important reactions.
In this mini review, we centered in the recent developments and frontiers in the synthesis and characterization of SACs using TiO2 as support, focusing on the stability and durability of SAC on TiO2 and the importance of understanding their structure-activity relationships to optimize their performance. Despite the wide literature reviewing the field of SACs on different supports, this review gains importance in highlighting the contributions of TiO2 supports forming SACs, in which much more limited information is available. First, a general view of the experimental finding about Ir as SACs is provided, reviewing its importance in catalytic reaction. Some common synthetic approaches to obtain SACs are summarized. Then, the experimental findings on Ir – TiO2 SACs are introduced, discussing the common characterization techniques. Finally, applications and challenges of Ir – TiO2 SACs and other metal oxide supports are reviewed.
2 EXPERIMENTAL FINDINGS ABOUT IRIDIUM AS SACS
Fabrication of SACs is hard due to the tendency of single atoms to aggregate adds an additional layer of complexity, making it an even greater challenge. Elements with extremely low abundance on Earth are often the most active in catalytic reactions. This is precisely why optimizing the utilization efficiency of metal atoms and providing a greater number of exposed sites for reaction activation are crucial factors.
Iridium, the element with the 77th position on the periodic table, is classified among the 5 days transition metals. It crystallizes in a face-centered cubic (FCC) structure, but it stands as one of the most incompressible elements. Notably, iridium shares this distinction with other common metal centers that exhibit activity in numerous catalytic reactions. However, despite its potential, iridium has been limited in its exploration due to its scarcity in the Earth’s crust and its high cost. As a result of their ability to undergo easy changes in oxidation state, iridium and its complexes find extensive use in catalysis for a wide range of industrial processes.
Single atom catalysts (SACs) offer a remarkable advantage in achieving 100% atomic utilization, serving as an exemplary strategy to significantly reduce noble-metal content without any compromise on catalytic efficiency. Hence, the study of metals, such as atomically dispersed iridium, does not impede the sustainable utilization of the metal. This exceptional property allows it to maintain its mechanical properties even at temperatures exceeding 2000°C and pressures up to 1.4 Mbar. Furthermore, iridium exhibits outstanding resistance to corrosion, making it highly suitable for a wide range of applications (Monteseguro et al., 2020).
Noble metals of group VIII, such as Pd, Rh, Pt, and Ir, present outstanding catalytic activities, that together with transition metal oxide support catalyzes a wide number of reactions. In particular, iridium possesses a higher atomic mass compared to Pd and Rh, and it is the group with higher melting point. It possesses a versatile coordination chemistry, facilitating its dispersion in different metal oxide supports, such as MgO, FeOx, or MgAl2O4, with a strong interaction with the support (Lin et al., 2013; Pascarelli et al., 2019). For instance, Ir single-atom coordination with reduced Fe2O3, MgO, and TiO2, corresponds to a substitutional configuration on the cation vacancies, with Ir coordinated with two oxygen atoms, which number could change after reaction (Xiao et al., 2019). A synergetic affect take place between the single atoms and their supports, lowering the reduction temperature of the support and generating a large amount of oxygen vacancies which contributes to their activity. The reducibility of the support also contributes to the stability of the single atoms, exhibiting high activity and selectivity.
Despite of this, few studies exist on Ir SACs in comparison with these other metals of the group, finding most applications in electrocatalysis. In this review, we aim to highlight the significance of studying this uncommon element when it is considered in its atomic form.
The pioneers in the field of catalysis utilizing iridium as an active center have posited that the success in fabricating single atom catalysts with iridium may be attributed to the remarkably low loading of the metal (Lu et al., 2019a). The probability of encountering short-range and long-range iridium-iridium interactions is estimated to be as minimal as 0.001 atoms nm-1. Furthermore, upon increasing the iridium loading to 0.32%, a corresponding rise in observation frequency within the range of 0.5–1 nm was noted. Remarkably, no aggregation to sizes exceeding 1 nm was observed (Cao et al., 2019) therefore, it is advantageous to propose monodispersed iridium catalysts.
2.1 Summary of iridium as single atoms
In Table 1, examples of synthesis are presented where iridium has been used as a metal center on various supports, along with the synthesis routes employed and their applications.
TABLE 1 | Summary of catalysts using iridium and different supports.
[image: Table 1]Currently, there is ongoing research into synthesis methodologies aimed at creating Single Atom Catalysts, with wet impregnation being identified as the most promising approach. Although wet impregnation offers simplicity and scalability, it is important to acknowledge certain limitations. These include the challenge of achieving optimal metal loading and precise control over the anchoring position of isolated metal species on substrates, which can impact both catalytic efficiency and the feasibility of practical industrial applications.
2.2 Synthesis
The exploration and development of synthetic methodologies for single atom catalysts have become one of the most crucial research focuses. Fabricating single atom catalysts and maintaining the atomic dispersion of metal species under realistic synthesis and reaction conditions pose significant challenges. From a practical perspective, an alternative and preferable approach is the development of wet-chemistry synthetic methods for single atom catalysts (SACs). This method offers easy operation and the potential for large-scale manufacturing. In wet-chemistry synthesis, mononuclear metal species are typically used as precursors. Therefore, implementing synthetic strategies to achieve atomically dispersed separation and isolation of the precursor, as well as preventing the migration and agglomeration of the formed single atoms, becomes crucial for successful SAC synthesis. These considerations are fundamental in ensuring the efficient and controlled production of SACs (Chen et al., 2018). Ir precursors are deposited onto the substrate surface using various wet-chemistry methods. This involves the metal precursors that are dispersed onto substrates through deposition-precipitation, coprecipitation, or wet-impregnation. Subsequently, reduction or activation procedures are carried out to form Ir-based catalysts with atomically dispersed Ir species. These steps are crucial in achieving the desired dispersion and isolation of individual Ir atoms on the substrate, enabling the synthesis of highly efficient catalysts with unique properties and reactivity (Pham et al., 2023).
2.2.1 Advantages and disadvantages of various synthetic approaches of SAC’s
In Table 2, some advantages and disadvantages of various synthesis methods for obtaining SACs are presented (Pham et al., 2023).
TABLE 2 | A comparison of different synthetic strategies, offering a comprehensive overview of their individual advantages and disadvantages.
[image: Table 2]The low metal content is mentioned as a disadvantage; however, for SACs, it is a notable advantage due to the reduced use of precious metals. Additionally, the possibility of industrial scalability is emphasized. Additionally, the potential for industrial-scale production is highlighted.
2.2.2 Deposition-precipitation with urea
Deposition-precipitation is a synthesis method commonly used in the preparation of catalysts. It involves the deposition of metal precursors onto a support material, followed by the precipitation of the metal species in the presence of a precipitating agent. This method allows for controlled and uniform distribution of the metal species on the support, resulting in catalysts with well-defined structures and properties. Deposition-precipitation offers advantages such as easy scalability, versatility, and the ability to tailor the catalyst composition by adjusting the deposition and precipitation conditions (Zanella et al., 2005; Qin et al., 2015).
The deposition-precipitation technique has been widely used to fabricate gold catalysts (Haruta et al., 1987; Haruta, 1997). In this method, the pH of an aqueous solution containing HAuCl4 is carefully adjusted within the range of 6–10, taking into consideration the isoelectric points (IEP) of the metal oxide supports. This pH adjustment is crucial due to the amphoteric properties of Au(OH)3, ensuring the formation of stable and well-dispersed gold species on the support material. The DP method offers ease of handling and provides control over the catalyst’s composition and properties, making it a preferred choice in industrial catalyst production (Milone et al., 2010; Bokhimi et al., 2011; Qin et al., 2015).
2.2.3 Impregnation
The impregnation method is a technique used to deposit an active compound onto a porous surface or support. It involves immersing the support into a solution containing the active compound and allowing it to impregnate the porous surface through absorption. After impregnation, the support is subjected to drying or thermal treatment to remove the solvent and fix the active compound onto the support. This method offers great flexibility as it allows for control of the loading of the active compound and adjustment of the catalyst properties to specific application needs. It is widely employed in catalyst synthesis, particularly in the preparation of supported catalysts on porous solids (Van Dillen et al., 2003).
2.2.4 In situ techniques
Metal cations are chemically reduced to their metallic state by certain agents. In this state, they act directly as catalysts, facilitating chemical reactions involving the same agents. This process is straightforward and requires no additional purification. Consequently, it prevents potential catalyst loss or oxidation during the transfer process. By embracing this methodology, potential pitfalls associated with ligand presence, challenges stemming from uncontrollable variations in catalyst particle sizes, and concerns regarding mass loss or metal oxidation during purification and transfer procedures are all expertly sidestepped (Erdoğan et al., 2009; Liang et al., 2012; Cui et al., 2022; Zhang et al., 2022; Sun et al., 2023).
3 EXPERIMENTAL FINDINGS TIO2 AS SUPPORT FOR IR
Support materials play a crucial role in the stability and catalytic performance of single atom catalyst. These catalysts heavily rely on the support to provide a solid foundation for the deposition of active metal species. The choice of an appropriate support is of paramount importance as it directly influences the dispersion, accessibility, and reactivity of the active sites. Additionally, the support acts as a vital stabilizing agent, preventing the coalescence or aggregation of individual metal atoms and ensuring their sustained single-atom state during catalytic reactions. By offering a substantial surface area for the immobilization of metal atoms, the support facilitates efficient interactions with reactants, thereby enhancing catalytic reactions. Thus, meticulous selection and thoughtful design of suitable support materials are indispensable for the successful utilization of single atom catalysts in diverse catalytic applications.
Titanium is a metallic element that occupies the 22nd position in the periodic table. It is highly abundant in the Earth’s crust and exists in three main crystal forms: anatase, rutile, and brookite. Titanium is known for its exceptional strength-to-weight ratio, corrosion resistance, biocompatibility, affordability, and eco-friendliness (Ramos-Delgado et al., 2016). These properties make it a valuable material in various industries, as it offers a cost-effective and environmentally friendly solution. Titanium also serves a significant role in catalysis. TiO2 are employed both as supports for catalysts and as catalysts themselves. These catalysts, including metal/TiO2 and metal oxide/TiO2 composites, play a significant role in diverse reactions such as hydrogenations, hydrodesulfurizations, selective oxidations, reductions, and Fischer-Tropsch processes. An additional notable feature lies in its capacity as a photocatalyst, which stems from its inherent semiconducting properties (Kominami et al., 1997; Scirè et al., 2021).
The proper selection of a catalyst support is crucial for enhancing the dispersion of active components and modulating the catalytic functionalities through metal-support interactions. The catalyst support significantly influences the overall performance and stability of the catalyst system, allowing for improved control over reaction rates and selectivity. It acts as a substrate that facilitates the anchoring and distribution of active species, providing a stable environment for catalytic reactions (Palcheva et al., 2013). The interaction between metal/TiO2 has been studied as SMSI effect. The finding of heteroatomic metal-metal bonding suggested that titanium cations at surfaces might be capable of bonding to metal cations or metal atoms in a supported phase due to of the possibility of an interaction between the d orbital electrons of the surface cations and those of the supported metal atoms (Tauster et al., 1981).
As mentioned previously, other supports such as MgO, ZIF-8, and Al2O3 have been extensively explored in the literature for supporting iridium catalysts. However, titanium dioxide (TiO2) has not been the preferred choice as a support material, which presents an area of opportunity for further investigation. TiO2 offers distinct advantages, including its large surface area and high stability. Moreover, the use of the rutile phase of TiO2 has been found to enhance the dispersion of the metal compared to other phases. The rutile phase provides a favorable environment for the dispersion of iridium species (Kim et al., 2018) promoting their accessibility and reactivity in catalytic reactions. This unique characteristic of the rutile phase, combined with the advantageous properties of TiO2 as a support, makes it a promising candidate for supporting iridium catalysts. Exploring the potential of TiO2, particularly its rutile phase, as a support material for iridium catalysts holds great promise in the development of highly efficient and selective catalytic systems.
4 COMPREHENDING THE NATURE OF CATALYTIC SITES ON THE SURFACE
X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), including aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), diffuse reflectance infrared Fourier-transform spectroscopy (DRIFT), and X-ray absorption spectroscopies (XAS) are the key techniques employed for the analysis and authentication of iridium single atom catalysts (SACs). XPS allows for the investigation of surface composition and chemical states. HAADF-STEM provide atomic-scale resolution to directly examine the structure and coordination environments of isolated iridium atoms. DRIFT enables the study of molecular adsorption and surface species reactivity. With XAS it is possible to investigate a broad spectrum of surface structures. These techniques collectively play a pivotal role in the comprehensive characterization and understanding of iridium-based catalysts.
4.1 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a highly valuable technique employed in catalysis research for the analysis of catalyst surfaces. It serves the purpose of examining the surface composition and chemical states of catalyst materials. By utilizing X-ray photons to stimulate the ejection of inner-shell electrons from atoms within the catalyst, XPS enables the measurement of electron kinetic energy and intensity. This data provides crucial insights into the elemental composition, oxidation states, and bonding environments present on the catalyst surface (Greczynski and Hultman, 2020).
In the realm of catalysis, XPS plays a pivotal role in elucidating surface chemistry and catalytic reactivity. It facilitates the investigation of active sites and their electronic structures, which are fundamental to catalytic processes. By employing XPS, researchers can explore changes in oxidation states of catalytic metals under reaction conditions, observe adsorbed species or reaction intermediates, and analyze the effects of environmental factors such as temperature and pressure on the catalyst surface (Oswald et al., 2013).
Moreover, XPS proves to be a valuable tool for pre- and post-reaction analysis of catalysts, allowing the detection of surface modifications, elucidation of catalyst deactivation mechanisms, and determination of catalyst stability. The technique can also be utilized for in situ characterization, enabling real-time monitoring of catalyst performance during catalytic reactions.
In summary, X-ray photoelectron spectroscopy is an indispensable technique in catalysis research, offering valuable insights into the surface chemistry and reactivity of catalysts. Its ability to probe the atomic-scale properties of catalyst surfaces provides crucial information for understanding catalytic mechanisms, optimizing catalyst design, and advancing the development of more efficient and selective catalytic processes. XPS enables the determination of the oxidation state of iridium, providing valuable insights into its chemical state.
In Figure 1A, Yiming Zhu et al. shows the XPS spectrum of IrO2 displays a characteristic doublet at 62.5 and 65.4 eV, corresponding to the presence of Ir4+ species. On the other hand, for Ir-Co3O4, the Ir 4f spectrum exhibits two sets of doublets centered at 61.8/63.7 eV and 62.4/65.3 eV. These doublets can be attributed to the coexistence of Ir4+ and Ir3+ species, respectively.
[image: Figure 1]FIGURE 1 | (A) XPS spectrum of characteristic Ir4+. Adapted from Zhu et al. (2022b), licensed under CC BY 4.0. (B,C) Spectra of Ir0, Ir4+, and the overlap of Ti 3s. Adapted from Lee et al. (2018), licensed under CC BY 4.0.
In Figures 1B, C Lee et al. (2018) shows the spectra of the Ir 4f5/2 and 4f7/2 core level peaks are presented in Figures 1B, C. The deconvolution of the peak profile revealed the presence of both Ir4+ and Ir0 components in the Ir:SrTiO3 film. By measuring spectra at different takeoff angles, the depth distribution of the Ir4+ and Ir0 components can be estimated due to the limited inelastic mean free path of photoelectrons in XPS measurements. Measurements performed at higher takeoff angles, which are more surface-sensitive, demonstrated a higher Ir0 ratio (∼13%) compared to measurements taken at a 45° angle (∼10%). Interestingly, while tetravalent Ir4+ is expected based on DFT calculations for iridium atoms substituting Ti, the presence of metallic Ir0 was observed.
X-ray photoelectron spectroscopy (XPS) analysis reveals the presence of metallic iridium supported on TiO2, which holds significant importance as it signifies the catalytically active state of the material. The observation of metallic iridium on the surface of TiO2 confirms its availability as an active species for catalytic reactions. Furthermore, the ability to deposit isolated iridium atoms at low metal loadings underscores the potential for achieving single-atom dispersion. This discovery unveils promising avenues for leveraging the distinctive reactivity and selectivity of single atom catalysts supported on TiO2, thereby offering compelling prospects for catalytic applications.
4.2 Aberration-corrected scanning transmission electron microscopy
Transmission electron microscopy (TEM) is an advanced scientific instrument that employs a focused and accelerated beam of electrons to obtain detailed and high-resolution images of samples at the micro and nanoscale. By passing the electron beam through the sample, TEM can generate valuable information about the sample’s internal structure, composition, and morphology. This technique relies on the interaction between the electrons and the atoms in the sample, producing signals that are captured by detectors and transformed into visual representations. With its exceptional resolving power, TEM enables researchers to explore the intricate details of materials, including the arrangement of atoms and the presence of defects or nanoscale features. There are two main transmission modes in TEM: the conventional TEM and the scanning transmission electron microscopy (STEM).
In conventional TEM, electrons coming from the electron source are focused on the sample in a wide and quasi-parallel beam, formed by the illumination system composed by electromagnetic condenser lenses, Figure 2A. These lenses are the responsible of forming the incoming beam and the manner of how it hits on the sample. Once the electron beam passes through the sample, the transmitted beam is collected by the objective lens and projected to the screen. An image of the sample is instantaneously produced of all the illuminated area.
[image: Figure 2]FIGURE 2 | Sketch of the two main modes in TEM: conventional TEM (A) and STEM (B).
The incident electrons are described as a plane electron wave [image: image], which interacts with the sample and undergoes different dispersion phenomena. The exit electron wave at the end of the specimen plane, described as [image: image], is formed by interference of the waves scattered by the atoms of the sample. These scattered waves are collected by the objective lens and focused at its back focal plane (BFP). If the lens is ideal and in focus, the recovered wave at the image plane, [image: image], should be:
[image: image]
And the intensity distribution will be
[image: image]
However, there is no perfect lenses, so the wave at the image plane will be:
[image: image]
where OL(r) is a function describing the behavior of the objective lens (Pennycook and Nellist, 2011; Deepak et al., 2015).
The phase shift produced by the lens can be described as (Carter, 2009):
[image: image]
Therefore, it is observed that the final image will depend on how the electron beam interacted with the sample and the phase shift produced by the objective lens, which in turn depends directly on the defocus Δf, the wavelength of the incoming electrons λ, and the spherical aberration constant, Cs. The interpretation of high-resolution TEM images is not straightforward because the image contrast will depend on our optical system, defocus conditions, sample thickness, and aberrations.
In STEM, instead of a wide and parallel beam, a highly focused convergent beam of electrons is scanned over the sample, Figure 2B. The electron probe is formed by the interference of an infinite number of plane waves at all the different convergence angles forming the illumination cone. No lenses are present below the sample, so the electrons that have interacted with the sample are collected directly by different detectors placed below the sample plane. The coherent beam is focused on each point of the sample, so the diffracted beams form discs that interfere to each other and provides the contrast interpreted as images, Figure 3A.
[image: Figure 3]FIGURE 3 | (A) The convergent electron probe form diffracted discs. (B) Schematics of the reciprocal and real space of the electron probe formed by coherent plane waves passing through an aperture defining a semi angle α. (C) Diffracted electrons from the sample are collected by detectors placed at different angles.
The amplitude of the waves is moderated by the partial coherence of the electron beam, which depend on the convergence angle and aperture size which limits the space from [image: image], Figure 3B. In real space, the amplitude of the electron probe [image: image] can be described as:
[image: image]
where [image: image] corresponds to a function of the circular aperture defining the convergence angle. In STEM, the upper objective lens is the one responsible of forming the electron probe, and will be affected by aberrations. The aberration coefficients have dimensions of length and can be expressed in power series of scattering angle [image: image] as (Carter and Williams, 2016):
[image: image]
With [image: image]. The Cs coefficients are positive values. The amplitude of the STEM probe can be described as:
[image: image]
And the probe intensity is its square [image: image].
In an uncorrected probe, the third order spherical aberration (C3) can be compensated by negative defocus. In a spherical-aberration corrected probe, the next higher order aberration C5 can be compensated by a slight negative C3 (Carter and Williams, 2016). The optimal resolution for an uncorrected system can be expressed as:
[image: image]
and for a Cs corrected system, the limiting resolution due to the nth order aberration:
[image: image]
In a 200 keV aberration-corrected microscope, C3 can be set to positive or negative values close to cero, while for an uncorrected high-resolution microscope C3 is close to 0.5 mm. The electron probe diameter in STEM can be reduced through the aberration-corrected system, which consists of a hexapole-corrector with two multipole stages and it compensates all aberrations up to third order (CESCOR, 2023). Then, this small probe is scanned through the sample and interact with its atoms, which can be seen as an arrangement of individual scatters. Now the highly-convergent electron beam interacts individually with each scatter (instead of a wide parallel beam interacting with a large number of scatters in TEM). Each atom (a spike of potential) will scatter in proportion to the local probe intensity. Therefore, the intensity of the image can be written as:
[image: image]
i.e., the intensity at the image is the convolution of the object O(r) (array of scatters) and the probe intensity profile P(r). The sharper the probe, the clearer the atoms are seen.
In STEM, when the beam is scanned over the sample, the collection of scattered electrons is done by the detectors placed below the sample, Figure 3C. The angle of scattering will depend on the atomic number Z of its constituent elements. Hence, detectors are placed to collect the scattered electrons at different angles, thus collecting different information of the sample. A bright-field detector (BF) collects those electrons scattered at low angles (∼<10 mrad), and the images are similar to conventional TEM. An annular dark-field detector (ADF) can be placed to collect electrons scattered at higher angles (∼10–50 mrad), which contain information of the chemical composition of the sample. A high-angle annular dark-field detector (HAADF) collects those electrons passing close to the atoms nucleus electrons, being scattered at much high angles (>50 mrad). These high-angle scattered electrons contain pure Z-contrast information from the sample and possess incoherent characteristics (Carter and Williams, 2016; Plascencia-Villa et al., 2020; Plascencia-Villa and Mendoza-Cruz, 2022).
STEM and TEM are powerful techniques widely used in catalysis research. One of the key features of these techniques is their ability to correct spherical aberration, allowing for high-resolution imaging at the atomic scale. With the advent of advanced electron microscopy instruments, aberration-corrected STEM offers the capability to visualize individual atoms and atomic structures in catalyst materials. This level of resolution is particularly valuable in the study of single atom catalysts (SACs), where the dispersion and arrangement of individual metal atoms play a critical role in their catalytic activity.
The aberration-corrected STEM/TEM imaging allows researchers to directly observe the presence and distribution of single atoms on the catalyst surface, and with the advantage of Z-contrast, atomic-resolution structural and chemical information can be obtained in a single image, Figure 4. This information is essential for understanding the relationship between atomic structure and catalytic properties, as well as for investigating the dynamics and behavior of single atoms during catalytic reactions.
[image: Figure 4]FIGURE 4 | AC-HAADF-STEM measurements were employed to visually inspect the distribution of Ir in the 0.25% Ir/TiO2 catalyst. Notably, no Ir nanoclusters were observed, and individual Ir atoms were identified as bright dots highlighted in yellow.
Advanced AC-HAADF-STEM measurements were employed to visually inspect the distribution of Ir in the 0.25% Ir/TiO2 catalyst. Notably, no Ir nanoclusters were observed, and individual Ir atoms were identified as bright dots highlighted in yellow. These Ir atoms were consistently located on the Ti sites of the TiO2 support.
Individual Ir atoms were observed by AC-HAADF-STEM. The Ir sacs were resolved using an intensity profile since the observation was complicated due to the thickness of TiO2 crystal. Nevertheless, it is possible to analyze the intensity profile and distinguish the presence of iridium atoms, Figure 5. These Ir atoms were consistently located on the Ti sites of the TiO2 support.
[image: Figure 5]FIGURE 5 | AC-HAADF-STEM of Ir in the 0.25% Ir/TiO2 catalyst and its intensity profile.
4.3 IR/DRIFT
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is a powerful analytical technique used in catalysis research for the characterization of catalysts and the investigation of surface species and adsorbed molecules. It utilizes infrared radiation to probe the vibrational modes of molecules on the catalyst surface. By measuring the changes in infrared absorption and reflection, DRIFTS provides valuable information about the surface chemistry, adsorption properties, and catalytic reactions occurring on the catalyst surface. This technique offers insights into the nature of active sites, the interaction between the catalyst and reactants, and the mechanism of catalytic reactions. It is a versatile tool for understanding the structure-function relationships of catalysts and designing more efficient catalytic systems.
DRIFTS works by irradiating the catalyst sample with infrared radiation and analyzing the resulting diffusely reflected light. The infrared radiation consists of a range of wavelengths that corresponds to the vibrational frequencies of chemical bonds in molecules. When the infrared light interacts with the catalyst surface, it is absorbed by the molecules present, causing them to vibrate and undergo changes in their dipole moment. These changes in dipole moment result in the scattering and reflection of the infrared light (Mitchell, 1993).
The diffusely reflected light is collected by a detector, such as a Fourier Transform Infrared (FT-IR) spectrometer, which measures the intensity of the reflected light as a function of wavelength. This spectrum provides information about the vibrational modes of the molecules on the catalyst surface, allowing for the identification of specific functional groups and the determination of surface species (Díaz et al., 2011).
By comparing the DRIFTS spectra of the catalyst before and after exposure to reactants or under different reaction conditions, researchers can gain insights into the adsorption and desorption processes, the formation of reaction intermediates, and the overall catalytic activity. The conducted studies have revealed the absorption band of iridium between 2075 and 2068 cm-1 (Díaz et al., 2011).
In Figure 6, the DRIFT spectra presented in this study demonstrate the adsorption of CO on catalysts that were reduced in situ in a hydrogen flow at 300°C. The iridium-based catalysts, namely, Ir/TiO2 and Au-Ir/TiO2-S, exhibited strong absorption bands in the range around 2100 cm-1. These bands are characteristic of CO molecules adsorbed on iridium metal. The monometallic Ir catalyst showed a particularly intense absorption band centered at approximately 2068 cm-1, accompanied by a broad contribution in the low-frequency side. These absorption bands in the region can be attributed to CO linearly adsorbed on various Ir0 sites. Additionally, bands characterizing cationic iridium species were also observed in the spectral region between 2000 and 2107 cm-1 (Gómez-Cortés et al., 2009).
[image: Figure 6]FIGURE 6 | DRIFT spectra of Ir/TiO2 3.7 %wt (Adapted from Gómez-Cortés et al. (2009), with permission from Copyright © 2009 American Chemical Society).
Rojas et al. (2015) showed that the Ir/TiO2 catalyst exhibited a prominent absorption band with a pronounced peak at 2073 cm−1, indicating the adsorption of CO on Ir0 sites. Furthermore, it has been demonstrated that it is possible to deposit isolated atoms on TiO2.
DRIFT is a valuable technique that plays a crucial role in the comprehensive characterization of the support surface. In the specific case of iridium catalysts supported on TiO2, DRIFT analysis enables the direct observation of CO absorption bands, providing valuable insights into the presence and reactivity of iridium sites on the catalyst surface. The detection of CO absorption bands signifies that the iridium species maintain their reactivity and availability for catalytic reactions, despite the strong interaction and bonding with the TiO2 support. This finding highlights the remarkable reactivity of iridium, which positions it as a highly promising catalyst for various catalytic applications. The ability to maintain its reactivity and accessibility on the support surface makes iridium an attractive choice for catalytic transformations, offering opportunities for enhanced catalytic performance and selectivity in various chemical processes.
4.4 X-ray absorption spectroscopies
X-ray absorption spectroscopy (XAS) is currently being utilized to investigate a broad spectrum of surface structures. In the extended X-ray absorption fine structure (EXAFS) regime, single scattering is typically employed, enabling the straightforward determination of near-neighbor distances (R) and coordination numbers (A).
XANES is commonly affected by intra-molecular scattering, potentially providing straightforward insights into molecular orientation, intramolecular distances, and, consequently, the specifics of bonding with the surface. Moreover, it can reveal the atom’s oxidation state, the chemical environment, and electronic transitions occurring near the central atom (Norman, 1986). XAS will only be shown in this review to observe the possibility of iridium binding in TiO2.
EXAFS specializes in the examination of atomic arrangements around a central atom within a material, offering a meticulous investigation of its local atomic structure. This analytical method delves into the energy region situated beyond the critical point of X-ray absorption. EXAFS has a unique advantage over more standard methods like X-ray diffraction because one can directly determine the location of atoms surrounding each constituent separately (Sayers et al., 1970). In contrast, XANES concentrates on furnishing insights into the valency of atoms and their chemical environment, closely exploring the region proximate to the X-ray absorption edge. It is widely acknowledged that XANES exhibits sensitivity to the adsorption of various substances. Initially, we isolate changes in the metal’s XANES data due to the presence of the adsorbate. This involves obtaining two separate XANES spectra: one for the metal with the adsorbate and another for the metal under different conditions, such as altered potential, current, or in a vacuum. The latter serves as the reference baseline. This technique can be viewed as a subtractive approach, aimed at isolating the influence of the adsorbate. Consequently, the resulting spectral shape provides insights into the chemistry, site symmetry, and quantity of adsorbed species on the surface (Ramaker and Koningsberger, 2010).
These two techniques synergistically complement each other and are jointly employed to achieve a comprehensive understanding of a material’s structure and chemistry (Koningsberger and Prins, 1987).
X-radiation, when passing through matter, is absorbed through various mechanisms, including the photoelectric process, which involves the direct excitation of occupied core electrons to unoccupied levels see Figure 7 (Norman, 1986). The origins of EXAFS stem from fluctuations in the photoelectric cross-section resulting from the scattering of the emitted photoelectron by neighboring atoms encircling the absorbing atom (Sayers et al., 1971).
[image: Figure 7]FIGURE 7 | Schematic of the X-ray absorption spectrum, highlighting the different regions in which is divided.
XANES is commonly affected by intra-molecular scattering, potentially providing straightforward insights into molecular orientation, intramolecular distances, and, consequently, the specifics of bonding with the surface. XANES directly examines the angular momentum of unoccupied electronic states, which can encompass bound or unbound, discrete or broad, atomic or molecular characteristics (Vaithianathan et al., 2006). Moreover, it can reveal the atom’s oxidation state, the chemical environment, and electronic transitions occurring near the central atom (Norman, 1986). XAS will only be shown in this review to observe the possibility of iridium binding in TiO2.
The chemical coordination environments of the Ir single atom species were investigated by acquiring extended X-ray absorption fine structure (EXAFS) data at the L3-edge of the Ir species, using the Ir/AC nano catalyst for comparison with other standard Ir compounds.
Porous organic polymers based on aminopyridine show that Ir’s closest neighbors are Ir-Ir and Ir-O. This result can explain the presence of Ir metal on the surface. The fitted EXAFS data indicate the presence of Ir-Cl, suggesting that the Ir species existed as isolated metal atoms and possibly maintained their high coordination number as a result of ligand exchange with the support. In summary, EXAFS data show that mononuclear Ir is situated on the framework using -Cl2, -O2, or -OH groups as ligands. The Ir single atom species was evidently coordinated by two neighboring oxygen nuclei associated with the support (Shao et al., 2019b).
In atomically-dispersed iridium on tin oxide, they performed ex situ and in situ X-ray absorption spectroscopy and have shown data in R-space that correspond to Ir-O, with a lack of strong contributions from Ir-Ir or Ir-O-Ir interactions. They conducted this study to investigate the oxygen evolution reaction (OER) mechanism, for which they computed the mechanisms using the structures of Ir-SAC-ITO. In these structures, they’ve demonstrated the binding of Ir sites with oxygen. In this study, they observed IrO2 (IrIV). The oxidation states of Ir were assigned as IrIII, IrIV, and IrV (Lebedev et al., 2020).
In Figure 8, the researchers constructed computational models based on Ir-SAC, and these models illustrated the coordination of Ir atoms with oxygen sites present on the support material. Within the proposed mechanism, the researchers further elucidated the bonding interactions by showcasing how the Ir sites form bonds with hydroxyl (OH) groups. This detailed analysis provides valuable insights into the intricate chemical processes occurring at the atomic level, shedding light on the catalytic behavior of Ir-SAC in various reactions, including the oxygen evolution reaction. Computed studies of iridium nanoparticles using density functional theory calculations have shown that the planar configurations are more stable than the three-dimensional ones, with each arranged in decreasing order of stability (Pawluk et al., 2005).
[image: Figure 8]FIGURE 8 | Computed OER with the structures of Ir-SAC-ITO. Reproduced from Lebedev et al. (2020), with permission from Copyright © 2023 American Chemical Society, licensed under CC BY 4.0.
In the analysis of Ir/TiO2 for CO oxidation, both EXAFS and XANES techniques were used to understand the rate-controlling steps for CO oxidation. Ir single-atom sites within the catalyst were found to be uniformly distributed.
DRIFT spectrum of the Ir1/TiO2 catalyst in Figure Xb shows two CO bands at 2077 and 1995 cm−1, attributed to Ir gem-dicarbonyl (Ir(CO)2-support).
In Figure 9 (Xanes region), the EXAFS spectra reveal a dicarbonyl state (two Ir-CO). Besides, the model fit indicates two Ir-O bonds from the support and one Ir-Ti bond. XAS results indicate Ir initially exists as Ir(CO2(O)2 after reduction and gets oxidized to Ir(CO) (O)3 during/after reaction. For the Density Functional Theory (DFT) calculations (Figure 9), we opted for adsorbed Ir single atoms to represent the experimental structure. This choice was made because these Ir single atoms can potentially form a dicarbonyl in the CO-reducing environment. It is important to note that Ir single atoms embedded within the TiO2 lattice could not maintain a stable dicarbonyl structure.
[image: Figure 9]FIGURE 9 | Ir/TiO2 Characterization. (A) Scanning Transmission Electron Microscopy (STEM) image of the 0.1 wt% Ir/TiO2 catalyst post-CO oxidation kinetic measurements at 170°C followed by CO reduction. (B) Differential Reflectance Infrared Fourier Transform (DRIFT) spectra recorded after CO oxidation at 170°C (blue) and post-reduction in CO at 170°C (red). (C) Ir-L3 X-ray Absorption Near Edge Structure (XANES) spectra of the catalyst, showcasing the active state (blue) and the reduced state (red). (D) Magnitude component of the Fourier-transformed k3-weighted χ(k) data (Δk = 2.5−12 Å−1). For XANES/EXAFS, the reduced-state spectra were acquired in CO at 180°C, whereas the active-state spectra were recorded in CO and O2 at 35°C, following CO oxidation at 195°C. (E) Representation of the local structures of Ir1/TiO2, combining experimental and theoretical insights. Color coding: O, red; Ti, silver; Ir, blue; C, gray. Reproduced from Coogan et al. (2023), with permission from Copyright © 2023 American Chemical Society.
It is imperative to underscore that this investigation was undertaken using TiO2 in the anatase phase. Consequently, it is strongly advised to contemplate a parallel inquiry employing rutile TiO2, as the variations in the crystalline phase can yield distinctive outcomes.
5 EXPLORING THE CATALYTIC CAPABILITIES OF IRIDIUM: APPLICATIONS
Ir-SACs have been applied widely in numerous applications, in particular, in electrocatalytic reactions, such as ORR, water splitting, CO2 reduction, HER, epoxidation of ethylene (Yang et al., 2023). Ir on TiO2 as a SAC, is a more specific system that has been applied in oxidation and reduction reactions, photocatalysis, electrocatalysis. Here, we review some application of Ir SACs supported on metal oxides.
5.1 Oxidation reactions
Carbon monoxide (CO) and ammonia oxidation are important reactions, since they are harmful residual gases from the incomplete combustion of industrial compounds. By the other hand, CO oxidation is a model reaction for the fundamental understanding of catalytic processes which can be applied to generate products of industrial relevance. Hence, efforts to improve this reaction in which Ir-based SACs play an important role have been done.
Jian Lin and coworkers designing an Ir-Fe(OH)x catalyst which stabilized Ir single atoms for the oxidation of CO. HAADF imaging showed that Ir single atoms distributed uniformly over the support, with small clusters below 1 nm. The adsorption and activation of O2 was promoted by the support, reflecting its erole in the activity of Ir-based catalysts for the CO oxidation (Lin et al., 2012). Lu Dai and collaborators, reported the promotion of CO oxidation of Ir-TiO2 catalysts. The promotion was achieved by the tuning of the metal-support interaction, induced by the incorporation of small amounts of CeO2 into the TiO2 structure. The presence of a small amount of CeO2 promoted the CO oxidation significantly, and the activities enhanced with the increase of CeO2 amount, being Ir/Ce0.2Ti the sample with the highest activity (Lu et al., 2023).
Ir-TiO2 single-atom catalyst were prepared by Y Wang et al. The catalyst showed excellent low-temperature selective catalytic oxidation of ammonia. They found that rutile phase performed better than it counterpart anatase. Ir atoms had a better dispersion on rutile. The activity was related to the stronger electronic metal-support interaction with rutile than other phases 15 (Li et al., 2020).
C.B. Thompson studied the rate-controlled elementary steps for CO oxidation of the Ir-TiO2 system. They showed that the supported Ir SACs were catalytically active for CO oxidation at atmospheric pressure and temperature ranges from 150°C to 200°C in 0.1%–10% CO and 1%–17% kPa O2, providing insight into the reaction mechanism (Coogan et al., 2023).
Y. Lu studied SAC of Ir on MgAl2O4 for the CO oxidation reaction. They applied operando infrared and X-ray absorption spectroscopies and quantum chemical calculations to identify the Ir single-atom complex formed during CO oxidation. They found that Ir(CO) is the active complex, and the formation of Ir single-atom complex promotes the CO oxidation via an Eley–Rideal mechanism where Ir(CO) (O) is the resting state of the catalyst. Their results showed that strong adsorption by a ligand does not necessarily lead to catalyst poisoning due to the ability of single-atoms to bind to more than one ligand. DFT results indicated that Ir single atoms had a critical role in facilitating O2 activation, while the CO ligand lowers the barrier for the Eley–Rideal rate-limiting step (Lu et al., 2019b).
5.2 Hydrogenation reactions
One of the first reports on single atom catalyst was done by Gates (Uzun et al., 2010). They reported the ethene hydrogenation by isolated atoms of Ir supported on MgO at room temperature and atmospheric pressure.
A dual single atom catalysts made of IrMo/TiO2 was reported by J Fu and collaborators. The dual catalyst was consisted in discrete Ir single atoms and Mo single atoms anchored on TiO2, showing great catalytic activity and chemoselectrivity in the hydrogenation of 4-nitrostyrene nad 4-vinylaniline that their monometallic counterparts. According to their density funcional theory calculations, they demonstrate that Ir sites were responsible for H2 activation, while Mo sites were active site for the adsorption of 4-nitrostyrene via the nitro group (Fu et al., 2021).
A. Jia et al. (2023) reported the selective hydrogenation of crotonaldehyde (CROL) over Ir/TiO2 catalyst. They studied the effect of metal size, from single atoms to nanoclusters (NC) to nanoparticles (NP), on the selective hydrogenation of this compound. Ir single atoms, clusters and nanoparticles were prepared on anatse TiO2. The reaction rates and TOFs of the different Ir/TiO2 catalysts followed the order Ir(NP) > Ir(NC) > Ir(SA), while the selectivity was higher than 80% for Ir(SA) supported on TiO2(101).
5.3 H2 production
X Zhou and coworkers reported an approach to trap and stabilize Ir SACs on TiO2 nanotubes, using the high density of Ti3+ - oxygen vacancies surface defect which served as highly effective SA iridium traps. The stably trapped SACs showed turnover frequencies of 4 × 106 h-1 in the photocatalytic H2 production (Zhou et al., 2021).
5.4 Water gas shift
Ir1/FeOx Single atom catalyst had a remarkable performance for water gas shift reaction, being superior to its Pt-based counterpart. Ir single atoms enhanced the reducibility of FeOx and generation of oxygen species (Luet al., 2019a).
5.5 Oxygen evolution reaction
MQ Yang et al. (2022) reported an strategy to improve the activity of Ir SACS by anchoring atomic Ir on oxygen vacancies of a CoNiO2 support. The prepared SACs presented an overpotential of 183 mV at the current density was of 10 mA cm-2, which was lower than a catalyst using Ir clusters.
The oxygen vacancies provided abundant active sites for the adsorption of OH* for OER. Based on Density Functional Theory (DFT) calculations, the enhanced activity of iridium (Ir) could be attributed to the Ir-S moiety in Ir1/NFS, which is evident in the favorable formation of the *OOH intermediate during the Oxygen Evolution Reaction (OER) process (Lei et al., 2022).
L. Suhadolnik and collaborators prepared nanotubular TiOxNy-supported Ir single atoms, combined with clusters, as thin-film electrocatalysts. The nanomaterials consisted of a porous morphology. The catalyst exhibited very high oxygen evolution reaction activity in 0.1 M HClO4, reaching 1,460 Ag-1Ir at 1.6 V versus a referente hydrogen electrode (Suhadolnik et al., 2023).
Yin et al. (2020) reported a strategy for the preparation of Ir single atoms supported on ultrathin NiCo2O4 porous nanosheets. The samples were produced by a co-elecgtrodeposition method. The catalysts showed higher OER activity and stability in acidic media due to the coupling of Ir single atoms with oxygen vacancies. An ultralow overpotencial of 240 mV a j = 10 mAcm-2 was reported, with a long-term stabilty of 70 h. The surface electronic exchange-and-transfer activities of Ir atoms incorporated on the intrinsic oxygen vacancies of the metal support is the responsible to the high OER performance.
An influential work was done by Q. Wang and collaborators, who developed a catalyst consisted of a nickel oxide matrix, loaded with ultra-high content of Ir single atoms, up to 18 wt%. The catalyst showed enhanced OER in alkaline electrolyte, with an overpotential of 215 mV at 10 mAcm-2, surprasing the activities of pure NiO and IrO2 catalyts. XPS and XANES results on the chemical state of Ir single atoms indicated that Ir was highly oxidized, with an oxidation state close to 4+. After Ir doping, the oxidation state of Ni also modified, being higher than NiO. Ir atoms were well dispersed on the metal oxide surface with chemical bonding with the NiO substrate in a six-coordinated Ir – O (Wang et al., 2020).
5.6 Theoretical research
Undeniably, theoretical work on the interaction between metal atoms and molecules, as well as supports, have broaden the understanding of the behavior and stability of SACs. The calculations of their coordination environment and interactions have delivered important information on the single atom’s contribution to the catalytic activity for different reactions.
For instance, Lin et al. (2020) studied the molecular adsorption properties of CH4 on single atoms supported on anatase TiO2(101) using the first-principles method based on density functional theory (DFT). The calculated formation energy of Ir-TiO2 was de lowest, compare to other noble metal systems. Their results showed that Ir was the most stable system.
In their theoretical work, V. Fung and collaborators reported that single atoms dispersed on TiO2 acomplish strong methane chemisorption and facle C-H activations. The calculations for chemisorption of methane were done by replacing a surface Ti atom (110) with the single metallic atom, coordinated to four surface oxygens and one subsurface oxygen. The coordination to the rutile TiO2 surface modified the electronic structure of the single atoms site for chemisorption. They showed that Ir single atoms and other SACs on rutile TiO2(119) can active C-H of methane at low temperature. Methane adsorption was found to be stronger on the single atom site on the rutile (110) surface than on the anatase (101) surface, with Ir and Pt single atoms being the metals with stronger CH4 adsorption (Fung et al., 2018).
6 FUTURE CHALLENGES
Several challenges exist for the practical implementation of Ir SACs, with a primary concern being the enhancement of the metal-support interaction. Potential strategies include investigating the DPU synthesis method, employing the impregnation method, and exploring in situ-synthesis techniques with low metal loading. Furthermore, a comprehensive characterization of the Ir-TiO2-rutile surface through XAS, XPS, HR-STEM, and DRIFT studies is essential to improve the catalyst’s performance. Additionally, an evaluation of its activity, such as CO conversion, for comparative analysis with existing Ir/TiO2 systems is crucial. Finally, the application of DFT studies to examine Iridium-SACs in various facets of TiO2 may yield valuable insights into their catalytic behavior. It is imperative to continue studying the mechanisms involved during the catalytic processes to gain a better understanding of the contributions of Ir SACs. There are still few reports on this area and further research is of great importance.
7 CONCLUSION
In conclusion, despite the challenges involved in the synthesis and characterization of single atom catalysts (SACs), this study demonstrates the successful deposition of iridium as isolated atoms on TiO2. The presence of these iridium atoms on the catalyst surface has been confirmed, highlighting the potential of TiO2 as a suitable support for SACs. Furthermore, the reactivity of these isolated iridium atoms in catalytic reactions has been observed, emphasizing their functional role in driving catalytic processes.
The ability to deposit and retain iridium atoms as isolated entities on the TiO2 support opens up new possibilities for the design and development of highly efficient catalysts. The presence of these reactive iridium species on the catalyst surface offers enhanced catalytic performance and selectivity. Despite the challenges associated with the synthesis and characterization of SACs, the findings from this study demonstrate the feasibility of achieving and maintaining isolated iridium atoms on the TiO2 support, providing valuable insights for future catalyst design and optimization.
Overall, the successful deposition of isolated iridium atoms on TiO2, their retention on the support surface, and their reactivity in catalysis highlight the promising potential of SACs in various catalytic applications. Further research and development efforts are warranted to fully explore and harness the capabilities of SACs supported on TiO2, with the aim of advancing catalytic technologies and addressing current environmental and energy challenges.
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Induction of point defects in nanomaterials can bestow upon them entirely new physics or augment their pre-existing physical properties, thereby expanding their potential use in green energy technology. Predicting structure-property relationships for defects a priori is challenging, and developing methods for precise control of defect type, density, or structural distribution during synthesis is an even more formidable task. Hence, tuning the defect structure to tailor nanomaterials for enhanced device performance remains an underutilized tool in materials design. We review here the state of nanomaterial design through the lens of computational prediction of defect properties for green energy technology, and synthesis methods to control defect formation for optimal performance. We illustrate the efficacy of defect-focused approaches for refining nanomaterial physics by describing several specific applications where these techniques hold potential. Most notably, we focus on quantum dots for reabsorption-free solar windows and net-zero emission buildings, oxide cathodes for high energy density lithium-ion batteries and electric vehicles, and transition metal dichalcogenides for electrocatalytic green hydrogen production and carbon-free fuels.
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1 INTRODUCTION
The industrial revolution—largely propelled by burning hydrocarbon-containing materials to provide electricity, heating, and power engines (e.g., in motor vehicles)—facilitated over 200 years of sustained human development (Chu and Majumdar, 2012). However, an unfortunate byproduct of burning fossil fuels are large-scale greenhouse gas emissions, which contribute to climate change and ecological deterioration (Chu and Majumdar, 2012; Alstone et al., 2015; Clark et al., 2016; Hallegatte et al., 2016; Schleussner et al., 2016). To ameliorate environmental damage associated with climate change, public policy endeavors must focus on curbing greenhouse gas emissions, while also supporting sustained global development through the expansion of access to inexpensive and reliable energy. Technological innovation will therefore play a pivotal role in achieving a sustainable future. Nanomaterials in particular are poised to contribute to the development of renewable energy production and storage (Chen et al., 2012).
Point defects are single or multiple atom disruptions in the long-range periodicity of crystallographic materials. These atomic impurities often form in nanomaterials, dramatically alter their physical properties (e.g., induce magnetism or metal-insulator transitions) (Lopez-Bezanilla et al., 2015a; Lopez-Bezanilla et al., 2015b; Ganesh et al., 2020; Bennett et al., 2022), and offer a potentially rewarding route for tuning their functionality for enhanced device performance in a broad array of applications. However, predicting the relationship between crystal growth conditions, defect formation, and their corresponding physics is challenging, and has served as a bottleneck to the commercialization of many ubiquitous technologies such as InxGa1-xN heterostructure blue light-emitting diodes (LEDs) (Nakamura, 1998). Hence, defect engineering represents an encouraging, but underexplored paradigm to tailor nanostructures for a diverse array of green technology such as solar energy (Giustino and Snaith, 2016) or batteries (Zhao et al., 2020).
Defect engineering efforts will require innovations that link theoretical predictions of defect properties with experimental methods for controlling defect formation in nanomaterials. First principles calculation methods such as density functional theory (DFT) have become a powerful tool in predicting defect physical properties, and guiding experimental efforts to detect and control defect formation during synthesis or post-processing (Freysoldt et al., 2014; Dreyer et al., 2018). Recent advances in scanning transmission electron microscopy (STEM) enable direct measurement and quantification of defects in nanomaterials (Ziatdinov et al., 2017; Madsen et al., 2018; Zhao et al., 2018; Maksov et al., 2019; Ziatdinov et al., 2019; Lee et al., 2020; Guo et al., 2021; Trentino et al., 2021; Yang et al., 2021; Lee et al., 2022; Wu et al., 2022). These ab initio and experimental approaches can be combined with other supplemental experimental techniques such as spectroscopy and scanning tunneling microscopy (STM) to directly resolve nanomaterial defect physics (Ziatdinov et al., 2019). In this context, we review computational and experimental approaches for elucidating defect synthesis-structure-property relationships with the specific aim of unleashing the full potential of defects for green technology. Additionally, we delve into several examples of green technologies where defect engineering has shown promise. These systems of interest include optical defects in quantum dots for Stokes-shift engineered luminescent solar concentrators and net zero-energy buildings, cation-disordered oxides for lithium-ion battery cathodes with improved energy storage capabilities, and defects in transition metal dichalcogenide electrocatalysts for green hydrogen production.
2 DEFECT FORMATION IN NANOMATERIALS: THEORY AND CHEMISTRY
2.1 Types of defects
Crystallographic materials exhibit periodicity wherein atoms are arranged in a consistent repeating pattern. The term point defect is generally used to indicate a single or few atom “break” in periodicity such as a missing or misplaced native lattice atom (intrinsic defect), or a foreign atom not normally present in the lattice (extrinsic defect, Figure 1) (Tuller and Bishop, 2011; Freysoldt et al., 2014; Dreyer et al., 2018; Fuhr et al., 2023). Intrinsic defects are generally classified as either vacancies (missing anion or cation), anti-site defects (atomic species in the lattice swap positions such as a cation occupying a lattice site expected to be an anion), or interstitials (cation or anion occupies an interstitial space in the lattice). Extrinsic defects can occupy substitutional or interstitial lattice sites as dopants, or form as adatoms on the surface. The specific lattice site and charge of point defects are commonly described using Kroger-Vink notation (Kröger et al., 1956). Defect atomic identity is indicated by the first letter, and for most defect types (intrinsic or extrinsic), the subscript designates the lattice site where the defect occurs. The exceptions to this rule are vacancies and interstitials for which “V” is used to indicate a vacancy and the subscript “i” is used to indicate interstitial. The superscript indicates the electronic charge at the defect lattice point: “x” signifies no charge, “/” denotes a negative charge, and “•” represents a positive charge. For example, a sulfur anion vacancy with a +2 charge in MoS2 would be denoted as VS•• (a sulfur atom is missing from a sulfur lattice site leaving a +2 charge, Figure 1A), a sulfur interstitial in MoS2 with a −2 charge would be indicated as Si// (Figure 1B) and a O2− dopant on a Te2− site in WTe2 (net charge of 0) as OTex (Figure 1C) (Kröger et al., 1956).
[image: Figure 1]FIGURE 1 | (A–C) DFT generated STEM digital twins for defects in monolayer TMDs. Reproduced with permission from Fuhr et al. (2023).
Kroger-Vink theory—in its original conception—describes defect formation under thermodynamic equilibrium by charge-compensated formal reaction pathways. If we consider a simple binary ionic material (MA where M is a 2+ metal cation and A is a chalcogen or oxygen 2− anion), these reaction pathways could include Schottky defects (VA•• + VM//), Frenkel pairs (VA•• + Mi//, or VM•• + Mi//), antisite defect pairs (MA•••• + AM////), or non-stoichiometric defects wherein a charged defect is compensated by the oxidation or reduction of another atom (e.g., VA•• + 2MM/). Regions of lattice disorder, (Cen et al., 2023), distortion (Ding et al., 2018), or non-stoichiometry (Fuhr et al., 2020a) are not always well described by Kroger-Vink reaction pathways, but the notation is still commonly used. Using the notation we described earlier for ionic material MA, metal or anion deficient synthesis conditions could yield M1-xA or MA1-x structures with ordered metal vacancies. For this illustrative example the material would not have defects in the traditional sense. Yet, the Kroger-Vink metal vacancy notation is still often used (e.g., as observed with iron sulfides, ceria, or strontium titanate) (Zhuang et al., 2014; Li et al., 2017a; Luo et al., 2021).
2.2 Predicting defect stability
Despite its clarity, consistent bookkeeping of all charge-compensating Kroger-Vink reactions is unrealistic for nanomaterials at-scale (Freysoldt et al., 2014). This problem is even further exacerbated in off-equilibrium processes such as ion implantation. However, the creation of defects alters local chemical bonding (e.g., breaking bonds to form vacancies) in nanomaterials and generally invokes an enthalpic energy penalty. Density functional theory (DFT) or similar electronic structure approaches can therefore be used to calculate formation enthalpies and predict the type and relative concentrations of defects (Freysoldt et al., 2014; Dreyer et al., 2018). This approach assumes a grand canonical material system wherein individual defects interact with an electron reservoir (described by the Fermi level), and their energy can be calculated as a function of the energy of the electron reservoir and relative concentration of each atomic species. The DFT route can shed light onto the likelihood of various defects to form under thermal equilibrium conditions, their relative concentration, local geometry, and corresponding structure-property relationships.
The usual approach for calculating defect formation energy via DFT or related methods is to separately optimize the geometry of a pristine supercell or surface, and compare its energy to the same structure with defect “X” at charge state “q” using Eq. 1:
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where Etot[Xq] is the total energy of a supercell or surface with the specified defect in charge state q, Etot[pristine] is the total energy of the defect-free supercell or surface, μi represents the chemical potential for atomic species i either added (positive ni where n notes the number of atoms added by exchange from a chemical reservoir) or subtracted (negative ni where n notes the number of atoms removed by exchange to a chemical reservoir). The Fermi-level (EF) describes the energy of the electron reservoir that exchanges electrons with the lattice resulting in a positive or negative charge (q) for electrons removed or gained by the material, respectively. EF is conventionally described in relation to the valence-band (VB) where EF = 0 reflects a Fermi-level exactly at the valence band maximum, and the upper bound for EF is the conduction band (CB) of the material. A correction term Ecorr is often added to account for the finite-size of the supercells and k-point meshes on elastic or electrostatic interactions and are described in greater detail elsewhere (Makov and Payne, 1995; Lany and Zunger, 2008; Freysoldt et al., 2009; Komsa et al., 2012; Freysoldt et al., 2014; Dreyer et al., 2018).
The low concentration of defects in materials requires that DFT approaches use large supercells (e.g., 50–200 atoms). Computational expense for DFT based approaches scale with size and the number of electrons in the material, which makes predicting defect stability and structure-property relationships challenging. For example, it is well-known that pure DFT functionals such as the Perdew Burke Ernzerhof (PBE) do not accurately predict semiconductor band gaps (Le Bahers et al., 2014). One route to improve the accuracy of DFT is to include some degree of Hartree Fock direct exchange using a hybrid functional (e.g., HSE06), but this comes at significantly greater computational expense. Hence, predicting optical transitions for defects is much more complicated than for defect-free materials due to the simultaneous requirement of computationally expensive functionals and large supercells. In addition, DFT treatment of surfaces (with or without defects) is often required to predict structure-property relationships at the nanoscale, and similarly scales poorly with hybrid functional or other beyond pure DFT methods. While we do not focus here on specific electronic structure approaches for dealing with large supercells, these are important considerations for predicting defect formation and corresponding physics and are reviewed elsewhere (Makkar and Ghosh, 2021; Broberg et al., 2023).
DFT-calculated formation enthalpy is typically determined at 0 K, and the usually positive value is often interpreted to indicate that entropy and temperature are needed to overcome the enthalpic energy barrier—resulting in a negative Gibbs free energy and enabling defects to spontaneously form. Among the various types of entropy, configurational and vibrational are the most frequently discussed. In the context of understanding defects, configurational entropy pertains to atomic rearrangements resulting from local disruptions of periodicity, while vibrational entropy encompasses modified phonon interactions and changes in chemical bonding. Configurational entropy can be calculated by combining cluster expansion approaches with Monte Carlo, while packages such as Phonopy can be used to determine vibrational entropy using either the Hessian matrix from density functional perturbation theory (DFPT) calculations or the finite displacement method (Freysoldt et al., 2014; Sutton and Levchenko, 2020; Kaczkowski et al., 2021). These additional contributions are typically ignored in most studies due to the high computational cost of performing both enthalpic and entropic calculations. DFT-calculated formation enthalpy is generally considered sufficient to predict structure-property relationships and general trends in the type and relative concentration of defects that will form in nanomaterials under different oxidizing/reductive environments and relative precursor concentration (e.g., metal deficient synthesis vs. chalcogen deficient synthesis). However, interest in high-throughput DFT and beyond 0 K approaches is growing, and are essential to predict more precise relationships between synthesis conditions and defect creation (Balachandran et al., 2017; Choudhary et al., 2023; Mosquera-Lois et al., 2023).
2.3 Synthesis and control of defect formation
The theoretical principles underpinning defect formation predictions have several general implications for nanomaterial synthesis. The type and concentration of defects that form in nanomaterials is strongly influenced by the relative concentration of each atomic species during synthesis or post-processing, as well as whether the experiments are conducted in a more reductive (high EF) or oxidative (low EF) environment (Liu et al., 2014a; Du et al., 2021). The set of defects with the lowest formation energies under the specific experimental conditions will prevail. For instance, ignoring kinetic considerations, cation-poor and oxidative growth conditions could favor the creation of negatively charged metal vacancies. Furthermore, the repercussions of local geometric and electrostatic distortions vary by chemical bonding motif. Although the first principles assessment of chemical bonding in the material is not flawless, it remains instructive. For example, closed packed structures less frequently exhibit Frenkel defects due to the additional energy required to squeeze an interstitial ion into the lattice (geometric penalty). On the other hand, materials with metallic or covalent bonds tend to form antisite defects or partial cation disorder due to the lower electrostatic penalty compared to ionically bonded materials (YOO and TULLER, 1987; Tuller and Bishop, 2010; Tuller and Bishop, 2011; Hu et al., 2017).
As discussed earlier, the formation enthalpy of defects is generally positive (unfavorable). Entropic stabilization or external energy is therefore required to overcome the enthalpic penalty to create defects in most materials. These observations are suggestive that growth/post-processing temperature—or the inclusion of external energy sources such as plasmas or light—can be used to control defect formation. Hence, most defect engineering strategies revolve around managing the relative concentrations of each species, establishing an oxidative or reductive environment, and/or controlling external energy factors such as temperature during nanomaterial synthesis or post-processing. For extrinsic defects such as dopants, solubility (maximum concentration attainable by a dopant) and diffusivity (rate at which atomic species spreads across the material at a finite temperature) also need to be taken in consideration (Freysoldt et al., 2014).
The predominant method for managing defect distribution in-situ during nanomaterial synthesis typically entails regulating temperature and atomic species concentration. The synthesis of VO-rich SnO2-x nanosheets, achieved through a hot-injection reaction between SnSe nanosheets and organic residue, serves as an illustrative method for creating anion vacancies via temperature control (Zhong et al., 2019). Multinary nanomaterials—such as CuxIn2-xSeyS2-y (CISeS) nanocrystals—frequently have their defect distribution tuned by adjusting precursor ratios. In this case, Cu-deficient nanocrystals tend to form VCu/ whereas CuIn// are more commonly observed in near-stoichiometric or Cu-rich nanocrystals (Ueng and Hwang, 1989; Ueng and Hwang, 1990; Kim et al., 2012; Jara et al., 2016; Fuhr et al., 2017; Yun et al., 2018; Houck et al., 2019; Fuhr et al., 2020a; Fuhr et al., 2020b; Du et al., 2020; Frick et al., 2020; Liang et al., 2023). Adjusting synthesis temperature and precursor ratios has been shown to enhance the density of vacancies during chemical vapor deposition (CVD) or chemical vapor transport (CVT) synthesis of transition metal dichalcogenides (TMDs, Figure 2) (Enyashin et al., 2013; Lin et al., 2016; Li et al., 2017b; Liang et al., 2021). CVD synthesis occurs at a lower temperature than CVT, and uses more volatile precursors and shorter growth times (Shi et al., 2015). The density of sulfur vacancies can be controlled by the sulfur rate (rate at which sulfur-containing compounds are introduced to the reaction environment) (Gutiérrez et al., 2013; Peimyoo et al., 2013; van der Zande et al., 2013). Both CVD and CVT have also been used to dope nanostructures (Chen et al., 2013; Dumcenco et al., 2013; Zhang et al., 2014a; Feng et al., 2014; Suh et al., 2014; Tongay et al., 2014; Li et al., 2015; Gao et al., 2016; Lin et al., 2016; Deng et al., 2021; Liang et al., 2021). However, the high temperature and long growth times generally leads to greater control of the spatial distribution and density of defects with CVT, which has been demonstrated with MoxW1-xSy, MoxW1-xSySe2-y, and MoSxSe2-x monolayers. Enhanced control of dopant distribution has also been observed in colloidal quantum dots by using hot-injection and diffusion methods to dope Mn in CdSe, ZnSe, and PbSe quantum dots (Mikulec et al., 2000; Norris et al., 2001; Ji et al., 2003; Jian et al., 2003; Vlaskin et al., 2013; Rice et al., 2016; Singh et al., 2019). The high energy of interstitial defects typically precludes their formation in QDs, and dopants are usually assumed to be substitutional unlike nanostructured oxides where both substitutional and interstitial defects are well-known to form (Norris et al., 2001; Robertson et al., 2011; Zhang et al., 2014b).
[image: Figure 2]FIGURE 2 | Schematic depiction of CVD vs. CVT process for creating defects in TMDs (A–C), light and plasma induced defects in graphene oxide (D), and electron beam induced defects on TMDs (E). Figures reproduced with permission from Deng et al. (2021) for (A–C), Kondratowicz et al. (2018) for (D), and Wu et al. (2022) for (E).
Despite the major advances, controlling the density and distribution of defects in nanomaterials in-situ remains difficult and post-processing methods are often required. Post-synthesis annealing and altering the cooling rate after calcination have been used to create antisite defects and cation site disorder in LiNixMn2-xO4 and LiNi0.45Mn1.45Cr0.1O4 phases (Liu et al., 2012; Zheng et al., 2012; Liu et al., 2014b). High-temperature annealing of oxide films in an oxygen deficient environment has been well established to induce oxygen loss and create VO even in inert environments (Kell et al., 2022). This effect can be further enhanced by inclusion of a reductant such as hydrogen (Merdrignac et al., 1992; Jeong et al., 2003; Chen et al., 2011; Shi et al., 2014; Bonu et al., 2015; Chen et al., 2015; Xiong et al., 2018; Kim et al., 2020; Xiong et al., 2022). Thermal annealing in a pre-determined atmosphere has been extended to non-oxide systems to control the distribution of other anion vacancies such as VN in C3N4 (Niu et al., 2014), or chalcogenide vacancies in MoTe2, VSe2, or PdSe2 (Zhu et al., 2017; Chen et al., 2019; Chua et al., 2020; Zhang et al., 2020). Similar to in-situ methods, control of the heating rate and duration is central to controlling defect density and distribution. This approach can also be extended to nanomaterial doping as exemplified by PdSe2 wherein the use of an oxidative ozone environment was used to generate oxygen dopants (Liang et al., 2020a). High temperature annealing is not always required to create an oxidative or reductive environment, and solution phase routes can be advantageous for large-scale manufacturing due to their lower energy input requirements, decreased use of harmful chemicals, and overall improved safety. NaBH4 is a frequently employed solution-phase reducing agent capable of extracting lattice oxygen atoms in materials (e.g., K4Nb6O17 ultrathin nanosheets or TiO2 nanoparticles) to create VO (Bi et al., 2014; Fang et al., 2014; Mao et al., 2014). Chemical reduction with NaBH4 can create VO in ZnO nanorods or SnO2 nanoparticles at temperatures as low as 30°C–190°C, which is far lower than that required for vacuum annealing (500°C–800°C) (Ansari et al., 2013; Lv et al., 2013; Bonu et al., 2014; Wang et al., 2015a; Wang et al., 2018a; Sahu et al., 2019; Zeng et al., 2020; Xiong et al., 2022). Similar success in controlling the density of VO has been demonstrated using other solution-phase reductants, including ethylene glycol or glycerol for oxygen vacancy formation in BiOCl or Bi2WO6 (Jiang et al., 2013; Ye et al., 2015; Chen et al., 2023).
Temperature and oxidative/reductive environments are not the only post-growth methods capable of generating ample external energy to surmount enthalpic barriers for defect generation. Bi-O bonds in BiOCl nanosheets are long and have a low bond energy, which can be broken with UV photons to create surface oxygen vacancies (Ye et al., 2011; Ye et al., 2012; Jiang et al., 2013; Wu et al., 2018). Photons can also employed to convert chalcogen vacancies to oxygen dopants, as demonstrated in the case of WSe2 (Lu et al., 2015). Ion-beam bombardment is a common route for substitutional dopant creation—such as Sb-implantation of SnO2 nanowires (Zhu et al., 2005; Kim et al., 2020). Perhaps counterintuitively, they can also be used to expel lattice atoms and cause atomic rearrangement on the surface without any substitutional doping, as demonstrated with the creation of Oi// and Sni•••• in SnO2 nanostructures by high-energy (45–75 MeV) bombardment of Ni+ and He2+ ions, or vacancy formation in MoSe2 monolayers via He+ ion beam nanoforging (Jeong et al., 2003; Rani et al., 2008; Shi et al., 2014; Iberi et al., 2016; Kwon et al., 2016). Electron beams can create electrons with sufficient kinetic energy to cause knock-on effects. This phenomena can be understood as high-energy electrons from the electron beam transferring enough energy to dislodge atoms from the nanomaterial and create atomic defects (Lingerfelt et al., 2019; Lingerfelt et al., 2020; Lingerfelt et al., 2021). This effect has been demonstrated with nanomaterials such as graphene and TMDs (e.g., MoTe2, MoS2, WS2, and WSE2) (Algara-Siller et al., 2013; Komsa et al., 2013; Zan et al., 2013; Ziatdinov et al., 2017; Wang et al., 2018b; Elibol et al., 2018; Moody et al., 2018; Nguyen et al., 2018; Maksov et al., 2019; Dyck et al., 2020; Roccapriore et al., 2022). The latter case is particularly well-known due to the high mobility of chalcogen atoms and their relative ease of diffusion out of the structure due to beam-matter interactions. However, these effects are not limited to carbon or chalcogen materials and have been demonstrated in oxides as well (Egdell et al., 1987; Belloni, 2006; Komuro and Matsumoto, 2011). Plasma etching is also a powerful method to create anion vacancies in TMDs, and chalcogen vacancy creation has been demonstrated using Ar plasmas in MoS2, WSe2, PdSe2, and PtSe2 (Wu et al., 2017; Oyedele et al., 2019; Shawkat et al., 2020; Tsai et al., 2022). Exposure to plasmas can create vacancies in these and other structures, and the defect type and concentration can be controlled by adjusting the plasma gas type (Kondratowicz et al., 2018), irradiation time, or intensity (e.g., generating O-Mo bonds using oxygen plasma) (Islam et al., 2014; Kang et al., 2014; Nan et al., 2014).
3 ENERGY HARVESTING: LUMINESCENT SOLAR CONCENTRATORS AND NET-ZERO EMISSION BUILDINGS
The juxtaposition of global urbanization and the need to lower greenhouse gas emissions require net zero emission buildings wherein annual power consumption is fully counterbalanced by on-site renewable generated energy. Installing conventional photovoltaic (PV) units on a large scale is challenging within dense urban layouts. Energy demands for large buildings frequently exceed those of individual housing units, and PV cells are constrained to rooftop space that is inadequate to meet energy demands (Meinardi et al., 2017). To address these issues, interest has grown in using luminescent solar concentrators (LSCs) as potential building-integrated semi-transparent PV windows (Debije and Verbunt, 2012; Meinardi et al., 2017; Papakonstantinou et al., 2021). LSCs are constructed by doping or coating a glassy or polymeric waveguide with chromophores (Figure 3A) (Debije and Verbunt, 2012; Meinardi et al., 2017). The chromophores absorb broadband solar radiation and re-emit at a specific wavelength, which is guided by internal reflection within the waveguide to the edges or window frame where it is converted into electricity by PV cells (Yablonovitch, 1980; Currie et al., 2008; Sark et al., 2008; Banal et al., 2014). The specific wavelength of re-emission varies by the chromophore material, but near-infrared emission is generally targeted because it is semi-transparent, aesthetically pleasing, and more likely to attain public acceptance (Saifullah et al., 2016).
[image: Figure 3]FIGURE 3 | (A) Schematic depiction of LSCs, and their potential usage as building-integrated photovoltaic units. Reproduced with permission from Meinardi et al. (2017). (B) CISeS absorption and emission spectra (red and black lines) compared with the solar spectrum (grey shading) and Si solar cell peak EQE (green line). Reproduced with permission from Meinardi et al. (2015).
An ideal LSC chromophore should hold three major optical properties: a large absorption cross-section for capturing sunlight, a high emission efficiency (defined by quantum yield, or [image: image]) particularly in the near-infrared region, and a large Stokes shift (Klimov et al., 2016; Gungor et al., 2022). While this review centers on chromophore materials design, other device aspects are important to consider and are discussed elsewhere (Yablonovitch, 1980; Currie et al., 2008; Sark et al., 2008; Banal et al., 2014; Saifullah et al., 2016). Regarding the first two properties, exemplary chromophores should absorb sunlight in both the visible and near-infrared (near-IR) spectral ranges, and re-emit at near 100% quantum yield (QY) allowing for collection by the PV edges. The emitted photons would preferably fall within the near-IR range to achieve both a semi-transparent aesthetic, and also to boost device performance by matching the peak external quantum efficiency (EQE) of the PV device (Figure 3B) (Sark et al., 2008; Meinardi et al., 2015). The chromophore should also have a large Stokes shift, or exhibit peak emission markedly red-shifted from the absorption onset energy. The large Stokes shift is crucial to mitigate reabsorption losses, which are caused by substantial spectral overlap between absorption and emission. Reabsorption losses scale with device dimensions, and chromophores with small Stokes shifts will have poor performance if manufactured at conventional window sizes (Klimov et al., 2016; Gungor et al., 2022).
Several dyes such as 4-dicyanomethyl-6-dimethylaminostiryl-4H-pyran (DCM), CRS040 Yellow, or Lumogen Red have been explored as potential chromophores for LSCs (Batchelder et al., 1979; Sark et al., 2008; Desmet et al., 2012). Though well-studied, molecular dyes struggle to combine all three LSC chromophore optical requirements in the same material: strong broadband optical absorption, high QY, and large Stokes shift with near-IR emission. Quantum dots (QDs) have been proposed as alternative chromophores because of their well-known size-tunable broadband absorption, and the ability to achieve high QY in the near-IR spectral ranges (Pietryga et al., 2016). However, most conventional QDs such as CdSe have a small Stokes shift (tens of meV), which make them unsuitable for LSCs due to prominent reabsorption losses (Pietryga et al., 2016). Several routes have been explored to induce large Stokes shifts in QDs without losing their other potential advantages as LSC chromophores. Most of these approaches involve either doping the QDs with substitutional defects, or designing multinary QD alloys (e.g., ternary or quaternary) that typically form intrinsic defects.
Binary QDs (e.g., CdSe) can be doped directly during crystal growth, or via cation exchange (Mikulec et al., 2000; Norris et al., 2001; Ji et al., 2003; Jian et al., 2003; Meulenberg et al., 2004; Stouwdam and Janssen, 2009; Corrado et al., 2010; Gul et al., 2011; Srivastava et al., 2011; Viswanatha et al., 2011; Vlaskin et al., 2013; Rice et al., 2016; Pinchetti et al., 2018; Singh et al., 2019; Najafi et al., 2021). In the first case, QDs are grown by a conventional strategy such as hot injection wherein precursors are injected into a solvent at high temperature to induce rapid nucleation and growth for size control. During the conventional synthesis route, a dopant is introduced and kinetically competes with host cations during crystal growth. A challenge with this route is that impurity atom binding is unfavorable due to physical attribute mismatching (e.g., differences in charge or ionicity). Cation exchange, on the other hand, involves first synthesizing the QD with conventional methods, and then immersing them in a cation exchange solution with potential dopants. An advantage of such an approach is that the anion sublattice is retained, and crystal composition can be altered without dramatic changes in QD size or shape. This physical process is governed by rapid diffusion driven by the differences in the chemical potential of the QD and impurity solution. While cation exchange often provides for better compositional control than kinetic doping, cation combinations are more limited.
Substitutional transition metal impurities induce red-shifted emission without significantly altering the absorption onset, concurrently increasing the Stokes shift to mitigate reabsorption losses in LSCs. Substitutional Mn2+ dopants are the most extensively studied in II-VI QDs—emitting photons via an internal 4T1 → 6A1 d-d transition following excitation by energy transfer from the QD host. The energy of photon emission is fixed at approximately ∼590 nm or 2.1 eV (Figure 4A) (Norris et al., 2001; Erwin et al., 2005; Beaulac et al., 2009), while QD absorption is tunable by nanocrystal size. The absorption onset can therefore be shifted to bluer spectral energies until there is virtually zero overlap between absorption and emission, which results in reabsorption-free LSCs (Erickson et al., 2014). However, the fixed wavelength resulting from the internal emission process for Mn2+ dopants yields two key drawbacks. Solar absorption is confined to a narrow spectral region due to the potential of reabsorption when the QD band gap is smaller than 2.2 eV (∼560 nm). Furthermore, the emission exhibits a pronounced yellow-orange hue instead of the preferred semi-transparent shading (Pietryga et al., 2016).
[image: Figure 4]FIGURE 4 | Absorption and emission spectra for Mn-doped QDs (A), and a comparison between Cu-doped and undoped QDs in (B,C). Reproduced with permission from Erickson et al. (2014) for (A) and Viswanatha et al. (2011) for (B,C). For Mn-doped QDs the absorption and emission mechanism is depicted schematically in an additional panel to the right of (A), and for Cu-doped QDs it is depicted in the inset of (C).
The emission mechanism for Ag+ and Cu2+ dopants is markedly different from Mn2+ dopants. Radiative recombination occurs via relaxation of a conduction band (CB) electron from the QD host and a hole localized at the dopant energy level (Figures 4B, C) (Lingerfelt et al., 2019, Lingerfelt et al., 2020, Lingerfelt et al., 2021, Wang et al., 2018a, Elibol et al., 2018, Komsa et al., 2013, Algara-Siller et al., 2013, Roccapriore et al., 2022). While the emission transition for both Ag+ and Cu+ dopants appears to be similar, the hole localization process differs for each structure due to their distinct electron configurations. Cu2+ dopants have a 3d9 electron configuration, which results in a pre-existing hole in its ground state that can directly recombine with the excited-state CB electron from the host QD (Viswanatha et al., 2011; Knowles et al., 2015; Nelson and Gamelin, 2018; Fuhr et al., 2019; Hughes et al., 2019; Harchol et al., 2022). On the other hand, Ag+ has a 3d10 electron configuration, which must capture a photogenerated hole from the VB (Pinchetti et al., 2018; Najafi et al., 2021). For both cases, the emission wavelength is consequently governed by the energy difference between the hole localized at the Ag+ or Cu2+ dopant and the CB electron. The Stokes shift is determined by the energy difference between the hole localized at the dopant site and the valence band (VB). The CB electron energy is size-tunable, which allows for larger QDs with redder absorption and near-IR emission to be synthesized without dramatically increasing reabsorption.
The band gap for copper and silver doped QDs is still somewhat large, which limits spectral absorption coverage for LSCs and has driven research interest in CuxIn2-xSe2-ySy (CISeS) QDs. CISeS QDs have size tunable absorption all the way to the near-IR range, a large Stokes shift (300–500 meV), a near colorless emission wavelength that well-matches the peak EQE of the LSC PV cells (Figure 3B), and have recently achieved greater than 95% QY (Ueng and Hwang, 1989; Ueng and Hwang, 1990; Kim et al., 2012; Knowles et al., 2015; Jara et al., 2016; Fuhr et al., 2017; Xia et al., 2017; Bergren et al., 2018; Nelson and Gamelin, 2018; Yun et al., 2018; Houck et al., 2019; Hughes et al., 2019; Makarov et al., 2019; Fuhr et al., 2020a; Fuhr et al., 2020b; Du et al., 2020; Frick et al., 2020; Velarde et al., 2020; Hinterding et al., 2021; Xia et al., 2021; Harchol et al., 2022; Liang et al., 2023). The origin of CISeS Stokes shifted emission has commonly been ascribed to defects, but with several other proposed mechanisms depending on the type of defect that forms, and the band-edge transition itself (described later in the review). It has been suggested that near-stoichiometric (and especially Cu-rich) CISeS QDs have antisite (CuIn//) defects, and that Cu-deficient QDs have VCu/ charge compensated by oxidation of a lattice Cu+ atom to Cu2+ (CuCu•) (Fuhr et al., 2020a; Fuhr et al., 2020b). Considering that CuIn// defects are in the +1 oxidation state (3d10 configuration) and Cu2+ defects in the 3d9 configuration, hole localization is thought to occur via a similar process as Ag+ dopants for CuIn// (near-stoichiometric or Cu-rich QDs) and Cu2+ dopants for CuCu• (Cu-deficient QDs).
Both defects involve recombination from a delocalized CB electron, sharing many of the same advantages as Ag+ and Cu2+-doped structures. However, precise control of synthesis conditions becomes crucial due to variations in emission channels between each defect type. Specifically, the hole localization process for CuIn// defects involves intragap absorption, which is absent for CuCu• defects (Figure 5). A potential conclusion from this observation would be that the sharper absorption edge for Cu-deficient structures arising from the removal of CuIn// defects should lead to superior LSC performance via reduced spectral overlap between absorption and emission, and correspondingly improved reabsorption losses. This prediction is partially correct, but misses quantum yield considerations. Moderately Cu-deficient structures exhibit sharper absorption, reduced spectral overlap, and even higher QY due to deactivation of hole trapping pathways (Jara et al., 2016; Fuhr et al., 2020a; Fuhr et al., 2020b). However, if QDs become too Cu-deficient eventually other defects (e.g., InCu••) can form in larger densities and reduce QY via electron trapping (Jara et al., 2016; Fuhr et al., 2020a; Fuhr et al., 2020b). These findings are suggestive that the defect chemistry of CISeS QDs is highly sensitive to synthesis conditions, and that likely the complex distribution of defects and LSC performance will strongly vary with other experimental parameters such as temperature or pH.
[image: Figure 5]FIGURE 5 | Antisite defects in CIS QDs have been predicted to form in near-stoichiometric structures (left panel) and copper vacancies charge compensated by lattice copper oxidation in Cu-deficient structures (right panel). CIS has two absorption pathways if antisite defects are present (h[image: image]x and h[image: image] for band-edge absorption and Cu1+ absorption, respectively). CIS with VCu + CuCu• only exhibit the h[image: image]x pathway. Antisite defects undergo excited state reorganization, which further red-shifts emission due to the CuIn// → CuIn/ Jahn-Teller distorted photoconversion process (similar to the singlet-triplet splitting model). “Near-stoichiometric” CIS therefore has absorption/emission dominated by the antisite defect pathway (similar to Ag+-doped QDs), and Cu-deficient CIS by the VCu induced CuCu• pathway (similar to Cu2+-doped QDs). Reproduced with permission from Fuhr et al. (2020a).
The precise emission mechanism is still under debate for CISeS QDs, and other models that do not require defects such as the self-trapped exciton or inverted band-edge hole model have been discussed (Knowles et al., 2015; Shabaev et al., 2015; Nagamine et al., 2018; Nelson and Gamelin, 2018; Hughes et al., 2019; Anand et al., 2020; Harchol et al., 2022). For the purposes of this general review on defects in nanomaterials we do not attempt to determine the model that most accurately depicts the exact CISeS emission mechanism. We instead focus on two key points: 1) many of these proposed models are not mutually exclusive, and 2) defects likely affect the emission process, LSC performance, and their formation is sensitive to chemical processing conditions. The predicted Stokes shift for the band-edge hole inversion model is expected to be smaller than the defect-induced emission, and are difficult to resolve experimentally due to partial overlap with strong Cu-defect emission unless defect-free QDs can be synthesized (Batchelder et al., 1979, Desmet et al., 2012, Meinardi et al., 2015). The self-trapped exciton model involves the same hole localization and excited-state reorganization mechanism described for antisite defects and Ag+ dopants, but is argued to instead occur via band-edge states to cause the large Stokes shift without the need for defects (Batchelder et al., 1979, Desmet et al., 2012, Meinardi et al., 2015).
These distinctions may prove valuable in future LSC efforts, particularly in resolving routes to reduce spectral linewidths to further diminish reabsorpiton losses. However, it is important to note that regardless of the precise emission mechanism, defects likely strongly impact spectral properties for CISeS QDs and are important to control for LSC performance. There is extensive evidence that the spectral properties of CISeS QDs are highly sensitive to chemical processing in ways that binary QDs are not. Single particle spectroscopy studies have shown radiative lifetimes and photoluminescence (PL) linewidths that can vary by several hundreds of ns or several hundreds of meV, respectively (Zang et al., 2017; Hinterding et al., 2021; Xia et al., 2021). Ensemble absorption and emission spectroscopy has resolved both two channel absorption and two channel emssion (Jara et al., 2016; Fuhr et al., 2020a; Fuhr et al., 2020b; Xia et al., 2021), and the magneto-optical charateristics vary significantly across studies with different QD batches. (Rice et al., 2014; Knowles et al., 2015; Fuhr et al., 2020a; Anand et al., 2020; Fuhr et al., 2020b). These large variations are atypical for QDs, and defect-free structures are atypical for covalently bonded multinary structures—especially those with large variations in stoichiometry (Alvarez-Garcia et al., 2000; Hahn et al., 2001; Paier et al., 2009; Ye et al., 2019; Vijay et al., 2021; Han et al., 2022; Quadir et al., 2022). Given these characteristics and the well-known tendency to form defects in the bulk CISeS phase (Ueng and Hwang, 1989; Ueng and Hwang, 1990; Alvarez-Garcia et al., 2000; Hahn et al., 2001), it is highly likely that defects are impacting the spectral properties in some way, and that regardless of the precise emission mechanism understanding synthesis-defect formation relationships for CISeS QDs could improve LSC performance.
4 ENERGY STORAGE: BATTERIES AND ELECTRIC VEHICLES
Fossil fuel powered vehicles are a major contributor to CO2 emissions and climate change. As such, electric vehicles (EVs) have attracted widespread interest, and their proliferation persists. In this context, lithium-ion batteries (LIBs) power a diverse array of consumer electronics that have become indispensable to modern-society, and their integration into commercial EVs has enabled an alternative to the combustion engine. In conjunction with a greener grid (e.g., utilizing recent innovations in solar and wind technology) EVs powered by LIBs will be critical in lowering CO2 emissions and reducing the deleterious impacts of climate change (Chu and Majumdar, 2012; Clark et al., 2016). A typical LIB has a solid-state anode and cathode separated by a liquid or gel electrolyte that shuttles ions between the two electrodes during charging and discharging (Manthiram, 2020). For EVs, ideal electrode materials should yield a high energy density, superior rate capability, and long cycle life for consumer acceptability—allowing for extended driving ranges, fast charging, and low maintenance costs.
The achievable energy density of an electrode material is proportional to its capacitance and voltage. Capacitance represents the amount of charge each electrode material can store, and the voltage represents the energy difference between the anode and cathode redox potentials. Hence, an optimal anode would exhibit stable, redox-inactive lower energy levels and a high lying energy band—relative to vacuum or the standard Hydrogen electrode—where redox reactions occur. The opposite is true for the cathode, which should have its highest redox active energy band at the lowest feasible energy (within the limitations of electrolyte stability). Stanley Whittingham demonstrated the first rechargeable LIB at Exxon Corporation using a TiS2 cathode, which could not be commercialized due to the safety hazards of using Li metal as an anode, and the limited energy density arising from the 2.5 V discharge voltage (Whittingham, 1976). Oxide p-bands lie at lower energies than sulfides (2p vs. 3p electrons), and allow the access of lower lying redox energy states such as the Co3+/4+ redox couple in LiCoO2 (Goodenough, 1971; Mizushima et al., 1981). Oxide cathodes, specifically LiCoO2, extended the voltage range of LIBs to 4V and allowed for the usage of graphite as an anode material by incorporating Li into its as-synthesized lattice structure. These advancements improved the energy density and safety of LIBs, were central to the eventual commercial success of LIBs, and awarded the Nobel prize in chemistry.
The success of LiCoO2 in commercializing LIBs is laudable, but many challenges persist. LiCoO2 has a layered cathode structure with a cubic close-packed oxide sublattice and Li+ and Co3+ ions ordered on alternate (111) planes (Mizushima et al., 1981). The good cation ordering stems from the significant size difference between Li+ and Co3+ and aids electronic and ionic conduction. Li+ ionic conduction occurs via low energy barrier face-sharing tetrahedral voids between octahedra (o-t-o pathway). Shared octahedra along the cobalt plane enable Co-Co interactions for enhanced electronic conductivity. Specifically, Co3+ is oxidized to low-spin Co4+ during LIB charging, leading to the inclusion of holes in the cobalt t2g6–x band, and causing Li1-xCoO2 to become metallic during charging (Nishizawa and Yamamura, 1998; Chebiam et al., 2001a). However, the overlap between the top of the O2−:2p and Co3+/4+ bands leads to the release of oxygen if charged more than 50% (Chebiam et al., 2001b; Venkatraman et al., 2003). This limits the practical capacity (∼140 mA h g−1), and in conjunction with the high cost of cobalt has driven the search for new rock salt LiMO2 (where M = a transition metal) alloys.
Cation-ordered LiMO2 structures crystallize in several common motifs such as the γ-LiFeO2 (tetragonal structure where Li+ and Fe3+ ions are well-ordered on octahedral sites, Figure 6A), low-temperature spinel-like LiCoO2 structure (all Li+ ions are ordered on the 16c octahedral sites, Figure 6B), or [image: image]-NaFeO2 (Li and M are ordered along alternating (111) planes, Figure 6C). Cation-disordered structures can also form, as exemplified by [image: image]-LiFeO2 for which Li and M are randomly distributed (Figure 6D). Li+ ions are located on octahedral Oh sites in both ordered and disordered structures, but cation disorder prevents the earlier described o-t-o Li-migration mechanism (Figure 6E) (Sebastian and Gopalakrishnan, 2003; Manthiram, 2020; Wang et al., 2022a) Specifically, the randomness of cation distribution on the octahedral sites means that the intermediate tetrahedral site in the o-t-o diffusion mechanism could now be connected to either Li or M octahedra. The electrostatic interactions between the four cations of the face-sharing octahedra and the size of the tetrahedral diffusion site (Td) determine the barrier to diffusion. If surrounded only by Li cations (0-TM channel, Figure 6F), Li+ ions will have smaller required distances to diffuse through, combined with weaker electrostatic repulsion due to the low valency of lithium. This pathway therefore exhibits facile lithium migration. However, if one or more of the cations are transition metals (1-TM or 2-TM channels, Figures 6G, H) the increase in both migration distances and electrostatic repulsion will lead to a higher energy barrier, which reduces Li+ conductivity by disabling the formation of a percolation network for long-distance diffusion (Wang et al., 2022a; Zhang et al., 2023). Inability to efficiently transport Li+ through the o-t-o pathway initially led to little interest in cation disordered rock salt structures.
[image: Figure 6]FIGURE 6 | (A–D) Types of rock salt cathode structures. The cation ordered structures are shown in (A–C), and an example of cation disorder is shown in (D). Reproduced with permission from Zhang et al. (2023). (E,F) Diffusion models for ordered (E) structures versus disordered structures (F–H). The disordered 0-TM channel (transition metal-free) is shown in (F), while the channels with higher barriers due to transition metals are shown in (G) and (H), for 1 transition metal and 2 transition metals, respectively. Reproduced with permission from Lee et al. (2014).
Monte Carlo simulations have since shown that 0-TM percolation networks can be created if excess lithium (e.g., 10%) in Li1+xM1-xO2 is incorporated into the structure (Lee et al., 2014), giving high conductivity as well as capacity, which has led to renewed interest in these materials (Dixit et al., 2014; Chen et al., 2021a; Szymanski et al., 2022; Patil et al., 2023; Szymanski et al., 2023). Equivalently, when partial Li-occupancies are present, high Li-ion conductivity is expected (Dathar et al., 2017). Lithium-excess cation disordered rock salt structures can be synthesized in any of the structure-types described earlier: γ-LiFeO2, layered, spinel-like LiCoO2, and the layered [image: image]-NaFeO2 structure-type. Several of these structures have demonstrated capacities beyond currently commercialized LIB cathode materials (Lee et al., 2014; Urban et al., 2014; Wang et al., 2022a; Zhang et al., 2023). Disordered structures that use nickel or manganese for the redox transition metal are the most well-studied. Many nickel alloy (e.g., with Ti, Nb, or Mo) cathodes have been synthesized with high average voltage and tilt slope (Pralong et al., 2012; Lee et al., 2015; Lee et al., 2017a; Källquist et al., 2019; Ouyang et al., 2020). If charged up to 4.6 V, overlap between eg orbitals in Ni with hybridized Li-O-Li orbitals prevents the complete oxidation/reduction of Ni due to competition with O oxidation (Pralong et al., 2012; Lee et al., 2015; Lee et al., 2017a; Källquist et al., 2019; Ouyang et al., 2020; Zhang et al., 2023). While there are challenges related to the corresponding release of CO2 and O2 during the cycling process (surface densification), these materials have exhibited capacities greater than 220 mAh/g (Lee et al., 2015; Yu et al., 2019; Wang et al., 2022a). Manganese structures are also well studied, and Li4Mn2O5 has been shown to exhibit discharge capacities as high as 287 mAh/g (Pralong et al., 2012). Alloying with other metals such as Ti or Nb in Li1.2Mn0.4Ti0.4O4 or Li1.3Nb0.3Mn0.43+O2 can further increase the discharge capacity to 300 mAh/g (Yabuuchi et al., 2016a; Lee et al., 2017a). However, irreversible O redox reactions contribute to a large initial discharge capacity, which eventually fades and limits cycle life (Wang et al., 2015b; Lun et al., 2019). Iron and vanadium systems such as Li-Ti-Fe-O and Li-Nb-V-O also show promise. For example, LIBs with discharge capacities equal to or greater than 200 mAh/g have been demonstrated with Li1.2Ti0.4Fe0.4O2 and Li1.25Nb0.25V0.5O2 (Yabuuchi et al., 2016b; Nakajima and Yabuuchi, 2017; Wandt et al., 2018; Wang et al., 2019).
Rock salts are not the only class of disordered cathode materials with the potential to improve LIB performance. Spinel LiMn2O4 structures have a cubic-closed pack oxygen sublattice where ordered structures consist of Mn3+ and Mn4+ ions occupying octahedral centers (16d) and Li+ tetrahedral (8a) sites (Thackeray et al., 1983; Manthiram, 2020). LiMn2O4 has a three-dimensional Li+ diffusion pathway that enables fast Li conduction; Li+ ions migrate between 8a tetrahedral sites via transitioning through low migration barrier empty 16c octahedral sites. Dissimilar to the Li1-xCoO2 metallic transition during the charge-discharge process, LiMn2O4 remains a small polaron semiconductor. Regardless, Mn-Mn interactions from mixed valence t2g and eg states in Mn3+/4+ facilitates electron hopping and yields good electronic conductivity and high operating voltages (Gul et al., 2011). Jahn-Teller distortions in Mn3+:t2g3eg1 contributes to a cubic to tetragonal phase transition, which presents a challenge for LIB performance because of the large volume change induced by the 2Mn3+ → Mn2+ + Mn4+ disproportionation reaction (Manthiram, 2020). This leads to dissolution of Mn in the electrolyte and poor cycle life. One route to somewhat circumvent this issue is to alloy LiMn2O4 with Ni to form cation disordered LiMn1.5Ni0.5O4 (LMNO). The Ni dopants partially occupy Mn sites, reduce the Mn3+ site prevalence, and contribute to a high 4.7 V Ni2+/Ni4+ redox couple (Kan et al., 2017; Liang et al., 2020b; Cen et al., 2023).
LMNO can be synthesized with or without site disorder depending on the temperature (e.g., post synthesis calcination in air above 700°C leads to the formation of the disordered phase and temperatures at or below 700°C the ordered phase, Figure 7) (Kim et al., 2004). Mn atoms are in the +4 oxidation state in the ordered (P4332) phase with Ni and Mn located on the 4b and 12d Wyckoff sites, respectively (Kunduraci and Amatucci, 2006; Lee et al., 2017b; Liu et al., 2017). If synthesized at higher temperatures (e.g., greater than 700°C) LMNO forms in the Fd [image: image] m space group. The partial reduction of Mn4+ to Mn3+ occurs alongside oxygen vacancy formation, Mn/Ni site disorder, and varied additional impurity phases (e.g., LixNi1-xO) (Chebiam et al., 2001a; Venkatraman et al., 2003; Kunduraci and Amatucci, 2006; Shin et al., 2012; Casas-Cabanas et al., 2016; Aktekin et al., 2019; Haruna et al., 2021; Cen et al., 2023). The partial reduction of Mn4+ to Mn3+ in the cation disordered phase increases the electronic conductivity (>2.5 orders of magnitude) relative to the ordered phase (Kunduraci and Amatucci, 2006). Charging/discharging disordered LMNO as a LIB cathode results in a two-phase reaction when x in LixNi0.5Mn1.5O4 is below 0.5 (between Li0.5Ni0.5Mn1.5O4 and Ni0.25Mn0.74O4), and a solid-solution reaction when x is between 0.5 and 1 due to the Ni2+/3+ redox couples (Liang et al., 2020b). The solid-solution reaction involves size changes in the parental lattice during charging/discharging, or insertion/extraction of lithium. On the other hand, the two-phase reaction involves interconversion and destruction of the parent cathode structure, which limits lithiation and delithiation kinetics. Notably, the two-phase reaction occurs across the entire x charging range for the ordered LMNO phase (between LiNi0.5Mn1.5O4/Li0.5Ni0.5Mn1.5O4 and Li0.5Ni0.5Mn1.5O4/Ni0.5Mn1.5O4), leads to poorer electrochemical stability, reduced rate capability, and lower cycling stability than the disordered structure (Ariyoshi et al., 2004; Liang et al., 2020c).
[image: Figure 7]FIGURE 7 | Comparing cation ordered and disordered LMNO structures based on their Wyckoff positions. Reproduced with permission from Cen et al. (2023).
Doping LMNO with other metals can further improve the cycling stability and rate capability. Sodium dopants have been shown to enhance cation disorder, decrease particle size, and improve charge transfer by providing extra pathways for electron hopping (Wang et al., 2014). The 5% Na-doped LMNO structure achieved superior rate performance arising from the reduced voltage polarization. Al can be incorporated into LMNO as either substitutional dopants at the Ni/Mn sites via a thermopolymerization method, or in empty surface 16c octahedral sites using atomic layer deposition (ALD), and can prevent transition metal dissolution (Zhong et al., 2011; Piao et al., 2018). This process improves the rate capability and cycling stability by mitigating electrolyte/electrode side-reactions and enabling fast Li+ diffusion. The concentration of Mn3+ can be increased with iron dopants, which enhances electronic conductivity, reduces voltage polarization, and correspondingly improves cycling performance and rate capability (Liu and Manthiram, 2009). Cr-doped LMNO structures (e.g., LiNi0.45Cr0.1Mn1.45O4) have also exhibited improved electronic/ionic conductivity with a wide voltage plateau, and cycle-stable structure (Wang et al., 2018c).
5 ENERGY CONVERSION: ELECTROCATALYTIC GREEN HYDROGEN PRODUCTION
Hydrogen has a high energy density (142 MJ/kg), is abundant, and can potentially be used as a clean CO2 emission-free fuel (Dincer, 2012; Abdin et al., 2020). However, despite these potential advantages over conventional greenhouse gas emitting fuels, H2 is not readily available in its free form in nature. The predominant industrial routes for hydrogen production rely on thermochemical fossil fuel-related processes such as steam-methane or hydrocarbon reforming, pyrolysis, or coal gasification (Nikolaidis and Poullikkas, 2017; Abdin et al., 2020; Megía et al., 2021). Each of these industrial-scale processes emit greenhouse gases, which has motivated interest in “green hydrogen” production wherein hydrogen is produced via carbon neutral routes. Water electrolysis offers a potentially viable route to produce hydrogen without carbon emissions (Lu et al., 2021; Tan et al., 2023). Catalyst design represents a pertinent challenge for water electrolysis at industrial scales though. To date, the catalysts with the best performance utilize rare metals such as platinum, palladium, iridium, or rhodium (Chen et al., 2021b). These rare earth metals catalysts are known to be commercially expensive and to have negative mining impacts that limit their utility for economically viable and environmentally sustainable hydrogen production at-scale (Glaister and Mudd, 2010; Lu et al., 2021; Tan et al., 2023).
MX2 phases (where M is a transition metal and X is an oxygen or chalcogenide) are of great interest for many electronic and optical applications (Manzeli et al., 2017). Transition metal dichalcogenides (TMDs) are the most well-studied branch of these materials, and several phases such as MoS2 and WS2 are under consideration for replacing platinum group metals catalysts for the hydrogen evolution reaction (HER) (Hinnemann et al., 2005). These two dimensional structures are similar to graphene except that instead of stacked carbon layers separated by weak van der Waals forces (graphite) the bulk structure has stacked metal chalcogen or oxide layers, which similarly can be exfoliated as either a few-layer stacked structure, or as monolayers (Chhowalla et al., 2013). The basal plane of defect-free 2D TMDs is unfortunately catalytically inert, which impedes their electrocatalytic HER performance (Xu et al., 2015). The basal planes can be activated by either inducing defect formation or altering the TMD phase. The latter of these two approaches is often difficult (Kibs et al., 2012; Kong et al., 2013; Voiry et al., 2013; Jiao et al., 2018; Wei et al., 2019; Li et al., 2021; Tan et al., 2023). Using MoS2 as an example, the 2H phase is a semiconductor and therefore has a lower electron mobility than the metallic 1T phase—yielding reduced HER performance. While converting the 2H phase to 1T could potentially improve charge transfer kinetics, it also involves harsh chemicals and produces only a metastable phase that eventually converts back to the thermodynamically more stable 2H phase (Lukowski et al., 2013). Routes for exposing more catalytically active edge sites on the 2H MoS2 phase can improve performance, but these do not alter the electronic conductivity significantly.
Alternatively, controlling the density and distribution of defects in TMDs can increase the density of active sites, while simultaneously improving electron mobility by altering the electronic structure. This route is particularly viable with TMDs, which as discussed in the “Synthesis and Control of Defect Formation” section are well-known to form defects in-situ and have many post-processing routes to further control their distribution and density. The Sabatier principle guides HER catalysis design, and states that heterogeneous catalysts that have intermediate binding strengths with reaction intermediates will yield the best performance. Specifically, a catalyst that binds too strongly with the reaction products will not allow for product dissociation, and the active sites of the catalyst will be permanently blocked. On the other hand, a catalyst that binds too weakly to the reactants will not be able to weaken chemical bonds and lower the reaction barrier to improve product yield or selectivity. The most common tool used to illustrate this Goldilocks principle is the volcano plot, which for HER describes [image: image]GH* (binding strength) versus j (exchange current density, Figure 8) (Parsons, 1958).
[image: Figure 8]FIGURE 8 | (A–C) Volcano plots comparing hydrogen adsorption free energies to Pt for defect-free TMDs (a, depicted by a vacancy-free representative structure in the figure inset), low density anion vacancy concentration (6.25%, b, depicted by a representative structure with a single vacancy), and higher density anion vacancy concentration (25%, c, depicted by a representative structure with four vacancies). Reproduced with permission from Lee et al. (2018).
Among the many defect engineering techniques outlined earlier, the management of vacancy formation in TMDs through a combination of in-situ and ex-situ approaches are the most well-developed, and consequently, the most widely employed for enhancement of [image: image]GH* in TMD-catalyzed HER. First principles calculations have shown that there is an inverse relationship between vacancy formation energy and [image: image]GH* (Lee et al., 2018; Wang et al., 2022b). Localized electronic states resulting from vacancy creation interact with hydrogen electronic states during chemical bonding to reduce the energy cost of bond-breaking from vacancy formation. This process results in stronger hydrogen adsorption for vacancies with larger formation energies. Smaller HOMO-LUMO gaps (highest occupied molecular orbital and lowest unoccupied molecular orbital, respectively), which may encompass localized defect states in addition to band-edges, are also favored. To illustrate the desirability of a small HOMO-LUMO gap, let’s consider group 5 transition metals. As previously described, the hybridization process requires the transfer of two electrons from the HOMO to the bonding state, which necessitates “left-over” electrons occupy the LUMO (Figure 9). This process helps explain the superior performance of ZrSe2, ZrTe2, and TiTe2, which have [image: image]GH* closer to Pt than other TMDs in the volcano plot in Figure 9. An inherent challenge in establishing defect relationships with TMDs lies in the fact that the identical defect types (e.g., vacancies) can elicit distinct effects within the same class of TMDs in different phases. One such example is VS2 wherein vacancies improve hydrogen adsorption in the 2H phase, but hamper performance in the 1T phase (Zhang et al., 2017). While the general relationships explored so far between vacancy formation and HER performance are informative, each TMD system still requires careful examination.
[image: Figure 9]FIGURE 9 | Schematic depiction of TMD/hydrogen band diagrams where (A–C) represents defect-free TMDs with group 4, 5, and 6–10 transition metals, and (D–F) represents the same structures with anion vacancies. Reproduced with permission from Lee et al. (2018).
HER performance enhancement via vacancy creation is sensitive to the concentration of defects, and the relationship between vacancy density and performance varies by specific TMD system (Lee et al., 2018). Ab initio computational screening studies have categorized the effects of vacancy density on TMD HER performance into four types. Type-I TMDs exhibit low [image: image]GH* without vacancies. As the vacancy concentration increases the HER performance will improve until it eventually approaches Pt HER performance (e.g., MoS2, WSe2, or ReSe2). Hence, type-I TMDs are initially poor choices for HER catalysts but can be dramatically improved by increasing the vacancy concentration. Type-II TMDs (e.g., MoSe2 and MoTe2) have an intermediate [image: image]GH*, or moderately positive [image: image]GH* (defined as [image: image]GH* relative to Pt) without vacancies. As the vacancy formation is induced in these structures, there is an initial improvement from their already relatively strong HER performance (eventually matching Pt). However, if the vacancy concentration becomes too large [image: image]GH* will become negative and there will be a performance drop. Type-III TMDs (e.g., ZrSe2 and ZrTe2) exhibit similar properties as type-II, but with [image: image]GH* already near that of Pt, which indicates that while similar trends hold as described for type-II, the tolerance for including more vacancies is much smaller. The [image: image]GH* for type-I through type-III can therefore be thought of as: TMDs where large vacancy concentrations (type-I), intermediate vacancy concentrations (type-II), and small vacancy concentrations (type-III) are desirable. Type-IV TMDs differ from the other three by exhibiting the opposite [image: image]GH* relationship. For these TMD structures, [image: image]GH* is already larger than Pt, and vacancies will yield a HER performance reduction.
An alternative scheme of modifying TMDs for optimal HER performance is via edge-engineering (Peng et al., 2016; Cui et al., 2017; Hu et al., 2019). As described earlier, the basal plane of non-defective TMDs are catalytically inert. However, stacking 2D TMDs along the edges can increase the exposure of catalytically active edges, and lead to a larger effective surface-area of very active catalytic sites. Recently it was demonstrated using first principles calculations that different types of non-stoichiometric edges in MoSe2, many of whom have been recently synthesized under a scanning transmission electron microscope (STEM) (Sang et al., 2018), can have near optimal HER activity over conventional stoichiometric edges. They found a strong linear correlation between Bader charges on H and the Gibbs free energy of hydrogen adsorption (ΔG*H) at these edges, providing a design principle for discovering better HER catalytic edges. HER activity was found to be not only influenced by the formation of H–Se/Mo chemical bonds as previously thought, but also by geometric reconstructions and charge redistribution. The same group subsequently discovered via high-throughput computational screening about nine thermodynamically stable multi-functional edges in MoS2, many showing optimal HER performance (Hu et al., 2020). STEM was subsequently used as an atomic drill bit for targeted synthesis of specific edge-patterns in 2D TMDs. (Boebinger et al., 2023). Nevertheless, a scalable approach to engineer edges in 2D materials is still lacking, but has significant potential in achieving high HER in TMDs with earth-abundant elements and without involving any critical materials.
These classifications explain many experimental trends, but as observed through other defect systems, a priori prediction of structure-property relationships for defects is complex and difficult. DFT studies on MoS2 electrocatalysts indicate that high concentrations of sulfur vacancies preferentially agglomerate instead of randomly dispersing throughout the lattice, which partially negates its classification as a type-I defect system (Zhou et al., 2021). However, experimental studies have shown improved performance at high vacancy concentrations because of the unusual interplay between sulfur vacancy formation and exposure of under-coordinated Mo atoms, which become synergistically active as catalytic sites (Li et al., 2019). This is just one of many demonstrations that vacancy formation in TMDs should not only be considered in isolation to other effects in the atomic or electronic structure. Excess vacancy formation can damage the structural integrity of TMDs such as inducing cracks or holes, and the existence of dangling bonds can adsorb other non-hydrogen species (particularly in air) (He et al., 2018; Yang et al., 2019). At low concentrations the co-creation of other defects (e.g., Frenkel pairs) can improve performance by providing additional adsorption sites, or possibly even alternative adsorption mechanisms such as in MoS2 where the preferred hydrogen adsorption site shifts to a region between the vacancy and interstitial in the Frenkel pair (Xu et al., 2022). This process improved the performance even relative to Pt-doped MoS2. It is also well-known that defect creation semiconductors leads to localized intragap states, which can contribute to improved electrical conductivity and enhance hydrogen adsorption, but in ways that will wildly vary by which defects form (Li et al., 2016).
6 CHALLENGES AND FUTURE PROSPECTS
Understanding defect formation mechanisms and elucidating their structure-property relationships in nanomaterials is a highly prospective route to commercialize new green energy device architectures, or improve existing ones. A key challenge to address for the future of defect engineering is the development of better integrated theory-experiment workflows wherein the physical properties of a specific defect can be predicted a priori to experiment and the synthesis (or post-synthesis) methods to control the type, concentration, and distribution of defects are known. While partial implementation of such workflows are feasible today, unlocking their full potential requires significant advances in theory and experimental methods. DFT methods for predicting synthesis-structure-property relationships are ever-improving, but the time-scale for calculations is often only marginally faster than running experiments. Avenues for defective material design are continually expanding with the advent of beyond 0 K computational chemistry methods for predicting defect phase stability and advanced electronic structure calculation methods compatible with large supercells for predicting electronic and optical properties of defects. However, each of these routes is computationally expensive and are generally used to explain experimental results posteriori. This problem is further exacerbated if excited-state modeling is considered for gaining mechanistic understanding of QD optical emission processes for optimizing LSCs, or electrochemical-interface modeling is required to improve cation disordered oxides for LIB cathodes or TMDs as catalysts for HER. Hence, further advances in high-throughput calculation methods are required for electronic structure calculations and computational chemistry to be effectively integrated in theory-experiment workflows.
From an experimental perspective, determining synthesis conditions for controlling defect formation in nanomaterials has traditionally relied on an Edisonian trial-and-error methodology. This approach entails selection of initial synthesis conditions, measurement of basic material structure without accounting for defects (e.g., XRD for crystal structure and/or mass spectroscopy for composition), measurement of nanomaterial physical properties (e.g., emission energy), and potentially device performance. The influence of defects on these properties is oftentimes only considered if anomalous characteristics arise. Synthesis methods are then iteratively adjusted to enhance, modify, or eliminate these characteristics. True experimental control of defect chemistry will likely only be achieved if routes for measuring defect structure are regularly integrated in the initial measurement of structure, and the direct impact of synthesis conditions and post-processing on defect distribution are consistently considered. Further advances in in-situ and operando microscopy and spectroscopy techniques, aimed at achieving atomic-level control over defect formation during synthesis (in-situ) or observing their effects on device performance (operando), is equally crucial.
An additional but related challenge is that state-of-the-art techniques for measuring defect structure, such as STEM are also used to create defects. This challenge is particularly pronounced in materials such as TMDs where it is well-known that STEM serves a dual purpose—evaluating the defect distribution in as-synthesized flakes and using the electron beam directly to create defects. Regardless, the prospects for such workflows has been significantly heightened by a recent surge of computational power improving the efficiency of first principles calculations, the synthesis methods outlined here, and advances in material imaging capabilities. The integration of these ever-evolving methods for modeling, synthesis, and imaging into workflows is likely key for defect engineering to reach its full potential. The resulting improvements in nanomaterial design could enable the development of Stokes shift engineered QDs for building integrated photovoltaic units, high-voltage lithium-ion batteries utilizing cation disordered oxides in electric vehicles, and TMD electrocatalysts for green hydrogen production. If the described technologies are then integrated into contemporary cities, a future marked by net-zero emission buildings, fossil fuel-free transportation, and carbon neutral hydrogen production would mark a major step forward in achieving a sustainable future.
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This paper reports the fabrication of silicon PN diode by using DNA nanostructure as the etching template for SiO2 and also as the n-dopant of Si. DNA nanotubes were deposited onto p-type silicon wafer that has a thermal SiO2 layer. The DNA nanotubes catalyze the etching of SiO2 by HF vapor to expose the underlying Si. The phosphate groups in the DNA nanotube were used as the doping source to locally n-dope the Si wafer to form vertical P-N junctions. Prototype PN diodes were fabricated and exhibited expected blockage behavior with a knee voltage of ca. 0.7 V. Our work highlights the potential of DNA nanotechnology in future fabrication of nanoelectronics.
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INTRODUCTION
As the demand for high performance of electronic devices in terms of power, speed and density continues to grow, there is an increasing need for new technologies to produce nanoelectronic devices (Ito and Okazaki, 2000; Thompson and Parthasarathy, 2006). A major driving force of the semiconductor industry has been the continuous reduction of the feature size and the overall manufacturing cost (Peercy, 2000; Charles, 2005). As a result, there has been persistent interests in developing technologies for high-resolution, low-cost, and large-scale fabrication of semiconductor materials.
Photolithography is the dominate patterning method for high-volume fabrication of electronic devices (Seisyan, 2011). Although this method is very successful and widely used in industry and research, photolithography requires a clean environment, expensive masks and equipment, all of which increase the overall manufacturing costs, especially at small scale (Wu et al., 2002). In addition, Si-based nanoelectronics typically require multiple doping types and doping concentrations in different regions of the wafer. Each doping step requires a separate cycle of lithography to define the doped region, which further increases the manufacturing cost and complexity (Costner et al., 2009; Škereň et al., 2018).
In recent years, DNA-based nanofabrication has drawn increasing attention due to its potential in realizing high-resolution low-cost patterning. We and others have reported various approaches to achieve high-resolution pattern transfer from DNA nanostructure templates to many substrates, such as SiO2, Si, polymers, graphite, and self-assembled monolayers (Surwade et al., 2011; Surwade et al., 2013; Zhou et al., 2015; Surwade et al., 2016; Ricardo et al., 2017; Tian et al., 2017). A major motivation of these studies is for the future application and integration of DNA nanotechnology in the nanoelectronics industry. In this context, DNA-based nanofabrication has unique advantages when compared to the traditional, photolithography-based approaches. First, DNA-based nanofabrication combines the best features of top-down and bottom-up fabrication methods, in the sense that it is based on self-assembly (a unique feature of bottom-up methods) but can also produce almost any arbitrary patterns (used to be a unique feature of top down methods) (Biswas et al., 2012; Arole and Munde, 2014). Second, the cost of the DNA template for 2D patterning is extremely low (on the order of ca. $1/m2), which may enable low-cost, high-resolution patterning in very large scales. (Zhang et al., 2013).
DNA nanostructures are not only useful as templates for nanofabrication, they can also be used as dopant. Inspired by monolayer doping (Ho et al., 2009; Gao et al., 2018), we recently reported the use of DNA nanostructures to achieve site-specific doping of Si. In this approach, a DNA nanostructure was deposited onto a Si wafer and the phosphorous atoms (an n-type dopant) naturally present in the DNA were thermally diffused into the Si wafer to form n-doped regions. Unlike the traditional doping process, where the doped regions are defined by photolithography, the doped regions in this approach are defined by the shape of the DNA nanostructure. By using self-assembled monolayer as an intermediate, we also demonstrated p-doping of Si. This approach makes it possible to tune the doping level by adjusting the density of DNA molecules (e.g., one layer vs. two layers) or even introducing new types of dopants via chemically functionalization. Therefore, this DNA-based doping strategy has great potential to reduce the overall complexity of the fabrication of Si nanoelectronics. (Bai et al., 2020).
With various forms of DNA-enabled patterning and doping methods at hand, it is now possible to integrate DNA nanotechnology into the fabrication of nanoelectronics devices, potentially reducing or even eliminating photolithography and the associated etching, deposition, and doping steps. Such a goal, if realized, could lead to a drastic reduction of the manufacturing cost of nanoelectronic devices. In our previous work, we demonstrated the fabrication of prototype filed effect devices from a native Si substrate that has been site-specifically doped by DNA nanostructure templates. In this work, we describe the fabrication of vertical PN diodes by using DNA nanostructures to pattern and dope a p-type Si substrate.
METHODS
Materials
p-type silicon wafers [100] with native oxide layers (Boron doped, 1–10 Ω·cm, double side polished) were purchased from University Wafer. DNA strands for the synthesis were purchased from IDT. Sulfuric acid, 2-Amino-2-(hydroxymethyl)-1,3-propanediol (Trizma base or Tris, ≥99.9%), ethylenediaminetetraacetic acid (EDTA, ≥99%), acetic acid (≥99.7%), magnesium acetate tetrahydrate (≥99%), hydrogen peroxide solution (30% wt. % in water), sodium chloride, methanol and ethanol were purchased from Sigma-Aldrich (St. Louis, MO). Nanopure water (18.3 MΩ) was obtained using a water purification system (Barnstead MicroPure Standard, Thermo Scientific, Waltham, MA) and used throughout the entire experiment to prepare chemical solutions and clean experimental samples.
Atomic force microscopy (AFM) and scanning electron microscopy (SEM) characterization
Throughout the study, AFM topography images were acquired in tapping mode in air using an Asylum MFP-3D Atomic Force Microscope with HQ:NSC15/Al BS AFM probes (325 kHz, 40 N/m) purchased from MikroMasch (NanoAndMore United States). SEM images were obtained by a ZEISS Sigma 500 VP microscope.
Synthesis and deposition of DNA nanotubes onto silicon wafer
The synthesis of DNA nanotubes here were based on previously published procedures. (Liu et al., 2006; Tian et al., 2017). The nanotube was prepared by self-polymerization of a single stranded DNA of the following sequence: 5′- CCA​AGC​TTG​GAC​TTC​AGG​CCT​GAA​GTG​GTC​ATT​CGA​ATG​ACC​TGA​GCG​CTC​A-3′. We diluted the DNA strand in 10 × TAE-Mg2+ buffer (400 mM tris-acetic acid, 10 mM EDTA, 125 mM Mg2+, pH = 8.0) to a final concentration of 2 μM. The DNA single strand solution was then slowly cooled down from 95°C to 23°C in 2 days and stored at 4°C overnight for the subsequent deposition step.
The p-type Si substrate was cleaned by piranha solution [3/7 (v/v) hydrogen peroxide/sulfuric acid solution] for 30 min (Warning: piranha solution reacts violently with organic compounds, please handle in a fume hood and use proper personal protection equipment). The clean substrate was placed in a furnace at 900°C for 3 h to grow SiO2, and the surface of the substrate was cleaned again by piranha solution. The prepared DNA sample (10 µL) was then pipetted onto the cleaned wafer and placed in a plastic petri dish. We then inserted a wet Kimwipe between the lid and the bottom to maintain high humidity inside the petri dish and reduce the evaporation. After 40 min of undisturbed incubation, we dried the Si substrate with a stream of N2 gas, then immersed it into an 8/2 (v/v) ethanol/water solution for 20 s to remove salt residues on the surface and then dried the substrate with N2 gas again. This washing and drying process was repeated 3 times.
Selective etching of SiO2 under the DNA nanostructure template
The selective etching of SiO2 is based on the DNA-enhanced HF-etching of SiO2, reported in our previous work. (Zhou et al., 2015). Briefly, we exposed the Si/SiO2 substrate with deposited DNA nanotubes to HF vapor. The etching of SiO2 is much faster in the presence of DNA nanostructure than in its absence. We control the etching time to remove all SiO2 under the DNA nanotubes to produce trenches while leaving a thin SiO2 layer everywhere else. The thickness of the remaining SiO2 was measured by ellipsometry, and the depth of the etched trench was measured by AFM. From these two measurements, we can determine if the SiO2 under the DNA nanotube was completely removed.
Site-specific doping of Si by DNA
The procedure was adopted from our previous work (Bai et al., 2020). Briefly, after DNA-mediated etching, the Si substrate was subjected to a UV/O3 treatment (Novascan UV/ozone cleaner) for 3 h to oxidize the DNA nanotube. Our previous work showed that the oxidation leaves a residue, presumably phosphates. Then the sample was coated by a 20 nm of Al2O3 grown by atomic layer deposition (ALD) using a Cambridge Nanotech Fiji ALD instrument. The role of the Al2O3 layer is to minimize the loss and the lateral diffusion of the phosphate dopants. After depositing the Al2O3 capping layer, the samples were subjected to a rapid thermal annealing (RTA) process using a Surface Science Integration RTA Solaris 75 instrument. During this process, the temperature of the wafer rose to 1,000°C within 20 s and kept at this temperature for 10 s. Then the temperature was cooled down to 150°C within 3 min. After the RTA treatment, we used H3PO4 solution (2 M) to remove the Al2O3 capping layer and used a hot piranha solution to wash away (60 min) any residues on the surface. Finally, the sample was washed with deionized water and dried with N2 gas.
Device fabrication and electrical measurements
The dielectric layer and metal contacts were patterned by electron beam lithography using a Raith e-Line system. In order to reduce leakage current, we deposited a 20 nm of HfO2 layer by ALD (Cambridge Nanotech Fiji ALD) to cover all the surface where the metal contact would be later deposited except for the small area near the DNA-doped region. The metal contacts consist of 2 nm of Ti and 60 nm of Au evaporated using a Plassys electron beam evaporator. Finally, the metal contacts were wire-bonded to a chip carrier using aluminum wires. Electrical characteristics were measured using a Keithley 4200A-SCS Parameter Analyzer in air at room temperature.
RESULTS AND DISCUSSION
Fabrication of P-N junction using DNA-based doping
We used DNA nanotubes to form n-type site-specific doped regions on a p-type silicon wafer, thereby forming a vertical PN junction. The method for forming n-type site-specific doping here follows our previous work where we use the phosphates in DNA as the doping source. First, we prepared DNA nanotubes by self-assembly of one short single-strand DNA containing four palindromic segments, which allows the strands to self-polymerize into nanotubes. We then deposited the DNA nanotubes onto a p-type wafer that has a 40 nm thick of SiO2 (Figure 1A). (Bai et al., 2021) Once deposited, these DNA nanotubes have a width of ca. 70 nm and a height of ca. 2.0 nm. The small thickness is consistent with the expected drying-induced collapse of the tube structure after deposition onto the Si substrate.
[image: Figure 1]FIGURE 1 | Schematic diagrams, AFM images and cross sections (the vertical lines in the AFM images indicate the locations of the cross section) of the silicon wafer during the patterning and doping process. (A), DNA nanotubes deposited onto a Si/SiO2 substrate. (B), Trench formed as a result of the selective removal of the SiO2 underneath the DNA through DNA-enhanced etching of SiO2. (C), Schematic diagram of the sample after the DNA-based doping. Multiple doped regions were shown but devices were fabricated on an individual doped region.
To dope Si, we first exposed the wafer to HF vapor to remove all the SiO2 under the DNA nanotubes, while leaving about 30 nm of SiO2 everywhere else to eliminate undesirable doping of the background region during the RTA (Figure 1B). The SiO2 underneath the DNA nanotube was etched faster because DNA absorbs water, which is a catalyst for HF etching of SiO2. After the etching, the DNA nanotubes left narrow trenches on the wafer. We used ellipsometry and AFM to measure the average thickness of the SiO2 on the wafer and the depth of the trench formed by the DNA nanotube, respectively. The two measurement gave very similar values, ca. 30 nm, indicating that the SiO2 under the DNA nanotubes has been completely removed to expose the underlying Si.
The sample was then treated with UV/O3 to remove the organic components of the DNA. During this process, carbon and nitrogen atoms within the DNA and the buffer residue, if any, are removed by O3 oxidation, leaving a phosphate residue that will serve as the doping source. While not investigated in this study, it will be important to maintain an ultraclean environment to minimize undesired deactivation of dopants due to contamination from the DNA solution and ambient. The wafer was then covered with 20 nm of Al2O3 to limit the lateral diffusion and desorption of the dopants. To initiate the doping, the wafer was treated with RTA for 10 s at 1,000°C. After cooling to r.t., it was washed with H3PO4 to remove the Al2O3 capping layer and washed with piranha solution to remove any inorganic residue on the surface. We previously showed that this process resulted in high level n-doping of native Si wafer, achieving dopant concentration of 6.4 × 1018 cm−3. The p-type wafer used in this study was doped by boron and has a resistivity of 1–10 Ω·cm, from which we estimated a p-dopant concentration of ca. 1016 cm−3. Therefore, after the heavy n-doping by DNA nanotube, nanowire-shaped vertical P-N junctions will be formed on the Si wafer (Figure 1C).
Fabrication of PN diodes
We used electron beam lithography to pattern electrodes on a single nanowire-shaped PN junction region (Figures 2A, B) to form a vertical PN diode. Before patterning metal electrodes, we deposited a thin layer of HfO2 (20 nm) to cover the whole wafer except the targeted area containing the nanowire-shaped PN junction. After patterning electrodes, we used wire bonding to connect the electrodes to a chip carrier to avoid mechanical damage of the HfO2 layer during electrical measurement. Figure 2C is a photograph of the device after wire bonding. A schematic diagram of the sample ready for testing is also shown in Figure 2D, where two identical devices were shown. Control devices were also fabricated on the same wafer in areas without DNA nanotubes; in the absence of DNA nanotubes, the SiO2 layer was not completely etched away to expose Si and therefore such region was not doped by DNA and also covered by the HfO2. Current measured from the control device are due to leakage through the HfO2 layer.
[image: Figure 2]FIGURE 2 | Fabrication of PN diodes from a single “nanowire”-shaped doped region. (A,B), Optical image of the patterned electrodes. (C), Photograph of the device after wire bonding. (D), Schematic diagram of the PN diode.
Characterization of PN diode
To evaluate the electrical characteristics of the PN diode, we wired the device according to Figure 3A. The current-voltage (I-V) characteristic of the device is shown in Figures 3B, C. It can be seen that the device fabricated from the DNA-doped region exhibits the characteristic blockage behavior of the PN diode, while the control device fabricated on non-doped region does not. The small current measured from the control device also confirms that the leakage current through the HfO2 coating is negligible. Further analysis shows that the knee voltage of the PN diode is ca. 0.7 V, which is consistent with the theoretical value of Si (Sawant and Baliga, 2000; Ghazi et al., 2009). The result confirms the successful site-specific SiO2 etching, n-doping by DNA, formation of PN junction, and fabrication of vertical PN diodes. However, the I-V curve also gives an ideality factor (ca. 6.5, within 0.2–0.5 V of forward bias) that is significantly larger than 1, suggesting that the device characteristics are far from that of ideal silicon behavior and possibility involve trap-assisted tunneling, carrier leakage, and large serial resistance. (Martil and Diaz, 1991; Zhu et al., 2009).
[image: Figure 3]FIGURE 3 | Characterization of the PN diode. (A), Schematic diagram for the test of the device. (B), I-V curves for the “nanowire” doped region and non-doped region. (C), semilog plot of I-V curve. Arrows indicate I-V scan direction.
CONCLUSION
In summary, we have successfully formed vertical PN junctions by using DNA nanotube to dope a p-type Si substrate. PN diodes were fabricated from these junctions and their electrical characteristics are consistent with those of their conventional counterparts. The successful fabrication of PN diodes highlights the potential of using DNA nanostructure to pattern and dope Si and based on which, to manufacture functional nanoelectronic devices. That being said, we recognize that there are still many challenges that need to be addressed before this technology can make a real impact on semiconductor manufacturing. In this regard, we are investigating ways to combine conventional lithography with DNA nanotechnology for large scale fabrication of devices. For example, use existing lithography techniques to define a micrometer-sized area, within which self-assembled DNA nanostructures, such as DNA 2D lattice, defines multiple doping areas and devices. We hope that this work will catalyze further research on DNA-based nanofabrication and ultimately a simpler, lower-cost manufacturing approach based on biomolecular templates.
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GO microbots 0} 950 ppbin 1h  Viela et al. (2016)
1GO membrane cull) 149.2 mg/g Yu Y. et al. (2021)
GO-siica hydrogel Hall) 266 mg/g Luet al. (2019)
Fe:0.-GO Composite As () 1,060 ppb Guo et al. (2015)

Removal of dyes from wastewater (Adsorption)

3D Macrostructure Dye(s) Efficiency  References
(9/9)

GO vortex ring MB 1,004 Zhan et al.
(2017)

NGO foam Rhodamine B 900 Fang et al.
(017)

Polyethyleneimine-GO Methyl 3,059 Shu et al. (2017)

aerogel orange

Polyethyleneimine-GO Amaranth 2,043 Shu et al. (2017)

aerogel

Removal of organic solvents and oils

3D Adsorbate Adsorption References

Macrostructure capacity (g/g)

CNT-GO aerogel  Chioroform, 125-633 Zhan et al.
acetone, and (2018)
heptane

CNT-GO aerogel  Oils and sovents 100-332 Wang et al.

(2017)

PVA-GO aerogel  Oils and solvents 130-274 Yeetal. (2017)

Removal of salts from water (Desalination)

3D Macrostructure salt Rejection References
capacities

K-GO membrane NaCl 91% Yuan et al
(2021)

GO-Nanofitration NaCl 64.14% YuH. etal.

membranes NaoSOs 93.19% (2021)

GO-composite NaCl, MgCh and  Upto92+2%  Chandio et al

membranes PBNOg) (2021)

Catalytic degradation of organic pollutants

Catalyst Pollutant  Efficiency (%/min) References
P25-GO hydrogels ~ MB 78%/50 Hou et al. (2012)
TO,-GO hydrogel  MB 100%/30 Zhang et al. (2019)
Cog04/GO hydrogel ~ Orange Il 100%/6 Duan et al. (2017)
NGA aerogel Iouprofen 90%/180 Wang et al. (2019)
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Naproxen 100%/45

MnO,/NGO Ibuprofen 95%/120 Dong et al. (2019)
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Method

‘Wet chemical

Advantages

Simple, low cost, easily scalable

Disadvantages

Low metal loading, difficulty in managing metal atoms on
substrates, strong dependence on synthesis factors

Ref

Haruta et al. (1987), Pham
et al. (2023), Zanella et al.
(2005)

Pyrolysis

Electrochemical

Photochemical
reduction

Atomic Layer
deposition

Atom trapping
method

Two-step doping
method
Ball-milling
method

Photoreduction
method

In situ methods

Simple, large-scale production, inexpensive raw materials.

Simple, controllable metal loading, relatively unexpensive

Cost-effective, no extra treatment, controllable nucleation

Controllable metal-loading, structure-performance

exploration, Excellent uniformity and reproducibility. The

loading of the SA could be adjusted through the number of
cycles

Simple, practical

Easy creation of vacancies on support and the high binding
energies between the dopant and the vacancies, highly

stable SACs

Convert reactants into products during the reaction
process, scale-up production, green

No special equipment, easy implementation

Simple procedure, high dispersion, no metal loss

Uncontrollable metal sites on the selected substrates,
instability of SA

Uneven dispersion SA, limitation of thermodynamic control
sluggish nucleation growth rate, limited applicability
High-cost equipment, slow synthetic process, high vacuum
conditions, uncontrollable thickness and loading content,
only materials with suitable ligands or functional groups

could be chosen as support
Not applicable for commercial preparation

High synthesis temperatures, requires a supply of mobile
atoms and a support that can trap the mobile species

Limited to graphene

Not uniform sites, Requires high energy atom/ion generator,

Catalytic active center not uniform

Limitation to specific systems, few references to a variety of
‘metals

Pham et al. (2023)

Pham et al. (2023)

Pham et al. (2023)

Guoetal. (2022), Pham et al.

(2023)

Guo et al. (2022)

Guo et al. (2022)

Guo et al. (2022)

Guo et al. (2022)

Liang et al. (2012), Cui etal.
(2022)
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Sodium carboxymethyl cellulose grafted
by styrene/methyl methacrylate and
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Sodium lignosulfonate
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Size
(nm)
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150
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137
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Anti-uitraviolet photolysis abilty of the active
ingredient was improved and the release time was
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antifungal activity than the commercial one against
several fungi

Higher bioactivity of nanogels compared to non-
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Nanocapsules improved control efficacy on tomato
crown and root rot compared to micro- and other
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Higher efficiency to control root-knot nematodes
(Meloidogyne incognita) compared to conventional
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Nanopesticide improved the photostability of the
active ingredient, as wel enhanced the insecticidl
activity against Prodenia. Litura (leafworm) when
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Nanopesticide also exhibited pH-mediated release
property

Lignin-xylan hybrid nanospheres showed well-
defined core-shell structures with encapsulation
efficiency above 57%. Nanopesticide also showed
enzyme-mediated release property

Nanocapsules showed high fungicidal activities
against rice sheath biight (Rhizoctonia solan) and
wheat head biight (Fusarium graminearum)
pathogenic fungi

The complexes coating could improve the
photostabilty of the active ingredient, as well
enhanced deposition efficiency on rice leaves with
good antifungal activity against Rhizoctonia solani
Nanopesticide displays enhanced dispersibilty and
stabilty of the active ingredient, and improves the
affinity and light stabilty on cucumber leaf,
maintaining good insecticidal activity against
Plutella xylostela

Aqueous nanopesticides showed a cumulative
release rate of 70% with a pH-responsive profie. It
was also reported to have good insecticide activity
against Plutella xylostella
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