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Abstract 

Single-cell Sequencing (SCS) technologies, methods for analyzing genetic material at the single-cell level, offer extensive in-

sights into cellular heterogeneity. This has broadened oncology research by enabling the exploration of functional and genetic 

diversity within tissues of different cell types. Furthermore, SCS facilitates the study of complex biological processes like me-

tastasis tracking and tumor microenvironment analysis. However, the implementation of SCS methods is furrowed by a lack of 

clinical accessibility and high application costs. This review examines the development of SCS technologies, analyzing trends 

in throughput, accessibility, and cost of various commercial platforms, by focusing on the domain of cancer research and preci-

sion medicine. Despite the significant advancements offered by third-generation sequencing platforms, which provide high ac-

curacy, versatility, and throughput for sequencing single-cell genetic information, these methods face challenges such as high 

error rates, insufficient funding, and complex data analysis. Furthermore, we’ve determined that the advancements of the previ-

ous decade have enabled personalized medicine and in-depth analysis of cellular heterogeneity, revolutionizing fields like med-

icine, biotechnology, and biological research. We anticipate our assay indicating extensive advancements in healthcare through 
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the adoption of precision medicine concerning individual genomes and helping to demonstrate the promise of advancement in 

general understandings of complex biological systems. Furthermore, our research indicates that efforts to overcome technical, 

analytical, and cost-related challenges are essential in future clinical application, distribution, and growth of SCS methods.  
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1. Introduction

Cells are the basic functional and structural units of life, in 

which genetic mechanisms and complex cellular environ-

ments interplay to form complex structures such as tissues and 

organs, eventually leading to intricate organ systems and, 

therefore, organisms, showcasing the dynamic nature of life. 

Interestingly, each cell itself is governed by DNA, which con-

tains the genetic blueprint of an organism. The human ge-

nome, for example, comprises approximately 3 billion base 

pairs, equating to around 3 gigabytes of data per cell [1]. This 

genomic information encodes instructions critical for devel-

opment, function, and maintenance of the organism. The flow 

of genetic information from DNA to RNA, and subsequently 

to proteins, is a fundamental process, often influenced by var-

ious epigenetic factors such as DNA methylation and histone 

modification [2]. Hence sequencing genetic information en-

coded in DNA and transcribed in RNA, emerged as an imme-

diate need to understand the functioning of a single cell as well 

as interactions in its external and internal environment. 

Traditionally, scientists have used methods like Sanger se-

quencing and Polymerase Chain Reaction (PCR) to decipher 

this genetic code. While these techniques have led to signifi-

cant advancements, they fall short in capturing the full com-

plexity and individuality of the human genome. For instance, 

traditional bulk sequencing methods provide an average 

readout from a mixture of cells, potentially masking critical 

differences between individual cells [3]. Precision medicine, 

which aims to tailor medical treatments to the unique genetic 

makeup of each individual, requires more detailed and person-

alized genomic data. This is essential for understanding how 

genetic variations influence disease susceptibility and treat-

ment response, and SCS has enabled pragmatic insights in this 

regard [4]. 

In recent years, starting around 2010, the advent of single-

cell sequencing (SCS) has revolutionized the field of ge-

nomics. Unlike bulk sequencing methods, SCS allows for the 

analysis of individual cells, offering insights into cellular het-

erogeneity and genetic diversity [5]. This technology has sig-

nificantly impacted fields such as cancer research, neurology, 

and developmental biology by providing a more nuanced and 

personalized understanding of genetic changes and their im-

plications. For example, SCS has been instrumental in 

identifying rare cell populations and understanding tumor het-

erogeneity, which are critical for developing targeted therapies 

[6]. 

Despite its transformative potential, SCS technology faces 

several challenges, including technical issues, high costs, and 

complex data analysis. Understanding and addressing these 

challenges is crucial for the broader adoption of SCG in clin-

ical practice with its full potential. Advances in technology 

and protocols for cell isolation, library preparation, and data 

analysis are required to continually improve the accuracy and 

efficiency of SCS. Moreover, efforts to reduce costs and en-

hance accessibility are underway, aiming to democratize ac-

cess to these transformative technologies across diverse re-

search and clinical settings [7]. 

This review traces the evolution of single-cell genomics 

from its origins in traditional bulk sequencing methods to the 

current state of high-throughput, single-cell techniques. By  

exploring the historical progression and recent technological 

innovations in SCS, alongside an analysis of throughput, ac-

cessibility, and cost-effectiveness, we aim to provide insights 

into its impact on precision medicine and the broader biomed-

ical research and clinical studies. 

2. Historical Overview 

The emergence of Sequencing technologies in the past few 

decades has fundamentally transformed medicine, biotechnol-

ogy, and biological research. Sequencing technologies have 

progressed in various domains and have significantly fur-

thered scientific progress. This section will explore history 

from the beginning of Sequencing technologies through their 

improvements to where they are today. 

2.1. Genomic Revolution : Emergence of first 

generation sequencing 

The Genomic revolution, a metaphorical kickstart to the de-

velopment of Sequencing technologies, began in 1953 with 

the creation of a double helix structure of DNA [8]. Through-

out the 1970s, sequencing methods continued to increase with 
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the introduction of Sanger sequencing(The Chain-Termina-

tion Method), allowing researchers to sequence small DNA 

splinters [9]. PCR was introduced in 1983, allowing smaller 

samples to generate large quantities of DNA sequences. By 

2003, scientists had successfully developed a reference of a 

human genome illustrating complex genetic variation [10]. In 

addition to pure scientific discovery,  Genomic science has 

made way for exceptional improvements in personalized med-

icine and agricultural trait breeding. With sequencing technol-

ogies, care treatments may be tailored to the individual's ge-

netic makeup, expediting diagnosis and recovery treatment 

[11]. Furthermore, sequencing has begun to appear more com-

monly in agriculture through its use in Genetically Modified 

Foods (GMOs), increasing food accessibility [12]. Through 

the prolific discoveries of the Genomic Revolution, it be-

comes apparent that the modern foundation of genomics has 

been well underway for more than half a century. 

2.2. Next-Generation Sequencing 

Closely following the development of the human genome 

reference, NGS sequencing methods began rapidly diffusing 

in numerous scientific fields. NGS(High-Throughput Se-

quencing) is a technology that allows for the swift processing 

of large quantities of DNA and RNA. As a more affordable, 

profound scalable approach, NGS has rendered itself signifi-

cantly more efficient than its predeceasing bulk sequencing 

methods.  

Table 1 below acknowledges and summarizes NGS tech-

nologies and provides a thorough context of their abilities. The 

technologies featured were the most prominently developed 

platforms during the peak of NGS's popularity. They quite 

successfully demonstrate the degree to which genomics had 

evolved by the mid-2000s. 

Sequencing technologies that succeeded Sanger sequenc-

ing,( i.e. first generation of technology which was also used in 

the Human Genome Project) are classified according to their 

read length. Compared to the relatively short read length of 

NGS of 'second generation' technologies, 'third generation' or 

NNGS technologies are much longer. Today, Illumina and Ion 

Torrent represent the majority of NGS short-read technolo-

gies. Third-generation sequencing (TGS) is achieved through 

single-molecule real-time (SMRT) technology by PacificBio-

sciences and the nanopores technology provided by Oxford 

NanoporeTechnology. 

2.2.1. Advantages of NGS Compared to Bulk Se-

quencing Methods 

 

Speed and High Throughput:  NGS methods consist-

ently surpass Bulk Sequencing methods in effectiveness. One 

of the most notable abilities of NGS sequencing is its capacity 

to generate millions of sequences instantaneously. Where ge-

nomic sequencing methods might take months or years to se-

quence a human genome, NGS can do it in a handful of days. 

Furthermore, modern NGS platforms produce terabases of se-

quencing data, surpassing bulk methods through the enable-

ment of simultaneous analysis of multiple samples [17]. 

Affordability: With the emergence of NGS technologies 

came a notable decrease in the cost of sequencing per base, 

making NGS more accessible in varying research domains.  

 

 Platform Technology Key Features Applications 

Illumina (Solexa Sequenc-

ing)(2nd gen. NGS)[13] 

Sequencing-by-synthesis High accuracy, short reads 

(150-300 bp) 

Whole genome sequencing, RNA 

sequencing, epigenetic studies 

Ion Torrent (Thermo 

Fisher)(2nd gen. 

NGS)[14] 

Semiconductor sequenc-

ing 

Measures changes in pH as 

nucleotides are incorpo-

rated 

Targeted sequencing, exome se-

quencing, amplicon sequencing 

Pacific Biosciences (Pac-

Bio)(3rd gen. NNGS)[15] 

Single-molecule real-

time (SMRT) sequencing 

Long reads (up to 30 kb), 

higher error rate  

De novo genome assembly, struc-

tural variation analysis 

Oxford Nanopore Tech-

nologies(3rd gen. 

NNGS)[16] 

Nanopore sequencing Very long reads (up to 2 

Mb), portable devices 

Real-time sequencing, fieldwork ap-

plications, metagenomics 

 

Table 1. Emerging next gen sequencing technologies.  

What’s more, NGS reduces implementation costs through 

its ability to evaluate multiple samples simultaneously [18]. 

 

Versatility: An added benefit of NGS is its application in 

various fields as it is applicable in domains ranging from tran-

scriptomics to epigenomics. Moreover, NGS technologies 

https://www.pnas.org/doi/epdf/10.1073/pnas.74.12.5463
https://deepblue.lib.umich.edu/bitstream/handle/2027.42/62798/409860a0.pdf?sequence=1&isAllowed=y
https://www.nature.com/articles/gim2012157
https://www.nature.com/articles/nature10414
https://academic.oup.com/bioinformatics/article/27/20/2790/201940
https://www.nature.com/articles/nature07517
https://www.nature.com/articles/nature10242
https://www.science.org/doi/10.1126/science.1162986
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provide great insight into rare cell populations and cellular 

heterogeneity as they can derive the genomic content of indi-

vidual cells [19]. 

2.2.1. Limitations and Challenges of NGS Sequenc-

ing Methods 

Error Rates: Unfortunately, due to technical limitations re-

garding sample preparation, bioinformatics analysis, and se-

quencing platforms, NGS is sometimes susceptible to PCR 

amplification errors, sequencing bias, etc. As a result, NGS 

has a high error rate in downstream analysis, thereby compris-

ing the reliability of the data it generates. Although individuals 

apply quality control strategies and error-correction algo-

rithms to operation processes to improve accuracy, NGS data 

is still sometimes liable to base-calling errors with combined 

complexity due to multiplexing and automation [20]. 

Read Lengths:  Compared to traditional Sanger sequenc-

ing methods, NGS needs to improve its yields of shorter DNA 

fragments, resulting in shorter sequence reads. As a result, 

when reading complex genomic regions, NGS struggles to an-

alyze structural variations and certain insertions, deletions, 

and rearrangements, making NGS a challenging technology to 

use when assessing genomes with high heterogeneity levels. 

Compensating for these discrepancies, researchers now opti-

mize library preparation and use long-read sequencing tech-

nology protocol to apply NGS to complex genomes [21]. 

Data analysis: NGS's tendency to succumb to data analysis 

challenges results from the sheer size of data accumulated dur-

ing the implementation of NGS technologies and the special-

ization of the tools used to evaluate this data. When using 

NGS methods without a bioinformatics background, this can 

be quite challenging as the tools used to assess data provide a 

suitable barrier to entry. With the development of standard 

benchmarking protocols and analysis pipelines, researchers 

have made good progress in increasing the accessibility of 

NGS operation-specific knowledge [22]. 

The emergence of Sequencing technologies in the past few 

decades has fundamentally transformed medicine, biotechnol-

ogy, and biological research. Sequencing technologies have 

progressed in various domains and have significantly fur-

thered scientific progress. This section will explore history 

from the beginning of Sequencing technologies through their 

improvements to where they are today.  

2.3. Single-Cell Sequencing Technologies 

Appearing for the first time in the late 2000s, single cell 

sequencing (SCS) began with the development of microfluidic 

devices enabling the isolation of single cells, a critical func-

tion in SCS technologies. This advancement was followed by 

the invention of Molecular Barcoding, allowing researchers to 

label RNA and DNA from different cells, thereby verifying 

SCS lineage tracing. Molecular Barcoding then instigated the 

development of High-throughput sequencing, an early combi-

nation of SCS and NGS technologies, to drastically increase 

sequencing throughput [23]. Table 2 elaborates on the three 

most explored SCS technologies being Single-cell RNA Se-

quencing, Single-cell DNA Sequencing, Single-Cell Epige-

nomic Sequencing and details their traits. For epigenomic pro-

filing, single-cell assay for transposase-accessible chromatin 

(ATAC) sequencing (scATAC-seq) has become the most 

widely used assay to measure chromatin accessibility of single 

cells to derive transcription binding sites and regulatory ele-

ments in an individual cell [26,7]. 

 

Sequencing Name  General Description 

Single-cell RNA Sequencing (scRNA-seq)[24] Measures transcriptome in individual cells and generates an 

overview of gene patterns and cellular functions. 

Single-cell DNA Sequencing (scDNA-seq)[6] Analyzes cellular genomes to detect genetic variations. 

Single-Cell Epigenomic Sequencing [25] Investigates epigenetic modifications.  

 

Table 2. Types of single cell sequencing technologies. 

2.2.1. Modern Application of SCS Technologies 

Cancer Research: SCS traces clonal evolution to reveal tu-

mor heterogeneity, allowing it to evaluate cancer progression 

and developed resistance. With the information necessary to 

understand the complexity of advanced tumors and their de-

velopment and progression, SGS effectively contributes to re-

search toward more effective therapies[27]. 

Neurology: As SCS can map neural cell development and 

characterize neuron cell types, the technology offers a deep 

perspective on brain development and nervous system com-

plexity. SCS sequencing methods have significant potential to 

uncover the cellular bases of neurological disorders such as 

Alzheimer's [28]. 

Developmental Biology: With its ability to sequence 

https://www.nature.com/articles/s41467-024-48700-8
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/1471-2105-12-451
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003345
https://academic.oup.com/bib/article/22/3/bbaa148/5875142?login=false
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0253404
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-02075-3
https://www.sciencedirect.com/science/article/pii/S1535610820301483
https://academic.oup.com/stmcls/article-abstract/42/1/1/7338616
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4504184/
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-016-0944-x
https://doi.org/10.1016/j.bios.2017.03.054
https://doi.org/10.60087/jklst.v3.n4.p11
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individual cells and generate lineage relationship data, SCS 

facilitated the generation of maps detailing the formation of 

organs and tissues. By analyzing Cells in different stages of 

their development, SCS has also allowed for substantial pro-

gress in research on cellular differentiation [29].

 
Figure 1 Based on the manner in which genetic information flows and regulates in a cell, three approaches are adopted for single-cell se-

quencing,i.e. ScDNA-seq, ScRNA-seq and scEpigenomics. In Sequencing DNA (by scDNA-seq) the aim is to understand the structure of the 

genome and identify Genetic variants and mutations, while  sequencing RNA(by scRNA-seq)helps to understand the function of cells and 

identify cell type. Profiling Epigenetic modifications(by scEpigenomics)helps to determine which region of DNA can be turned off or on for 

transcription in response to environmental conditions.

 

2.2.1. Challenges in Dissemination of SCS Technolo-

gies 

 

Technical Challenges: Although techniques such as LCM 

(Laser Capture Microdissection) and FACS (Fluorescence-

Activated Cell Sorting) avoid cell isolation errors, these error 

prevention tactics inevitably have significant implementation 

issues concerning cost and throughput. It is possible that SCS 

technologies also have variability introduced as a result of 

data processing batch effects. Furthermore, SCS technologies 

are also at risk of Low Input Material, where cells don’t pro-

vide the necessary data to evaluate without biases [30]. 

Interpretive Challenges: SCS is iconic for single cell se-

quencing results only sometimes transferring between multi-

ple laboratories. Inconsistencies that highlight sometimes 

large variability in conditions. The validation of SCS might  

 

 

 

 

also be up in the air as the accuracy of cellular heterogeneity 

is sometimes questionable. Finally, biological insights from 

SCS data require considerable prior knowledge in biological 

fields, meaning interpretations can vary starkly.  

3. Single Cell Genomics Framework 

3.1. Cellular Heterogeneity in Biological Sys-

tems 

All life forms, unicellular or multicellular, plant or animal, 

exhibit complexity in functionally organizing themselves, 

contributing to the overall performance of the whole organ-

ism. Humans, just like any other higher life form, consist of a 

variety of distinct tissues and cell types.Hence, the diversity 

within an ecosystem of unicellular elements (e.g. a tissue, a 

colony of volvox, or a tumor) can not be  

https://www.ijsr.net/ar-chive/v13i6/SR24619062609.pdf
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-1926-6
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Figure 2 Timeline Highlighting major breakthroughs in the Development of Single-cell Sequencing Technologies.

accurately measured by studying mixed groups of cell 

types, and the Genomes within the cells of an individual 

multicellular organism are not always the same [31].  

By analyzing bulk samples, containing a mixture of hetero-

geneous tissue, only average measurements of everything pre-

sent in the sample can be performed, thereby often preventing 

a correct interpretation of results (especially because some of 

the cell types build the majority of the tissue whereas others 

https://cir.nii.ac.jp/crid/1362544419869474944
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are present only temporarily in small amounts) [32]. Hence, 

using bulk sequencing methods, averages signals over thou-

sands or millions of cells, potentially masking the heterogene-

ity that defines complex biological systems. 

To tackle this challenge, single-cell sequencing (SCS), 

based on next-generation sequencing, has progressed in recent 

years. SCS aims to investigate cellular heterogeneity, by stud-

ying a single DNA molecule from individually isolated cells, 

thereby providing individual details to each cell type instead 

of providing broad population-based estimates [31].

 

Isolation methods Description Key Features Common usage 

Manual Cell Selection 

 [ 34 ] 

 

 

Manual manipulation to isolate 

single cells from suspension us-

ing techniques like serial dilu-

tion, micropipetting, microwell 

dilution, and optical dilution 

Requires manual effort; suit-

able for small-scale applica-

tions 

 

 

Isolation of single cells 

from suspension 

 

 

Random Seeding/Dilu-

tion 

[ 34 ] 

Isolating cells by randomly 

seeding or diluting cell suspen-

sions 

Simple and cost-effective 

 

 

Basic cell isolation 

 

 

Fluorescence-Activated 

Cell Sorting (FACS) 

[ 34 ] [ 33 ] [ 31 ]  

Uses fluorescent markers and 

flow cytometry to sort and iso-

late single cells 

 

 

Highly precise; allows isola-

tion of live cells and cell nu-

clei; advantageous for frozen 

library samples 

 

 

Most commonly used for 

live cell isolation from tis-

sues or cultures 

 

 

Microfluidic/Microplate 

Methodology 

[ 34 ] 

Automated methods using drop-

lets or micromechanical valves 

in microfluidic devices 

 

 

Enables high-throughput and 

precise cell manipulation; 

can be automated 

 

 

High-throughput single-

cell isolation 

 

 

Micromanipulation 

[ 34 ] [31] 

Uses mechanical tools to collect 

live cells from tissues that have 

been dissociated or from in vitro 

cultures 

 

 

Allows collection of live 

cells 

 

 

Live cell collection from 

tissues or cultures 

 

 

Laser Capture Microdis-

section ( LCM) 

[ 34 ] [ 31 ] 

Captures cells from tissue sec-

tions using a laser; typically re-

sults in cell death due to tissue 

fixation 

 

 

Suitable for fixed tissue 

samples; often results in cell 

death 

 

 

Cell isolation from fixed 

tissue samples 

 

 

 

Table 3. Cell isolation methods.

SCS has revolutionized the ability to interrogate the tran-

scriptional, genomics, and epigenomic characteristics of thou-

sands of cell types in depth.  

3.2. Isolation to Data Analysis 

The first step in SCG is Isolation of individual cells from 

primary samples. Several single-cell isolation methods have 

been developed including  manual cell selection, random 

seeding/dilution, laser microdissection, (FACS), and micro-

fluidic/microplate methodology [33]. Confirming the isola-

tion of single cells is crucial, as this step ensures the accuracy 

of subsequent analyses. Mistakes like analyzing empty cham-

bers or those with multiple cells can lead to misleading results. 

This confirmation is typically achieved by obtaining micros-

copy data for each chamber or well, verifying the presence of 

https://doi.org/10.60087/jklst.vol3.n3.p.165-192
https://cir.nii.ac.jp/crid/1362544419869474944
https://www.mdpi.com/1422-0067/19/3/807
https://www.mdpi.com/1422-0067/19/3/807
https://www.mdpi.com/1422-0067/19/3/807
https://www.sciencedirect.com/science/article/abs/pii/S0958166911007294
https://cir.nii.ac.jp/crid/1362544419869474944
https://www.mdpi.com/1422-0067/19/3/807
https://www.mdpi.com/1422-0067/19/3/807
https://cir.nii.ac.jp/crid/1362544419869474944
https://www.mdpi.com/1422-0067/19/3/807
https://cir.nii.ac.jp/crid/1362544419869474944
https://www.sciencedirect.com/science/article/abs/pii/S0958166911007294
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only one cell [31]. 

Following isolation, the next step involves lysing the single 

cells to extract genomic DNA (gDNA). The lysis method cho-

sen must strike a balance between being harsh enough to ef-

fectively lyse cells and gentle enough to maintain the integrity 

of the gDNA. Depending on the cell type, lysis can be per-

formed using physical techniques such as sonication and 

freeze/thaw cycles, chemical methods involving strong bases 

followed by neutralization, or enzymatic lysis using agents 

like lysozyme or proteinase K [33]. 

Next-generation sequencing technologies require mi-

crograms of DNA, so amplification is a de facto prerequisite 

to sequence cells that typically contain femtograms of DNA 

[33]. WGA aims to amplify the DNA accurately and uni-

formly, preserving the original genetic information as much as 

possible. The goal of WGA is to increase the amount of DNA 

available for analysis while trying to minimize errors and dis-

tortions that can occur during the amplification process. These 

potential errors include: (a) Amplification Bias: Uneven am-

plification of different regions of the genome, which can lead 

to some parts being overrepresented and others underrepre-

sented in the final amplified product. (b) Genome Loss: Loss 

of parts of the genome during the amplification process, which 

can result in incomplete genome coverage. (c) Mutations: In-

troduction of errors or changes in the DNA sequence not 

present in the original genome. (d) Chimeras: Formation of 

artificial DNA sequences that combine segments from differ-

ent regions of the genome, which can create misleading re-

sults. 

MDA (Multiple Displacement Amplification) is proven to 

be the best method for WGA (when compared with pure PCR 

amplification), but it presents limitations of uneven genome 

coverage, genomic rearrangements due to chimeric sequences, 

and non-specific amplification [35]. SCS technologies are ef-

fective in examining the genetic and epigenetic features of in-

dividual cells, uncovering cellular diversity in various biolog-

ical settings such as cancer, development, and immunology. 

ScDNA-seq enables the examination of the genomic DNA of 

each single cell. This method consists of separating individual 

cells, increasing the amount of their genomic DNA, and se-

quencing it to detect mutations, copy number variations, and 

other genomic characteristics. This is especially beneficial for 

comprehending genetic variation in tumors and monitoring 

clonal evolution [7]. ScRNA-seq examines the transcriptome 

of single cells, offering information on gene expression pat-

terns. This method consists of separating individual cells, for-

mation of cDNA from RNA, and analyzing the cDNA. 

scRNA-seq is commonly employed to discover cell types, 

conditions, and roles, especially in intricate tissues and during 

growth stages [36] [37].  

 
Figure 3 Workflow comparison of scRNA-seq, scDNA-seq and scEpigenomics.

Various techniques are used to analyze the epigenetic 

makeup of individual cells in the field of single-cell epige-

nomics. Methods such as scATAC-seq and single-cell 

methylome sequencing offer information on chromatin acces-

sibility and DNA methylation patterns. These techniques aid 

in the comprehension of how epigenetic alterations control 

gene expression and play a role in cellular identity and func-

tion [37] [7].  

Both second-generation sequencing and third-generation 

sequencing platforms are used in single-cell sequencing, each 

with its strengths and limitations. Single-cell sequencing is fa-

vored for its accuracy and high throughput, making it ideal for 

large-scale single-cell RNA sequencing projects. Third-gener-

ation sequencing platforms, such as those from Pacific Biosci-

ences (PacBio) and Oxford Nanopore Technologies (ONT), 

with  long-read capability, are better suited for applications 

requiring detailed structural information and full-length tran-

script analysis. The choice between these technologies de-

pends on the specific requirements of the research project, 

such as the need for read length, accuracy, throughput, and 

cost considerations [38]. 

Collectively, these tools and platforms empower research-

ers to analyze the intricate nature of biological systems at a 

cellular level, leading to breakthroughs in areas like cancer 
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https://www.sciencedirect.com/science/article/abs/pii/S0958166911007294
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3318999/
https://www.cell.com/trends/genetics/abstract/S0168-9525(14)00112-7
https://www.sciencedirect.com/science/article/pii/S1535610820301483
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biology and immunology. After sequencing, the data is pro-

cessed and analyzed to extract meaningful information. This 

includes identifying gene expression patterns (After sequenc-

ing, reads are aligned to a reference genome, and expression 

levels are quantified. Techniques such as expression quantita-

tive trait loci or eQTL mapping help in understanding how ge-

netic variants influence gene expression across different con-

ditions and tissues), genetic variants (Genotyping from se-

quencing data involves identifying single nucleotide polymor-

phisms (SNPs) and other genetic variants. Tools like the Ge-

nome Analysis Toolkit (GATK) are used for variant calling, 

and the results can be imputed to improve accuracy. This pro-

cess helps in detecting variations that may contribute to dis-

eases or different phenotypes) [39], and epigenetic modifica-

tions (e.g. for understanding developmental processes and dis-

ease mechanisms, such as in cancer, where specific epigenetic 

changes can differentiate between normal and cancerous cells) 

[40] [41]. This step helps to understand how genes are turned 

on or off, what genetic changes are present, and how these 

changes affect the cells. 

3.2. Commercialization Techniques 

Since the development of the first single-cell RNA-se-

quencing(in 2009) and single-cell DNA sequencing (in 2011) 

methods,the field of single cell genomics has progressed rap-

idly. Till 2016, three generations of sequencing technologies 

of various types have been developed. A major shift observed 

in the last decade is  the transfer of technologies from few so-

phisticated laboratories into hands of cancer research groups 

around the world. This democratization of SCS methods has 

been facilitated both by open sharing of protocols as well as 

by commercialization of technologies by  various companies 

[7, 36, 42]. 

Some popular second-generation sequencing platforms 

were developed and commercialized by Roche Life Sciences, 

Thermo Fisher Scientific, Illumina, BD biosciences, and 10X 

Genomics. Overall, Illumina emerges to be the champion 

player in SCS utilizing NGS, 10x Genomics, and BD Rapsody 

are also widely used [7, 42].  

4. Commercialization 

The emergence of NGS technologies has significantly has-

tened genomic research, facilitating the rapid sequencing of 

DNA and RNA in large volumes. Illumina, Ion Torrent, Ox-

ford Nanopore Technologies (ONT), and PacBio are promi-

nent commercial platforms with unique mechanisms and ap-

plications.  

4.1. First Generation 

The first genomes sequenced by Sanger were about 5374 

bp in since, and by 1980 a genome with a size of about 4851 

bp were sequenced. But it took years of improvement for Ap-

plied Biosystems to be the first company to  automate Sanger 

sequencing. This  eventually added to the groundbreaking de-

coding of the first Human Genome. However, the technology 

was extremely expensive, thus remaining confined to sophis-

ticated laboratories. First generation sequencing technologies 

were the most common sequencing technologies used by bi-

ologists until Roche's 454 technology, based on  sequencing 

by synthesis approach,involving pyrosequencing were intro-

duced and commercialized in 2005 as higher throughput and 

lower cost that its predecessors [43]. This event brought about 

a new era of  High-throughput sequencing technologies or 

Next Generation sequencing technologies, opening new ways 

for genome exploration and analysis. 

4.2. Second Generation 

Following, sequencing by synthesis method of  Roche's 

454, and by improving it, The Solexa company introduced and 

improvised sequencing platform. However, Illumina acquired 

solexa and started to commercialize the Genome Analyser. 

Although it produced short reads but it was overshadowed by 

its ability to produce paired end, to sequence both ends of 

DNA cluster [43]. 

As of now, Illumina has a series of sequencing platforms 

with varying read lengths and throughput , but notably Illu-

mina sequencers can generate gigabases (Gb) of data in a sin-

gle run, with the HiSeq X Ten system reaching up to 1.8 Tb 

per run. Moreover, The cost for equipment utilizing Illumina 

technology typically ranges from US$20,000 [44]. Yet, Cost 

per gigabase is comparatively low, making it ideal for exten-

sive genomic projects. Illumina's popularity is also due to its 

easy-to-use interface , ability to handle large amounts of data 

efficiently and widespread availability in research institutions. 

However, Illumina technology presents a drawback in high 

requirements of sample loading control as overloading can re-

sult in overlapping of clusters and poor reading quality.  The 

error rates are impressively low about 1% and mainly due to 

substitutions [43]. Overall, due its high throughput systems 

and cost-effectiveness, Illumina has dominated the commer-

cial landscape of NGS Technologies in recent decades. 

After Illumina, Life Technologies followed the footsteps of 

454 pyrosequencing technologies by involving the detection 

of Hydrogen Ion released during sequencing, differentiating 

itself from pre-existing  second generation technologies that 

relied on detecting fluorescent labeled nucleotides. Hence, the 

Ion Torrent  semiconductor-based sequencing technologies 

appeared in the market in 2010. 

IIon Torrent technology provides fast and cost-effective se-

quencing and is capable of producing read lengths of 200 

bp,400bp and 600bp. For instance, the Ion proton sequencer 

can generate up to 10 gigabytes per run. Although it has lower 
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throughput compared to Illumina, Ion Torrent's shorter run 

times of about 2 to 8 hours and cost-effectiveness in smaller 

projects make it valuable in clinical and diagnostic contexts. 

However, its susceptibility to homopolymer errors(~1%) with 

insertions and deletions and shorter read lengths restrict its 

utility in certain research domains [44]. 

4.3. Third Generation 

Although second generation sequencing technologies revo-

lutionized the analysis of DNA, they required PCR amplifica-

tion, which is a time and cost consuming procedure. To coun-

ter this challenge The third generation of sequencing technol-

ogies emerged that offered lower cost, easy sample prepara-

tion and higher resolution without any need of PCR amplifi-

cation. Companies like Pacific Biosciences and Oxford Na-

nopore adopted Single Molecule Real-Time sequencing ap-

proach (SMRT) and Companies like 10X Genomics adopted 

synthetic approaches that rely on existing short read technol-

ogies. As of now, SMRT based platforms are in wide use.  

PacBio's SMRT sequencing offers  several advantages, 

firstly It gives long reads, averaging at 10 Kbp and impres-

sively reaching a higher limit of 60kbp crucial for understand-

ing intricate genomic regions and sequencing entire genes. 

Secondly, it takes about 4-6 hours for a run. With the Sequel 

II system capable of producing up to 100 gigabases (Gb) per 

run, PacBio stands out. While its cost per gigabase is higher 

compared to Illumina, its exceptional capability to generate 

long reads is indispensable for tasks such as de novo genome 

assembly and studying structural variations. However, Pac-

Bio's accessibility is moderate, as it involves higher opera-

tional costs and technical complexity.Moreover its error rate 

of about 13% is dominated by deletions and insertions and 

randomly distributed along the long read [44]. 

The Oxford nanopore sequencing (ONT)  utilizes na-

nopore technology, which reads DNA by monitoring electrical 

changes as nucleotides move through a nanopore. In 2014 

ONT released a device named MinION promising to generate 

longer reads and a better resolution. This mobile device meas-

uring four inches in length and connected by USB type 3.0 

port to a laptop computer ONT stands out for its ability to gen-

erate exceptionally long reads, surpassing 150 kilobases (kb). 

MinION can produce terabytes of data, with the latter tailored 

for high-throughput studies. The portability, low cost and  

real-time data collection (i.e. data is displayed on screen and 

generated without waiting for run to complete), and minimal 

sample preparation requirements of ONT make it well-suited 

for field and on-site applications. However, its higher error 

rates of about 12%(~3% mismatches,~4% insertions and~5% 

deletions) and lower throughput compared to Illumina pose 

ongoing challenges [44, 45]. ONT has then released Prome-

thION which competes with PacBioRSII Sequencer in terms 

of read length and with Illumina's HiSeq in terms of cost [43]. 

Considering, the fact that ONT technologies are relatively 

new, yet they have competed with the well-established prede-

cessors, and the veritality ONT, this technology has the poten-

tial to emerge as leader of sequencing technologies, dethroned 

the current Illumina based sequencing approaches if it adopts 

and integrates well with the emerging spatial and multi-omic 

approaches [46]. 

4.4. Comparative Analysis 

Sequencing technologies have evolved to cater to diverse 

research and clinical needs. Illumina's high throughput and 

cost efficiency make it ideal for large-scale projects, while Ion 

Torrent excels in rapid and cost-effective clinical diagnostics. 

ONT's portability and real-time sequencing are unmatched for 

field applications, whereas PacBio's long-read capabilities are 

crucial for complex genomic analyses. The second generation 

sequencing platforms are both the pioneers and current leaders 

to produce high throughput with low error rates.However, 

Second generation sequencing tools like Illumina and Ion Tor-

rent, with their brief reads, face challenges in piecing together 

intricate genomes and detecting structural variations due to 

limited read lengths. On the other hand, Third generation se-

quencing  platforms such as PacBio's SMRT and ONT gener-

ate significantly longer reads, up to multiple megabases. Pac-

Bio captures single DNA molecules, while ONT directly se-

quences single-stranded DNA using nanopore technology. De-

spite their higher error rates and lower throughput compared 

to NGS platforms, PacBio and ONT offer advantages in cap-

turing long sequences. To overcome limitations, hybrid se-

quencing approaches have emerged, combining both technol-

ogies' strengths to improve accuracy and mappability [47]. 

Hybrid sequencing methods, leveraging both PacBio and  

 

Platform Throughput 

(Gb per run) 

Cost Accessibility Merits Demerits 

Illumina Up to 1.8 Tb 

(HiSeq X Ten) 

 

 

Equipment: 

~$20,000; Low 

cost per gigabase 

Widely available, 

user-friendly, effi-

cient data handling 

High throughput, 

cost-effective for 

large projects, easy-

to-use, low error rate 

(~1%) 

Requires careful 

sample loading to 

avoid cluster overlap-

ping, errors mainly 

due to substitutions 
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Ion Torrent Up to 10 Gb (Ion 

Proton) 

Cost-effective for 

smaller projects 

Valuable in clinical 

and diagnostic con-

texts 

Fast sequencing, 

shorter run times (2-

8 hours), cost-effec-

tive for specific ap-

plications 

Lower throughput 

than Illumina, homo-

polymer errors 

(~1%), shorter read 

lengths 

PacBio Up to 100 Gb 

(Sequel II) 

Higher opera-

tional costs; 

Higher cost per 

gigabase 

Limited to specialized 

labs in well defined 

research institutions  

due to higher tech-

nical complexity 

Long reads (average 

10 Kbp, up to 60 

Kbp), crucial for de 

novo genome assem-

bly and structural 

variation studies 

Higher error rate 

(~13%), dominated 

by deletions and in-

sertions 

Oxford Na-

nopore 

(ONT) 

Terabases of 

data (MinION) 

Low cost; Com-

petitive with Illu-

mina's HiSeq in 

some models 

Well-suited for field 

and on-site applica-

tions 

Exceptionally long 

reads (surpassing 

150 kb), portable, 

minimal sample 

preparation, real-

time data collection 

Higher error rates 

(~12%, with mis-

matches, insertions, 

deletions), lower 

throughput compared 

to Illumina 

 

Table 4. Comparison of various NGS platforms in the commercial landscape. 

ONT data have proven especially useful for transcriptome 

research, enhancing sensitivity and accuracy. By integrating 

the strengths of long-read sequencing with the efficiency of 

short-read technologies, hybrid-Seq approaches offer compre-

hensive solutions for transcriptome studies (Table 4). 

5. Precision Medicine 

Single cell is the ultimate unit of life activity, in which ge-

netic mechanisms and the cellular environment interplay with 

each other and shape the formation and function of such com-

plex structures as tissues and organs. Dissecting the composi-

tion and characterizing the interaction, dynamics, and function 

at the single-cell resolution is crucial for fully understanding 

the biology of almost all life phenomena, under both normal 

and diseased conditions [4]. Precision medicine goes in-depth 

and identifies aspects of the cell to make treatment more per-

sonalized.  

The term precision medicine has grown popular in recent 

years, it is labeled as the term personalized medicine as it fo-

cuses on personalized treatment strategies targeting the needs 

of individual patients based on numerous factors such as ge-

netics, biomarkers, proteins, environment, and psychosocial 

characteristics [48]. Single-cell RNA sequencing and single-

cell genomics have created an entirely new paradigm to study 

human tissues at a very small scale and investigate each cell 

at a time. It has been used in various fields to improve our 

understanding and contribute to multiple discoveries such as, 

in the areas of embryonic medicine, immunology and immu-

notherapy, tumor ecosystems, and oncogenic processes.  

Single-cell sequencing is widely known to predict 

alterations in transcriptomic, genomic, epigenomic, and pro-

teomic levels in healthy versus malignant cells. Numerous re-

ports have been released presenting evidence, for instance, 

single-cell profiling of tumor heterogeneity and the microen-

vironment in advanced non-small cell lung cancer [49].   

5.1. scRNA-seq on Tumor Microenvironments 

Infected cells can manifest resistance to various therapeutic 

drugs through cellular heterogeneity and plasticity. This infec-

tion is viewed as a ‘tumor ecosystem’, a community in which 

tumor cells coexist with other cells containing tumors or host 

cells in their microenvironment, and can also evolve and adapt 

according to the changing conditions [4]. Single-cell RNA se-

quencing (scRNA-seq) helps us understand tumor microenvi-

ronments at a larger scale by focusing on every individual tu-

mor cell, highlighting their biomarkers and genome. This 

plays a significant role as it provides a lot of information re-

garding the tumor microenvironment. On testing, it was dis-

covered that tumors with differing anatomical origins portray 

distinct T cell properties. In scRNA-seq, studies of T cells 

from patients with hepatocellular carcinoma, non-small cell 

lung cancer, and colorectal cancer that have numerous autolo-

gous control tissues available, similar T cell compositions are 

observed in peripheral blood of all three cancer types [50].  

Recently, scRNA-seq made it feasible to unveil the com-

plex heterogeneity in the PDAC microenvironment with un-

precedented resolution [51, 52, 53]. The scRNA-seq can be 

utilized to determine biomarkers based on genome-wide ex-

pression data, indicating the developmental trajectories of spe-

cific cells by pseudotime analysis. It is also used to identify 

gene-coregulated networks. For instance, scRNA-seq 

https://link.springer.com/article/10.1186/s13059-018-1593-z
https://doi.org/10.1002/smll.202200201
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revealed distinct immune subsets with different states in the 

breast tumor microenvironment, which promoted the under-

standing that immune cell subsets play different roles in pro-

moting and opposing tumor progression. 

5.2. Metastasis research and single-cell sequenc-

ing 

Metastasis is the spread of cancer cells from the place where 

they originate to other parts of the body. In metastasis, cancer 

cells break the first primary tumor and usually travel from the 

lymph system (sometimes, they travel through the blood) and 

form new tumors in other sections or organs of the body. Me-

tastasis research gives us a better understanding of metastasis 

and the reasons behind its occurrence. Numerous factors affect 

the growth, development, and occurrence of metastasis can-

cer, including genetic aspects and in vivo microenvironment. 

Single-cell sequencing (SCS) can be used to examine the re-

lationship between tumor metastasis and tumor heterogeneity, 

tumor drug resistance, and tumor microenvironment, to pro-

pose a new cure to treat tumor metastasis [54]. SCS can play 

a substantial role in the prediction and monitoring of tumor 

metastasis. Currently, knowledge on tumor metastasis is lim-

ited and many questions remain unanswered, for instance, 

which cell subtypes or clones in primary tumors can spread, 

how many times tumors can metastasize to different organs at 

what speed, and can tumor metastasis be tracked [55]. With 

increasing and unwavering progress in SCC, it has become 

more feasible to answer these questions.  

SCS identifies when the tumor will metastasize by identify-

ing biomarkers present in our body, for example, an SCS study 

of 190 distinct metastasis breast cancer tissues. SCS of tumors 

at different times of its growth can help predict mutations dur-

ing tumor progression. This was seen in a method by Davis et 

al to monitor global transcriptome changes of metastatic cells 

in the process of breast cancer metastasis [56]. 

6. Clinical Barriers & Challenges 

SCS is a sequencing method that allows for the analysis of 

genetic and transcriptomic data at a singular cell level, allow-

ing the technology to offer invaluable perspective in cellular 

heterogeneity research. Holding great promise for clinical ap-

plication through potential insight into rare cell populations 

and disease mechanisms, SCS’s role in medicine is pivotal in 

advancing the scientific community’s research into personal 

medicine tailored to patients’ genomes [57]. 

Stemming from the potential of SCS technology in devel-

oping early disease detection strategies, evaluating responses 

to treatment, and monitoring disease progression, there is a 

growing interest in integrating such methods into clinical 

practice. As sequencing methods evolve, they will most likely 

be responsible for large progression in personalized healthcare 

[58]. Although there are many revolutionary potential appli-

cations of SCS, the path toward clinical implementation is 

fraught with multiple barriers to entry. Through data analysis 

struggles, technical complexity in the sequencing process, and 

regulatory hurdles, research is still considerably impeached by 

its inability to harness the full potential of SCS technologies 

[59]. 

Technical Complexity: Although crucial to ensure the in-

tegrity of cells undergoing SCS sequencing, isolating these 

cells from other organic matter can be extremely time-con-

suming and technically challenging. As a result of technical 

errors and variations, SCS results may appear inconsistent, 

thereby not accurately registering the genetic information of 

those cells. 

Data Analysis and Interpretation: Due to a lack of stand-

ardization in research protocols, there is a range of variability 

between different studies, hampering the validity of many 

claims. Furthermore, as SCS generates vast amounts of data 

only interpretable using specialized tools, processing infor-

mation for studies becomes unbelievably complicated [60].  

Cost and Resource Intensity: SCS technologies require 

significantly specialized facilities and expertise, something 

not available in all clinical settings. SCS also has a high cost 

of single-cell sequencing equipment, computational re-

sources, and reagents. As a result, implementing SCS in re-

search requires extensive funding and space, making it some-

times inaccessible [57]. 

Regulatory and Ethical Considerations: Although help-

ful in treatment and diagnosis, SCS's access to personal ge-

netic information sparks debate over patient confidentiality 

and ethical concerns about patient consent and data security. 

Moreover, obtaining permission to use SCS is notoriously dif-

ficult and time-consuming, and then maintaining regulation 

standards creates a whole new layer of difficulty in an already 

aggravating situation [61]. 

High Throughput and Sensitivity: A significant challenge 

of SCS technologies is their lack of enhanced sensitivity to-

wards subtle genetic variation. Low-abundance molecules not 

being detected in cells poses an issue as it prevents the tech-

nology from locating rare transcripts. Furthermore, SCS is re-

quired to process large quantities of data simultaneously while 

maintaining a high sensitivity to prevent compromising the 

data quality [62]. 

Technical Variability and Reproducibility: Unfortu-

nately, batch effects are a somewhat regular occurrence as var-

iations in sampling are inevitable. However, it does compro-

mise the reliability of the analysis. It has become apparent that 

developing rigorous protocols to standardize clinical experi-

ences with SCS is necessary as it prevents technical variations 

during library preparation and sequencing [63]. 

Data Processing and Analysis: Today, there is still a great 

need for bioinformatic tools that successfully support and 
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interpret SCS technologies. There is great demand for algo-

rithms capable of trajectory inference, cell type identification, 

and differential expression analysis, as these domains are cur-

rently lacking. There is also a great need to develop computa-

tional infrastructure and algorithms to manage the massive 

data sets generated by SCS sequencing methods [64]. 

Integration of Multi-Omics Data: For holistic insight and 

seamless integration from SCS programs, it is essential to en-

sure compatibility between different omics data sets. Moreo-

ver, developing integrated multi-omics approaches to interpret 

proteomic data is necessary if research is to develop a deeper 

understanding of cellular states and functions [65]. 

Cost Reduction: Moving towards the facilitation of SCS 

sequencing in both clinical and research settings, developing 

cost-effective methods for cell isolation, library preparation, 

and sequencing might facilitate its broader use. For wide-

spread adoption, there must be a price reduction in the cost of 

SCS, including reagents, consumables, and computational re-

sources. What is needed most is innovations that don’t com-

promise data quality but lower expenses. 

Within the past decade, the field of single-cell genomics 

(SCG) has rapidly evolved with the introduction of the first 

single-cell DNA sequencing (scDNA-seq) and RNA sequenc-

ing (scRNA-seq) methods [36]. Initial methods for analyzing 

individual cells were limited in capacity, time-consuming, and 

costly, limiting their use in sophisticated research projects, but 

they laid the groundwork for future advancements. The advent 

of high-throughput sequencing technologies, particularly 

next-generation sequencing (NGS), has revolutionized this 

field by facilitating the simultaneous analysis of numerous in-

dividual cells and enabling the identification of distinct cell 

groups and differences at unprecedented levels [66]. 

Innovative solutions from Illumina, 10x Genomics, Pacific 

Biosciences, and Oxford Nanopore Technologies have democ-

ratized single-cell genomics (SCG) by developing accessible 

genomics platforms and openly sharing protocols. Although 

early SCS technologies were extremely costly, advances such 

as Illumina's sequencing by synthesis (SBS) method and port-

able tools like Oxford Nanopore's MinION have significantly 

reduced costs, making high-throughput sequencing more ac-

cessible to a wider range of laboratories. 

SCG has now shifted from few sophisticated labs to leading 

scientific research, promoting innovation and exploration in 

studying biological systems at the single-cell level, such as 

advancements, innovation and collaboration in cancer re-

search. 

Single cell genomics has played a significant role in provid-

ing a deep understanding of tumor microenvironment, tumor 

metastasis, and therapeutic resistance. With the examination 

of individual tumor cells, identification of unique subgroups 

within tumors has elucidated their specific genetic and tran-

scriptomic characteristics and uncovered mechanisms behind 

drug resistance. Techniques like scRNA-seq have identified 

various immune cell types and their communication with can-

cer cells, shedding light on immune evasion strategies and po-

tential therapeutic targets. Furthermore, SCS has significantly 

advanced our understanding of the genetic and epigenetic 

changes driving cancer metastasis by identifying critical bi-

omarkers and mutations associated with cancer spread, thus 

influencing the development of targeted therapies. Addressing 

therapeutic resistance remains a major challenge in cancer 

treatment; however, SCS has illuminated the cellular mecha-

nisms behind resistance by uncovering resistance pathways 

and informing strategies to overcome them through the analy-

sis of genetic and transcriptomic alterations in cancer cells be-

fore and after treatment. 

The potential for advancing precision medicine and cancer 

treatment is significant with the future integration of SCS into 

clinical settings. Anticipated enhancements in efficiency, 

availability, and expenses are set to boost the utilization of 

SCS in medical settings, facilitating the creation of custom-

ized treatment strategies based on the genetic and tran-

scriptomic characteristics of patients' tumors. Advancements 

in SCS technologies will enhance our knowledge of cellular 

heterogeneity and disease mechanisms by improving sensitiv-

ity and accuracy. Combining genomic, transcriptomic, and 

epigenomic data through multi-omics integration will offer 

extensive knowledge on cellular functions and disease ad-

vancement, ultimately aiding in the creation of improved 

treatments. 

7. Conclusion 

With the introduction of Single Cell Sequencing in the 

1970s, Sequencing technologies have undergone remarkable 

evolution leading to the development of three generations of 

sequencing technologies by 2016 [42, 67]. Along with this, the 

incorporation of SCS methods, and advancements in sequenc-

ing technologies have revolutionized medicine, biotechnol-

ogy, and biological research by enabling personalized medi-

cine and in-depth analysis of cellular heterogeneity. Commer-

cial platforms like Illumina, Ion Torrent, and Oxford Na-

nopore Technologies offer high accuracy, throughput, and ver-

satility, while SCS methods allow for the analysis of individ-

ual cells, providing detailed insights into cellular diversity and 

interactions. This democratization of sequencing technolo-

gies, facilitated by the open sharing of protocols and commer-

cialization efforts by various companies, has led to their wide-

spread adoption by research groups worldwide [7]. However, 

despite their immense potential, sequencing technologies face 

challenges such as high error rates, data analysis complexities, 

and cost considerations. Efforts to address these challenges, 

including improving library preparation, enhancing data anal-

ysis techniques, and reducing costs, are crucial for the broader 

distribution and application of sequencing technologies in 

https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-023-05179-2
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1011814
https://link.springer.com/article/10.1186/s13045-021-01105-2
https://www.proquest.com/openview/345e312445971487da77c250cc4c5ebd/1?pq-origsite=gscholar&cbl=2026548
https://link.springer.com/article/10.1007/s12088-016-0606-4
https://www.mdpi.com/2079-7737/12/7/997
https://www.sciencedirect.com/science/article/pii/S1535610820301483
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various fields, including their clinical applications. This study 

focused on the evolution of major commercial sequencing 

platforms in the last decade from throughput, cost and acces-

sibility analysis, but there is a need to delve deeper and con-

sider technologies that have emerged in the 2020s, e.g.  col-

laboration of 10x Genomics with ONT and PacBio aiming the 

ubiquitous adoption of Single-cell and Spatial Full-length Iso-

form Transcript Sequencing across research laboratories, [46] 

which will enable the researcher to look beyond what has been 

limited by current Illumina based sequencing methods and 

will be helpful in further advancing the third generation se-

quencing approaches. For now, albeit the efforts to overcome 

technical, analytical, and cost-related challenges have greatly 

improved sequencing technologies, it is essential to fully har-

ness the potential of sequencing technologies for wider imple-

mentation in clinical setups. But as sequencing technologies 

continue to advance in the 2020s, they hold promise for fur-

ther enhancing our understanding of complex biological sys-

tems and transforming healthcare through precision medicine 

tailored to individual genomes. 

Conflicts of Interest 

The authors declare no competing financial interests or con-

flicts of interest.  

Author Contributions 

K.G.B., K.D., S.V. conceptualization. I.K., T.G., E.R., 

K.G.B., K.D., S.V. writing original draft, methodology, writ-

ing review & editing.  

References  

[1]  Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., Mural, R. 

J., Sutton, G. G., ... & Zhu, X. (2001). The sequence of the hu-

man genome. Science, 291(5507), 1304–1351. 

https://doi.org/10.1126/science.1058040 

[2]  Bird, A. (2007). Perceptions of epigenetics. Nature, 447(7143), 

396–398. https://doi.org/10.1038/nature05913 

[3]  Shapiro, E., Biezuner, T., & Linnarsson, S. (2013). Single-cell 

sequencing-based technologies will revolutionize whole-organ-

ism science. Nature Reviews Genetics, 14(9), 618–630. 

https://doi.org/10.1038/nrg3542 

[4]  Ren, X., Kang, B., & Zhang, Z. (2018). Understanding tumor 

ecosystems by single-cell sequencing: Promises and limitations. 

Genome Biology, 19(1), 1–13. https://doi.org/10.1186/s13059-

018-1593-z 

[5]  Macosko, E. Z., Basu, A., Satija, R., Nemesh, J., Shekhar, K., 

Goldman, M., ... & Regev, A. (2015). Highly parallel genome-

wide expression profiling of individual cells using nanoliter 

droplets. Cell, 161(5), 1202–1214. 

https://doi.org/10.1016/j.cell.2015.05.002 

[6]  Navin, N., Kendall, J., Troge, J., Andrews, P., Rodgers, L., 

McIndoo, J., ... & Hicks, J. (2011). Tumour evolution inferred 

by single-cell sequencing. Nature, 472(7341), 90–94. 

https://doi.org/10.1038/nature09807 

[7]  Lim, B., Lin, Y., & Navin, N. (2020). Advancing cancer research 

and medicine with single-cell genomics. Cancer Cell, 37(4), 

456–470. https://doi.org/10.1016/j.ccell.2020.03.008 

[8]  Watson, J. D., & Crick, F. H. C. (1953). Molecular structure of 

nucleic acids: A structure for deoxyribose nucleic acid. Nature, 

171(4356), 737–738. https://doi.org/10.1038/171737a0 

[9]  Sanger, F., Nicklen, S., & Coulson, A. R. (1977). DNA sequenc-

ing with chain-terminating inhibitors. Proceedings of the Na-

tional Academy of Sciences, 74(12), 5463–5467. 

https://doi.org/10.1073/pnas.74.12.5463 

[10]  Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. 

C., Baldwin, J., ... & Devon, K. (2001). Initial sequencing and 

analysis of the human genome. Nature, 409(6822), 860–921. 

https://doi.org/10.1038/35057062 

[11]  Manolio, T. A., Chisholm, R. L., Ozenberger, B., Roden, D. M., 

Williams, M. S., Wilson, R., ... & Ginsburg, G. S. (2013). Im-

plementing genomic medicine in the clinic: The future is here. 

Genetics in Medicine, 15(4), 258–267. 

https://doi.org/10.1038/gim.2012.157 

[12]  Gan, X., Stegle, O., Behr, J., Steffen, J. G., Drewe, P., 

Hildebrand, F., ... & Mott, R. (2011). Multiple reference ge-

nomes and transcriptomes for Arabidopsis thaliana. Nature, 

477(7365), 419–423. https://doi.org/10.1038/nature10414 

[13]  Bentley, D. R., Balasubramanian, S., Swerdlow, H. P., Smith, G. 

P., Milton, J., Brown, C. G., ... & Hall, K. P. (2008). Accurate 

whole human genome sequencing using reversible terminator 

chemistry. Nature, 456(7218), 53–59. 

https://doi.org/10.1038/nature07517 

[14]  Rothberg, J. M., Hinz, W., Rearick, T. M., Schultz, J., Mileski, 

W., Davey, M., ... & Milgrew, M. J. (2011). An integrated sem-

iconductor device enabling non-optical genome sequencing. 

Nature, 475(7356), 348–352. https://doi.org/10.1038/na-

ture10242 

[15]  Eid, J., Fehr, A., Gray, J., Luong, K., Lyle, J., Otto, G., ... & 

Turner, S. (2009). Real-time DNA sequencing from single pol-

ymerase molecules. Science, 323(5910), 133–138. 

https://doi.org/10.1126/science.1162986 

[16]  Jain, M., Fiddes, I. T., Miga, K. H., Olsen, H. E., Paten, B., & 

Akeson, M. (2015). Improved data analysis for the MinION na-

nopore sequencer. Nature Methods, 12(4), 351–356. 

https://doi.org/10.1038/nmeth.3290 

[17]  Ruffalo, M., LaFramboise, T., & Koyuturk, M. (2011). Compar-

ative analysis of algorithms for next-generation sequencing read 

https://academic.oup.com/nar/article/51/8/e47/7079641
https://doi.org/10.1126/science.1058040
https://doi.org/10.1038/nature05913
https://doi.org/10.1038/nrg3542
https://doi.org/10.1186/s13059-018-1593-z
https://doi.org/10.1186/s13059-018-1593-z
https://doi.org/10.1016/j.cell.2015.05.002
https://doi.org/10.1038/nature09807
https://doi.org/10.1016/j.ccell.2020.03.008
https://doi.org/10.1038/171737a0
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1038/35057062
https://doi.org/10.1038/gim.2012.157
https://doi.org/10.1038/nature10414
https://doi.org/10.1038/nature07517
https://doi.org/10.1038/nature10242
https://doi.org/10.1038/nature10242
https://doi.org/10.1126/science.1162986
https://doi.org/10.1038/nmeth.3290


Journal of Knowledge Learning and Science Technology  https://jklst.org/index.php/home   

 

122 

alignment. Bioinformatics, 27(20), 2790–2796. 

https://doi.org/10.1093/bioinformatics/btr477 

[18]  Mardis, E. R. (2018). The impact of next-generation sequencing 

on cancer genomics: From discovery to clinic. Cold Spring Har-

bor Perspectives in Medicine, 9(9), a036269. 

https://doi.org/10.1101/cshperspect.a036269 

[19]  De Zuani, M., Fasano, M., Marino, D., Mattia, G., Pivetta, F., 

Tavian, D., ... & Brunelli, M. (2024). Single-cell and spatial 

transcriptomics analysis of non-small cell lung cancer. Nature 

Communications, 15(1), 4388. https://doi.org/10.1038/s41467-

024-48700-8 

[20]  Meacham, F., Boffelli, D., Dhahbi, J., Martin, D. I., Singer, M., 

& Pachter, L. (2011). Identification and correction of systematic 

error in high-throughput sequence data. BMC Bioinformatics, 

12(1), 451. https://doi.org/10.1186/1471-2105-12-451 

[21]  El-Metwally, S., Hamza, T., Zakaria, M., & Helmy, M. (2013). 

Next-generation sequence assembly: Four stages of data pro-

cessing and computational challenges. PLOS Computational Bi-

ology, 9(12), e1003345. https://doi.org/10.1371/jour-

nal.pcbi.1003345 

[22]  Pei, S., Liu, T., Ren, X., Li, W., Chen, C., & Xie, Z. (2020). 

Benchmarking variant callers in next-generation and third-gen-

eration sequencing analysis. Briefings in Bioinformatics, 22(3), 

bbaa148. https://doi.org/10.1093/bib/bbaa148 

[23]  Cohen-Aharonov, L. A., Shimron, E., Bar-On, H., Cohen, M. M., 

Arviv, R., Glass, S., ... & Raanani, P. (2022). High throughput 

SARS-CoV-2 variant analysis using molecular barcodes cou-

pled with next-generation sequencing. PLOS ONE, 17(6), 

e0253404. https://doi.org/10.1371/journal.pone.0253404 

[24]  Qu, H.-Q., Kao, C., & Hakonarson, H. (2023). Single-cell RNA 

sequencing technology landscape in 2023. Stem Cells, 42(1), 1–

12. https://doi.org/10.1093/stmcls/sxad077 

[25]  Clark, S. J., Lee, H. J., Smallwood, S. A., Kelsey, G., & Reik, 

W. (2016). Single-cell epigenomics: Powerful new methods for 

understanding gene regulation and cell identity. Genome Biol-

ogy, 17(1), 72. https://doi.org/10.1186/s13059-016-0944-x 

[26]  Ji, Z., Zhou, W., Hou, W., & Ji, H. (2020). Single-cell ATAC-

seq signal extraction and enhancement with SCATE. Genome 

Biology, 21(1), 163. https://doi.org/10.1186/s13059-020-02075-

3 

[27]  Pandya, H. J., De Lay, M., Vijayaraghavan, R., Kamalesh, B., 

Vasan, S., Barron, F., & Rajaraman, S. (2017). A microfluidic 

platform for drug screening in a 3D cancer microenvironment. 

Biosensors and Bioelectronics, 94, 632–642. 

https://doi.org/10.1016/j.bios.2017.03.054 

[28]  Gupte, P., Dhingra, K., & Saloni, V. (2024). Precision gene ed-

iting strategies with CRISPR-Cas9 for advancing cancer immu-

notherapy and Alzheimer’s disease. Journal of Knowledge and 

Learning Science and Technology, 3(4), 11–21. 

https://doi.org/10.60087/jklst.v3.n4.p11 

[29]  Kulkarni, S., Dhingra, K., & Verma, S. (2024). Applications of 

CMUT technology in medical diagnostics: From photoacoustic 

to ultrasonic imaging. International Journal of Science and Re-

search, 13(6), 1264–1269. https://www.ijsr.net/ar-

chive/v13i6/SR24619062609.pdf 

[30]  Lähnemann, D., Köster, J., Szczurek, E., McCarthy, D. J., Hicks, 

S. C., Robinson, M. D., ... & Vallejos, C. A. (2020). Eleven 

grand challenges in single-cell data science. Genome Biology, 

21(1), 31. https://doi.org/10.1186/s13059-020-1926-6 

[31]  Gawad, C., Koh, W., & Quake, S. R. (2016). Single-cell genome 

sequencing: Current state of the science. Nature Reviews Genet-

ics, 17(3), 175–188. https://doi.org/10.1038/nrg.2015.16 

[32]  Pundlik, A., Verma, S., & Dhingra, K. (2024). Neural pathways 

involved in emotional regulation and emotional intelligence. 

Journal of Knowledge and Learning Science and Technology, 

3(3), 165–192. https://doi.org/10.60087/jklst.vol3.n3.p.165-192 

[33]  Yilmaz, S., & Singh, A. K. (2012). Single-cell genome sequenc-

ing. Current Opinion in Biotechnology, 23(3), 437–443. 

https://doi.org/10.1016/j.copbio.2011.11.018 

[34]  Valihrach, L., Androvic, P., & Kubista, M. (2018). Platforms for 

single-cell collection and analysis. International Journal of Mo-

lecular Sciences, 19(3), 807. 

https://doi.org/10.3390/ijms19030807 

[35]  Van Dijk, E. L., Auger, H., Jaszczyszyn, Y., & Thermes, C. 

(2014). Ten years of next-generation sequencing technology. 

Trends in Genetics, 30(9), 418–426. 

https://doi.org/10.1016/j.tig.2014.07.001 

[36]  Lei, Y., Li, Y., Zhang, Z., Liu, H., & Feng, N. (2021). Applica-

tions of single-cell sequencing in cancer research: Progress and 

perspectives. Journal of Hematology & Oncology, 14(1), 117. 

https://doi.org/10.1186/s13045-021-01105-2 

[37]  Chen, S., Zhao, Y., Sun, J., Zhang, X., Shen, Y., Chen, W., ... & 

Song, Y. (2023). Single-cell analysis technologies for cancer re-

search: From tumor-specific single cell discovery to cancer ther-

apy. Frontiers in Genetics, 14, 1276959. 

https://doi.org/10.3389/fgene.2023.1276959 

[38]  Athanasopoulou, K., Boti, M. A., Adamopoulos, P. G., Skourou, 

P. C., & Scorilas, A. (2021). Third-generation sequencing: The 

spearhead towards the radical transformation of modern ge-

nomics. Life, 12(1), 30. https://doi.org/10.3390/life12010030 

[39]  Deelen, P., Zhernakova, D. V., van der Sijde, M. R., Sheng, Y., 

& van der Graaf, A. (2015). Calling genotypes from public 

RNA-sequencing data enables identification of genetic variants 

that affect gene-expression levels. Genome Medicine, 7(1), 1–

11. https://doi.org/10.1186/s13073-015-0152-4 

[40]  Pandya, H. J., Bhunia, S., Park, S., Dewan, A., Rajaraman, S., 

& Wang, C. (2017). Label-free electrical sensing of bacteria in 

eye wash samples: A step towards point-of-care detection of 

pathogens in patients with infectious keratitis. Biosensors and 

Bioelectronics, 91, 32–39. 

https://doi.org/10.1016/j.bios.2016.12.035 

https://doi.org/10.1093/bioinformatics/btr477
https://doi.org/10.1101/cshperspect.a036269
https://doi.org/10.1038/s41467-024-48700-8
https://doi.org/10.1038/s41467-024-48700-8
https://doi.org/10.1186/1471-2105-12-451
https://doi.org/10.1371/journal.pcbi.1003345
https://doi.org/10.1371/journal.pcbi.1003345
https://doi.org/10.1093/bib/bbaa148
https://doi.org/10.1371/journal.pone.0253404
https://doi.org/10.1093/stmcls/sxad077
https://doi.org/10.1186/s13059-016-0944-x
https://doi.org/10.1186/s13059-020-02075-3
https://doi.org/10.1186/s13059-020-02075-3
https://doi.org/10.1016/j.bios.2017.03.054
https://doi.org/10.60087/jklst.v3.n4.p11
https://doi.org/10.1186/s13059-020-1926-6
https://doi.org/10.1038/nrg.2015.16
https://doi.org/10.60087/jklst.vol3.n3.p.165-192
https://doi.org/10.1016/j.copbio.2011.11.018
https://doi.org/10.3390/ijms19030807
https://doi.org/10.1016/j.tig.2014.07.001
https://doi.org/10.1186/s13045-021-01105-2
https://doi.org/10.3389/fgene.2023.1276959
https://doi.org/10.3390/life12010030
https://doi.org/10.1186/s13073-015-0152-4
https://doi.org/10.1016/j.bios.2016.12.035


Journal of Knowledge Learning and Science Technology  https://jklst.org/index.php/home   

 

123 

[41]  Mancarella, D., & Plass, C. (2021). Epigenetic signatures in 

cancer: Proper controls, current challenges, and the potential for 

clinical translation. Genome Medicine, 13(1), 37. 

https://doi.org/10.1186/s13073-021-00837-7 

[42]  El-Metwally, S., Hamza, T., Zakaria, M., & Helmy, M. (2016). 

High throughput sequencing: An overview of sequencing chem-

istry. Indian Journal of Microbiology, 56(4), 394–404. 

https://doi.org/10.1007/s12088-016-0606-4 

[43]  Kchouk, M., Gibrat, J.-F., & Elloumi, M. (2017). Generations 

of sequencing technologies: From first to next generation. Biol-

ogy and Medicine, 09(03), 1000395. 

https://doi.org/10.4172/0974-8369.1000395 

[44]  Akacin, İ., Ersoy, Ş., Doluca, O., & Güngörmüşler, M. (2022). 

Comparing the significance of the utilization of next generation 

and third generation sequencing technologies in microbial met-

agenomics. Microbiological Research, 264, 127154. 

https://doi.org/10.1016/j.micres.2022.127154 

[45]  GhavamiNejad, P., GhavamiNejad, A., Zheng, H., Dhingra, K., 

Samarikhalaj, M., & Poudineh, M. (2022). A conductive hydro-

gel microneedle-based assay integrating PEDOT 

[46]  and Ag-Pt nanoparticles for real-time, enzyme-less, and electro-

chemical sensing of glucose. Advanced Healthcare Materials, 

12(1), 2202362. https://doi.org/10.1002/adhm.202202362 

[47]  Safavieh, M., Pandya, H. J., Vasan, A., Kanakasabapathy, M. K., 

& Shabani, A. (2017). Paper microchip with a graphene-modi-

fied silver nano-composite electrode for electrical sensing of 

microbial pathogens. Nanoscale, 9(5), 1852–1861. 

https://doi.org/10.1039/c6nr06417e 

[48]  Weirather, J. L., de Cesare, M., Wang, Y., Piazza, P., Sebastiano, 

V., Wang, X.-J., Buck, D., & Au, K. F. (2017). Comprehensive 

comparison of Pacific Biosciences and Oxford Nanopore Tech-

nologies and their applications to transcriptome analysis. 

F1000Research, 6, 100. https://doi.org/10.12688/f1000re-

search.10571.2 

[49]  Odinotski, S., Yilmaz, F., Marangoz, Y., Sabzevari, N., Wosik, 

J., & Akhavan, V. A. (2022). A conductive hydrogel-based mi-

croneedle platform for real-time pH measurement in live ani-

mals. Small, 18(45), 2200201. 

https://doi.org/10.1002/smll.202200201 

[50]  Wu, F., Zhang, Y., Zhao, Y., Sun, B., McMenamin, S., Wang, 

Y., ... & Shi, X. (2021). Single-cell profiling of tumor heteroge-

neity and the microenvironment in advanced non-small cell lung 

cancer. Nature Communications, 12(1), 2540. 

https://doi.org/10.1038/s41467-021-22801-0 

[51]  Ren, X., Zhang, L., Zhang, Y., Li, Z., Siemers, N., & Zhang, Z. 

(2021). Insights gained from single-cell analysis of immune 

cells in the tumor microenvironment. Annual Review of Immu-

nology, 39, 583–609. https://doi.org/10.1146/annurev-immu-

nol-110519-071134 

[52]  Hosein, A. N., Brekken, R. A., Maitra, A., Pan, F. C., Feng, H., 

Castrillon, D. H., ... & Lee, J. J. (2019). Cellular heterogeneity 

during mouse pancreatic ductal adenocarcinoma progression at 

single-cell resolution. JCI Insight, 4(16), e129212. 

https://doi.org/10.1172/jci.insight.129212 

[53]  Guntupalli, R., Verma, S., & Dhingra, K. (2024). Impact of 

healthcare digitization: Systems approach for integrating bio-

sensor devices and electronic health with artificial intelligence. 

American Scientific Research Journal for Engineering, Technol-

ogy, and Sciences, 98(1), 246–257. https://asrjetsjournal.org/in-

dex.php/American_Scientific_Journal/article/view/10786/2789 

[54]  Peng, J., Sun, B. F., Chen, C. Y., Zhou, J. Y., Chen, Y. S., & Chen, 

H. (2019). Single-cell RNA-seq highlights intra-tumoral heter-

ogeneity and malignant progression in pancreatic ductal adeno-

carcinoma. Cell Research, 29(9), 725–738. 

https://doi.org/10.1038/s41422-019-0195-y 

[55]  Han, Y., Luo, Y., Lai, G., Wang, J., Yu, S., Pan, Y., & Wang, S. 

(2022). Single-cell sequencing: A promising approach for un-

covering the mechanisms of tumor metastasis. Journal of He-

matology & Oncology, 15(1), 22. 

https://doi.org/10.1186/s13045-022-01280-w 

[56]  Kaur, S., Kim, R., Javagal, N., Calderon, J., Rodriguez, S., 

Murugan, N., Bhutia, K. G., & Dhingra, K. (2024). Precision 

medicine with data-driven approaches: A framework for clinical 

translation. AIJMR, 2(5), 11-21. https://www.aijmr.com/re-

search-paper.php?id=1077 

[57]  Davis, R. T., Blake, K., Ma, D., Gabra, M. B., Hernandez, G. A., 

Phung, A. T., ... & Kessenbrock, K. (2020). Transcriptional di-

versity and bioenergetic shift in human breast cancer metastasis 

revealed by single-cell RNA sequencing. Nature Cell Biology, 

22(3), 310–320. https://doi.org/10.1038/s41556-020-0477-0 

[58]  Wang, J., & Song, Y. (2017). Single-cell sequencing: A distinct 

new field. Clinical and Translational Medicine, 6(1), 1–6. 

https://doi.org/10.1186/s40169-017-0139-4 

[59]  Fishman, M., Cordner, H., Justiz, R., Aeschbach, A., Ecarma, A., 

& Simopoulos, T. (2021). Twelve-month results from multicen-

ter, open-label, randomized controlled clinical trial comparing 

differential target multiplexed spinal cord stimulation and tradi-

tional spinal cord stimulation in subjects with chronic intracta-

ble back pain and leg pain. Pain Practice, 21(8), 912–923. 

https://doi.org/10.1111/papr.13066 

[60]  Abell, B., Sharkey, S., Kynoch, K., & Nasiri, M. (2023). Identi-

fying barriers and facilitators to successful implementation of 

computerized clinical decision support systems in hospitals: A 

NASSS framework-informed scoping review. Implementation 

Science, 18(1), 66. https://doi.org/10.1186/s13012-023-01287-y 

[61]  Fan, Z., Shi, L., Yang, R., Sun, Y., & Chen, R. (2024). Reliability 

and validity evaluation of the stigma of loneliness scale in Chi-

nese college students. BMC Public Health, 24(1), 23. 

https://doi.org/10.1186/s12889-024-17738-0 

[62]  Dorey, C. M., Baumann, H., & Biller-Andorno, N. (2018). Pa-

tient data and patient rights: Swiss healthcare stakeholders’ eth-

ical awareness regarding large patient data sets – A qualitative 

study. BMC Medical Ethics, 19(1), 35. 

https://doi.org/10.1186/s13073-021-00837-7
https://doi.org/10.1007/s12088-016-0606-4
https://doi.org/10.4172/0974-8369.1000395
https://doi.org/10.1016/j.micres.2022.127154
https://doi.org/10.1002/adhm.202202362
https://doi.org/10.1039/c6nr06417e
https://doi.org/10.12688/f1000research.10571.2
https://doi.org/10.12688/f1000research.10571.2
https://doi.org/10.1002/smll.202200201
https://doi.org/10.1038/s41467-021-22801-0
https://doi.org/10.1146/annurev-immunol-110519-071134
https://doi.org/10.1146/annurev-immunol-110519-071134
https://doi.org/10.1172/jci.insight.129212
https://asrjetsjournal.org/index.php/American_Scientific_Journal/article/view/10786/2789
https://asrjetsjournal.org/index.php/American_Scientific_Journal/article/view/10786/2789
https://doi.org/10.1038/s41422-019-0195-y
https://doi.org/10.1186/s13045-022-01280-w
https://www.aijmr.com/research-paper.php?id=1077
https://www.aijmr.com/research-paper.php?id=1077
https://doi.org/10.1038/s41556-020-0477-0
https://doi.org/10.1186/s40169-017-0139-4
https://doi.org/10.1111/papr.13066
https://doi.org/10.1186/s13012-023-01287-y
https://doi.org/10.1186/s12889-024-17738-0


Journal of Knowledge Learning and Science Technology  https://jklst.org/index.php/home   

 

124 

https://doi.org/10.1186/s12910-018-0261-x 

[63]  Jia, E., Chen, L., Luan, X., Liu, S., & Gao, J. (2021). Optimiza-

tion of library preparation based on SMART for ultralow RNA-

seq in mice brain tissues. BMC Genomics, 22(1), 36. 

https://doi.org/10.1186/s12864-021-08132-w 

[64]  Yu, Y., Shen, H., Huang, S., Wang, Q., & Wang, J. (2023). Cor-

recting batch effects in large-scale multi-omics studies using a 

reference-material-based ratio method. Genome Biology, 24(1), 

63. https://doi.org/10.1186/s13059-023-03047-z 

[65]  Zhang, Y., Tran, D., Nguyen, T., Dascalu, S. M., & Harris, F. C. 

(2023). A robust and accurate single-cell data trajectory infer-

ence method using ensemble pseudotime. BMC Bioinformatics, 

24(1), 37. https://doi.org/10.1186/s12859-023-05179-2 

[66]  Wieder, C., Giske, I., Kirsten, H., & Schulz, M. (2024). 

PathIntegrate: Multivariate modelling approaches for pathway-

based multi-omics data integration. PLOS Computational Biol-

ogy, 20(3), e1011814. https://doi.org/10.1371/jour-

nal.pcbi.1011814 

[67]  Gužvić, M. (2013). The history of DNA sequencing. Journal of 

Medical Biochemistry, 32(4), 301–312. 

https://doi.org/10.2478/jomb-2014-0004 

[68]  Satam, H., Hussain, R., Singh, S., Roy, S., & Das, S. (2023). 

Next-generation sequencing technology: Current trends and ad-

vancements. Biology, 12(7), 997. https://doi.org/10.3390/biol-

ogy12070997 

 

https://doi.org/10.1186/s12910-018-0261-x
https://doi.org/10.1186/s12864-021-08132-w
https://doi.org/10.1186/s13059-023-03047-z
https://doi.org/10.1186/s12859-023-05179-2
https://doi.org/10.1371/journal.pcbi.1011814
https://doi.org/10.1371/journal.pcbi.1011814
https://doi.org/10.2478/jomb-2014-0004
https://doi.org/10.3390/biology12070997
https://doi.org/10.3390/biology12070997

