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DNA sequencing is a critical functionality in biomedical research, and technical advances that improve it have important
implications for human health. The overall structure of DNA is negatively charged and has a negative electrostatic
potential due to a negatively charged phosphate backbone. Nucleotides are electroactive compounds that produce
reduction and oxidation signals after hybridization. These high electrostatic potentials can be exploited with VLSI charge-
sensitive electronic structures. The sequence of DNA is encoded within each nitrogenous base: adenine (A), guanine (G),
cytosine (C), or thymine (T), and this 4-bit system allows for large amounts of information to be stored in a single DNA
molecule, which may contain upward of 3 billion bases.
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| 1. Introduction

Nucleic acids are the biomolecules that are essential for the continuity of all living organisms and store the hereditary
information that passes from one generation to the next. This code for life is stored as deoxyribonucleic acid (DNA). DNA
is composed of four basic nucleotides composed of a phosphate group, a sugar, and one of four different nitrogenous
bases (Figure 1).
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Figure 1. Four types of nitrogenous base and structure of a single nucleotide.

The overall structure of DNA is negatively charged and has a negative electrostatic potential due to a negatively charged
phosphate backbone MIZIE! To know more about DNA's structures and its molecular charge, readers are requested to
consult HIBIE Nucleotides are electroactive compounds that produce reduction and oxidation signals after hybridization
4. These high electrostatic potentials can be exploited with VLSI charge-sensitive electronic structures. The sequence of
DNA is encoded within each nitrogenous base: adenine (A), guanine (G), cytosine (C), or thymine (T), and this 4-bit
system allows for large amounts of information to be stored in a single DNA molecule, which may contain upward of 3
billion bases. Reading this code from the DNA has provided and will continue to provide insights into genetic diseases,
cancer, and the overall systems of the cell B Therefore, DNA sequencing is a critical tool for biomedical research.
Traditional DNA sequencing (Sanger sequencing) is performed by adding chain-terminating nucleotide analogs to a DNA
synthesis reaction and then electrophoretically reading the mass or nucleotide added [&. However, this sequencing is



considered low-throughput and cannot access the large amount of information encoded in the human genome. Therefore,
the development of more advanced techniques and sensors to detect and sequence DNA is necessary.

A biosensor is a device that can detect a biological substance or analyte by introducing it to a biological recognition
element (receptor) and attaching the product to an appropriate transducer where the transducer converts the biological
reaction into detectable or measurable signals; e.g., light, current, frequency, etc. There is significant interest in being able
to detect and sequence DNA accurately, rapidly, and inexpensively for medical, forensic, and military purposes.

2. Limitations of Existing Technologies and Need for VLSI Biosensors for
Sequencing

There are various high-throughput labeled and label-free DNA sequencing methods and technologies commercially
available; some are for short-read sequencing and some are for long-read sequencing. Here, we list some of the
limitations of the industry-leading high-throughput DNA sequencing technologies (Table 1 and Table 2). We will be
covering some of the second-generation sequencing (SGS) or next-generation sequencing (NGS) methods, which are for
short-read sequencing, and the third-generation sequencing for long-read sequencing.

Table 1. Limitations of short-read sequencing technologies.

Sequencing Method Industry Limitation
lon semiconductor Life Technologies Homopolymer errors [0
454 Pyrosequencing ROCHE Expensive and homopolymer errors (11

Sequencing by synthesis (cyclic reversible

o lllumina, Qiagen Expensive equipment 12
termination)
. L Applied Biosystems Very slow, unable to read palindromic
Sequencing by ligation . . 13
(SOLID) regions 13!

Table 2. Limitations of long-read sequencing technologies.

Sequencing Method Industry Limitation
Single-molecule real-time Pacific Bioscience Higher error rate, Low throughput, Expensive equipment 24!
Nanopore ONT Large error rate, Limitation on homopolymer sequencing (12

Some limitations of short-read sequencing have overcome by third-generation sequencing approaches at the cost of high
error rates. To learn more detail of the advantages and disadvantages of leading DNA sequencing technologies, readers
are encouraged to consult 23],

The continuous optimization of CMOS for the purpose of improved computational and memory systems has enabled ultra-
scaled devices. These nano-scaled devices also find use in the field of biosensing. There are a number of DNA
hybridization detection/sensing techniques available in the literature; however, the use of Field Effect Transistors (FETS) is
popular due to the great potential for miniaturization, fast responses, parallel sensing structures, and, most significantly,
seamless integration with Complementary Metal Oxide Semiconductor (CMOS) processes. Using VLSI technologies such
as CMOS processes, massively parallel integrated circuits can be created with high sensitivity that can be used for DNA
sequencing detection. Additionally, a VLSI sensor can incorporate both the embedded analog and digital signal
processing needed to increase performance and sensitivity and thus conserve power and reduce overall device size via
System-On-Chip (SOC) technology. While DNA sequencing has been done by measuring the ion current through
nanopores, incorporating CMOS technology to detect, amplify, and measure this current will improve the sequencing
speed, size, and cost (18],



| 3. VLSI Architectures in DNA Detection

3.1. Electrolyte-Insulator Silicon (EIS) Capacitor

Fritz et al. developed a real-time and selective microfabricated FET sensor, which can detect the increase in the surface
charge when the DNA hybridizes on the sensor surface. Their FET sensor is being developed using the Electrolyte-
Insulator Silicon (EIS) capacitor structure using a silicon cantilever described in Cooper et al. 14, Fritz and others chose to
measure the capacitance as it requires only one electrical connection to the silicon. They immobilized the probe DNA on a
poly-L-lysine (PLL) layer, which is positively charged and allows hybridization at low ionic strength. The reason is that at
low ionic strength, this field-effect sensor is very sensitive 18 The detection limit of their method is 2 nM, and it is
mentioned that by using two similar sensors in parallel, it can detect a single base mismatch within a 12-mer
oligonucleatide by differential detection techniques.

3.2. TFT (Thin Film Transistor)

Estrela et al. developed an Au/SiO,/Si MOS diode that is able to detect DNA hybridization by immobilizing the probe on
the metal gate of the diode that is in contact with an electrolyte 22, The immobilized DNA probe affects the interfacial
dipole at the gate interface, which eventually influences the voltage drop across the electrochemical layer. This drop
adjusts the voltage applied to the gate and changes the CV characteristics of the MOS diode. By observing the changes
in C-V curve, it is possible to detect the DNA hybridization. Estrela and others also developed a Poly-Si TFT using the
same principle that they used in the MOS diode, to detect DNA hybridization by observing changes in -V characteristics
of the fabricated device. They used a laser recrystallized film with an extended gate.

3.3. Different Types of FET’s
3.3.1. MOSFET (Metal Oxide Semiconductor FET)

Kim et al. fabricated a biosensor using 0.5 pm standard CMOS technology that can directly detect the intrinsic charge of
the DNA. Using this FET-type DNA charge sensor, they were able to detect the immobilization and hybridization of the
DNA probe by sensing the change in the drain current as the intrinsic charge of the immobilized DNA on the gate of the
FET, which acts as the applied gate potential [22. By considering the DNA charge as a Planer electrode charge, a relation
between the gate voltage and the DNA charge is achieved).
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where ps = surface charge density (Cm™2); €0, €2, and €3 = dielectric constant (Fm=2) of vacuum, SiO, and Si,
respectively; and d2 and d3 = thickness (m) of SiO, and Si respectively.

3.3.2. CMFET (Charge Modulated FET)

Barbaro and others [21 have proposed and simulated a Charge Modulated FET (CMFET) based on floating gate MOS
transistors to detect the negatively charged oligonucleotides. The sensor has one control gate and one active area. The
probes are immobilized on the surface of an active area surface, which provides the sensing charge. This surface charge
will adjust the effective threshold voltage of the transistor predicted by 22, The control gate is to nullify the unknown
charge in the system. The effective threshold voltage can be measured by the drain current for a given control voltage or
by measuring the control voltage for a constant drain current. During the hybridization, the charge amount on the sensor
surface almost doubles as complementary strands attach to the probe and increase the effective threshold voltage. It is
possible to raise the effective threshold voltage higher than the supply voltage by appropriately selecting the control gate
voltage and other device parameters so that the device will not conduct. In such a manner, it is possible to detect the DNA
hybridization by means of on/off signals of the CMFET.

3.3.3. ISFET (lon Sensitive FET)

The lon Sensitive FET (ISFET) was developed from MOSFET technology by removing the gate metal and submerging the
silicon dioxide (SiO,) along with a reference electrode in an aqueous solution. See 23! for the working principle. In short,
using an ISFET, the change in pH due to DNA hybridization can be detected because during the hybridization, hydrogen
ions are being released, which reduces the pH of the reaction. An ISFET converts the chemical signals (H*) into electrical
signals.

3.4. NWFET (Nanowire FET)



The fundamental principle of the semiconductor Nanowire (NW) FET (NWFET) sensor is explained in 24, Among all the
semiconductor NWs (Si, GaN, ZnO, SnO,, etc.), silicon NWs have distinct structural and chemical features such as
diameters that are at the scale of proteins, their surface to volume ratio is high, and these features enable them to realize
high performance FETs for sensitive biomolecular detection. Additionally, it is possible to control the electrical properties
and sensitivity of the SINWs by controlling the doping concentration and the diameter of the NWs 23],

3.5. Carbon Nanotube FET (CNTFET)

Single wall carbon nanotubes (SWNT) are made entirely of surface atoms, and the adsorption of molecules on SWNTs
can significantly change the electrical properties of the SWNTs 28 These changes are measured by observing the
conductance or capacitance of the SWNTs, which are usually the gate materials of a FET sensor ZZ. To integrate CNTs
successfully into an electrical system, controlled deposition at a precise location and proper electrical contacts to metal
leads are required. Readers are encouraged to review 28 to know more about the grafting of DNA onto SWCNTs and
MWCNTs (Multi wall carbon nanotubes) and various characterization techniques adopted by various researchers, as well
as [ for the development of CNT-based FETs.

3.6. Graphene FET

Hwang et al. developed a fast, portable, and sensitive graphene FET sensor to detect SNPs. This graphene FET consists
of two electrodes and a liquid gate chamber. Using this sensor, they were able to detect SNPs in large dsDNA, i.e., 47 nt
(39, They detected a single mismatch by strand displacement-induced resistance, i.e., current change and Dirac point shift
in the graphene FET.

3.7. CMOS (Complementary Metal Oxide Semiconductor)

Lai et al. developed a sensor based on the method described in 2 for label-free DNA hybridization detection in a CMOS.
They have used a layer of alumina as the passivation layer on top of the sensing/active area to ensure the reusability of
the device. They were able to detect charges between 10714 and 10710 using their sensor, which includes the usual range
of charges being generated during molecular and chemical reactions 11,

3.8. Nanopore FET

The combination of aa nanopore with a local FET to detect a single molecule that is translocating through the pore is very
promising for DNA sequencing. Xie et al. developed a silicon nanowire FET, combining it with a solid-state nanopore to
detect the change in electric potential due to the translocation of DNA molecules through the nanopore 2. Bedell et al.
proposed FET-based sensors for sequencing DNA and proteins that are embedded in a nanopore 23l Their sensors can
detect a change in drain current due to the passing of a DNA molecule through the nanopore. Moore et al. developed a
nanopore FET in a CAD environment where a modeled nanopore and a gateless MOSFET were embedded in a cell
membrane, accounting for the self-consistent Brownian dynamics and Drift-Diffusion techniques in a single simulation
domain 241, They were able to sense the movement of a single ion through the nanopore that can be used as a biosensor.

| 4. A Novel Method for DNA Sequencing

Due to the charged nature of the nucleotides, it is possible to detect a distinct charge signature for each individual base
using a charge-sensitive device such as a MOSFET or other similar technology. Indeed, several groups have been able to
detect DNA sequences using a pore on the gate of a MOSFET [23],

The researchers propose a nucleotide sequencing device that uses a MOSFET or similar electronic circuit technology to
detect the charge signature of nucleotide bases as a target sequence is processed by a helicase, ribosome, or other
polymerase motor protein. The color graphic inset figure (Figure 2a) illustrates the basic concept. A motor protein is
affixed to a suitable substrate in contact with the gate region of a MOSFET or other charge-sensitive transistor. The motor
protein is charged with the target nucleotide strand to be sequenced. The MOSFET is biased to reflect small charge
variations as the nucleotide is processed by the protein motor, which acts as a driver to move the nucleotide data tape
past the MOSFET gate serving as a read head. The signal produced by the MOSFET is then analyzed to elicit the GCAT
sequence present in the nucleotide strand. Figure 2b, though not anticipatory, is from US 20130264204A9 23 and shows
how nucleotides develop unique signatures from induced current. Similar unique signatures will develop from charge
variations that occur as the strand is passed across the charge-sensitive gate of the MOSFET. A separate publication
describing this technology in detail is in preparation.
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Figure 2. (a) Proposed DNA sequencing device; (b) Charge representation of nucleotide bases [33.
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