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Abstract

:

Biofuel cells have been in the spotlight for the past century because of their potential and promise as a unique platform for sustainable energy harvesting from the human body and the environment. Because biofuel cells are typically developed in a small platform serving as a primary battery with limited fuel or as a rechargeable battery with repeated refueling, they have been interchangeably named biobatteries. Despite continuous advancements and creative proof-of-concept, however, the technique has been mired in its infancy for the past 100 years, which has provoked increasing doubts about its commercial viability. Low performance, instability, difficulties in operation, and unreliable and inconsistent power generation question the sustainable development of biofuel cells. However, the advancement in bioelectrocatalysis revolutionizes the electricity-producing capability of biofuel cells, promising an attractive, practical technique for specific applications. This perspective article will identify the misconceptions about biofuel cells that have led us in the wrong development direction and revisit their potential applications that can be realizable soon. Then, it will discuss the critical challenges that need to be immediately addressed for the commercialization of the selected applications. Finally, potential solutions will be provided. The article is intended to inspire the community so that fruitful commercial products can be developed soon.
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1. Introduction


Radical technological innovations and significant size reductions in electronics are allowing for massive improvements in speed, energy efficiency, and integration density [1,2,3]. Furthermore, with advances in manufacturing and materials science, electronics are evolving into new flexible and stretchable forms [4,5,6,7]. This trend has allowed these rapidly-becoming ubiquitous devices to be seamlessly integrated into the human body and our environmental surroundings, collecting real-time information and creating a more connected world (Figure 1a) [8,9,10]. For the untethered and independent operation of these electronics to be deployed in our everyday life, an integrable, autonomous, self-sustainable, miniaturized power source that does not require human intervention and maintenance is the most critical necessity [11,12,13,14,15]. While traditional battery-operated electronic devices suffer from a limited energy budget, bulky size, and toxic compounds of the integrated battery, harvesting energy from the human body and ambient environment has emerged as a promising power solution for these applications [16,17,18,19]. The power scavenged from external sources (e.g., thermal, mechanical, solar, and moisture) is relatively small, irregular, and inefficiently converted [13,14,20]. However, because the energy resources are potentially infinite, they can help achieve the longstanding vision of long-lived deployments of stand-alone, always-on electronics with the aid of energy storage devices and advanced electronic circuits [19,21]. Among many micro- and nano-sized energy harvesting techniques, biological fuel cells or biofuel cells are considered the most suitable power solution, especially when chemical or biochemical energy resources are available [22,23,24]. Biochemical energy is stored within all formats of human bodily fluids, including tears, sweat, saliva, urine, and blood, and even in organic substrates available throughout the gastrointestinal tract [22,23,25]. All forms of environmental organic water, wastewater, and biomass contain chemical or biochemical energy convertible to electricity [26,27,28]. Biofuel cells can use enzymes, organelles, or microorganisms as an eco-friendly biocatalyst to convert that chemical or biological energy into electrical energy, allowing for portable, wearable, implantable, or ingestible power generation in a sustainable manner, or offering a long-term power solution for unattended environmental electronics (Figure 1b) [29,30]. Although there is a distinct difference in the technical definition of fuel cells and batteries [31,32], the terminology of biofuel cells and biobatteries have been used interchangeably when the fuel cells are applied as a random energy source for low-power distributed electronics [33,34,35,36]. The limited short-term operation of the biofuel cells resembles the behavior of a primary battery and the replenishment of the fuel for a longer-term operation can be considered as a form of recharging. In this perspective article, we will not technically differentiate these two words when it comes to their role as an energy harvesting technique in a miniaturized platform.



Because of the outstanding energy harvesting mechanism of biofuel cells with biodegradable organic substrates, these techniques have attracted much attention from scientists and have been explored for the past 100 years [37,38]. Many ideas based on scientific curiosity have been proposed and published in important journals, demonstrating potential as a permanent power solution by exploiting abundant renewable energy resources [39,40,41,42,43,44,45,46,47,48]. Enzymatic fuel cells (EFCs) have been implanted into many living creatures self-sustainably generating meaningful power from their body fluids [49], while ingestible microbial fuel cells (MFCs) have been proposed by using the biodegradable organic fuels in the human intestine [50,51]. Wearable biofuel cells that can be fueled by sweat or interstitial fluid have drawn valuable attention from the scientific community as a potential power solution for body sensor networks [22,23]. Many miniaturized biofuel cells, which can be readily activated by any organic liquid, have been innovatively leveraged as a portable power supply for in vitro point-of-care biosensors [52,53,54,55] or, revolutionarily, have been developed as self-powered biosensors because their power output can be sensitively used as a transducing signal for specific biomarkers [26,56,57,58]. MFCs or photosynthetic MFCs have been proposed as the most suitable power source for wireless sensor networks (WSNs) deployed in unattended working environments in order to connect the world in the context of the Internet of Things (IoT) [59,60,61]. Obviously, these attempts are conceivable real-world applications with large upside promise and potential. However, given that research on biobatteries has remained in an early stage for the past century without commercial success [26,38,62,63,64,65], we need to correct our misconceptions about biofuel cells, re-examine opportunities, and identify the challenges. This perspective article will reveal new insights into biofuel cells, or biobatteries, and set the stage for future directions.




2. Misconceptions


Biofuel cells can be largely categorized into EFCs and MFCs. EFCs use enzymes to partially oxidize fuels, while MFCs employ microorganisms that can completely oxidize fuel but require continued maintenance and support for microbial sustenance (Figure 2) [29,30,66]. As another format of biofuel cells, organelle (e.g., mitochondria)-based fuel cells have also been demonstrated to improve the oxidation reaction and stability of EFCs [67], and other organelle (i.e., sub-cellular) photosynthetic fuel cells have been developed as an environmental power solution [68,69]. However, in this report, we will focus mainly on two biofuel cell platforms, EFCs and MFCs, because organelle-based fuel cells generally belong to EFCs and the technique has not well been established compared with the others. Usually, EFCs are considered a power source for wearable or implantable applications because of their excellent capability of miniaturization, integration into various form factors, and biosafe operation [30]. On the other hand, MFC developments have been centered around macro-scale platforms for sustaining power generation from ambient environments, and are capable of applications such as wastewater treatment that have minimal power demand. Because MFCs require continuous nutrient introduction through a complicated energy-intensive fluidic system and potential microbial cytotoxicity may pose a threat [32], MFCs are not being used in the human body. In this section, our misconceptions about EFCs and MFCs will be identified and corrected so as to enable versatile new avenues for unique applications.



2.1. Misconceptions about EFCs


Applications: In 2007 at the 234th American Chemical Society National Meeting and Exposition in Boston, SONY announced the development of an EFC powering a Walkman music player. Their biobattery was a pioneering achievement that showed practical efficacy as a simple power source with readily available organic substances (e.g., sugar). However, its demonstration as a replacement for conventional batteries was an incorrect start and failed to identify the unique applications and future directions of EFCs. An EFC is an energy harvesting technology that can generate relatively low power, but works as a potentially infinite chemical energy supply so that the EFC theoretically runs forever. Its power performance cannot be compared to other high-power batteries, chemical fuel cells, and energy storage devices because the application of the EFC is very specific and unique for unattended environments where battery replacement or recharging is not practical.



Cost and renewability: EFCs are a subclass of green and renewable fuel cells that do not generate greenhouse gases [30]. Moreover, nonrenewable and noble metals that are catalysts in conventional fuel cells can be replaced with renewable and eco-friendly enzymes in EFCs [30]. Therefore, many research articles have introduce EFCs as an alternative energy technique. However, this claim is misleading and illogical because it is difficult to see how small-scale EFCs can meaningfully become a green and renewable energy technique only offering micro-watt level power [38,64,65]. EFCs cannot be a significant contributor to solving energy crises and environmental pollution. Even the claim that EFCs are cost-effective and an inexpensive energy technique is misleading [65]. The extraction, isolation, purification, and immobilization of enzymes are generally expensive requiring labor-intensive and time-consuming steps. Moreover, considering the low energy conversion efficiency and low power generation of EFCs, their cost performance can be much worse than other energy techniques.



Operating conditions: Usually, conventional fuel cells require relatively high temperatures and non-neutral pHs to maximize the activity and stability of noble metal catalysts [30,37]. On the other hand, EFCs are an easy-to-handle technique because of their less stringent requirements for operating conditions with room temperature and neutral pH [70]. This allows EFCs to be effectively applied to the human body, where the operating conditions are generally favorable because the body usually maintains a steady temperature and neutral pH [23,25]. Depending on the type of enzymes, however, their activities are dramatically affected by minute changes in those conditions. When the anode and the cathode of the EFC use different enzymes in a common body fluid, the performance and stability of the EFCs must significantly decrease [64]. For example, the most common glucose/oxygen EFC uses glucose oxidase on the anode and laccase on the cathode. While glucose oxidase has its maximum activity at pH 5.5 and 40 °C, laccase shows its best stability at pH 7.4 and 30 °C. In addition to temperature and pH, the type of fuel is another critical factor that has often been overlooked [25,64,66]. Especially when the EFCs use bodily fluids, the low ionic strength and the low concentration of redox substrates (e.g., glucose, lactate, etc.) can significantly reduce the EFC performance and stability [64,66].




2.2. Misconceptions about MFCs


Applications: Since the electrogenic capability of microorganisms was discovered, the majority of microbial energy research has focused on the development of macroscopic MFC systems for wastewater treatment and simultaneous power generation [32]. Mesoscopic MFC systems have been developed for self-sustainable power generation in sediments [32,71]. For the past several decades, we have observed significant developments and performance improvements in these macro- and meso-level MFC technologies. These advances are reflected in the considerably increasing number of scientific literature and patents [28,62,63]. Even many governmental agencies and companies have regarded MFCs as promising alternative clean energy that can solve our global energy and environmental issues. MFC was in TIME Magazine’s list of the 50 Best Inventions for 2009 [72]. However, the MFC technique has never gone further than a pilot-scale laboratory experiment and has not produced any commercial success. Now, many leading researchers are raising questions about its practicability [32,62,63,73]. Although the MFC technique for these attractive macroscale applications must be continuously explored, the nature and definition of the MFC must be re-evaluated and MFC miniaturization needs to be considered for more feasible applications. MFC is obviously an energy harvesting technique similar to EFC that can convert chemical or biological energy waste into electricity.



Carbon neutrality: In many cases, MFC has been promoted as a clean and green energy technology. However, MFCs generate a large amount of carbon dioxide during their operation. Only when the technique uses biomass to fuel the photosynthesis of natural components will it consume existing carbon dioxide on a human timescale, making the energy and power production a weapon against the rise of atmospheric carbon dioxide. If the time from energy generation to photosynthesis is not short enough, net-zero emissions cannot be achieved by the MFC technique. In particular, with recent unprecedented environmental destruction through rash human logging or wildfires, it is really difficult to balance CO2 emissions from MFC and removal by plants. For the specific purpose of CO2 reduction, photosynthetic MFCs can be particularly considered.



Operating conditions: Similarly to EFCs, the performance of MFCs is sensitive to environmental operating conditions such as temperature, salinity, and pH [74,75]. Although one advantage of MFCs over typical fuel cells is to require much less strict operating conditions, their performance may not be optimized for use in practical field applications. The effects of those environmental conditions on MFC performance have been intensively explored. However, many reports on MFCs are misleading because they highlight their ideal applications in natural settings without considering extreme weather conditions. As the effects of environmental conditions have been well-researched, researchers must now extensively explore and discuss the availability and suitability of electricity-producing bacteria (i.e., exoelectrogens) in natural environments. Unfortunately, to date, only about 100 microbial species have been found as exoelectrogens [76,77]. Although more and more exoelectrogens and other electron transfer mechanisms are being discovered [78,79,80], we are jumping to conclusions by claiming that microorganisms can be the next generation of sustainable energy.





3. Opportunities


Many interesting and innovative biobatteries and biofuel cells have been proposed. With further improvements, these reports claim that ideally long-lived EFCs for wearable and implantable electronics or high-power MFCs for wastewater treatment, renewable energy generation, and remediation will be soon realized. However, similar conditional demonstrations have been around for the past century without ensuring their practical efficacy. In this section, by correcting our misconceptions about biofuel cells or biobatteries and re-visiting their definitions and outstanding features that the other techniques cannot supply, we will propose the most feasible, potential applications that can quickly open new avenues for commercialization.



3.1. EFCs


Because of the mild operating conditions, various redox enzymes for selective substrates in body fluids, and the miniaturable and integrable features of EFCs, particular attention has been paid to the development of wearable and implantable EFCs for self-sustainable, long-standing power generation harvesting from physiological body fluids [23,30,39,81,82,83]. In parallel, excellent fuel diversity and availability have enabled EFCs to be considered as an alternative power source to conventional batteries to power portable electronic applications such as mobile phones, laptop computers, and other handheld devices [30,84,85]. However, EFC technology has long been limited by many problems such as intrinsic low stability, biodeterioration, inefficient and partial electrocatalytic activities, low reliability, oversensitive reactions to environments, and biofouling issues of enzymes [24,29,30,37,49,70]. Although EFCs have been experimentally implanted in many living creatures such as cockroaches, snails, lobsters, clams, and rats, it is very hard to believe that the EFC technique can replace conventional up-to-date implantable batteries now lasting up to 25 years [64,66]. Moreover, as we discussed in the previous section, the low and unreliable power generation of EFCs will limit their ability to power useful electronic applications in practice.



Single-use wearable EFCs: While implantable EFCs have a long way to go for practical applications [64], the EFC technique has been considered a realizable sweat-based power solution for wearable applications, with actual demonstrations on human subjects [22,23,86,87]. Many reports have featured wearable EFCs as a new way to accomplish the longstanding dream of self-powered, self-sustainable, and always-on wearable systems [88,89]. The systems will collect valuable real-time health information, perform multiple therapeutic functions, and monitor potential chemical or biological threats, which can create an intelligent and autonomic body sensor network [90]. Although wearable EFCs require much less stringent development and operational conditions than their implantable counterparts, there are critical hurdles to overcome. Generally, wearable EFCs have been intensively explored for three objectives: (i) long-lived, stable power generation; (ii) continuous operation during irregular perspiration; and (iii) excellent durability under mechanical deformation. With the significant advances in material sciences, more stretchable and flexible EFCs have been successfully developed without compromising performance under mechanical deformation [22,23,86,87]. Textile-, fiber-, tattoo-, and island-bridge-based EFCs have been demonstrated to have a high durability with high power generation under rigorous mechanical deformations [91]. However, the long-term and stable power generation of EFCs have not been achieved because of their unstable and denaturing enzymatic activities. Even the latest advances in EFCs through protein engineering, immobilization of the enzymes, or employment of nanoparticles have not improved their lifespan for more than several hours [29,30,49]. Moreover, the continuous power generation of sweat-based EFCs has been another critical issue. Continuously securing a sufficient amount of sweat for reliable and constant power generation is very difficult because of irregular human perspiration [92]. Although the use of pharmacological agents or iontophoresis has been proposed to trigger sweat excretion [93], and energy storage devices have been added to store excess energy when sweat is available [89], practical and reliable wearable EFCs for long-term, stable, and continuous power generation have not been demonstrated because of the complicated system design and integration, as well as extra power demand for additional functions. If the biggest challenges that prevent the practical applications of wearable EFCs are intrinsic enzymatic instability and limited sweat access, then a single-use, disposable battery-type EFC platform is potentially realizable (Figure 3a). A disposable patch-type EFC can be readily attached to dry skin and sufficient sweat will be available from exercise to generate enough power to run other functional devices. Monitoring sweat composition will provide the wearer with important health information. After exercise, the patch can be readily thrown away. This one-time use platform may be preferable for wearable applications considering that humans feel uncomfortable with wearable gadgets and tend not to wear them all the time. Rather, intermittent or on-demand use may be a more appropriate target for wearable applications.



Single-use portable EFCs: Similarly, disposable, portable, single-use, low-powered EFCs can be a great application target because they do not require stable and long-lived power generation (Figure 3b). Eco-friendly disposable power sources are required to serve the increasing market for disposable electronics and sensors [94,95,96]. Furthermore, a new paradigm of the Internet of Things (IoT), named the Internet of Disposable Things (IoDT), has been developed for various applications in point-of-care testing, shipment tracking, and food/groceries monitoring [26], which means a realistic and accessible power source is needed. EFCs can be the most suitable power source that can be easily integrated into these disposable devices and be readily activated by any biodegradable substrate (e.g., body fluids, ethanol, organic acids, and sugars), which are easily available in our environment. Paper-based EFCs are great examples of those inexpensive and disposable applications [52,97,98]. Paper has recently emerged as a low-cost, disposable game-changing substrate for next-generation disposable electronics and sensors [99,100]. A self-sustainable paper-based power source allows for the creation of an eco-friendly all-paper device that can be easily disposed of through incineration [98]. Usually, microwatt-level power sources are more attractive for the short-term operation of those disposable applications and EFCs are most suitable as a low-power generator.



EFCs for self-powered point-of-care biosensing: As the electrical outputs of EFCs are based on the specific bonding between the biocatalytic enzymes pre-loaded in the EFC and the substrates available in the analytes, EFCs can function as a biosensor to selectively monitor the presence or the concentration of the substrates (Figure 3c) [56,101,102,103,104,105]. The electricity generation that can be measured in various forms, such as current, voltage, and power, will be proportional to the concentration of the substrate specific to the enzyme. As the anode of the EFC serves as a transducer and the enzymes act as a bioreceptor, the EFC does not require any additional transducers or external power sources, leading to the development of a simple-to-operate and easy-to-miniaturize self-powered biosensor. If EFCs serve as the only power sources for potential applications (as shown in the previous sections), they are expected to provide a sufficient electrical performance, but the intrinsic limitations of low output voltage and power need to be addressed for practical applications. However, when EFCs are used as self-powered biosensors, even minute electrical outputs are enough to precisely monitor health parameters without further design modification and functional additions. Many proof-of-concept devices have been demonstrated as in vivo wearable or in vitro point-of-care platforms [56,103,104]. However, considering the instability and unreliability of the enzymes, single-use and disposable formats will be much more probable for commercial success. Ideally, a drop of body fluid containing many valuable substrate-type biomarkers will be enough to activate the EFC and allow for a meaningful electrical output that indicates the patients’ physiological states. Many reports have demonstrated that EFCs can be applied to a self-powered drug delivery system. An iontophoretic device with a built-in EFC or a redox polymer-mediated EFC has been proven feasible for controlled drug release [101,106,107]. However, power generation for continuous drug release requires implantable or microneedle-type EFCs that use blood or interstitial fluids, while a smart on-demand drug release function needs an energy-intensive feedback system. EFC-based drug delivery systems may not be realized as a practical example soon.




3.2. MFCs


The outstanding capability of microbes to break down renewable organic substrates and produce electricity simultaneously appear fascinating as a solution for environmental sustainability and preservation [108]. To this end, this technique has been advanced mainly with an MFC platform at large scales to meaningfully address environmental issues and the energy crisis [32,73]. Typically, natural microorganisms are used in MFCs. However, it has been very challenging to control the viability of natural microorganisms in the context of consortia and to optimize their performance for practical large-scale applications. Even worse, scaling challenges, energy-intensive maintenance and operation, biofouling issues, relatively expensive materials, and low performance keep raising questions about the sustainable development of MFCs [32]. Although there is no doubt that MFCs will somehow become a meaningful renewable energy and wastewater treatment technique, this will not happen soon. Rather, miniaturized platforms with selected microorganisms for low-power applications will be more applicable, realizable, and feasible [109,110]. Similar to EFCs with preloaded enzymes, small-scale MFCs pre-inoculated with selected microorganisms are more controllable for operation and optimization, and their outputs are more predictable than those with a microbial consortia available in nature [111,112,113]. One of the biggest arguments for those miniature MFCs is a self-contained system that produces the intensive energy needed to maintain microbial vitality. With those systems, many strategic plans can be proposed for specific realizable applications (Figure 4a–d).



Single-use portable MFCs: Quality diagnostics and adequate disease surveillance are quite limited in developing countries that lack basic access to testing resources [114]. The World Health Organization (WHO) issued seven criteria named “ASSURED” to provide guidelines for the development of ideal point-of-care biosensors, “affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable to end users” [114]. However, as conventional colorimetric biosensors that meet the criteria require additional transducing functions for sensitivity improvement, an integrated power source is demanded [98,115]. Moreover, future diagnostic platforms require two additional criteria of Real-time connectivity and Ease of sample collection, making the acronym “REASSURED”, which necessitates an additional power source [116]. That power source must meet the REASSURED criteria and be accessible in resource-limited settings. Because of the one-time point-of-care operation of the biosensors, a small and disposable power source will be more attractive when conventional batteries or other energy-storage devices are not available or are wasteful for single-use low-power applications. Miniaturized MFCs are very suitable as a power source because a wide range of waste and renewable biomasses for microbial metabolism and their consequent electricity generation are readily available in resource-limited environments [115,117]. Their power will be enough to run practical biosensors in a cost-effective and eco-friendly manner (Figure 4a). Even in dry, desert climates where these biomasses are not available, human body fluids will be easily accessible as an organic fuel to active the MFCs [118,119].



Long-lasting MFCs for powering wearable or ingestible electronics: As discussed in the section about EFCs, unstable and denaturing enzymatic activities require fundamental breakthroughs to achieve self-sustaining, long-lived power generation within the human body, limiting their immediate potential uses to single-use applications for only a short period. On the other hand, microorganisms as biocatalysts can provide exceptional, self-sustaining, long-term stability as they regenerate enzymes as part of their metabolism [120,121]. Consequently, microbial biocatalytic activities in an MFC are self-maintaining, self-repairing, and self-assembling, which can provide long-lasting, self-sustaining power for wearable or ingestible applications while continuously feeding off human sweat or gut organic substrates (Figure 4b). Recently, the increasing number of reports revealing the electrogenic capability of human skin and gut bacteria suggest their potential use as novel microbial power supplies [79,80,122]. The immediate use of human-body inhabiting bacteria for practical and reliable power generation remains a challenge. However, the direct use of non-toxic, non-human exoelectrogens as a power resource interdependently with the human body may provide a quicker path to commercially successful wearable or ingestible electronics. In particular, reported work on spore-forming microbial energy harvesting possibilities creates the opportunity for wearable and ingestible MFC realization [119,123,124,125,126]. This novel MFC technique improves its storage stability by exploiting bacterial natural survival strategy to become endospores under adverse environments and to germinate when nutrients are sufficiently available.



Self-sustainable photosynthetic or co-cultured MFCs: With a significant size reduction in electronics and rapid advances in IoT technology, miniature wireless sensors are expected to connect every corner of the world [127]. A miniature power source is the most critical requirement for the independent and sustaining function of sensors (Figure 4c) [127,128]. MFCs have attracted much attention as one of the proper power sources for such devices as every environment generally hosts various microorganisms that can self-sustainably run MFCs [59]. In particular, a natural sediment rich in microorganisms and organic substrates is considered the best location to install an MFC where the anode is buried in the anaerobic sediment and the cathode is put in the overlying aerobic water (Figure 5a) [71]. However, the low performance of MFC using a limited number of exoelectrogens in unoptimized natural environments require a significant increase in size, which eventually does not guarantee performance improvement and develops critical challenges when anchoring, running, and maintaining the large-scale MFC in the sediment [32]. Moreover, the sediment MFCs cannot be provided in a small-scale platform for the next generation of miniature wireless sensor networks (WSN).



Instead of using intact natural microorganisms in real-time, selecting special exoelectrogens and pre-inoculating them in MFC can allow for device miniaturization with excellent control of the microenvironment (Figure 5b). Especially, photosynthetic microorganisms have emerged as a self-sustainable biocatalyst in MFC to perform photosynthesis and respiration by exploiting light and water, the most renewable and abundant energy resources [129]. Those photosynthetic MFCs have successfully been demonstrated as a miniaturized power supply for a relatively long time without replenishment of any organic fuel [60]. Recently, it has been reported that an engineered microbial consortium with the photosynthetic microorganism can revolutionize the power and lifetime of MFC through their syntrophic relationship [20,130,131]. Ideally, the consortium can be designed so a photosynthetic microorganism produces an organic matter that another species needs for its exoelectrogenic activity. During electrogenesis, that species will produce gases that preserve the viability of the photosynthetic microorganism, consequently exhibiting self-sustainable capabilities in a closed, miniaturized device platform and generating longer and greater power for real-world WSN applications [20,130].



MFCs for self-powered biosensing: While EFCs can be very selective biosensors because each enzyme exhibits specificity towards a particular substrate-type biomarker, the microorganisms in MFCs typically lack specificity [29]. However, MFCs have been successfully demonstrated as a general biosensor to monitor water quality. Although MFCs cannot specifically detect particular substances, they can sensitively measure the number of organic compounds (BOD; biological oxygen demand) or toxic contaminants in water as the microbial metabolic activity and their electrical output are sensitive to those compounds and contaminants (Figure 4d) [132,133]. In the early days, mid-scale MFCs were used for long-term, on-line monitoring of water quality, demonstrating their practical efficiency [133,134]. Recently, to improve their controllability and maintenance, the MFCs have been miniaturized, targeting practical applications for continuous or single-use disposable operation [135,136,137,138,139]. In addition to the water quality monitoring, MFCs can be readily applicable for antibiotic susceptibility testing because the bacterial extracellular electron transfer (EET) is inversely proportional to the concentration of antibiotics [140,141,142].





4. Challenges


Even for the applications discussed above, several challenges need to be addressed for immediate use and commercial viability of biofuel cells (Figure 6).



4.1. Enhancement of Electrical Performance


All biofuel cell applications now face sub-optimal power, current, output-voltage, open-circuit-potential, and other electrical performance issues. When biobatteries are designed as the power source for long-term or short-term operation, sub-optimal performance can be a major problem that restricts potential use from power-demanding devices. Even if biobatteries are used in self-powered biosensors, the electrical performance can be an important factor for determining the sensitivity of the biosensors. The main reason for this low electrical performance is the inefficient electron transfer from the biocatalysts to the electrode [29]. For EFCs, the redox electroactive site of the enzymes is buried deeply in the enzyme matrix, leading to a significant performance reduction [30]. For MFCs, the EET through the cell membrane requires activation energy, which reduces the output performance of the MFC [108]. Multiple solutions to improve the performance of EFCs and MFCs have been proposed and will be briefly discussed.



Improving intrinsic activities of biocatalysts: Typically, naturally occurring enzymes and microorganisms do not possess sufficient electron transfer efficiencies that are required for biofuel cells. To overcome the electron transfer constraints and improve the electrochemical performance, we have entered a new phase of development with a biotechnique in synthetic biology that genetically engineers the enzymes and the microorganisms [143,144]. For example, modified enzymes can increase affinity toward substrates, provide oriented immobilization, and shorten the distance between the active site of the enzyme to the electrode, while engineered microorganisms can regulate microbial metabolic pathways and improve their electrogenic potential.



Improving biotic-abiotic interfaces: Seamless and low-impedance biotic–abiotic interfacing is critical for high-performing and -stable biobatteries [145]. Recent advances in micro-/nano-technologies and material science/engineering have provided opportunities for realizing the interfaces between biological systems and external electrodes [145,146]. These strategies include adding nanomaterials to facilitate electron transfer at the biotic–abiotic interfaces, applying various immobilization techniques to improve biotic stability and activity, and modifying electrode architectures to offer a large surface area and reduce a too-high impedance at the interface.



Creating supercapacitive electrodes: Recently, extensive research has improved the electrical performance of biofuel cells by creating an anode with two desirable features: bio-electrocatalysis and charge storage [147,148]. The capacitive anode can store charges generated from biocatalytic activities, which will be delivered with high and short discharge pulses, leading to high-power output generation. Multiple demonstrations of these hybrid devices have combined supercapacitors and biofuel cells, exhibiting that even low-performance biobatteries can become a practical power supply for actual applications [147,148,149,150].



Serial and parallel connection along with a power management system: The typical sustainable voltage and power outputs from a single biobattery are about 0.1~0.6 V and 10~100 µW, respectively. Most conventional electronic and biosensing applications require voltage and power > 1.5V and >1mW when a wireless signal transmission is required. Serial and parallel assembly of the biobatteries will amplify the electrical performance [30]. In addition, the performance of the biobatteries can be boosted by a power management circuit through a charge pump or a booster converter [30]. However, the design and construction of the battery interconnection need to be very carefully manipulated because the overall performance will be limited by the weakest unit in the stack. Moreover, the net voltage and power outputs need to be well evaluated because some of the generated electricity from the biobatteries will be consumed by the power management system in exchange for the voltage boost.




4.2. Long Shelf-Life


To achieve effective implementation of the biobatteries in practical settings, a critical challenge is that the biocatalysts (i.e., enzymes and microorganisms) must be stably stored within the device for use at the desired time. In particular, EFCs suffer from very low operational and shelf-life stability because the enzymes tend to become denatured and deactivated over time [151]. Although we can minimize the most critical issue of EFC, the low operational stability, by limiting its applications to single-use operation for a short time, achieving long-term, stable storage of the enzymes remains challenging. While emerging immobilization techniques have demonstrated prolonged enzymatic activity and stability during EFC operation, the storage conditions of the enzymes can determine the shelf-life [152]. Generally, the enzymes stored in frozen or freeze-dried forms exhibit longer shelf-life stability than the enzymes in solutions [153]. Therefore, EFCs need to be stored in dry or frozen form with an optimized storage condition.



For MFCs, the operational stability can be a less critical issue because biocatalytic enzymes are continuously regenerated from microbial metabolism. However, long-term storage of viable microorganisms has been extremely challenging for miniature MFC applications. Recently, a lyophilization technique has been applied for MFC operation, enabling long-term storage of biocatalytic cells without degradation and denaturation [118,154]. Although the effects of cryoprotectants and storage conditions on microbial shelf-life stability must be further examined, this storage approach will establish an innovative strategy to revolutionize MFC applications for portable on-demand power generation. As an alternative approach, spore-forming microbial species can be used as the MFC biocatalyst [119,123,124,125,126]. Their endospores are extremely stable and storable for quite a long period and can become vegetative cells during germination when environmental conditions become favorable. The spore-forming MFCs can offer long-term shelf-life stability and on-demand power generation with nutrient introduction.




4.3. Disposability


Generally, biobatteries are disposable because the catalysts are biodegradable. However, the other components must be disposable and biodegradable. Many paper-based biobatteries have been proposed as a low-cost, eco-friendly, and disposable power source for immediate single-use applications [32,119]. In particular, MFCs must be disposed of after use to prevent potential carry-over contamination and infection originating from the microorganisms.




4.4. Microfabricability


Next-generation self-powered electronics and sensors are expected to have closely integrated biobatteries as on-board energy harvesters for WSN applications. Those stand-alone systems will require a direct integration of miniaturized biobatteries through microfabrication. Although microfabricated EFCs and MFCs have previously been demonstrated [137,155], their aquatic components need to be replaced with solid-phase counterparts to make them more suitable for miniaturization, integration, and operation with solid-state electronics and sensors [156,157].





5. Conclusions


Since the first demonstration of conceptual MFCs in 1911 and EFCs in 1964, biofuel cells have received much research interest as an innovative energy-producing technique, and their miniaturized formats as biobatteries have been revolutionized as an energy harvesting technique self-sustainably working with the human body and our environment. Despite successful innovations and creative application proposals, biofuel cells and biobatteries have been limited to the status of laboratory curiosity without any commercial success. The main reason is that, traditionally, research has been done by individuals and research groups, and this fragmented approach supports an unbalanced and misleading view of biofuel cells, which lends itself more to science fiction than immediate solutions. In this report, the blind alleys that have long prevented their practical development have been identified and corrected. Although several technological obstacles need to be overcome, we can revisit the most practical and potential applications of biofuel cells that can be realized in the near future. There will be potential applications for EFCs ranging from wearable and portable EFCs, especially for single-use and disposable operation, to self-powered EFC-based biosensors for point-of-care testing. MFCs will find more practical applications in their miniaturized format with pre-inoculated, selected microorganisms. Self-powered MFC-based biosensors for water quality monitoring and antibiotic susceptibility testing will also have real potential.
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Figure 1. (a) Future electronics deployed within the human body and in unattended environments. (b) Biofuel cells as a self-sustainable power source for those electronics. 
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Figure 2. Working principles of (a) enzymatic fuel cells and (b) microbial fuel cells. 
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Figure 3. Opportunities of EFCs. 
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Figure 4. Opportunities of MFCs. 
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Figure 5. Sediment MFCs and photosynthetic MFCs. 
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Figure 6. Challenges for biobattery development. 
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