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Abstract

:

Printing technology promises a viable solution for the low-cost, rapid, flexible, and mass fabrication of biosensors. Among the vast number of printing techniques, screen printing and inkjet printing have been widely adopted for the fabrication of biosensors. Screen printing provides ease of operation and rapid processing; however, it is bound by the effects of viscous inks, high material waste, and the requirement for masks, to name a few. Inkjet printing, on the other hand, is well suited for mass fabrication that takes advantage of computer-aided design software for pattern modifications. Furthermore, being drop-on-demand, it prevents precious material waste and offers high-resolution patterning. To exploit the features of inkjet printing technology, scientists have been keen to use it for the development of biosensors since 1988. A vast number of fully and partially inkjet-printed biosensors have been developed ever since. This study presents a short introduction on the printing technology used for biosensor fabrication in general, and a brief review of the recent reports related to virus, enzymatic, and non-enzymatic biosensor fabrication, via inkjet printing technology in particular.
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1. Introduction


Biosensors: The first report of an enzyme electrode (oxygen biosensor) dates back to 1962 [1], and the term biosensor was introduced by Karl Cammann in 1977 [2]. By definition, a biosensor is “a chemical sensing device in which a biologically derived recognition entity is coupled to a transducer, to allow the quantitative development of some complex biochemical parameter” [3,4]. In other words, it is a device that detects an analyte (enzyme, DNA/RNA, tissue, antibodies, antigen, proteins, etc.) by transducing a biological response into an electrical signal. As such, a biosensor contains a sensor (molecular detection system) that interacts with the analyte, and a physiochemical detector (receptor) that transduces the analyte interaction into a quantifiable electrical signal. In general, there are three categories of biosensors: (i) Mass-based biosensors, also known as gravimetric biosensors, work on the principle of change in mass. These are highly sensitive sensors that respond to minimal mass fluctuations and are especially suited for biomolecules that are neither fluorescent nor electroactive [5,6]. (ii) Optical biosensors work on the principle of optical transduction [7], in which bio-recognition elements, such as enzymes, antibodies, proteins, etc., are fed to an optical transducer, which subsequently produces an electrical signal proportionate to the concentration of the measured substance [8,9]. The measurements can be based on fluorescence, luminescence, or color change. (iii) Electrochemical biosensors, as suggested by the name, convert the electroactive analytes into a quantifiable electrical signal through three comprising bio-recognition elements: analyte, transducer, and instrumentation. After recognition of the specific analyte, the electrode, acting as a transducer, detects the generation of ions during the chemical reactions and converts them into electrical current or voltage [10,11,12]. In simple words, in the case of optical biosensors, photon measurements of the analytes are collected, while in the case of electrochemical biosensors, electron measurements are collected instead. An electrochemical biosensor is further classified as a potentiometric, amperometric, conductometric, immunosensor magnetic, or optical biosensor based on the transduction mechanism [13]. Compared to the optical and mass-based biosensors, electrochemical sensors offer miniaturization, simple fabrication, and customized readout circuits [14]. A detailed description of the transduction systems and types of biosensors can be found in a recent review article [15].



Biosensors applications: The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has undoubtedly been devastating, causing approximately 5.4 million deaths globally as of 30 December 2021 according to the World Health Organization (WHO). This extremely contagious virus has symptoms similar to the common flu virus [16,17], subsequently making flu patients COVID-19 suspects and requiring highly expensive molecular-precision virus testing for each individual. In light of such an urgent issue, an economic, rapid, and high-precision assay method for remote point-of-care (POC) testing and detection of SARS-CoV-2 was recently developed (Figure 1) [18]. Within 5–15 min of incubation, using DNA concentrations of 3.0 or 30 aM, respectively, a 0.7 aM limit of detection (LOD) was determined, which is equivalent to the performance of a conventional PCR test. Being a POC device, the need for electricity is also removed.



In other words, the device is capable of being used anywhere and anytime for a rapid, 15 min test for SARS-CoV-2. As such, biosensors can be considered as promising tools for the rapid and easy detection of not just COVID-19, but other viruses as well, for the early diagnosis of infectious diseases [19,20]. Moreover, the ad hoc detection and monitoring of bacterial infections [21,22] can provide convenience for the patients and improved healthcare in hospitals. Testing food and water contamination is another area where biosensors excel in terms of cost effectiveness and as rapid assay tools [23,24,25]. In short, biosensors provide portability and the rapid, low-cost, and early diagnosis of pathologies such as cardiac or neurodegenerative diseases, infectious diseases, cancer, fatal viruses, bacterial infections, pregnancy tests, and more, anywhere and anytime. All these conveniences come without the need for specific technical expertise. With the rapid advancement in patterning, microfabrication, and nanofabrication techniques, diverse biosensors production will see a market value of USD 36.7 billion by 2026 [26].



Biosensors Fabrication: Since the fabrication of the first transistor [27], photolithography has been the state-of-the-art choice for microelectronics fabrication due to its high resolution, accuracy, and repeatability [28,29,30]. The photolithographic technique has been vastly used in silicon integrated circuit (IC) manufacturing, as it can produce extremely small patterns down to the nanometer scale. However, much is left to be desired for such a widely used fabrication technique; for instance, the blanket material deposition and the subsequent photopatterning and etching process in each step cause it to be impractical, expensive, and wasteful for large-area fabrications [31,32,33,34,35] The use of a high amount of hazardous chemicals renders the process dangerous for indoor industrial employees and the outside environment [36,37,38,39]. Moreover, with the increasing trend of flexible electronics [40,41], traditional subtractive fabrication techniques are limited to the use of soft and flexible substrates. The demand for low-cost, rapid, and flexible fabrication methods has led to intensive research activities towards advanced 2D [42] and 3D [43] printing technologies. The drop-on-demand and additive nature of printing technology are its most attractive features. With the rapid development of a variety of printable materials, the area of applications for printing technology is continuously diversifying [44,45,46,47]. In addition to general electronic device manufacturing, printing technology has been adopted for the fabrication of biosensors, with. the earliest report dating back to as early as 1988 [48], in which an inkjet nozzle was used to deposit an enzyme onto an ion sensitive field effect transistor (ISFET).



Printed Biosensors: The current advanced printing and deposition methods for biosensor fabrication can be classified into two categories; (i) the direct deposition and patterning of material onto the desired substrate, and (ii) the transfer deposition of pre-patterned material onto the substrate. The former technique is achieved via contact (all mask-based techniques) [49,50] and non-contact printing (maskless printing) [15,50,51] technologies, while the latter is achieved by a transfer print after the patterns are brought about via the conventional lithography [52,53,54,55,56,57] or plasma-modification techniques [58,59,60]. An immense amount of research has been carried out in the pursuit of fabrication techniques that (i) require a minimum number of fabrication steps, (ii) are flexible in the usage of printable inks, and (iii) are compatible with the appropriate application-based substrates [61]. The reason for such diversity in the printing and deposition techniques is because each technique possesses its own merits and demerits, such that one standalone technique does not suffice for the mass production of all the nano-sized, complicated patterns with high throughput, low cost, and simplicity [62]. For instance, inkjet printing promises mass production with great simplicity and flexibility in terms of ink and substrate selection; however, it is limited in the nozzle sizes required for producing nano-sized features. On the other hand, nanografting techniques are capable of producing nano-sized features, but the technique is not suitable for mass production [63,64]. Although electrostatic inkjet printers and electrohydrodynamic inkjet printers can produce nano-sized spots, both of the printers are limited to conductive inks only [65,66,67]. Furthermore, photolithography allows for high-resolution patterning at the expense of high cost, requiring multiple steps such as mask preparation, photopatterning, and etching processes [68,69]. Decades of extensive research in the field of printing technologies have led to a major diversification in the number of developed printing techniques. For biosensing fabrication, besides the major contributions of screen printing [70] and inkjet printing [71], other techniques such as 3D printing [72], gravure printing [73], reverse offset printing [74], flexographic printing [75], e-beam, photo, and probe-based lithographies [76,77], and laser printing [78] have also been studied. The main purpose of the developed printing techniques has been: simplicity, flexibility, miniaturization, high throughput, high accuracy, high resolution, remote applicability, portability, increased data density, and economical fabrication methodologies for mass production. As for now, there is no single printing technology flexible enough to fabricate biosensors with all the above mentioned features, with each technology having certain merits and demerits that have been widely reported [62,79]. Table 1 lists the major printing technologies studied for biosensor fabrication with their merits and limitations. In this short review, we have focused on the recent biosensor fabrication reports for inkjet printing technology in particular. Biosensor fabrication via printing technology is a vast field of study. The purpose here is to provide the readers extended information about the broad category of printing techniques used for biosensor fabrication in a compact manner, then to focus on the review of recent reports where inkjet printing is one of the most promising printing technologies. In Section 2, after a short introduction on inkjet printing technology, we discuss the two major types of inkjet printers, thermal inkjet printers and piezoelectric inkjet printers, including a brief discussion related to the application of inkjet printers in general and in biosensor fabrication. Section 3.1 includes the discussion about virus-based biosensors. In Section 3.2, enzyme-based biosensors are reviewed, while in Section 3.3, the discussion related to the non-enzymatic biosensors has been included.




2. Inkjet Printing


An inkjet printer is comprised of an ink chamber, where the ink is stored, and a channel that connects the ink chamber to the nozzles. The ejection of fluid droplets onto a specified location is controlled digitally. The idea of liquid jet ejection under the influence of gravity was first proposed by Lord Rayleigh in 1878 [127]. A detailed classification of inkjet printers has been reviewed in reference [79]. Among the inkjet printing types, the most dominant and highly developed are thermal and piezoelectric inkjet printers. Both lie under the primary subclass of drop-on-demand (DOD) printers, which also include Electrostatic [128], Acousto [129], Electro hydrodynamic [130], and Valve [131] inkjet printers. The drop-on-demand principle implies that the printer ejects the ink only when required to avoid precious material waste. The advantage of the DOD printer over the continuous inkjet printer is the elimination of the complex droplet-charging, deflection and recycling system that is an essential part of the continuous inkjet printer [79]. In addition, the DOD inkjet printing system promotes the generation of smaller droplet sizes with a higher placement accuracy. We briefly describe the working principles of both the thermal and piezoelectric inkjet printers with the help of graphic illustration, and highlight the limitations and merits of both of the inkjet printing technologies.



Thermal inkjet printer: Thermal inkjet printing relies on the rapid resistive heating of the ink in the ink chamber, which creates a bubble forcing the fluid out of the nozzle. The resistor vaporizes the fluid at around 300–400 °C, subsequently forming a bubble. Within a few microseconds, the bubble collapses, and as a result, the generated pressure decrease retracts the ink flow from the nozzle and simultaneously refills the ink chamber. Figure 2a illustrates the thermal inkjet printing process.



Piezoelectric inkjet printer: The piezoelectric inkjet printer relies on piezoelectric elements that can deform in shape with the application of voltage. The piezoelectric element is paired with a vibration plate as shown in Figure 2b. The piezoelectric element contracts with the supply of voltage, which then contracts with the vibration plate. This contraction generates an inkjet mechanically unlike the heat generated in the thermal inkjet printing process.



Limitations and merits: Both the thermal and piezoelectric inkjet printers have their limitations and merits. The high temperatures produced in the thermal inkjet printer limit the usability of a wide range of inks [132,133]. For starters, the ink needs to be vaporizable and, at the same time, thermally stable. Reports suggest the thermal degradation of ink materials, such as biological or organic materials, via thermal inkjet printing [134]. However, the thermal degradation of the inks highly depends on the thermal stability of the material used in the inks, which can be application-specific [135]. Based on such limitations, piezoelectric inkjet technology is generally favored over thermal inkjets. However, proper tuning of the ink composition and printing technique can overcome a significant loss in the ink characteristics for thermal inkjet printing, as studied in the references [136,137,138]. Besides, the thermal inkjet printers operate on simpler mechanisms, offer much more environmentally friendly solvents for inks, and offer 1–1.5 cPs of ink viscosities as compared to 5–10 cP for piezoelectric inkjet technology [134,139,140].




3. Inkjet-Printed Biosensors


Inkjet printers are extremely versatile and have been extensively applied in the direct writing of 2D [42,141] and 3D [43,142] features, especially in the field of printed electronics [143], where nanoparticle fluid suspensions (NPFS) and other nanomaterial inks, such as graphene and carbon nanotube (CNT) inks, are used to print electronic patterns. After the inkjet printers began to be applied to functional materials other than graphics and texts in 1985 [144], inkjet printers slowly started to be used in the field of bioprinting for the fabrication of biosensors in the mid-1990s. The first patented inkjet-printed enzyme-based biosensor was developed in 1988 [48]. Since then, inkjet printing has been extensively used for the high throughput, low-cost, rapid, and simple fabrication of biosensor prototypes, and become a viable technology for the biosensors industry [15,79,145].



3.1. Virus Sensors


The painful sample-collection procedure of and the long waiting time required for traditional PCR testing [146] for COVID-19 diagnosis, in addition to the requirement that it be administered by skilled technicians, have been challenging in the control of the highly contagious virus globally [147]. In such a grave situation, underdeveloped and developing countries found it impossible to develop an easy testing and diagnosis system, especially for the unprivileged population, let alone provide them with proper healthcare. As such, SARS-CoV-2 has been devastating, causing mass fatalities across the globe. To overcome the challenges posed by the COVID-19 pandemic, scientists have been keen to develop point-of-care (PoC) diagnostic devices for the early, rapid, and accurate diagnosis of COVID-19. Recently, a highly conductive 2D material, Tungsten diselenide (WSe2), was used to develop a highly sensitive WSe2-based field-effect transistor for the rapid detection of COVID-19 (Figure 3) [148]. Previously, laser-engraved graphene was used to produce a low-cost and highly sensitive telemedicine platform for the rapid and remote detection of COVID-19 that is able to be mass manufactured [149]. Moreover, the novel characteristics and properties of nanoparticles and nanomaterials have been used to develop biosensors that meet the demands of the rapid, point-of-care, and acute detection of COVID-19 and other viruses [150,151,152]. Such types of need-based research and development boost innovation by bringing about new technologies, such as standalone printing techniques, for the low-cost, high-throughput, simplistic and mass manufacturing of healthcare devices. Access to rapid diagnostic tools has been one of the necessities in the harsh circumstances of the COVID-19 pandemic, especially in underdeveloped countries and for underrepresented minority groups living in developed countries. Biosensors developed via printed technology have been demonstrated as rapid, low-cost, and reliable diagnostic tools to meet such urgent needs [96,102,153,154].



Recently, Tursunniyaz et al. developed a fully inkjet-printed capacitive immunoassay for the reliable, low-cost, and fast-response diagnosis of SARS-CoV-2 antigen binding, by measuring changes in its capacitance. Unlike the photolithographic fabrication of the capacitive immunoassays [155], the inkjet-printed one presented in this study promises a low fabrication cost that could meet the need for affordable, rapid, and reliable diagnostic kits, especially in resource-limited areas. In [156], a material printer equipped with a 1 pL print head was used to print silver nanoparticles with rectangular coplanar electrodes on the Kapton substrate. To increase conductivity, the printed patterns were sintered at 250 °C for 20 min. The spin-coated polyvinylidene fluoride (PVDF) solution on the electrodes acted as an immobilization layer for antibody adsorption. The fabricated immunoassay projects the simplicity provided by an inkjet printing system, and its potential to be integrated into the manufacturing of point-of-care testing (POTC) devices for the rapid, portable, and onsite diagnosis of highly infectious diseases such as SARS-CoV-2.



Among the four structural proteins (Spike glycol-protein (S), envelop (E), matrix (M), and nucleocapsid (NC)) of SARS-CoV-2 [157], the spike protein (S) is considered a reliable biomarker for SARS-CoV-2 diagnosis [158,159]. The S protein is further cleaved into two subunits, S1 and S, by host proteases, among which the S1 subunit is attached to the host cell’s receptor for SARS-CoV-2 mediation [160,161]. Besides the electrochemical biosensors developed for SARS-CoV-2 detection [162], printed electrochemical biosensors have also been viable tools for the detection of not only infectious viruses such as MERS-CoV [163], influenza [164], and the like, but also in other PoC sensing applications, such as bacterial infections and pathologies such as cancer and cardiac disease [153]. Very recently, a low-cost, highly sensitive electrochemical biosensor based on a field-effect transistor (CNT-FET) was developed for the accurate detection of SARS-CoV-2 S1 antigens [103]. The biggest advantage of the developed biosensor over the conventional real-time polymerase chain reaction (RT-PCR) testing system is its ability for low cost, reliable, and rapid (2–3 min) detection, overcoming the expensive and laborious 1–2 days of waiting time and the need for a well-equipped laboratory-based testing system. Figure 4 shows the schematic illustration of the CNT-FET biosensor fabrication for the sensing of the SARS-CoV-2 spike protein.



Since the developed biosensor is an electrical immunosensor, it is based on changes in the electrical signal properties that characterize the SARS-CoV-2 S1 antigen binding effect on the sensing area. The source and drain (S-D) electrodes of the CNT-FET were patterned by the photolithography method and lift-off technique. The SWCNT ink that acted as a sensing material was inkjet-printed on the Si/SiO2 substrate between the active areas of the S-D electrodes and cured on a hot plate at 120 °C in a vacuum chamber for 20 min. The anti-SARS-CoV-2 S1 was immobilized on the printed CNT surface via a 1-pyrenebutanoic acid succinimidyl ester (PBASE) linker through a non-covalent interaction, and the SARS-CoV-2 S1 antigen was subsequently used to characterize the corresponding electrical signal outputs of the biosensor. The presented SWCNT biosensor showed an excellent selectivity specific to the SARS-CoV-2 S1 antigen when tested along with the SARS-CoV-1 S1 and MERS-CoV S1 antigens, such that the biosensor was able to differentiate SARS-CoV-2 S1 and MERS-CoV S1 from their respective antigens. Moreover, the reproducibility and reusability of the biosensor was also successfully demonstrated, indicating the developed biosensor’s high potential for low-cost, rapid, simple, and easy-to-use SARS-CoV-2 S1 antigen detection and SARS-CoV-2 virus diagnosis.



The human norovirus (HuNoV) is a common food-borne illness that causes an estimated 699 million cases of illness, 219,000 deaths, more than USD ~4 billion in direct medical costs, and more than USD ~60 billion in indirect medical cost globally per year [165,166]. One-fifth of acute gastroenteritis is caused by HuNoV worldwide. Although no HuNoV vaccine has been developed so far, as a proof of concept, however, Xiang et al. developed a low-cost, flexible, and wearable inkjet-printed graphene-based FET biosensor to capture norovirus target pathogens from the as-prepared solution [99]. Readers are referred to the original manuscript for the detailed step-by-step inkjet-printed fabrication process of the graphene-based FET biosensor. The biosensor was developed based on intensity changes of the AC signal to avoid high background noise, enabling the detection of biological agents at low concentrations.



More recently, Adly et al. [100] demonstrated an inkjet-printed electrochemical biosensor for the detection of human immunodeficiency virus (HIV)-related single stranded DNA (ssDNA) by immobilizing peptide nucleic acids (PNAs) on inkjet-printed carbon microelectrodes. The device was developed as a proof-of-concept in the development of a microgap device for the amplification of signals of biorecognition events. The redox cycling method [167,168,169] was used for signal amplification. The redox cycling application is based on the “principle of repeating oxidation and reduction events of redox-active molecules between two closely spaced and independently biased electrodes”. Thus, redox cycling relies on the time taken by a molecule to travel from one electrode to another. If the molecules shuttle rapidly between the oxidizing and the reducing electrodes, strong current amplifications can be obtained. This means that the shorter the distance (micrometer or nanometer) between the electrodes, the more efficient the redox cycling amplification [100]. As such, a separation between the electrodes as low as 500 nm has been successfully obtained via inkjet printing technology with prior substrate adjustments [170]. Adly et al. were able to reduce the distance between two inkjet-printed carbon electrodes down to 1 μm without any prior substrate modification.




3.2. Enzymatic Biosensor


Biosensors are comprised of two main parts: the sensing element, also known as the molecular recognition element (MRE), and the transducing element. The transduction mechanism can be carried out optically, electrically, or by gravimetry, whereas the molecular recognition elements can be antibodies, DNA, enzymes, proteins, or complete cells. One of the earliest reports of an enzyme-based biosensor was in 1967 [171]. An earlier report by Clark and Lyon in 1962 [1] presented an enzyme-based biosensor that used enzyme electrodes, and since then, extensive research has been carried out for the development of enzyme-based biosensors [172,173]. Enzyme-based biosensors can be used to detect glucose, urea, lactose, and xanthine [172]. One of the main concerns of enzyme-based biosensors is their stability and shelf life. If enzyme-containing inks are used for the fabrication of enzyme-based biosensors, for example, with inkjet printers, a major concern is that such inks will have low shelf lives due to the rapid catalytic activity loss of the enzymes in the ink. Techniques to promote better stability and activity, such as employing additives, surface immobilization, enzyme rigidification, and fine-tuned enzyme attachment, have been reported [137,138,174,175]. To address this issue, a recent study [176] developed a technique that caused inkjet-printed enzyme electrodes to retain their sensitivity three months after the ink preparation. To achieve this, the authors formulated a special ink in which, at first, a horseradish peroxidase was covalently immobilized onto silica nanoparticles (SNPs), and then, the SNPs were mixed with an aqueous ink containing single-walled carbon nanotubes (SWCNT). Subsequently, the enzyme electrodes were inkjet-printed with the formulated ink. The immobilization of the biomolecules on the SNPs increased their stability. Figure 5 shows the fabrication steps of the inkjet-printed three- electrode chemical cell. A fully inkjet-printed amperometric hydrogen peroxide biosensor was fabricated to test the performance of the as-prepared enzymatic electrodes.



A study reported by Bai et al. [71] presented yet another inkjet-printed enzyme= based biosensor for point-of-care (POC) analyte detection. In this study, they used multi-walled carbon nanotubes (MWCNT) as enzyme carriers. For enzyme immobilization, a layer-by-layer inkjet printing technique was adopted by cross-linking the ink components between the printed layers. Commercially available disposable screen-printed electrodes, SPEs, on the polyethylene terephthalate (PET) substrates were obtained and treated with a functionalization process, as shown in Figure 6. The schematic shows the layer-by-layer inkjet printing of enzyme ink (layer 1), GLA ink (layer 2), and Nafion ink (layer 3), which were printed to functionalize the working electrode (WE) as a cross-linking and protective ion-selective layer.



The enzyme ink contained MWCNT as enzyme carriers for the enhancement of enzyme loading. The pre-deposited enzyme layer and BSA-glutaraldehyde-enzyme crosslinking gel provided a stable and strong connection between the enzyme and the electrode. Finally, a Nafion layer was printed on top to act as a protective layer for the sensor. Artificial saliva with different concentrations was used for the validity demonstration of the fabricated biosensor. The functionalized SPE with the detection sample was loaded onto a portable potentiostat, where electrochemical experiments were executed and subsequently transmitted to a smartphone app. The results were then displayed on the smartphone screen for the users to interact with. An attractive feature of the developed biosensor was its smartphone integrability, which made it easily usable by a non-expert with the help of a user-friendly Android application. The biosensor offered a wide, linear range with a rapid response time of less than 10s. It allowed for the exchange of the sensing elements and the reagents, rendering it applicable for various types of analyte detection. Finally, a recovery rate of as high as 94% was achieved via artificial saliva testing, suggesting the potential use of the fabricated biosensor system for saliva tests.



Approximately 422 million people around the world suffer from diabetes mellitus [177], which is projected to rise to 642 million by 2040 [178]. Diabetes mellitus causes blood glucose levels to rise to higher than normal as a result of the body not producing enough insulin (a hormone that controls the amount of glucose in the blood) or simply not responding to the insulin (also called insulin resistance). To avoid such complications, a diabetic patient needs to keep track of their blood glucose levels by performing multiple measurements throughout the day, as blood glucose is an extremely variable parameter. Maintaining glucose levels at an appropriate level is important to prevent or lower the risk for diabetes-induced complications such as heart disease, blindness, kidney failure, and other micro and macrovascular complications [179]. It can also help the patients undergoing insulin therapy inject insulin only when required. Therefore, self-checkup devices that can offer inexpensive, fast, reliable, and convenient pain-free experiences are required. For this purpose, among other glucose-measuring devices, glucose biosensors have been studied and developed for almost 60 years since the first report in 1962 [1].



Sweat-based wearable sensing devices promise several advantages, particularly in healthcare applications [180,181]. On the one hand, wearable sweat sensors are non-invasive and comfortable to use, but on the other hand, these devices can be easily paired with smartphone applications for easy monitoring, even for lay users. Besides being 99% water [182], sweat is composed of cortisol and glucose biomarkers [183,184]. Due to very low concentrations of these biomarkers in sweat, with further dilution for increased sweat flow rates, highly sensitive sensors are required for better precision. Electrochemical sensors, in particular, have been promising for sweat-sensing applications [185,186]. However, current wearable sweat sensors are limited by the lack of available data revealing the effect of sweat volume flow rates [187], the mixture of old and new sweat that reduces sensor reliability [188], and above all, the requirement for expensive and complex fabrication techniques such as photolithography. Very recently, Naik et al. [189] demonstrated the fabrication of a “smart bandage” microfluidic device for single-use cortisol detection and glucose sensing and monitoring. The device was composed of electrochemical sensor-printed graphene and silver inks and an adhesive-based microchannel. The device was integrated with a synthetic skin to understand the perspiration rate for the purposes of validating measurement reliability at various sweating rates. Figure 7 shows the fabrication process of the microfluidic device. The device was specifically designed to project the capability of inkjet-printed methods for inexpensive, customizable, and flexible wearable devices. Besides the glucose monitoring and cortisol measurement, these inkjet-printed devices are true platforms for any type of biosensing device fabrication that is only different in its required design.




3.3. Non-Enzymatic Biosensors


Based on sensing materials, two main categories of biosensors have been developed: enzymatic and non-enzymatic biosensors [190,191]. Although enzymatic biosensors are highly reliable and offer excellent selectivity due to their catalytic behavior [192,193], they are accompanied by certain drawbacks such as high fabrication cost and, more importantly, poor stability of their enzymes. These drawbacks have driven the need for the development of non-enzymatic biosensors. Over the years, extensive studies have been conducted for the development of non-enzymatic biosensors, which have been reviewed elsewhere in detail [194,195,196]. Electrochemical enzyme-free glucose biosensors have been developed that have higher selectivity, improved sensitivity, and better reproducibility [197,198,199,200]. Nanocomposite materials with a high surface area have been exploited for their sensitive detection of glucose via the non-enzymatic electrochemical method [197]. Moreover, nanomaterial-modified glassy carbon electrodes (GCE) have been extensively used for the enzymatic and non-enzymatic electrochemical detection of glucose [197,198,199,201,202,203]. As a more convenient alternative in terms of fabrication, and a more ecofriendly approach to the nanomaterial-ink synthesis, paper-based electrochemical and calorimetric sensors have been reported for their low-cost, biodegradable, portable, and highly stable electrochemical analysis of different chemical substances [204,205]. It is as convenient as writing directly with a nano-ink-filled ballpoint pen to fabricate electrochemical sensors on paper substrates [206,207]. Screen printing has also been adopted for the fabrication of both enzymatic and non-enzymatic electrochemical biosensors on paper substrates, but at the cost of generating a large amount of waste [208,209], which is generally the case with screen-printing technology.



Inkjet printing technology, being drop-on-demand, is a suitable alternative for the fabrication of paper-based electrodes using ecofriendly nanomaterial inks in electrochemical glucose-sensing applications. Recently, an electrochemical, non-enzymatic glucose biosensor was reported, with starch-capped gold nanoparticle (AuNPs) ink inkjet printed on paper substrates to produce paper-based electrodes [210]. The enzyme-free paper-based working electrode was exploited for the analysis of glucose in human blood serum. Figure 8 presents a complete schematic illustration of the AuNPs printed on paper substrates to produce printed paper electrodes (PPE), the working of the PPE, and a cyclic calorimetry representation of the detection of the glucose. The preparation of the active PPE was realized by printing the Au-nano ink on different substrates, such as normal printing paper, bond paper, photo paper, and Whitman filter paper No.1, etc., via a simple desktop inkjet printer. The electrodes were sintered in a hot air oven at 100 °C for 30 min to obtain a minimum resistance of ~0.06 Ωcm. The prepared PPE showed great mechanical stability and flexibility after bending tests were performed at different angles (30°, 90°, and 120°) and the corresponding CV responses were observed. Moreover, the selectivity of the PPE, specifically for the determination of glucose in the blood serum, was also confirmed by introducing interfering species [197,211] such as uric acid, ascorbic acid, and dopamine, along with glucose, in the test sample. No significant change in the detection of glucose in the presence of such compounds was achieved. Overall, a highly selective, simple, ecofriendly, low-cost, and fast methodology was adopted in the fabrication of a robust enzyme-free electrochemical glucose biosensor.





4. Inkjet Printing Technology and the Market Competition


One of the closest competitors to inkjet printing technology is screen printing. Screen printing technology is more widely adopted in biosensor fabrication [212]. However, the biggest disadvantage of screen printing is its subtractive nature, which results in a large amount of precious ink wastage [210]. This, in return, is both costly and environmentally dangerous. Moreover, screen printing is only limited to high-viscosity inks and is a contact-based printing technique. It requires skilled operators and is costly in small-scale production. Another limitation of screen printing is its confinement to flat surfaces, which restricts its use for biosensor fabrication [213]. In comparison, the drop-on-demand nature of inkjet printing technology enables the printing of materials only when required, reducing the wastage of both the electronic and biological inks, while at the same time offering rapid processing, high resolution, and repeatability [214]. Inkjet printing technology allows for the use of a wide variety of inks and for low-temperature printing [215] that supports the use of thermally unstable compounds [216]. The non-contact, maskless, and direct writing capability of inkjet printing enables or allows for (i) combinatorial studies of various devices [217], (ii) CAD data modifications, without the need to change the master template, (iii) a low risk of contamination, (iv) precise spatial control, (v) the use of both solid and flexible substrates, and (vi) the printing of functional materials on 2.5D and 3D surfaces [218]. Inkjet-printing can also be employed as an etch-dispensing process that allows for the use of very small portions of the pre-deposited materials at levels not achievable by its close competitors [219]. One of the major advantages of inkjet printing is the ability to deposit the materials in very small volumes that contain a high loading of nanomaterials or delicate biological materials, at very high speeds.



Besides the screen-printing, other conventional printing techniques such as lithography, flexography, and rotogravure are widely adopted for the mass fabrication of electronic devices. However, each technology possesses its respective drawbacks. Although lithography is a mature technology and offers very high-resolution patterning at high speeds, it requires clean rooms and multistep complex processes, and is costly, specifically for rapid prototyping applications. Flexography offers high-speed and high-quality printing at the expense of long image changing times and costly printing plates. Although even faster and with better printing quality, the rotogravure technology is set back by even longer changeover times and an expensive set up, with printing plates costing as high as 10 times the cost of printing plates required in flexography [220]. Wax-based deposition and cutting plotter are also promising alternatives to screen printing; however, the former uses even more expensive materials while the latter is set back by very low reproducibility [221]. Compared to extrusion printing, stereolithography, laser printing, and microcontact printing, inkjet printing technology is preferable for direct cell printing due to its smaller footprint, high printing resolution, and non-contact nature [222]. 3D printing possesses all the qualities of inkjet printing, but is limited by the availability of printing materials. Readers are referred to [223] for a detailed comparison among inkjet printing, screen printing, gravure printing, and flexographic printing.



Recently, Li et al. [101] reported the fabrication of multiplexed biosensors (Glucose, Lactate, and Triglyceride) via the DOD miltinozzle inkjet printing system, printing 96 working electrodes in merely ~5 min. Figure 9 depicts the fabrication steps of the inkjet-printed multiplexed biosensor. Multiplexed biosensors refer to a device which is capable of detecting multiple analytes simultaneously by integrating miniature sensors on a single chip. The study identifies the drawbacks and limitations of traditional photolithography and screen printing for the large-scale fabrication of multiplexed biosensors. It found that photolithography is incompatible with the use of soft materials, while screen printing, being a wasteful process, is more likely to waste the expensive enzyme slurry in a large-scale fabrication process. On the other hand, DOD inkjet printing technology enables the selective printing of different enzymes on the desired areas. As such, a highly sensitive multiplex assay reproducible with good selectivity was fabricated via the DOD inkjet printing system.




5. Challenges and Limitations


The complete adoption of inkjet printing technology over its competitors has so far been limited due to its limited micrometer-range printing resolution, its nozzle clogging and ink viscosity limitations, and the coffee ring effect. The printing resolution of inkjet printing is decided by the volume of the drop, the drop’s impact with the underlying substrate, which is where the rebound effect comes into play, and the spreading or retracting of the ink on the substrate surface, which is governed by the substrate’s wettability. The drop production procedure [224] restricts smaller drops, which leaves restructuring the substrate surface before printing as the only option [225]. As the drop impacts the substrate after being jetted from the printer, it may rebound, splash, or spread, depending on whether the surface of the substrate is wetting or non-wetting. Each affects the overall resolution of the printed feature. To help avoid the wetting or de-wetting of the printed droplets, the surface energy of the substrate can be lowered [226]. The rebound of the drop can be avoided by adding small amounts of flexible polymer to the solvent [227]. Lowering the nozzle diameter is another option; however, smaller nozzles clog easier and the machining of such nozzles are expensive. Park et al. used the electrohydrodynamic jetting technique to achieve a feature size of up to 5 μm [228]. Recently, using electrohydrodynamic inkjet printing, Zheng et al. [67] produced hydrogel-based microvascular tissues with a minimum feature size of 30 μm for the hierarchical and branching channels. Ko et al. produced a 1–2 μm line width resolution by a selective laser sintering process following printing [229]. Using the combination of inkjet printing and femtosecond laser sintering, nanoscale metal patterns were produced by Son et al. [230], overcoming the light diffraction limit (see Figure 10).



The coffee-ring effect [231] is another fundamental issue with inkjet printing technology, which causes non-uniform film deposition. After the drop’s formation on the substrate, the misbalance between the solvent’s evaporation and the decrease in the solution volume promotes the radial flow of the residual material from the center to the edges, known as the coffee ring effect [232]. It is possible to print a smooth and uniform line with uniform edges by controlling the drop frequency, temperature, and spacing, as reported by [231]. Recently, a study by Sliz et al. [233] showed both experimentally and through simulation modeling that droplet behavior can be controlled by the substrate’s temperature, thus controlling the coffee-ring effect. They showed that up to a critical temperature, an increase in heat transfer causes an increase in the capillary effect, and consequently, an increase in the size of the coffee-ring effect. Beyond the critical temperature, a continuous increase in the temperature tends to diminish the coffee-ring effect. This phenomenon is in agreement with the Leidenfrost effect [234]. Beyond the critical temperature, the coffee-ring effect shape reappears. Although the coffee-ring effect is generally considered an undesirable phenomenon, at the same time, it is exploited for many useful applications [235].



Another major constraint of inkjet printing technology is the limitations caused by ink viscosity. Major competitors such as screen printing and flexography can handle inks with higher viscosity and more solid loadings, while inks with high viscosity and solid contents tend to cause problems such as nozzle clogging and printability [236]. A major constraint also exists for thermal inkjet printers, specifically due to thermally sensitive biological inks. Therefore, piezoelectric inkjet printers are normally preferred over thermal inkjet printers. Nevertheless, due to the advantages of thermal inkjet printers, such as miniaturization [237], special types of inks have been developed to overcome the limitations of thermal inkjet printers for biosensor fabrications [176].




6. Conclusions


Currently, inkjet printing technology is limited by the fine tuning of ink viscosity and surface tension. The requirement for a certain range of viscosity limits the %wt (concentration) of the functional materials in the ink, sometimes leading to the required amount of deposition being obtained only after multiple printing cycles. Since this limitation lies in a domain of ink development specific to inkjet printing, extensive research has been undergoing to overcome all sorts of application-specific limitations. As a result, we have constantly witnessed the compatibility of inkjet printing with all types of nanoparticles, nanomaterials, and biological inks that have been developed throughout the years. Moreover, the resolution limitation of inkjet printing systems has also improved significantly since their early developmental stages. The main motivations behind using inkjet printing technology are that it offers simplicity, versatility (application to a vast variety of fields), cost effectiveness, compactness, ease of operation, integrability with CAD software for rapid design modifications, low material waste, and production speed, to name a few. As such, its usability is widely spread across printed flexible, stretchable, and wearable electronics, biosensors, monitoring sensors, etc. Efforts are being made to develop inkjet-printed organic transistors; however, this is currently limited by their low charge carrier mobility, high operating voltage, short lifetime, and very slow switching speeds. Nevertheless, it offers large-area scalability, compatibility with soft substrates, and high printing speeds. Hence, there is still a long way until inkjet printers can be used as a standalone technology for microfabrication and can be exploited at their full potential. Particularly, the majority of the proposed inkjet-printed biosensing devices are, as of yet, proof of concept prototypes, and do not necessarily guarantee an economical manufacturing cost, device sensitivity, or reliability, as compared to the already state-of-the-art industrial microfabrication techniques. Therefore, further research is required for the development of compatible inks, substrates, printing resolutions, and speeds, as well as more effective miniaturization techniques, for inkjet printers to be competitive in the disposable electronic manufacturing market.
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Figure 1. (a) An experimental illustration of a COVID-19 detection microfluidic chip. (b) Three-dimensional (3D) photograph of the experimental apparatus. (c) 3D photograph of a flexible silicon tube bonded to the nylon mesh and glass tube. (d) Front view of the attached nylon mesh with silicon tubing to prevent leaks. (e) SEM image of the nylon mesh. (f) SEM image of a single micro-hole of the nylon mesh. Reprinted with permission from [18]. 
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Figure 2. (a) Thermal inkjet printing process: (1) Ink in a stable form in the chamber. (2) The resistor heats up and evaporates the fluid, forming a bubble, and the pressure forces the ink outward from the nozzle cavity. (3) Turning off the resistive heating causes the bubble to subsequently collapse, and a reduction in pressure sucks in the ink both from the nozzle and the ink refill inlet. (b) Piezoelectric printing process (1–3): a similar process as thermal inkjet printing, except here the pressure produced by the piezo element/vibration plate combination stimulates the inkjet and ink refill process. 






Figure 2. (a) Thermal inkjet printing process: (1) Ink in a stable form in the chamber. (2) The resistor heats up and evaporates the fluid, forming a bubble, and the pressure forces the ink outward from the nozzle cavity. (3) Turning off the resistive heating causes the bubble to subsequently collapse, and a reduction in pressure sucks in the ink both from the nozzle and the ink refill inlet. (b) Piezoelectric printing process (1–3): a similar process as thermal inkjet printing, except here the pressure produced by the piezo element/vibration plate combination stimulates the inkjet and ink refill process.



[image: Chemosensors 10 00103 g002]







[image: Chemosensors 10 00103 g003 550] 





Figure 3. Graphical illustration of the fabrication and working of the monolayer WSe2-based FET COVID-19 sensor. The FETs were fabricated via photolithography. Monolayer WSe2 crystals were functionalized with COVID-19 antibodies (used as a base sensing platform) via 11-mercaptoundecanoic acid (MUA). The MUA was activated with an n-hydroxysuccinimide (NHS) and carbodiimide hydrochloride (EDC) solution. The detection of the SARS-CoV-2 spike protein was evaluated by the corresponding effects on the electrical transport properties. Reprinted with permission from [147]. 
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Figure 4. Schematic illustration of the COVID-19 testing steps via CNT-FET biosensor. 1 μL SARS-CoV-2 S1 antigen mixed with 99 μL healthy human saliva to mimic SARS-CoV-2-positive saliva was used as a test sample. The sample was dropped onto the SWCNT surface where anti-SARS-CoV-2 S1 was immobilized via the PBASE linker. SARS-CoV-2 S1 antigen detection was based on the change in S-D current (IDs). The change in the electrical signal characterized the antigen binding effect. Reprinted with permission from [102]. 
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Figure 5. (TOP) Illustration showing the inkjet-printed fabrication steps of the three-electrode electrochemical cell. Polyethylene Terephthalate (PET) was chosen as the substrate. (1–4) Initially, the working electrode (WE) and counter electrode (CE) were printed with Au nanoparticle ink, followed by the printing of the reference electrode (RE) with Ag nanoparticles. After the drying and sintering stage, the Ag electrode was chlorinated for stability purposes. (5.A–8.A) In the next step, a circular area (1 mm dia) was printed on WE with CNT ink, followed by the sintering step. The PriElex® SU8 dielectric ink was printed on the conductive paths, followed by hotplate curing. (5.B–8.B) In the final step, following the printing and curing of the dielectric ink, the bio-ink (SWCNT-SNP-HRP) was printed on the active area of WE, followed by room temperature curing to avoid damages and losses in enzymatic activity. (Bottom) Photographic images of the printed electrodes inks and the image of multiple electrodes inkjet printed on flexible PET substrate. Reprinted with permission from [175]. 
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Figure 6. Graphic illustration of the functionalization process of the screen-printed electrodes. Three kinds of inks were sequentially inkjet-printed, layer by layer, on the working electrode. The enzyme layer with biological entities was printed in the first layer, followed by the glutaraldehyde (GLA) layer to form a cross-linking layer. Finally, the Nafion layer was printed to act as a protective layer to encapsulate the sensor. Reprinted with permission from [70]. 
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Figure 7. Fabrication of a cortisol detection and glucose-monitoring biosensor. (a) Illustration of laser-cut microfluidic device fabrication and assembly of the electrode and connector layout. Pressure-sensitive adhesive microchannel cutout (1 mm wide) was used between polyimide (PI) and hydrophilic polyethylene terephthalate (PET) (with a SiO2-based hydrophilic coating) substrates. The absorbent pad was used for constant evaporation of sweat through the device. (b) Inkjet-printed glucose sensor with silver (right) and graphene (left) electrodes. Graphene and silver inks were printed for high-temperature stability. (c) Inkjet-printed chronoamperometric cortisol sensor with silver (right), graphene (middle), and graphene/Au NP (left) electrodes. (d–f) Bending and twisting mechanical deformation demonstration of the assembled cortisol sensor. Reprinted with permission from [189]. 
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Figure 8. A complete schematic representation of the inkjet-printed paper electrode (PPE) with AuNPs ink, its working, and a cyclic voltammetric (CV) glucose detection chart. (a–d) Starch-encapsulated AuNPs ink preparation with green chemical substances, followed by printing of the electrodes onto the paper substrate. (e) Human blood serum preparation. (f) Testing of the AuNPs-PPE as working electrode. (g) CV responses representing the detection of glucose. Reprinted with permission from [210]. 
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Figure 9. Graphic illustration depicting the fabrication of the inkjet-printed multiplexed biosensor. (a) The conductive polymer polyaniline (PAni) hydrogel was formed on the working electrodes (WE) by sequentially printing precursor solutions A (phytic acid and aniline) and B (ammonium persulfate) on the predefined areas. (b) Chloroplatinic acid (P) and formic acid (F) solutions were printed on the electrode for homogenous high-density loadings of platinum nanoparticles (PtNPs) on the PAni hydrogel film. (c) Enzyme solutions G (glucose oxidase solution, GOx), L (lactic oxidase solution, LOx), and T (mixed solution of l pase/glycerol kinase/L-α-glycerophosphate oxidase, LP/GK/GPO) were sequentially printed onto their designated working electrodes one by one. (d) Finally, the multiplexed biosensor was assembled by integrating the top layer, channel layer, and electrode layer. (e) Schematic of the multiplexed detection of metabolites in human blood with the multiplex assay. Reprinted with permission from [101]. 
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Figure 10. (a) Variation of line width as a function of scanning speed at 150, 200, 300, and 400 mW laser powers (b) SEM image of the mesh pattern of the printed and sintered silver nanoparticles. Reprinted with the permission of [230]. 
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Table 1. Printing technologies used for biosensors fabrication.
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Printing Technology

	
Biosensors

	
Merits

	
References

	
Limitations






	
Screen Printing

	
H2O2 detection

	
Simple, high throughput, economical, robust, rapid, scalable, miniaturization, reliable

	
[80,81]

	
Mask-based, contact-based, low production rate compared to roll-to-roll printing, material waste, high material consumption, limited for large scale production




	
Glucose sensor

	
[82]




	
Glucose, glutamate, lactate sensor

	
[83]




	
pH sensor

	
[84]




	
Uric Acid sensor

	
[85]




	
Dopamine detection

	
[86]




	
SARS-CoV-2

	
[87,88]




	
MERS-CoV

	
[89]




	
Escherichia coli (E. coli)

	
[90]




	
Inkjet Printing

	
Multianalyte (pH, Protein, Glucose) sensor

	
Drop-on-demand (DOD), maskless, can create patterns on non-planar surfaces, well-defined patterning, simple, capacity for mass production

	
[91]

	
Nozzle clogging, highly specified ink formulation, limited resolution




	
Ammonia sensor

	
[92]




	
Pathogen detection

	
[93]




	
Bienzymatic Glucose biosensor

	
[94]




	
Calorimetric sensor/ H2O2 detection

	
[95,96]




	
H2O2 and glucose detection

	
[97]




	
Pressure ulcer detection

	
[98]




	
Wearable biosensor detection system/norovirus detection

	
[99]




	
HIV-related ssDNA detection

	
[100]




	
Multiplexed biosensor

	
[101]




	
Protein detection

	
[102]




	
SARS-CoV-2 detection

	
[103]




	
3-D Printing

	
Lactate detection

	
Ease of design geometries using CAD software and 3D scanner, ability to print complex 3D features

	
[104]

	
Limited printing resolution, limited by printable materials




	
Multiuse (dopamine, tert-butyl hydroquinone, dipyrone, and diclofenac) sensors

	
[105]




	
DNA sensing

	
[106]




	
Dopamine detection

	
[107]




	
Enzyme biosensor/H2O2 detection

	
[108]




	
Gravure Printing

	
Cadmium sulphide, lead sulphide, D-proline, mouse IgG detection

	
Roll-to-roll printing, rapid printing, large-area patterning

	
[73]

	
High pressure required, low resolution, used for long runs




	
Antioxidant Biosensor

	
[109]




	
Ions, metabolites, heavy metals detection, perspiration monitoring

	
[110]




	
Glucose sensor

	
[111]




	
Flexographic Printing

	
Glucose sensor

	
Roll-to-roll printing, rapid printing, comparatively low pressure required than gravure printing with better resolution, large-area patterning

	
[112,113,114]

	
High pressure required, used for short and medium runs




	
Algal toxin detection in water

	
[115]




	
Human cytomegalovirus (HCMV) detection

	
[75]




	
Microcontact Printing

	
Protein detection

	
High resolution down to nm scale, more flexible in terms of ink rheology as compared to inkjet printing, can create patterns on non-planar surfaces

	
[116]

	
Transfer printing, requires mask created via photolithography




	
Antibody detection

	
[117,118]




	
Coccidioidomycosis (Valley Fever) detection

	
[119]




	
Laser Printing

	
Catechol detection/polyphenol biosensor

	
High spatial resolution, contactless direct-writing technique, no requirement for masks or nozzles, ability to transfer materials both in liquid and solid phase

	
[120]

	
Cannot transfer complex multi-component materials, weak bonding between material and substrate, suitable for a few materials only depending on the optical and mechanical properties of the material




	
Herbicides detection

	
[121]




	
Proteins and DNA sensor

	
[122,123]




	
Heavy metal ions detection

	
[124]




	
DNA hybridization event detection

	
[125]




	
Bacteria sensor

	
[126]
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