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Abstract

:

Allotropic 2D materials are the new frontier of materials science, due to their unique strategic properties and application within several sciences. Allotropic 2D materials have shown tunable physical, chemical, biochemical, and optical characteristics, and among the allotropic materials, graphene has been widely investigated for its interesting properties, which are highly required in biomedical applications. Recently, the synthesis of thin 2D boron sheets, developed on Ag(111) substrates, was able to create a 2D triangular structure called borophene (BO). Borophene has consistently shown anisotropic behavior similar to graphene. In this topical review, we will describe the main properties and latest applications of borophene. This review will critically describe the most interesting uses of borophene as part of electronic and optical circuits. Moreover, we will report how borophene can be an innovative component of sensors within biomedical devices, and we will discuss its use in nanotechnologies and theranostic applications. The conclusions will provide insight into the latest frontiers of translational medicine involving this novel and strategic 2D allotropic material.
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1. Introduction


The recent development of cutting-edge nanotechnologies has allowed researchers to achieve significant steps forward in the study of new materials that are applicable to medical biotechnologies. Recently, growing attention has been paid to an interesting 2D material, graphene. After the discovery of this smart and versatile material, scientific researchers have incorporated it into nanomaterials and nanotechnologies [1] with potential applications for innovative devices and medical disposables.



Generally, 2D materials have remarkable physical properties that are applicable to electronic devices, while recently they have found applications in several new technologies in the field of photonics, energy conversion, and nano-engineering [2].



Recently, the synthesis of thin 2D boron sheets, developed on Ag(111) substrates, has resulted in the creation of a 2D triangular structure [3] called borophene (BO).



Unlike other allotrope materials, borophene has marked anisotropic properties; for instance, Young’s modulus, measured along the smoothest surface of a borophene sheet, is higher than graphene [4]. Some researchers working on the thermic conductivity of borophene have shown that it can be explained because of its anisotropy; nevertheless, compared to other similar materials, the thermal properties of borophene are lower, due to the dispersive effect of its phonons. The Poisson’s ratio and the thermal expansion coefficients are also low [3,4].



On the other hand, the anisotropic optical properties reported on borophene sheets are quite interesting, as they hold high optical transparency [5].



Therefore, borophene certainly has peculiar properties, and can be considered a 2D allotropic material, with several aspects that are applicable to medical devices.



In this topical review, we will describe the main properties and the main applications of borophene, with a specific interest towards the biomedical field. In particular, we will describe the main properties of borophene, taking into consideration its molecular and crystal structures. We will further report how structures of borophene can have an impact on its ability to work in optical circuits, on electronic devices, and in biomedical sensors. We will carefully describe the main studies concerning the most important applications of borophene in the medical field, and try to express our perspective on the future challenges that could be overcome as a result of to this promising material. Borophene certainly has the potential for new healthcare applications, which should be of interest to materials scientists.




2. Main Properties of Borophene


The naïve 3D structure of boron makes it neither a metal nor a non-metal: it can be considered a metalloid, commonly used in the production of semiconductors. On the other hand, boron starts to show interesting metallic properties when it holds a two-dimensional structure, similar to other allotropic materials such as graphene. Nevertheless, borophene is made with a different technique; in fact, it is obtained through the physical vapor deposition (PVD) technique, which works by vaporizing boron on a thin film of silver [2] (Figure 1).



Borophene surfaces are very different from those observables on graphene; in fact, borophene has ridges with a morphology that strongly depends on how deep the boron atoms bind together. These structural features make borophene a polymorphous and anisotropic material [6].



Some studies carried out using the density functional theory (DFT) have permitted the investigation of three different polymorphic structures of borophene: 2-Pmmn, β12, and χ3. All these structures can show different behaviors under similar compression and torsion forces with deformation energies lower than 100 meV/atom, a peculiarity that could be suitable for the designing of nanometric devices (Figure 2) [7].



In materials science, thermal conductivity plays an important role in defining the performances and lifecycle of a material. Thermal conductivity of borophene has been studied by several research groups [8], and recently thermal conductivity has been investigated by means of the transmission of phonons along the surface, thus allowing verification that thermal conductivity is in fact linked to anisotropy and frequency of phonons.



The properties of borophene have aroused great interest among the scientific community [9,10], and structural and physical experiments have been performed over the years to find the mechanical coefficients of the different forms of borophene (2-Pmmn, β12, χ3) [10].



Chemical reactions could modify some mechanical values of borophene; for instance, electrochemical fluorination is able to decrease the coefficients on the different forms of borophene [10]. In recent studies on fluorinated boron, particular attention has been paid to the structure of 2-Pmmn borophene after a fluorination reaction. In fact, two highly stable anisotropic structures have been obtained during such studies: B4F and B2F [11]. Both these structures were found to be excellent candidates for the production of semiconductors in electronic devices, mainly thanks to their excellent mechanical, thermal, and electrical conductivity properties.



Optical coefficients have also been linked to the anisotropy of the structure of borophene; we can obtain different data based on the different direction of the stimuli on the material’s surface [5].



It should be noted that the B2F structure has excellent optical conductivity in the visible region, and this peculiarity makes it perfect for optical devices (Figure 3).



Numerous 2D boron nanostructures have been created by research groups over time. However, monoatomic-thin boron layers have energy that is higher than 3D bulk-state boron, and this fact means that the 2D structure of boron is thermodynamically unstable. In this landscape, a metallic substrate is necessary to counteract the 3D nucleation barrier in order to attract the boron atoms into the 2D monoatomic-thin Boron layer form. Borophene that has been successfully synthesized on the surface of Ag(111) by deposition has also been also defined as an “atomic-thin two-dimensional boron sheet” [12].



The stability of the different forms of borophene is still debated in the scientific community. An experimental study based on first-principles calculations investigated the mechanical, dynamic, and thermodynamic stabilities of striped β12 and χ3 borophene. The results showed that β12 and χ3 borophene have good mechanical, dynamic, and thermodynamic stabilities; on the other hand, striped borophene is not equally stable. The origin of the high stiffness and high instability observed in striped borophene, along the “a” direction, can be attributed both to strong directional bonding and to high stiffness along the “a” direction [13]. Another study conducted by Gao et al. also confirmed the thermodynamic stability of β12 borophene and χ3 borophene [14]. On the contrary, Penev et al. showed that both β12 borophene and χ3 borophene could show naïve phonon-mediated superconductivity [15]. Furthermore, interesting results obtained by first-principles calculations and STM image simulation indicated that β12 and χ3 sheets are thermodynamically unstable [16]. Due to the structural instability of borophene, some researchers have theoretically hypothesized a fully hydrogenated structure of borophene defined as “borophene”, a structure that showed excellent stability in silico [17]. Finally, the good optoelectronic properties and ability to be a superconductor allow borophene-based nanostructures to be strategic for the production of nano-devices that are applicable in different medical fields [18].



2.1. Borophene in Electronic Applications for Medical Devices


The polymorphism showed by 2D boron is quite different from the other 2D materials; the substrate created on its surface plays a key role in the structural stability of borophene. Borophene can have different energy spectra depending on the type of metal substrate [19], and metals with different bases of borophene β12 such as Ag, Cu, Au, and Ni can develop energies ranging from 0.4 to 2.1 meV, or from 15.1 to 28.9 meV. The above-reported behavior allows us to define the degree of polymorphism shown by borophene properly.



Due to the low mass of boron, a strong electron–phonon coupling can amplify the superconductivity of phonons and their propagation. Moreover, the hexagonal molecular geometry that characterizes the structure of borophene and the different critical temperatures, ranging from 10 to over 20 K, are the parameters that make borophene a superconductor [20]. In fact, superconducting transition temperatures have been found to be much higher than theoretically predicted and experimentally observed in other similar materials, such as graphene.



As previously stated, the different forms of borophene hold different properties that allow their application in many different biomedical fields, and the ability of borophene to act as an energy source in combination with other materials is promising for the production of electronic biomedical devices requiring a long-lasting charging, such as implantable or wearable devices. Of course, this application needs to be improved, especially in the charge/discharge processes, in regards to the safety of such high-capacity charging, in terms of charge duration, and so on.



In this context, an important role could be played by borophene in the phase of 2-Pmmn. In a recent study, 2-Pmmn borophene was considered to be a good anode for Li-ion batteries because of the massive oxidative processes that this specific material are able to promote; moreover, 2-Pmmn borophene ensures an elevated conductivity that allows a charge/discharge process without any energy dispersion [21]. Some modifications to 2-Pmmn borophene, such as doping, hydrogenation, or stratifications, may affect the interactions among borophene and other different materials; for example, a lower efficiency is reached between Li and hydrogenated borophene. On the other hand, in Li-Sulfide (LiS) batteries, the use of β12 and χ3 borophene impacts the levels of energy stored. Specifically, the χ3 borophene adapts its structure to absorb energy within LiS batteries, thus reducing the alteration of the structures during the charge/discharge cycles. It is also worth noting that β12 borophene within LiS batteries has shown overall structural stability, even if it seems to ensure a lower adsorption of energy [22].



Excellent results have also been obtained in supercapacitors made with several layers of borophene [23], even after more than 6000 discharge cycles. The use of these multi-layered borophene-based supercapacitors is promising in medical devices, with a special interest towards the rehabilitative robotics, where the storage of energy is fundamental to ensure a correct functionality over time. Furthermore, biomedical implantable devices (IMDs) [24] often require the use of an external charger, and borophene-based technologies can significantly reduce charging time from hours to minutes, thus reducing the limits of these technologies. The use of hybrid power, consisting of LiS and β12 batteries, when applied to IMDs will ensure faster charge/discharge cycles; furthermore, the supercapacitors will allow the storing of a higher quantity of energy, which could be used as a strategic energy reserve, especially in devices that need to last for long periods.




2.2. Borophene in Sensors for Medical Devices


Borophene could be applied for the production of microelectronic sensors and biosensors with high sensibility in signal transmission and detection.



Recent studies have investigated the crystalline structures that characterize B36 borophene, as it can be highly interesting in translational applications related to physics, chemistry, and other fields of microelectronics [25]. Specifically, the encouraging results obtained from B36 borophene in the realization of new biosensors for gas detection have been the first step for further studies promoted within the scientific community. Formaldehyde (HCOH) is known to be highly toxic; however, it is commonly used in many industrial and medical fields because of its high thermal stability and good chemical reactivity. The potential use of B36 borophene as a HCOH biosensor was evaluated by analyzing its consolidated hexagonal hollow structure; specifically, the energy absorption of different HCOH was evaluated by plotting the profiles of LUMO (lowest unoccupied molecular orbital) B36 borophene and HOMO (highest occupied molecular orbital) B36 borophene. In this context, B36 borophene can reliably play the role of a high-conductivity semiconductor, thus generating an electrical signal in the presence of HCOH (Figure 4).



Finally, the use of borophene for the improvement of 2D nanometric devices has been recently reported [26], in which the hexagonal structure of B36 borophene showed excellent properties, making it ideal for 2D nanostructures to be integrated into biometric sensors.




2.3. Borophene in DNA Sequencing


In a recent study [27], DNA sequencing was performed by defining the order of different bases (thymine (T), adenine (A), cytosine (C), and guanine (G)) as a function of energy absorption and described in turn as a variation of the electric conductivity within B36 borophene nano-wells. Density functional theory (DFT) can explain the level of energy absorption shown by each nitrogenous base observed within the hexagonal structures of the B36 while plotting the HOMO and LUMO profiles. It is well-known that each nitrogenous base, when it comes into contact with B36 borophene, has a different level of energy absorption, with a different electrical conductivity reaction. These variations can be translated with a specific electrical signal. The future challenge is to produce electronic devices based on hybrid nanostructures containing B36 borophene, which will be able to correctly define the DNA sequences by transducing different specific electrical signals.




2.4. Borophene in Nanotechnologies


Researchers are looking for new applications for nanotechnologies by creating hybrid nanomaterials that are able to ensure the highest physical, chemical, and electronic properties.



In regards to physical properties, good flexibility in nanometric structures is highly sought after in the biomedical field. In this context [28], δ6 borophene is considered highly suitable when presented on the thin wearable strips, as its flexibility without any torsional stress can alter its molecular structure. Furthermore, all borophene structures are perfectly functional in both strip and tubular conformations, and this behavior allows the molecular, physical, and mechanical characteristics to be maintained in both 2D and 3D conformations. In nanotechnologies, borophene is often used in combination with other metals such as Ag, Si, Cu, and Au, enhancing their properties without negatively impacting on any biomedical applications.




2.5. Borophene in Radiology for Medical Applications


The applicative principles of the electronic devices are based on one (or more) sources that are able to generate electrical stimuli [24], and one structure, biological or artificial, that is able to detect and amplify such stimuli, mainly arising from tissues located in the human body. Modern microscopic devices are directly implanted into the tissues or organs of patients, such as pacemakers or the automatic defibrillators. Borophene could increase the performances or prolong the lifecycles of biomedical devices, both in nano-strips and integrated with other metals. One example of a ready-to-use device is the portable radiograph [29]. X-rays are produced via a complex process requiring energy. X-ray intensity has been reported to be energy-dependent; in portable disposables, low-intensity X-rays have been linked to the low-power released by batteries. Under some clinical conditions, patients cannot be moved to undergo a traditional X-ray procedure on a fixed radiograph; therefore, portable X-ray machines are crucial in order to acquire diagnoses and monitor up-to-date clinical conditions. In this light, portable devices, including borophene-based supercapacitors with a battery as its power source, could be a breakthrough in medical radiology. Moreover, given the ability of borophene to serve as a supercapacitor, future portable devices will be able to generate X-rays with a tunable power, according to the voltage set on the X-ray tube.





3. Conclusions and Future Insights


Growing scientific evidence has pointed out that borophene has many overlapping attributes with graphene; their mechanical and chemical characteristics are so similar to be easily comparable, even at a nanometric scale. The similarities with graphene, together with the numerous properties and potential applications previously reported, make borophene a promising 2D allotropic material for biomedical devices (Figure 5).



Lately, hydrogel-based carriers, typically consisting of polymeric networks, have moved the challenge forward towards a combination of borophene with graphene for smart and brand-new applications. Song et al. [30] reported how these two biomaterials, if well integrated, may lead to a mutual improvement in their electrical, mechanical, and biocompatibility properties.



The development of new devices based on interactive hybrid materials, involving the combination of graphene, borophene and hydrogel-based polymers, will improve translational research on wearable and implantable biosensors. In fact, hydrogels have already been applied in regenerative medicine, as scaffolds [31,32,33,34,35,36] and adhesive scaffolds for superficial micro-transducers, thanks to their flexibility, biocompatibility, and molecular structure [34]. Borophene has many interesting properties that certainly makes it strategic in the production of electric and optical biosensors; however, graphene-based appliances are still considered the gold standard in these fields. Borophene coupled with hydrogel-based substrates can be considered a smart and highly sensitive way to transform temperature, pH, and other stimuli into electrical, optical, and mechanical signals (the common bio-detectors used to detect analytes in the blood through the variation of electrical impedance). Thanks to borophene, they will be considerably improved if combined with the right metals [19]. Hybrid biosensors, composed of thin-layered hydrogels and borophene-based strips [37], will be useful in the fabrication of supercapacitors that are highly flexible and therefore usable on user-friendly micro-devices.



Furthermore, the high electrical conductivity of borophene will increasingly improve the performances of those new devices, as it is designed to respond to different stimuli simultaneously.



Given that the microbiological contamination of medical devices should be carefully considered, the bacteriostatic potential of graphene oxide has been widely evaluated in recent years [34]. Biologically compatible drug-releasing systems containing chips of borophene have also been considered for their antibacterial and theranostic properties. Although the current literature only reports a few authors describing preliminary information about the antibiotic skills of borophene [2,27,34], this topic represents a crucial step. In fact, this aspect impacts on at least two stages: the stage where the medical devices are built and produced, and the stage during which the clinicians need to translate the transplantation/application of these appliances in vivo.



Future research should investigate the potential issues related to the biomedical applications of borophene in in more depth. A proper approach should primarily consider such protocols that need to take several clinical conditions into consideration, such as syndromic conditions [35,36,37,38] or oncological conditions [39,40,41]. Moreover, to translate such cutting-edge applications of borophene, scientists will need to perform more in-depth studies, especially on the durational stability and cytotoxic effects of borophene, with specific attention to its behavior when in close contact with biological tissues. Finally, interactions with external substances, such as smoking metabolites [42] or metallic appliances [43], should be carefully and preventively considered before clinical use.



In conclusion, borophene is a promising biomaterial. It can be considered “the chameleon” of biomedical materials, as it can behave in different ways and exist in different phases, showing different chemical and physical characteristics that are heterogeneously applicable to medical devices and personalized biomedicine.
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Figure 1. Atomic geometry of borophene on Ag(111), in front (top) and side (bottom) views. 
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Figure 2. Crystal structures of β12, χ3 and 2-Pmmn. 
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Figure 3. Optical coefficients linked to the anisotropy of the structure of borophene make it ideal for optical circuits. 
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Figure 4. Borophene can reliably play the role of a high-conductivity conductor, thus generating electrical signals in the presence of samples to analyze. 
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Figure 5. Strategic applications of borophene (BO) in biomedical fields. 
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