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The appearance of next generation sequencing technology that features short read length with high measurement throughput and low cost has revolutionized the field of life science, medicine, and even computer science. The subsequent development of the third-generation sequencing technologies represented by nanopore and zero-mode waveguide techniques offers even higher speed and long read length with promising applications in portable and rapid genomic tests in field. Especially under the current circumstances, issues such as public health emergencies and global pandemics impose soaring demand on quick identification of origins and species of analytes through DNA sequences. In addition, future development of disease diagnosis, treatment, and tracking techniques may also require frequent DNA testing. As a result, DNA sequencers with miniaturized size and highly integrated components for personal and portable use to tackle increasing needs for disease prevention, personal medicine, and biohazard protection may become future trends. Just like many other biological and medical analytical systems that were originally bulky in sizes, collaborative work from various subjects in engineering and science eventually leads to the miniaturization of these systems. DNA sequencers that involve nanoprobes, detectors, microfluidics, microelectronics, and circuits as well as complex functional materials and structures are extremely complicated but may be miniaturized with technical advancement. This paper reviews the state-of-the-art technology in developing essential components in DNA sequencers and analyzes the feasibility to achieve miniaturized DNA sequencers for personal use. Future perspectives on the opportunities and associated challenges for compact DNA sequencers are also identified.
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INTRODUCTION
The sequence of nucleic acids in DNA contains the secret of life. Therefore, determining the sequence of the four bases, namely adenine, guanine, cytosine, and thymine, is crucial for biological research as well as numerous applied fields such as medicine, virology, anthropology, and forensics (Heather and Chain, 2016; Shendure et al., 2017). The first-generation DNA sequencing technology named “Sanger method” contributes to the birth of commercial DNA sequencers in 1986 (Hunkapiller et al., 1991), followed by the second-generation sequencing technologies (also known as the next-generation sequencing, NGS) with high-throughput, low measurement cost, and short read length (Bramhachari and Naidu, 2019; Kumar et al., 2019). Emerging third-generation sequencing technologies represented by two single-molecule sequencing approaches based on zero mode waveguides (ZMW) and nanopores demand no template amplification while offering real-time, long-read sequencing with potential capability to achieve portable and readily DNA sequencing.
The third generation of sequencing technologies represented by the MinION developed by Oxford Nanopore Technologies (ONT) and the Sequel II by PacBio have demonstrated vital use in surveillance such as Zika (Faria et al., 2016), African swine fever (Jia et al., 2020), Ebola (Quick et al., 2016), and the very recent COVID-19 (Lopez-Alvarez et al., 2020), whose genomes can be sequenced within 14 h after receiving the sample (Fauver et al., 2020). Sequencing platforms such as MinION have also been introduced to educate medical students (Cervantes et al., 2020) through a brief hands-on workshop, indicating the possibility to rapidly cultivate large numbers of skillful operators in a short period of time. These commercial systems reveal new possibilities to achieve rapid point-of-care or in-field testing for personal applications. In addition, easy access to DNA sequencers for quickly determining personal health conditions and identify species of analytes may prevent the outbreak of public health crises and global pandemics.
Despite great technical achievement in the third generation of sequencing technology, both the nanopore-based and ZMW based technologies possess individual shortages. For example, the systematic error rates of the individual reads (Jain et al., 2018; Logsdon et al., 2020) limit the application of the MinION, while the PacBio systems are not portable in size. The operation of these systems is still not optimized for personal use as other commercially available consumer electronics. The future development path of DNA sequencers may follow the same route as many other biological and medical analytical systems that were originally bulky in sizes and eventually became portable, wearable, and implantable with high measurement precision. The development of relevant technologies such as nanotechnology, microelectronics, and microfluidics may eventually lead to more miniaturized DNA sequencers. Table 1 summaries the features of ONT MinION, the PacBio Sequel II and the future miniaturized sequencers. This paper reviews the state-of-the-art technology in developing essential components in DNA sequencers and analyzes the feasibility to achieve miniaturized DNA sequencers for personal use. Future perspectives on the opportunities and associated challenges for compact DNA sequencers are also identified.
TABLE 1 | The comparation of ONT MinION, the PacBio Sequel II and the future miniaturized sequencers.
[image: Table 1]COMPOSITION OF A MINIATURIZED DNA SEQUENCING SYSTEMS
Before discussing the possibilities of miniaturized DNA sequencers for personal use, it is necessary to dissect the sequencing systems to analyze the opportunities and challenges for each component. Despite different principles for DNA sequencers, a typical DNA sequencing process may generally involve steps such as library preparation, DNA sequencing, and data processing. Correspondingly, a miniaturized DNA sequencer may contain essential components such as microfluidics, nanoprobes, acquisition circuits/systems, data analysis, and display (Figure 1). Library preparation is a vital process to ensure high-quality results. The protocols for library preparation of different sequencing platforms contain major steps such as quantification, mechanical fragmentation, enzymatic reactions, purification, and amplification (Hess et al., 2020). Microfluidics that can parallelly and automatically handle minimum volumes of samples is favorable for portable library preparation. The nanoprobes that refer to sensors with similar scales as DNA output specific signals in response to different nucleobases. Large numbers of nanoprobe arrays result in high-throughput sequencing. Different types of nanoprobes may generate varied electrical, chemical, force, and optical signals, demanding corresponding signal acquisition systems that can be as simple as a USB disk. Data analysis of sequencing results can either be processed by a computer or a dedicated signal processor. Despite that a fully miniaturized system has not yet been achieved, some existing microfluidics and nanoprobes have already demonstrated the tendency toward a fully portable system for personal use, while many critical techniques such as signal acquisition and data analysis circuits remain to be developed.
[image: Figure 1]FIGURE 1 | A schematic of miniaturized DNA sequencers.
Microfluidics for Miniaturized DNA Sequencers
As for library preparation in miniaturized DNA sequencing, the best solution should be the miniaturized, integratable, and high-throughput microfluidic devices, which have been widely used in chemical synthesis, biopharmaceutical, medical diagnosis, and tissue culture (Zhong et al., 2019). Microfluidic devices have been applied in NGS with the major research effort to reduce the cost and reagent consumption, where the chamber used for mixing, cleaning, and reaction can be up to the micro-nano liter level. The strategies and technologies may also be applied to single-molecule sequencing. Tan et al., (2013) demonstrated a microfluidic device based on multilayer soft lithography. The device allows parallelly introducing 16 samples, and enable enzymatic reactions as well as purification steps. Kim et al., (2017) implemented Illumina's complete Nextera protocol on a similar automatic microfluidic system that included enzymatic reaction, purification, and amplification steps for minimized sample input (Figure 2A). Murphy et al., (2020) presented a microfluidic droplet-based system for NGS library preparation, which reduced reagent consumption by 10× and allowed an extremely low DNA input requirement of 10−11 g/library. Ruan et al., (2020) also developed an automatic sample preparation platform, Digital-WGS, based on digital microfluidics for high-performance single-cell whole-genome sequencing (WGS). Digital microfluidics has also been adopted by several companies for automatic library preparation, such as the Illumina NeoPrep and the NuGEN Mondrian system that based on electrowetting (Tan et al., 2013; Coelho et al., 2017). The commercially available automated library preparation system VolTRAX by ONT (Figure 2B) is also based on electrowetting (Li and Kim, 2020). The compact system that can be powered by USB has a volume of 58 × 64 × 134 mm3 and a weight of 301 g. The VolTRAX allows users to develop their own protocols for fluorescence detection or polymerase chain reaction (PCR). Agrawal et al., (2020) presented a 3D printed poly(dimethylsiloxane) (PDMS) device for DNA extraction, which was specifically developed for long-read genomics (Figure 2C). All examples above indicate that the microfluidics technology has been well-developed with a variety of microfluidic components, which can be readily used for library preparation for both the second and the third generations of DNA sequencing technology. More systematic reviews about microfluidic components suitable for DNA sequencers have been provided elsewhere (Hess et al., 2020). Although the microfluidics is well developed, it still needs further research on more sophisticated functions and technologies to fully integrate with the miniaturized sequencers.
[image: Figure 2]FIGURE 2 | Microfluidics systems for DNA sequencing. (A) The 96× 36 nl microfluidic sample preparation device filled with food coloring to highlight features: the reactor (red), filter (yellow), and reservoir (green) units. Reproduced from (Kim et al., 2017) with permission from Nature Publishing Group. (B) The photo of the VolTRAX system from the website of ONT. (C) DNA extraction device for long-read genomics. Reproduced from (Agrawal et al., 2020) with permission from American Chemical Society.
Nanoprobes for Miniaturized DNA Sequencers
After the library preparation process, the integrated microfluidic device can transport the DNA samples to the nanoprobes, where the sequencing data is measured from the interaction between them. The nanoprobes have been extensively explored in varied contexts. They possess similar scales as DNA chains and measure specific DNA signals through optical, electrical, and mechanical approaches. Most nanoprobe devices have already possessed miniaturized formats, and thus can be readily integrated into miniaturized DNA sequencers. However, different sensing principles require varied peripheral components, leading to different complexity for miniaturizing these components and feasibility to achieve high-throughput personal DNA sequencing. Table 2 summaries the possible nanoprobes for miniaturized DNA sequencers, including ZMWs, nanopores, nanopipettes, and field-effect transistors (FET). Among them, the nanopore might be the most promising one to achieve the goal of a miniaturized DNA sequencer for personal use. The following section reviews the state-of-the-art techniques for nanoprobes and analyses the possibility to achieve miniaturized DNA sequencers based on different techniques.
TABLE 2 | Comparation of the nanoprobes for miniaturized DNA sequencers.
[image: Table 2]Zero-Mode Waveguides
The ZMW devices contain nanophotonic confinement structures that enhance the fluorescent intensity on the bottom of the structures while minimizing background light interference from free-flowing molecules labeled with fluorescent dyes. The ZMW effect becomes significant in nanowells with a diameter of 100 nm and a height of ∼100 nm. When affixing each of the nanowells with polymerase on the bottom (Figure 3A), the polymerase can synthesize double strand DNA using templates from measured single strand DNA and materials from four DNA bases labeled with different fluorescent dyes in the surrounding solution. The ZMW effect allows observation of fluorescent color from the DNA base in use while minimizing the influence of background fluorescent. The basecalling is then conducted to identify the nucleotides according to the corresponding fluorescence of the dye. A typical single molecule real-time (SMRT) sequencing procedure is shown in Figure 3B (Rhoads and Au, 2015). A fluorescently labeled nucleotide is incorporated into the DNA template by the polymerase, then the corresponding fluorescence (yellow for base C as an example here) signal arises. When the fluorescent tag is cleaved off and diffuses out of the ZMW, the fluorescence pulse ends and the polymerase translocates to the next position. The next nucleotide is then incorporated into the DNA template by the polymerase to repeat the same steps.
[image: Figure 3]FIGURE 3 | The principle of PacBio sequencing. (A) A schematic diagram of the SMRT sequencing. The adaptor binds to a polymerase immobilized at the bottom of a ZMW, where the light excitation and emission occurs. (B) The SMRT sequencing procedure. Each of the four nucleotides is labeled with a different fluorescent dye, which produces a light pulse when the corresponding nucleotide is held by the polymerase. Reproduced from (Rhoads and Au, 2015) with permission from Elsevier.
The ZMW technique has been developed for almost 20 years. The pioneering work of ZMW can be dated back to 2003, when Levene et al., (2003) demonstrated that ZMW can be used to optically detect individual molecules that diffuse into nanowells, which limited the numbers of analytes to only a few Zeptoliters (Figure 4A). Zambrana-Puyalto et al., (2019) fabricated hybrid metal-dielectric nanoslots on a bilayer film of silicon and gold on a transparent glass substrate (Figure 4B). The optical response has been measured at three different wavelengths, including 587, 633, and 676 nm. Enhanced ZWM effect was observed in the near-infrared spectral region. Wu et al., (2019) found that undercutting can significantly enhance the fluorescence signal of Au ZMWs at the cost of increasing the excitation volume. On the other hand, reducing the radial size of the ZMW can both reduce the excitation volume and enhance the fluorescence. Klimov (2019) proved that selection of the permittivity of the metal film and the dielectric substrate could cause the excitation of "leakage" surface plasmon wave and "forbidden light", which greatly changed the relationship between the radiative and nonradiative decay channels (Figure 4C). As a result, the "leakage" wave significantly increased the emissivity into the dielectric substrate. The discovered effect can be used to design smart ZMW devices with high-efficiency single-molecule detection. Martin et al., (2016) studied the effect of gold and aluminum ZMW on the fluorescence of two fluorophores, Atto647N and Atto565. This work showed that 200 nm gold ZMW was more suitable for single-molecule fluorescence studies using red light, while aluminum is more suitable for green light.
[image: Figure 4]FIGURE 4 | Representative zero-mode waveguide devices for DNA sequencing. (A) Experimental setup for detecting translocation of labeled DNA molecules. The illuminating light is shown in blue. Emitted light (fluorescence) is shown in green. Reproduced from (Levene et al., 2003) with permission from AAAS. (B) The multilayer structure of a hybrid metal-dielectric plasmonic ZMW for enhanced single-molecule detection. Reproduced from (Zambrana-Puyalto et al., 2019) with permission from Royal Society of Chemistry. (C) ZMW for effective single-molecule detection by excitation of leaky plasmonic waves and forbidden light. Reproduced from (Klimov, 2019) with permission from American Physical Society.
The sequencers based on the ZMW effect have been successfully commercialized by PacBio. Each sequencer contains an SMRT cell with up to eight millions of ZMW nanowells, each of which is 100 nm in diameter and 70 nm in depth (Foquet et al., 2008). Despite the small footprint of individual SMRT cells, the peripheral components including the light source and photodetectors are still very bulky. As a result, the latest Sequel II System from PacBio has an overall dimension of 92.7 × 86.4 × 167.6 cm3 and a weight of 362 kg (PacBio, 2020). The major obstacle for achieving a small ZMW sequencer may come from the optical system that includes light sources and detectors. Potential solutions have been presented later in this review.
Nanopore Sequencing
Nanopore sequencing is a label-free and amplification-free approach for single-molecule recognition and detection of DNA bases. The specific signal from the interaction of nanopore with nucleotides provides base-specific information of DNA and even RNA (Shen et al., 2020). Nanopore sequencing can be achieved through different sensing principles with varied nanopore materials.
A typical nanopore device measures the ion blockade current during the translocation movement of DNA through biological nanopores formed by proteins on lipid bilayers. The fundamental concept has been presented in Figure 5A. The translocation of the DNA chain through the nanopore leads to blockage of the path of ions, resulting in a significant decrease in current measured by electrodes between the two sides of the nanopore. The translocation events that exhibit as spikes and pulses in the measured ionic current are specific in frequency, dwell time, and magnitudes among different DNA bases. To achieve high-resolution sequencing, the diameter of the nanopore should be comparable to that of the DNA molecule (1–2 nm), and the thickness should be smaller than the distance between two adjacent bases (∼0.5 nm) (Gasparyan et al., 2019). The MinION sequencer developed by ONT may be the first device that is close to the format of a fully miniaturized system. It is based on protein nanopores and ionic current sensing. The device features a small dimension of 10× 3.2 × 2 cm3 and a weight of 90 g. It is powered by a USB and is connected to computers for data processing. This device does not contain an integrated microfluidic system for automatic sample handling. Another portable system SmidgION, which is also developed by ONT, can work together with smartphones for more portable applications.
[image: Figure 5]FIGURE 5 | Nanopore sequencing based on (A) ionic current blockade; (B) tunneling current; (C) force; (D) electrode-free DiffusiOptoPhysiology.
Besides the measurement of the changes in the ionic current, the transversal tunneling current between two electrodes located on the same side of a nanopore with a distance similar to the size of the nanopore provides higher resolution for DNA sequencing (Figure 5B). As the resistance of nucleotide is much larger than that of the paired metallic electrodes, an analogical metal-“dielectric”-metal junction is formed around the nanopore during the translocation, causing varied tunneling current whose amplitude is corresponding to the nucleotide types. The transverse tunneling current is at the scale of nano-ampere that is approximately three orders higher than the ionic blockade current. Therefore, it can be measured at high frequencies without concern about the problem of translocation speed, leading to a much higher sequencing speed than the ionic current method (Gasparyan et al., 2019). However, as the mass-production of paired electrodes with nanogap remains challenging, the application of high throughput transversal tunneling current monitoring is still unpractical.
Apart from the collection of electrical signals, optical and force signals measured at the atom level have also been achieved (Zwolak and Di Ventra, 2008). The force signal that arises from the steric effect during the translocation of DNA through a small nanopore (Figure 5C) was first performed by Keyser et al., (2006) with the combing of optical tweezers and ionic-current detection. The resolution could be further improved by using atomic force microscopy (AFM). Nelson et al., (2014) simultaneously measured the force and the blockade current with a customized AFM. Moreover, Si et al., (2020) demonstrated that the DNA transport through nanopores could be manipulated by AFM, which slowed down the translocation velocity of DNA to ∼100 nm s−1, allowing the signal acquisition circuit to measure with higher precision and longer response time. The AFM with antibodies attached to its tip can also be used to detect methylation in individual DNA strands (Marszalek, 2010). The high resolution and tunable speeds make AFM-based force signal detection a promising method for DNA sequencing. However, the AFM systems are normally complicated and cumbersome, demanding further miniaturization and integration. In addition, the dependence of tips for the measurement of force signals brings huge challenges to the realization of massively parallel sequencing.
An optical sensing method defined as DiffusiOptoPhysiology (DOP) was created (Wang et al., 2019). The configuration of DOP included asymmetric electrolyte buffers, where the cis side was filled with KCl, Fluo-8, and ethylene diamine tetraacetic acid (EDTA), and the trans side was filled with CaCl2 (Figure 5D). Driven by the chemical gradient, Ca2+ and Fluo-8 diffused through the nanopore and subsequently bound together to form FluoCa, which emitted fluorescence around the nanopore for sensing of small molecules, macromolecules, and biomacromolecules. The image was recorded by an inverted microscope equipped with a total internal reflection fluorescence (TIRF). By further optimizing electrolytes and channel sizes, DOP may be able to make parallel measurement of thousands of nanopores with a low cost of < $1 in consumables for single use.
The nanopores can be constructed based on biological materials and solid-state materials. Biological nanopores offer smaller pore size and adjustable DNA translation velocity, however, these nanopores may suffer from instability and short longevity due to the degradation of proteins. As a result, alternative solutions based on solid-state nanopores (SSNs) have been proposed with high robustness and reliability as well as long lifespan. These nanopores also offer better compatibility to the fabrication and integration processes with other on-chip electronic devices. SSNs can be made through silicon-based membranes, two-dimensional membranes, and polymer membranes. SSNs can be commonly achieved by drilling through electron or ion beam (Figure 6A). The Si3N4 SSNs showed the excellent signal-to-noise ratio (SNR) due to relatively low noise at high frequencies when compared with biological nanopores and MoS2 SSNs (Fragasso et al., 2020). The noise can be further reduced by using sapphire as the supporting substrate of SSNs (Xia et al., 2020).
[image: Figure 6]FIGURE 6 | Silicon-based nanopores. (A) Schematic diagram of the nanopore fabrication process by electron/ion beam drilling. (B) Schematic diagram of nanopore fabrication via tip-controlled local breakdown. Reproduced from (Zhang et al., 2019) with permission from John Wiley and Sons. (C) Schematic diagram of the scalable fabrication process of Si3N4 nanopores via thermal annealing of Au nanoparticles. Reproduced from (Park et al., 2018) with permission from Royal Society of Chemistry.
In 2001, the first solid-state nanopores were fabricated on a free-standing Si3N4 film by a focused ion beam (FIB) (Li et al., 2001). Storm et al., (2003) further used the transmission electron microscope (TEM) to drill nanopores with a diameter of a few nanometers. However, the processing speed and cost are not acceptable for large-scale nanopore arrays. Another promising alternative method to achieve SSNs is based on controlled dielectric breakdown (CBD). Yanagi et al., (2017) used the CBD approach to create nanopores on sub-10-nm-thick Si3N4 membranes. Smaller nanopores were created in thinner membranes due to the smaller increment of breakdown current. Carlsen et al., (2017) demonstrated SSNs localization by CBD with selective membrane thinning. The results proved that the helium ion beam could reduce the thickness of the Si3N4 film to about 1 nm with sub-10 nm accuracy, indicating great promise for DNA sequencing that required an enhanced signal-to-noise ratio. Yamazaki et al., (2018) presented an electrokinetic process that combined laser-controlled etching and dielectric breakdown for fabricating Si3N4 nanopores of arbitrary dimensions as small as 1–2 nm in diameter and thickness. Zhang et al., (2019) proposed a tip-controlled local breakdown method with a conductive AFM tip for fast nanopore formation with diameter close to or under 5 nm on Si3N4 nanomembranes (10–20 nm in thickness) (Figure 6B). The nanopore formation was 100× faster than classic breakdown. However, the abrasion of AFM tips may induce large variations in the nanopores, resulting in difficulties in the scalable fabrication. Another scalable fabrication method for nanopores via thermal annealing of Au nanoparticles (AuNPs) was demonstrated by (Park et al., 2018). When the annealing temperature was close to the melting point of Au, the surface melting of the AuNPs resulted in a quasi-liquid (or quasi-solid) state of Au. Then the evaporation of Au on the interface of the substrate and the melted AuNPs led to direct formation of nanopores. This thermal annealing approach enabled one-step fabrication of Si3N4 nanopores with adjustable diameters of 8–63 nm (Figure 6C). Moreover, massive production of uniform SSNs is still a big challenge for above mentioned methods due to low throughput, nonuniformity, and high cost.
Two-dimensional (2D) materials with thickness comparable to the distance between two neighboring DNA bases have also been used to construct nanopores (Su et al., 2021). The fabrication processes of 2D nanopores are compatible with other silicon-based SSNs. Graphene has been considered to be an attractive nanopore material due to its superior physical and chemical properties. Garaj et al., (2010) and Schneider et al., (2010) used graphene sheets 2–25 nm in thickness for double-stranded DNA detection. Garaj et al., (2013) produced a graphene nanopore that has an inherent resolution of ≤0.6 nm (Figure 7A). To further improve detection sensitivity, a hydrophilic substance has been applied to the graphene pores, resulting in noncovalent interaction between the nanopores and the DNA. As a result, the speed of DNA translocation has been reduced to allow more time for the sensing circuit to conduct precise measurement (Schneider et al., 2013). In addition to graphene, other 2D materials such as molybdenum disulfide (MoS2) have also been used for DNA sequencing. Graf et al., (2019) implemented a single layer MoS2-based FET device with a nanopore for simultaneous detection of the transverse current and the ionic current (Figure 7B). To address the issues of the small size of MoS2-based nanopore devices, a large-area fabrication protocol including a wafer-scale monolayer MoS2 synthesis, Si/SiNx substrate fabrication, and wafer-scale transfer printing was demonstrated by Thakur et al., (2020) (Figure 7C). The MoS2 nanopores were created by electrochemical reaction, which has the potential for scalable fabrication of nanopores. The 2D nanopores is also most likely to achieve the tunneling current detection due to the advanced nanofabrication technologies. However, the repeatability and stability of the 2D nanopores should be further improved.
[image: Figure 7]FIGURE 7 | 2D nanopores for DNA sequencing. (A) DNA translocating through a nanopore in graphene mounted on a SiNx frame. Reproduced from (Garaj et al., 2013) with permission from PNAS. (B) MoS2 FET-nanopore device for transverse current detection. Reproduced from (Graf et al., 2019) with permission from American Chemical Society. (C) Wafer-scale (7.62 cm) devices of MoS2 nanopores. Reproduced from (Thakur et al., 2020) with permission from John Wiley and Sons.
Polymer membranes show unique advantages due to their flexibility and mass production efficiency. Various fabrication techniques have been developed to generate nanoporous polymer membranes, including several top-down approaches such as lithography, pattern transfer, and track-etching and bottom-up approaches represented by immersion precipitation, phase separation, reactive pore formation, and polyelectrolyte multilayer (Bernards and Desai, 2010). Development in track-etched nanopores (Figure 8A) was summarized by Kaya and Keçeci (2020) and Ma et al., (2020). Choi et al., (2019) demonstrated sub-10 nm nanopores in freestanding SU-8 membranes via a simple, cost-effective, and scalable fabrication method, in which the initial nanopores were prepared by nanoimprint lithography (NIL), and then the pore size was finely controlled by a polymer reflow process (Figure 8B). The fabricated SU-8 nanopore membrane has been successfully used for the ion blockade current measurement. Kim et al., (2019) presented nanopores with 4–10 nm diameter on sub-10 nm-thick polyurea membrane fabricated by molecular layer deposition (Figure 8C). The highly negative surface charge density (−51 mC m−2 at pH 8) improved the detection efficiency of positively charged proteins due to the electrostatic interaction. Therefore, the polymer based nanopores can provide promising candidates for inexpensive DNA sequencers that are crucial to the large-scale application for personal use. However, the difficulty in integration with other platforms presents a significant challenge to the implementation of miniaturized sequencers.
[image: Figure 8]FIGURE 8 | Polymer-based nanopores. (A) Fabrication process of track-etching technology. (B) The scalable process of nanopores in a freestanding polymer membrane via NIL and polymer reflowing. Reproduced from (Choi et al., 2019) with permission from Nature Publishing Group. (C) Fabrication process of the polyurea nanopore. Reproduced from (Kim et al., 2019) with permission from Royal Society of Chemistry.
Other Nanoprobes
Compared with biological and solid-state nanopores, nanopipettes have great potential for DNA detection due to its stability, ease of manufacturing, and good compatibility with other technologies (Figure 9A). Steinbock et al., (2010) reported the detection of λ-DNA with a 50 nm nanopipette. The translocation duration of unfolded λ-DNA was 1.56 ms, giving only 0.03 μs per base pair. The folded state of single λ-DNA molecules was identified, indicating that this simple and cheap method is suitable for single molecule characterization. Xu et al., (2017) proposed a low-cost and convenient approach to shrink the pore size of nanopipettes through sodium silicate hydrolysis. They successfully reduced the pore size of the nanopipette from 42 nm to 6.4 nm. The magnitude of the blocking current measured in the 6.4 nm pore was two times higher than that of the 42 nm pore. Crick et al., (2015) coated a nanopipette with graphene nanopores to detect DNA. The nanopore size could be tuned from fully closed to fully open (25 nm) by the electroetching method. The translocations of DNA through varied devices were studied, where pore with smaller sizes showed more subfeatures of DNA and the opened pore was able to observe the trends. Youn et al., (2016) used nanopipettes functionalized with DNA as probes to selectively detect single-stranded DNA. The translocation duration of poly(dA)20 through non-functionalized nanopipettes was 0.14 ms, while that in nanopipettes functionalized with complementary sequences was 0.45 ms. The longer duration time was due to the interaction between probe and target single-stranded DNA, which is dependent on the base pair binding strength. The nanopipette can also be used to fingerprint the ribosomes and polysomes from the peak amplitude and the dwell time (Raveendran et al., 2020). Despite the advantages of long read length, fast reading speed, and low cost, the achievement of miniaturized nanopipette arrays with uniform pore sizes is still quite challenging. Massively parallel sequencing techniques based on arrays of nanopipette is difficult to achieve.
[image: Figure 9]FIGURE 9 | The schematics of the DNA detection based on (A) a nanopipette and (B) a FET.
FET is a novel alternative method for DNA sequencing with advantages of huge potential for miniaturization and seamless integration with complementary metal oxide semiconductor (CMOS) processes (Figure 9B). Wasfi et al., (2020) investigated z-shaped FET with nanopores for rapid DNA detection by first-principle transport calculations. The electronic signature in transmission spectrum and current can be identified for each DNA base. Three kinds of CMOS-based label-free sensors for future personalized DNA sequencing were presented by Jiang et al., (2016), including a high-sensitivity ion-sensitive FET sensor with pH-to-time-to-voltage conversion, a dual-mode sensor that combined imaging and chemical sensing for high accuracy, and a THz metamaterial sensor for electrical resonance detection. Islam et al., (2020) summarized VLSI biosensors for nucleotide detection and DNA sequencing, and proposed a new approach using nanowire FET to realize rapid measurement of long-strand DNA with high sensitivity and accuracy. The proposed approach requires a motor protein to process the nucleotide and act as a biological read head that may suffer from the stability issue. Moreover, such device has only been proved through simulation rather than making into a real device. Thus, it is still impractical to only use FET to sequence DNA. However, it may still be feasible to combine the strengths of FETs and nanopores for miniaturized DNA sequencers.
Circuits for Electrical Signals Acquisition of Miniaturized DNA Sequencers
When the DNA chains translocate through the nanopores, the electrical signals generated from the interaction between DNA and nanopores need to be collected by circuits and processed by processors. The acquisition of electrical signals has already been accomplished by miniaturized circuits. Using sophisticate integrated chips, the signal acquisition circuit within the MinION device has been reduced to the size as a USB disk. Meilitech corporation has developed a hand-held pA-level microcurrent detection system, which has a dimension of 120 × 63 × 20 mm3 and a weight of 147 g. The signal acquisition circuit can be further miniaturized using dedicated microchips or more compact components, such as ingestible devices (Van Helleputte et al., 2020) that integrated signal sensing, wireless communication, power supply, and power management in small footprint. Comparing with the ingestible devices, the wireless communication and power modules are not the primary concerns for the DNA sequencing circuit. Thus the signal acquisition circuit in miniaturized DNA sequencer can be allowed to occupy more device space for more precise and more rapid signal sensing.
The development of “NGS processors” for NGS sequencing may also offer an opportunity to miniaturize DNA sensing circuits. Wu et al., (2017) presented an integrated system-on-a-chip (SoC) data processor fabricated using a 40-nm CMOS technique. The processor that was only 2.8 × 2.8 mm2 in dimension consumed 135 mW at 200 MHz operation frequency under a supply voltage of 0.9 V. The analysis time decreased from hours to 10 min with 1 GB external memory, achieving 43065× and 8971× (3208× and 402×) higher energy efficiency (throughput-to-area ratio) than the high-end CPU and GPU solutions, respectively. With such a high processing capability and small size, it has great potential to be used in portable sequencing devices. Researchers have also proposed the field-programmable gate array (FPGA) accelerator for nanopore sequencing. Comparing with the conventional analysis based on the CPU alone, Wu et al., (2020) designed and implemented a low-power, real-time FPGA to accelerate the basecalling. By introducing the FPGA accelerator, which worked in series with the CPU-accelerator through a PCIe link, new measurement events were first sent to FPGA for computation and aggregation, and then returned to the CPU, allowing continuous flow of measurement while avoiding multiple parallel assignment solely to the CPU. With this improvement, one human genome can be analyzed in less than 5 min, a 172× improvement over the CPU-only basecaller. Moreover, this FPGA-accelerated system achieved a measured energy efficiency of about 1000× better than the CPU alone.
Other Components for Signals Acquisition of Miniaturized DNA Sequencers
Besides the electrical signals, the future miniaturized sequencers may be also based on optical and force signals. Therefore, other miniaturized components for the acquisition of these signals, imaging systems for optical and AFM for force, need to be investigated for greater chances to realize the miniaturized DNA sequencers.
Imaging Systems
For sequencers that rely on optical detection, the imaging systems are the limiting factors for the miniaturization of the sequencers. The light sources of imaging systems are generally supplied by lasers that generate high intensity and narrow bandwidth monochromatic light. Di Sieno et al., (2017) presented a miniaturized pulsed laser source based on the combination of a CMOS application specific integrated circuit (ASIC) driver coupled to a heterostructure laser diode. The laser source could provide short and high energy (∼100 ps, ∼0.5 nJ) pulses at up to 1 MHz with a laser transmitter as small as 12 × 6 mm2 (Figure 10A) under a power consumption of 50–160 mW. Another compact miniaturized laser module emitting 1.6 W of laser light with wavelength around 576 nm was demonstrated by Sahm et al., (2018). The entire laser module can be packaged into a small dimension of 47 × 76 × 15 mm3. In addition to the design of the laser module, the utilization of advanced materials would also promote the development of miniaturized DNA sequencers. Liao et al., (2019) summarized the advances of halide perovskite-based miniaturized solid-state laser. The advantages of high photoluminescence quantum yield, low non-radiative recombination rates, large and balanced charge-carrier mobilities, and high gain coefficients make the halide perovskite materials suitable for the application of lasers.
[image: Figure 10]FIGURE 10 | (A) Images of the pulsed laser transmitter and a packaged laser transmitter in comparison with the size of a coin. Reproduced from (Di Sieno et al., 2017) with permission from SPIE. (B) Three-dimensional-printed miniaturized confocal imager. The shown components are (1) scanner, (2) coil, (3) lens, (4) electrical interconnect channel, and (5) input fiber. Reproduced from (Savas et al., 2018) with permission from SPIE. (C) A miniaturized fluorescence imaging device compared with a cell phone. Reproduced from (Pan et al., 2020) with permission from World Scientific Publishing Co. Pte Ltd.
Complex imaging systems have also been developed with small footprints. A three-dimensional-printed miniaturized confocal imaging system was demonstrated with a footprint of 17 × 33 mm2 (Figure 10B), The system contained a laser scanner with 10 × 10 mm2 frame size, lens with 6 mm aperture and 10 mm focal length, and a housing to pack all components (Savas et al., 2018). The low-cost and comparative performance of the 3D-printed imager to conventional glass-lens and micro-electromechanical systems (MEMS) scanners makes this method promising for miniaturized DNA sequencers. In addition, the scanning micromirrors based on MEMS used for optical coherence tomography (Gorecki and Bargiel, 2020) may also applied to the imaging systems for the miniaturized DNA sequencers. A portable fluorescence imaging device was introduced for skin cancer detection (Pan et al., 2020), which was smaller than 3.5 × 3.5 × 9.5 mm3 with a weight of 150 g and power of 1.5 W (Figure 10C). The lateral resolution was 14 μm with an object field of 1.2 × 1.0 cm2. The miniaturized fluorescence microscope with a small dimension of 8.4 × 13 × 22 mm3and a weight of 1.9 g could be made from commercially available parts such as a semiconductor light source and a CMOS camera (Ghosh et al., 2011). Another encouraging development is a miniaturized, low-cost Raman spectrometer with CMOS based hyperspectral (HS) filter technology (Vunckx et al., 2020). By selecting the set of HS filters, it was able to achieve a Raman spectrometer with specific bands for target applications. More advances in the miniaturization of fluorescence sensing were summarized by Măriuţa et al., (2020). All above development can facilitate the miniaturized optical system to achieve the goal of fully miniaturized DNA sequencers based on optical signals.
On-Chip AFM
Besides electrical or optical detection, force measurement using compact on-chip AFM may be a promising approach for miniaturized DNA sequencers. Ruppert et al., (2017) presented an on-chip AFM based on a silicon-on-insulator MEMS. The system contained electrostatic actuators for in-plane actuation, a piezoelectric transducer for out-of-plane actuation, and a microcantilever for tapping-mode atomic force microscopy. A much smaller single-chip AFM (sc-AFM), which integrated triaxial scanners, sensors, and a sharp tip was designed and fabricated by a standard 0.35 μm CMOS process with a dimension of 1.2 × 0.8 × 0.3 mm3(Strathearn et al., 2017). Furthermore, a commercially available sc-AFM named ‘nGauge’ was developed by ISCPI Corp. The device was 1,000-time smaller and 100-time cheaper than the conventional AFM systems. The nGauge AFM was able to scan an area up to 20 × 20 μm2 with root mean square noise of less than 2 nm. Moreover, an optical pickup unit (OPU) could be used as a vertical detection system in AFM for high-speed scanning (Russell-Pavier et al., 2018). The high-speed AFM with OPU could perform high-fidelity measurements at visible length scales in short timescales with a pixel rate of 2 megapixels s−1 and a tip velocity of 10 mm s−1. Despite compact AFMs for force monitoring have been developed, these systems are still based on single probe detection that may be suitable for single DNA nanoprobe, unable to satisfy the demands for high-throughput and parallel DNA sequencing. In addition, small force sensing has strict requirements to the surrounding environments, interference such as vibration, liquid flow, temperature variation may all impose significant influence on the results. Thus, comparing with optical and electrical sensing, the mechanical sensing approaches still demand further improvement to accommodate daily use environment.
Data Analysis
The raw data from the acquisition systems need to be analyzed to provide accessible information to people. Many efforts have been made in software and algorithms for data analysis, where some might be directly applied to the miniaturized DNA sequencers. However, the bioinformatics tools need to be developed by considering the limited computing power of the miniaturized DNA sequencers. Dozens of bioinformatics tools for nanopore sequencing, including base calling, variant detection, and genome annotation and assembly, have been developed and summarized in various literatures (Krehenwinkel et al., 2019; Amarasinghe et al., 2020; Makałowski and Shabardina, 2020). Sahlin et al., (2021) presented a computational method named isONcorrect for correcting errors in the DNA sequencing data by the ONT sequencers with a median accuracy of 98.9–99.6%. Chen et al., (2021) developed an error correction and de novo assembly tool, NECAT, to overcome complex error characteristics in nanopore reads. The tool integrated methods such as progressive error correction, adaptive supporting reads and alignment selection, and two-stage assembly were included, resulting in high-quality assembly of nanopore reads. The genome assembly ability of HiFi reads in PacBio Sequel II and ultralong reads in ONT PromethION systems was compared. The results indicated that ONT ultralong reads showed higher contiguity while PacBio HiFi reads generated assemblies with considerably fewer errors (Lang et al., 2020). Wei et al., (2019) proposed a novel shapelet-based machine learning approach to process seriously overlapped blockade current signals. The learning time-series shapelet algorithm is also suitable for processing noisy nanopore data. Ni et al., (2019) developed a deep learning method to detect DNA methylation states from nanopore sequencing data and achieved over 90% accuracy for detecting DNA methylation on N6-adenine (6mA) and C5-cytosine (5mC) using only 2× coverage of reads. Phelan et al., (2019) presented online and stand-alone versions of the TBProfiler web server for rapid and accurate detection of resistance to anti-tuberculous drugs with whole-genome sequencing data obtained from the MinION. Boža et al., (2020) developed a new base caller Deepnano-biltz that could keep up with two MinION sequencers on a common laptop CPU (i7-7700HQ) without heavy GPU usage. Oliva et al., (2020) successfully transported 11 out of 23 programs to Android smartphone. It was demonstrated that 1 GB data was processed in 5–10 min by DSK/BCALM2, and in less than a minute by Kraken on the smartphone. These three tools on the smartphone were able to process files up to 16 GB. Despite many algorithms and software have been successfully migrated to the mobile platform, issues such as occupation of hardware resources and excessive heat during operation remain to be resolved. In addition, some mainstream assembly pipeline, such as Canu, cannot be compiled and tested on mobile platforms. Thus, optimization of the data analysis algorithms while improving the capability of the hardware is still needed for achieving miniaturized sequencers for personal use.
DISCUSSION
The development of sequencing technologies and related miniaturized systems above indicates the possibility to achieve miniaturized DNA sequencers for personal use. Each component of such a DNA sequencer has already been or are being miniaturized. A large number of related technologies can help to facilitate the development of miniaturized DNA sequencers. The existing portable MinION sequencer in combination with supporting systems such as VolTRAX and MK1C has demonstrated the possibility to achieve miniaturized DNA sequencers for personal use. By considering the huge technical advances that lead to miniaturization of the ENIAC that weighed 27 tons and occupied 167 m2 to small and handheld cellphones and tablets, one may foresee that the miniaturized DNA sequencers for personal use will not be an unreachable dream, but an achievable goal with the rapid development of science and technology. The future miniaturized DNA sequencers may include the following parts. First, automatic digital microfluidic devices with minimal volumes are suitable for the library preparation. The manipulation of small droplets that contains magnetic or other functional nanoparticles may be worth to be studied. Secondly, the best candidate for the nanoprobe may be large arrays of SSNs modified with proteins or enzyme to improve selectivity and switched by FET arrays. Thirdly, the heterogeneous integrated circuit with SoC and FPGA chips and optical system for signal acquisition can take full advantage of advanced technologies of additive manufacturing and flexible electronics to achieve miniaturization and high performance. Lastly, versatile bioinformatics tools for data analysis can be based on highly developed artificial intelligence algorithms.
However, there are still many technical challenges to be addressed. First, the sequencing accuracy needs to be further improved without increasing the costs, time-consumption, and operation complexity. Some applications have low requirements for nucleotide-level accuracy, for example, prenatal testing for Down’s syndrome only requires counting the number of the chromosome. However, the error rates should be reduced to 0.1% for some specific applications such as biodiversity assessments (Loit et al., 2019). A great amount of research and development has been studied to continuously improve the structure and the function of nanopores for higher sequencing accuracy (Kumar et al., 2019; Shen et al., 2020), but some methods may be at the expense of time or complexity (Lu et al., 2016). Using electron tunneling current instead of ionic current is expected to improve the resolution of DNA sequence since the paired electrodes in the transverse direction are more sensitive (Graf et al., 2019). A simple way is to introduce macromolecular crowding to increase the detection sensitivity of DNA and proteins using an SSN (Chau et al., 2020). A remarkable 1000-fold increase in the molecule count for the globular protein β-galactosidase was observed. Another simple method is to use time-varying cross membrane voltage to overcome the primary error modes (Noakes et al., 2019). The driving voltage across a Mycobacterium smegmatis porin A (MspA) nanopore varied from 100 to 200 mV with a frequency of 200 Hz to change the translocation behavior of the DNA strand. The single-passage de novo basecalling accuracy was improved from 62.7 ± 0.5% with a constant driving voltage to 79.3 ± 0.3% with a variable driving voltage. The combination of highly developed biological and solid-state nanopores can improve the of quality of the signals. The improvement may also be realized by the direct integration of nanopores with CMOS chips to decrease the physical distance and lower the noise.
In addition, signal process algorithms suitable for portable analysis should be further developed. Currently, most sequencing data were analyzed by powerful computers or the cloud, which may not be available for personal miniaturized DNA sequencers in some cases. Although ONT MinION Mk1C is small (140 × 30 × 114 mm3, 450 g), it costs more than $4,500, which is as high as other high-performance laptops. Moreover, it is not open source so that it may be difficult to develop pipelines within the system. On the other hand, Oliva et al., (2020) made effort to transport nanopore analysis tools to Android smartphones and benchmarked their performance. Although some of them have been successfully operated, issues such as high operation temperature and limited computation resources hinder the realization of portable analysis. Rapid development of computing technologies and micro/nanoelectronics may eventually lead to high performance portable computer with low power consumption for portable DNA analysis. Unlike conventional von Neumann-based computers, the human brain exhibits excellent performance on solving certain problems such as face identification, speech recognition, and pattern recognition at a low power consumption (Boybat et al., 2018). The neuromorphic computing that mimics the human brain has been regarded as a promising candidate for the next-generation computing technique (Kendall and Kumar, 2020). Its features such as parallel computing, low-power consumption, high-density integration, and biocompatibility are also very suitable for DNA sequencing analysis. Intriguingly, transistors can serve as nanoprobes for DNA sequencing (Islam et al., 2020) as well as neuron nodes for neuromorphic computing (Dai et al., 2019; Ni et al., 2020; Zhu et al., 2020), offering great promise to combine the sensing and data processing together.
Lastly, the whole miniaturized sequencing platform should be easy to operate and rapidly deployable for large-scale applications. The portable DNA sequencers have been used for teaching medical students, but handling such equipment still requires basic training in biology. Users of personal DNA sequencers may prefer simple, user-friendly, and automatic procedures instead of complex manual operations and complicated technical instructions. Standard kits and protocols are also intensively needed for typical users that have only received minimal training. Furthermore, improving the durability of nanoprobes and reducing the usage of reagents is also necessary for future personal sequencers.
CONCLUSION
The development of miniaturized DNA sequencers is a multidiscipline work that involves contribution from microfluidic devices, nanoprobes, signal acquisition, and data analysis. These essential components have been miniaturized in different levels, and hold the promise to achieve complete miniaturized systems. Some existing portable systems such as MinION and SmidgION have revealed the promising possibility of device miniaturization and large-scale applications. Comparing with optical and mechanical sensing approaches, electrical detection based on ionic current measurement can readily achieve high-density arrays and suitable for multichannel high-throughput sensing, making this approach favorable for more compact DNA sensing platforms. The optical and mechanical sensing mechanisms are still relatively bulky in size but have the capability to be further miniaturized. With the development of micro/nano electronics and the introduction of new ASICs designed specifically for DNA sequencing, the dimensions of both the signal acquisition and data analysis circuits can be further reduced, while the performance can be further enhanced, suggesting high feasibility of DNA sequencers for personal use. After addressing current limitations such as sequencing accuracy, portable algorithms, and easy operation, the miniaturized DNA sequencers for personal use will come true. The successful implementation of miniaturized sequencer may generate a significant impact on human society through changing people’s lifestyles and reshaping healthcare systems. It will eventually lead to a revolution in precision medicine, healthcare, and public health, and enable better capabilities of human beings in preventing diseases and extending lifespan.
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