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ABSTRACT: This review provides a comprehensive overview of
the chemistries and workflows of the sequencing methods that
have been or are currently commercially available, providing a very
brief historical introduction to each method. The main optical
genome mapping approaches are introduced in the same manner,
although only a subset of these are or have ever been commercially
available. The review comes with a deck of slides containing all of
the figures for ease of access and consultation.

KEYWORDS: sequencing methods, genome mapping, optical mapping, DNA, genomic sequences

■ INTRODUCTION
For billions of years, nature has encoded information within
deoxyribonucleic acid (DNA), a biopolymer serving as the
guide for the genetic architecture, operations, and upkeep of all
living beings. Environmental influences together with the
genetic code produce the remarkable range of observable
phenotypic diversity of living entities.

The four letters of the DNA code are highly conserved
organic molecules called nucleotides. Each nucleotide consists
of a deoxyribose, a phosphate, and one of four nucleobases.
There are two types of nucleobases�purines and pyrimidines.
Adenine (A) and guanine (G) are purines, while cytosine (C)
and thymine (T) are pyrimidines. In a single DNA strand,
adjacent nucleotides are connected by a phosphodiester bond
between the ribose and the phosphate moieties, forming the
hydrophilic sugar−phosphate backbone. DNA and nucleobase
structures are given in Figure 1. As discovered by Watson and
Crick, using X-ray diffraction images of DNA made by Franklin
and Wilkins, two single-strand polymers intertwine to form the
well-known double helix.1,2

The double helix is stabilized by the sugar−phosphate
backbone of each single strand and the hydrogen bonding
between complementary hydrophobic nucleobases internally
(Figure 1).3 The complementary pairs are G and C and A and
T. There is directionality to the DNA strands, and the strands
in the double helix are antiparallel. Each strand has a five-prime
(5′) end and a three-prime (3′) end, where the 3′ end of one
strand matches with the 5′ end of the complementary strand
(Figure 1).3 DNA synthesis in vivo is always in the direction 5′
to 3′, with the leading strand being elongated continuously in

the 5′ to 3′ (Figure 2) direction and the lagging 3′−5′ strand
being synthesized discontinuously in the 5′−3′ direction via
so-called Okazaki fragments�short rows of nucleotides.3−5

DNA naturally exists in at least three different conformations,
referred to as A-, Z-, and B-DNA, differing in the helical twist
per base pair, the helical orientation, and the sectional diameter
of the helix.6 For example, B-DNA, which is the most naturally
abundant, has a base-to-base distance (the rise per basepair) of
0.34 nm and a diameter of around 2 nm.6

The sequence in which the four nucleotides appears is not
random.7,8 DNA is transcribed into ribonucleic acid sequences
(RNA), which in turn is read in sets of trinucleotides called
codons.8 Each codon corresponds to an amino acid, and some
amino acids are encoded by several codons; together, the
codon sequences constitute genes.8 Protein coding regions
account for only about 1% of the human genome: the rest is
noncoding DNA.9 The noncoding sequences are not fully
understood, but we know that they contain regulatory
elements like promoter and enhancer regions, which have
spatiotemporal control over gene expression.9 Some of these
regions can be transcribed into regulatory ribonucleic acid
(RNA) molecules.9,10 These molecules participate in processes
like gene expression, protein building, and protein production.
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The central dogma of molecular biology posits that
information flows from the level of genetic sequence to
protein: DNA sequence is transcribed into RNA, which is
subsequently translated into polymers of amino acids.11 These
polymers fold into proteins, which are the building blocks of
every structure in the body (cell organelles, cells, tissues,
enzymes etc.): the sequence of codons is paramount for
successful protein production. An additional level of control is
achieved via secondary modifications to the genetic
sequence.12 The field of investigation is called epigenetics,
and the research covers modifications to the nucleotides and
associated proteins that contribute to the control over what
regions of the DNA are active and available for the enzymes
responsible for transcription and translation of genomic
information. These processes are reviewed at large elsewhere.12

The expansion of the field of genetics has fundamentally
impacted other fields from medicine to agriculture. A notable
milestone for the field was the publishing of the first full
assembly of the human genome, which was the result of a race
between the publicly funded, international collaboration called
the Human Genome project (HGP) and the enterprise of
Craig Venter, later known as Celera.13,14 More about this
unique and spectacular intersection between science and
international politics that resulted in simultaneous Nature and

Science publications in 2003 can be found in other dedicated
sources.13−15

This review is formatted as a handbook of the chemistries
employed by the main sequencing approaches that are or have
been used by the global research community. In the coming
sections the chemistry of the different reactions that contribute
to the final base call are examined in detail. The methods are
described in approximately chronological order. There are
three generations of sequencing that are considered, starting
with first attempts at reading the DNA sequence as such,
followed by development of massively parallel sequencing
approaches using polymerase chain reaction (PCR) amplifica-
tion, and finally, arriving at PCR-free methods that read single
molecules of DNA. These sections all consider base by base
readouts of the genomic sequence. The generation of public
repositories of genomic sequences from sequencing enabled
development of methods that “read” genomic DNA in
shorthand to identify known sequences or structural variants
of sequences. These methods are generally referred to as
genomic mapping and exhibit a range of techniques to obtain
sequence-specific profiles of genomic sequences. The last
sections of the review examine several strategies of genomic
mapping, which all fall under the umbrella of optical mapping.

■ DNA SEQUENCING

First Wave of DNA Sequencing
First-generation sequencing refers to two methods, both
characterized by the use of polyacrylamide gel electrophoresis,
that are named after their inventors: Maxam−Gilbert
sequencing and Sanger sequencing. The Sanger and Coulson
method reached the scientific community in 1975 (building up
on previous publications, including 1973), while the Maxam
and Gilbert method was developed around 1976 and first
reached the scientific community in 1977.16−18

Maxam−Gilbert Sequencing. Maxam−Gilbert sequenc-
ing is based on cleavage of terminally radioactively (32P)
labeled single-stranded DNA (ssDNA) or double-stranded
DNA (dsDNA) using chemical treatments that are base
selective.18 The radioactive nature of 32P allowed visualizing
32P-labeled molecules on an X-ray film, also known as an
autoradiograph. The principle is the following: four combina-
tions of reagents are used on four copies of the same DNA
material to chemically damage and remove one base at a time

Figure 1. DNA structure. From left: nucleobase position numbering, purines and pyrimidines, and sugar phosphate backbone and hydrogen bonds
between the two antiparallel strands.

Figure 2. DNA elongation, triphosphate addition, release of a
pyrophosphate, and formation of the phosphodiester bond of a DNA
strand.
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to expose the corresponding sugar, which is also then cleaved
from its 3′ and 5′ labels. The resulting fragments of DNA
terminate at the different respective bases and are visualized on
a polyacrylamide gel, where the distances that the fragments
migrate during gel electrophoresis are directly correlated to the
size of the fragment, which is visualized using a control lane
with fragments of known sizes. The readout is a ladder of
fragments where ordering the fragments by size will reveal the
sequence of the bases.18

The chemistry of these four reactions is as follows.18 T base
moieties are cleaved from the backbone using hydrazine
(N2H4), thereby exposing the weakened backbone and l.
Hydrazine in combination with high salt concentrations
(usually around 1.5−2 M) suppresses the hydrazine reaction
with T, effectively targeting C. In both cases, the weakened
backbone is cleaved using piperidine. For chemical treatment
of A and G, dimethyl sulfate ((CH3)2SO4) can be added to
methylate G at the N-7 position and A at the N-3 position. As
a result, A and G become susceptible to breakage at their
glycosidic bond upon exposure to high temperatures and
neutral pH. The DMS methylation reaction occurs five times
faster for G, making this step more G specific. Additionally, the
glycosidic bond of methylated A is less stable than that of
methylated G. The use of formic acid after DMS methylation
enhances the cleavage of A, bringing the A specificity closer to
that of G. Finally, just like for T and C, the backbone is cleaved

using piperidine. All four reactions start with fragmentation of
the genomic DNA into fragments of random lengths. Once the
reactions are complete, the reaction products are loaded on a
polyacrylamide gel for readout (Figure 3, right). On this gel, a
direct readout of T and A can be obtained, while G and C can
be indirectly inferred from combining information from
multiple lanes.18

Sanger Sequencing. In Sanger and Coulson’s sequencing
strategy, also called the plus−minus method, fragments of
random size are generated through cyclic reactions with
polymerase-mediated extension using a primer, deoxyribonu-
cleotide triphosphates (dNTP), and a ssDNA template (Figure
3).17

After each cycle, the unincorporated dNTPs are removed
from the reaction mixture. For the minus reaction, three
dNTPs (all except the one in the plus reaction) are added. In
contrast, only a single dNTP is added to the plus reaction. This
is done for all dNTP combinations.17 The resulting total of
eight product samples is loaded in individual lanes of a
polyacrylamide gel and visualized thanks to the radioactive
label (32P) that was incorporated in one of the dNTPs during
the reaction (Figure 3, right). The readout is a ladder of
fragments with the same initial sequence but terminating at
different lengths with a known terminating element.17 The
sequence can be resolved by combining information from all of
the lanes. Every pair of plus and minus samples yields fully

Figure 3. Overview of early sequencing methods: Radiolabeled Sanger sequencing (left and center) and (right) gel electrophoresis readout for (1)
Maxam−Gilbert sequencing, (2) Sanger sequencing with radioactively labeled ddNTPs, and (3) Sanger sequencing with chain terminating
radioactively labeled ddNTPs, and (4) Sanger sequencing with fluorescently labeled chain terminating ddNTPs.
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complementary information.17,19 The labor-intensive plus−
minus reaction scheme was later replaced by the chain-
terminating Sanger sequencing, which became the method of
choice before the rise of massively parallel sequencing.19,20

Chain-Terminating Sanger Sequencing. Chain-termi-
nating Sanger sequencing was first showcased in 1975 and
expanded in 1977.17,20 It relies on the use of dideoxyribonu-
cleotides (ddNTPs), which lack the 3′ OH group, disallowing
phosphodiester bond formation, achieving chain termination
by premature halting of the polymerase activity. Again, there
are four reaction mixtures containing a primer, a template, the
four dNTPs (one is always 32P labeled), and a single species of

ddNTP.20 After the reactions are complete, DNA fragments of
varying sizes are generated thanks to random chain
termination. The four samples are loaded on separate lanes
on the polyacrylamide gel, similar to the Maxam−Gilbert and
the plus-minus methods. Just like previous strategies, the
sequence is inferred from the resulting ladder of fragments
with known terminal ddNTP.20

A notable advancement was the replacement of radioactive
labels with the newly developed fluorescent ddNTPs by
DuPont.21 Each of the ddNTP species carries a spectrally
separated fluorophore (Figure 4, left); this example includes
rhodamine fluorophores, while the original paper describes

Figure 4. Structures of various dNTPs and ddNTPs used for various sequencing technology generations.
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succinylfluorescein dyes.21,22 As a result, the sequencing
reaction with chain termination could be performed in a
single reaction with a single reaction product.21 This in turn
allowed use of capillary gel electrophoresis, where the reaction
product, a mixture of DNA fragments of various lengths and
different terminal ddNTPs, is loaded in a capillary tube instead

of a gel slab (previous strategies) (Figure 3, right). The DNA
fragments will descend the capillary tube in order of size and
are imaged in that order, recording the florescent signal from
the terminal ddNTP of each fragment.21

To this day, Sanger sequencing remains the gold standard of
sequencing.23,24 The limitations of the method dictate that

Figure 5. Bacterial artificial chromosome generation process.

Figure 6. Sequencing depth and coverage explained in an illustrated example. The missing 10% may look random in this example but in reality can
be represented by regions that are prone to double-stranded breaks and fragmentation, homopolymeric regions or regions of high or low GC
content impacting the local accuracy of enzymes like polymerase.25,26 The missing 10% are shown as a single contiguous region for mere illustrative
purposes as it is much more likely that problematic regions would be scattered across the genome. Even so, the cumulative amount of 10% in the
example is very high for contemporary sequencing approaches.
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typically Sanger sequencing is only used to check relatively
short sequences of interest, measured in the tens of kilobases.
The fragments of interest are amplified using polymerase chain
reaction (PCR) and specially designed primers.25 The PCR
process will be discussed in more detail in the following
sections. Originally, Sanger sequencing was commercialized by
Applied Biosystems, currently available from Thermo Fisher.
In fact, the principles of Sanger sequencing were used for the
HGP. For this project, they used a DNA amplification system
called bacterial artificial chromosome (BAC) (Figure 5)
instead of the currently pervasive PCR systems.14,26 BACs
are plasmids employed as cloning vectors, which bacteria carry
and copy upon multiplication. Genomic DNA of interest is
fragmented, and the fragments ranging from 300 to 1000 kbp
are ligated into BACs; in the case of the HGP, BACs carrying
100−500 kbp inserts were used.26 The target bacteria (for
example, Escherichia coli) are transfected with the BACs and
cultured, thereby generating copies of the original genomic
DNA fragments. Next, bacterial DNA is extracted and
sequenced; the known bacterial genomic sequences are filtered
out to generate assemblies of the original genomic DNA. This
process is called hierarchical shotgun sequencing. BACs were
seen as a way to circumvent issues with long repetitive or
homopolymeric sequences.14 Generally, contemporary se-
quencing methods do not employ cloning vectors for
amplification.
Sequencing Parameters. The quality and capacity of a

sequencer and sequencing runs are evaluated based on a set of
parameters, such as run time, read length (a contiguous
sequence “read” in one go in base pairs), accuracy, and error
rate (typically assessed by mistaken base calls per every
100 000 bp). Other parameters include depth and coverage.
Sometimes these terms are used interchangeably, referring to
how many times the whole genome is sequenced in a
sequencing run, though there are nuances. The depth of a
sequencing run refers to the total read length obtained at the
end of a sequencing run.27 Meanwhile, the depth of coverage
can be expressed using the formula LN/G, calculating to the
ratio between the total number of bases read (total read length
(L) × number of reads (N)) and the genome length (haploid
genome length, G).27 The depth of coverage can also be
considered as coverage in terms of redundancy. There is also
breadth of coverage or percentage of coverage, which refers to
how much of the reference genome is recovered by the
sequencing run at the given depth.28 A simplified example to
illustrate the terminology is given in Figure 6.

Chain termination with fluorescent ddNTPs brought the
field of sequencing a step closer to automated DNA
sequencing.29,30 With an accuracy of 99.99% and read lengths
between 400 and 1000 bp, Sanger sequencing in this format
still has a relatively low throughput 84 kbp read per run of 3
h.31 Due to the throughput limitation, analysis of mixed-
genomic DNA samples would become extremely cumbersome
and time consuming; each sequenced fragment has to fit in a
particular location in the genome, which means fitting
fragments of a maximum length at 1000 bp (kilobase pair,
kbp) in, for example, a two million base pair (megabase pair,
Mbp) bacterial genome. Given a sample that contains a
genome or several genomes gigabase pairs (Gbp) in length, the
task would become prohibitively complex. Hence, this method
is mainly suited for pure samples, such as laboratory cultured
bacteria (genomes typically in the Mbp range). To put some
numbers on Sanger sequencing, in 1990 a project was launched

to sequence the human genome, which is 3.2 billion bp.15 The
project took 13 years to complete, cost about $2.7 billion, and
employed thousands of people. Currently, one may seek a
commercial provider to sequence their own genome for less
than a $1000 and expect a sequence within 1−2 months. The
technological advancements described in the coming sections
will reveal how this leap was possible.

Generally, the first platforms that entered the market after
Sanger sequencing were referred to as next-generation
sequencing (NGS); these have effectively become second-
generation sequencers (2ndGS). Since the late 2000s, the
literature also contained reports of third- and fourth-generation
sequencing (3rdGS and 4thGS, respectively), referring to single-
molecule approaches.32,33

NGS Data Analysis. The rise of NGS was concomitant
with the rise of analysis algorithms designed to deal with the
throughputs exceeding the outputs from the 1970s by orders of
magnitude. A whole new field called bioinformatics erupted,
starting with algorithms that compare sequences one element
at a time with algorithms like Needleman−Wunsch.34 From
the moment that databases of known sequences were
established, one may consider two types of algorithms: those
that are used for assembling de novo and those that are used to
align freshly sequenced material to the existing databases. For
de novo sequencing, the earlier algorithms include Phrap and
Newbler; a later example compatible with both 2ndGS and
3rdGS is SPAdes. For aligning, depending on the alignment
specification (pairwise, local, global, ...), different algorithms
are available; the best known is the Basic Local Alignment
Tool (BLAST), but there are others such as Clustal, T-Coffee,
and more. There are a number of parameters to consider and
adjust for every approach (error rates, similarity thresholds,
scoring of gaps in alignments, ...). One should be aware that
any assembly and alignment is the result of a choice of
sequencing technology, algorithm, and a number of parame-
ters, which influence the final readout and subsequent
conclusions about a sequence. Details on the bioinformatics
pipelines exceed the scope of this review and are available
elsewhere.35

Second-Generation Sequencing

For 2ndGS, the keywords are massively parallel sequencing,
enabled by a paradigm called cyclic array sequencing.36

Typically, 2ndGS proceeds via four major steps: (1) collection
and isolation of genomic material, (2) enrichment of the
sequence(s) of interest, (3) sequencing, and (4) bioinformatic
analysis of the data acquired.37 Steps 1−3 will be discussed in
detail in the coming paragraphs, while the methods for step 4
have been reviewed at large elsewhere.35,38

In step 1, the genomic material of DNA is extracted and
isolated from a source, for example, a human cancer cell
sample. Next, the extracted DNA, typically few kilobase pairs
in length, is fragmented into short molecules between 100 and
500 bp, depending on the method used for fragmentation (i.e.,
vortexing, enzymatic digestion) and the requirements of the
downstream sequencing platform.37,39−41 DNA isolation
methods range from more “old-school” approaches using
phenol−chloroform−isoamyl alcohol to any number of
commercially available kits. The most suitable methods differ
depending on the source material, ranging from pure bacterial
cultures, mammalian cell lines, and biopsies to complex
environmental samples, such as stool and soil. In practice,
local adaptations by the user are often required to achieve the

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.4c00060
Chem. Biomed. Imaging 2024, 2, 784−807

789

pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


desirable purity and/or length of the extracted genomic
material.

In step 2, the enrichment of the target sequence(s) is
achieved using clonal amplification.37 Most commonly used
PCR strategies include solid-phase emulsion PCR and solid-
phase bridge PCR.42,43 The goal of clonal amplification is to
generate thousands of copies of these short fragments, which
would in subsequent sequencing steps provide a higher
confidence due to more reads covering the same genomic
location. In step 2, the individual DNA fragments from step 1
are processed further by ligating (attaching to the existing
DNA in a seamless manner) special adapters (double-stranded
DNA fragments) to both ends of each fragment.37 The
processed DNA fragments are referred to as the library of the
sequencing run, and consequently, step 2 is the library
preparation step. The ligated adapters are complementary to
the primers used in the PCR-based amplification.44 First, one
needs to design primers that match the beginning of the region
of interest in the DNA fragment or that will match
universally.44,45 The fragmented DNA is incubated with the
PCR mix: the primers, a heat-tolerant DNA polymerase, and
dNTPs. The mixture is subjected to a series of heating and
cooling cycles to induce denaturation, primer annealing, and
polymerase elongation of the DNA starting from the primer-
annealed sites.45

Development of clonal amplification enabled sequencing of
millions of sequence fragments in parallel (hence, massively
parallel sequencing) with an increase in total output length
ranging from Gbp to terabase pairs (Tbp), opening a new
world for genetic research in medical, industrial, and, of course,
academic settings.31,46 Sequencing runs from sample prep to
preanalyzed readout are automated and take hours to 2−3
days. These types of developments have also allowed for
sequencing of mixed samples that contain many different
genomes, enabling metagenomic research (genomes of

communities of organisms, for example, microbes from soils,
stool, water reservoirs).
Emulsion PCR-Based Sequencing Platforms. In

emulsion PCR (ePCR), the adapters ligated to the ends of
each fragment in the library are complementary to the primers
attached to a magnetic microbead.47 The emulsion is obtained
by mixing oil and water, where the goal is for every water
droplet in oil to contain a single library item from step 2, a
single magnetic bead, and a PCR mix comprised of primers
complementary to the adapter not attached to the bead,
polymerase enzyme, and dNTPs.47 The ePCR droplets
function as compartmentalized microreactors, where no
exchange of contents or even contact between two such
systems takes place. The PCR reaction is typically repeated
between 30 and 60 cycles (this number is highly subject to
variation).48,49 The reaction output is a bead carrying
thousands of single-strand copies of the original DNA
template, referred to as polymerase colonies (polonies). The
ePCR process is illustrated in Figure 7. The downstream
processing of the beads depends on the NGS platform as will
be illustrated in the following sections; generally, the emulsion
is broken, and the beads are deposited in individual chambers
on a picotiter plate.50,51 Ultimately, achieving a single ePCR
mix along with a single library template per droplet is not
trivial; the intricacies thereof are beyond the scope of this
paper.52

Sequencing by Synthesis. Two examples of SBS
sequencing platforms are Roche 454 and Thermo Fisher’s
Ion Torrent.53,54 Roche 454 is a pyrosequencing platform,
currently discontinued.55 Here, after the ePCR step, the beads
are deposited in individual wells on a picotiter plate. The wells
are flooded with a reaction mixture containing a single species
of nucleotide. It must be noted that in nature upon a
nucleotide incorporation event, a pyrophosphate (PPi) and a
hydrogen ion (H+) are released. The Roche 454 approach

Figure 7. Emulsion PCR workflow.
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records the release of the PPi, and the reaction mixture
contains a polymerase, adenosine triphosphate (ATP)−
sulfurylase, adenosine 5′-phosphosulfate (APS), adenosine
diphosphatase (apyrase), the luciferase enzyme, and luciferin.56

Upon nucleotide incorporation, the ATP−sulfurylase and APS
convert the PPi to ATP. Subsequently, luciferase catalyzes the
conversion of luciferin to oxyluciferin by consuming the newly
generated ATP, which emits visible light. Before the next cycle,
apyrase degrades the remaining ATP and dNTPs.56 The
workflow of Roche 454 can be found in Figure 8. In the case of
homopolymeric regions, the signal strength is proportional to
the number of nucleotides incorporated. During a pyrose-
quencing routine, the four species of dNTPs are added
sequentially and the sequence for each individual polymerase
colony can be read by combining all signals per well on the
picotiter plate.56,57 The Roche 454 read length is ∼400 bp.

The Ion Torrent technology records the release of a proton
(hydrogen ion, H+) as the signal marking the event of
nucleotide addition.54 The hairy beads are deposited in wells

on a semiconductor plate, and each well containing its single
bead is flooded with a single species of dNTPs every 15 s. The
well plate is effectively a semiconductor chip functioning as an
ultrasensitive pH meter, detecting the change in pH as a H+ is
released.54 In the case of homopolymeric regions, the signal is
proportional to the amount of nucleotides incorporated.54

Sequencing by Ligation. Sequencing by Oligo Ligation
Detection (SOLiD) relies on a strategy referred to as
sequencing by ligation (SBL).58,59 In its inception, the method
relied on DNA ligase sensitivity for mismatches between a
template strand and a candidate oligomer (Figure 9).60,61 As a
proof of concept, the sequence of a gene was interrogated for a
single nucleotide polymorphism (SNP) using pairs of synthetic
oligomers 20 nucleotides in length, where one of the oligomers
is biotinylated and the other is radioactively labeled with a
32P.60 When the oligomer pair is complementary to the
sequence being interrogated, the ligase will ligate the two
oligomers to the ssDNA of the template DNA. After another
denaturation step, the reaction product is used for a

Figure 8. Roche 454 sequencing workflow.

Figure 9. An early approach to the Sequencing by Oligo Ligation Detection method.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.4c00060
Chem. Biomed. Imaging 2024, 2, 784−807

791

https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig9&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


streptavidin bead assay, where only biotinylated DNA
oligomers will be captured.60 Next, the product of the
streptavidin assay is exposed to an X-ray film. Thereby, it is
confirmed whether there are any fragments carrying both
biotin and streptavidin and, by extension, whether the original
template matched with the oligomer pair.60 Just like with

Sanger sequencing, this method eventually arrived at the use of
fluorescently labeled dNTPs.

Currently, the commercialized method, SOLiD, consists of
generating sets of octamers and “fitting” them on a denatured
template strand (Figure 10).62,63 Each set of octamers contains
1 out of 16 possible 3′ two-base combinations (AT, AC, AG,
AA, ...) followed by 6 degenerate nucleotides and a fluorescent

Figure 10. Sequencing by Oligo Ligation Detection (SOLiD) workflow.

Figure 11. Solid-state (bridge) PCR workflow.
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label at the 5′ end. Each fluorescent label matches four two-
base combinations. A variety of nonoverlapping sets of four
fluorescent dyes/beads can be used.61 A primer is used as a
starting point for two-base probe hybridization. In each cycle,
after the ligation step, any remaining free-floating octamers are
washed away and the plate is imaged, thereby recording the
fluorescent signal. Next, three degenerate nucleotides along
with the fluorophores are cleaved off from the 5′ end of the
hybridized oligomer.61 The cycles are repeated until no more
two-base probes can be incorporated, signaling the end of the
round. The number of cycles depends on the read length. In
the next round, a new primer with an offset of a single base is
used and the procedure is repeated.61 Typically, five rounds are
used, after which the sequence can be deduced from the
obtained color codes. Note that every base is interrogated
twice, which leads to higher base-calling accuracy.62 The
ssDNA primers used at the start of each round are
complementary to the adaptor sequences used for emulsion
PCR clonal amplification. The read length is 50 + 35 bp.62,64

Bridge Amplification. Sequencing by Synthesis. Solid-
phase bridge amplification, or bridge PCR, is an isothermal
amplification reaction.65 The final step of the library
preparation for this workflow consists of ligating adapters on
both ends of each fragment; these adapters are complementary
to oligonucleotide primers covering the flow cell on which the
bridge PCR reaction will be carried out.65 The process starts
by denaturation of the library templates into ssDNA, which
then hybridize to the lawn of oligonucleotides on the flow cell
(Figure 11). Next, the flow cell is flooded with PCR reagents,
resulting in synthesis of the complementary strand to the flow
cell-attached ssDNA.65 The synthesis or elongation step is
followed by denaturation and a wash step, resulting in only the
newly built complementary strand remaining attached to the

flow cell. This strand then bridges and hybridizes to a nearby
oligonucleotide, complementary to its free adapter.65 Another
PCR cycle is initiated, resulting in a dsDNA bridge attached to
the flow cell at each end. Another denaturation step follows,
where the bridge formation separates into two flow cell-
attached strands.65 At this point, the reaction is complete and
the next PCR cycle can start. After multiple PCR cycles, the
ssDNA strands of both the forward and the reverse strand of
the original dsDNA template form a localized cluster: a
polymerase colony, also called polony. Once the PCR cycling
is complete, the reverse strands are cleaved and washed away.
Polony generation occurs simultaneously in localized clusters
for all library fragments on the flow cell.65

To briefly compare the two main PCR methods, solid-phase
PCR and emulsion PCR, in general, ePCR is more efficient and
allows for a much higher number of template copies. The
downside of ePCR is that any error introduced in the early
template copies will be amplified in all subsequent copies. In
the case of bridge PCR, the templates may sometimes
hybridize between themselves instead of primer on the flow
cell, and the length of the DNA fragments that may be
amplified on the flow cell used to be around 35 bp with current
reads at 50, 150, and even 300 bp.63,66

Similarly to Sanger sequencing, Illumina sequencing
technology uses an SBS strategy with chain-terminating
nucleotides. However, the Illumina chain termination is
reversible. Custom dNTPs contain a fluorescent group
attached to the nucleobase and a blocking group at the 3′
position, where cleavage of the blocking group (along with the
fluorophore) renders the 3′ end accessible to the polymer-
ase.67,68 The principles of reversible terminators as a category
exceed the scope of this review.67 In brief, the dNTP is 3′-O-
azidomethyl blocked, meaning it carries an N3, blocking its 3′

Figure 12. Sequencing by synthesis: Illumina workflow following the bridge PCR step.
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OH group (Figure 4).68,69 The nucleobase of the dNTP is
conjugated to the fluorophore by a cleavable linker, and after
the dNTP incorporation and imaging steps, the 3′ OH moiety
is restored and the fluorophore is cleaved, leaving behind a
slightly modified part of the original linker.68,69 This is called a
molecular scar, and it does not impede further nucleotide
incorporation.68

The SBS is achieved in the following way (Figure 12).
Initially, a solution containing four dNTPs coupled to four
spectrally distinct fluorophores is added to the flow cell, which
is already carrying the polonies of forward strands of the

original library templates.68 The sequencing cycle starts with a
polymerase-mediated dNTP incorporation followed by wash-
ing away of unbound dNTPs. Next, the flow cell is imaged to
capture fluorescent signals at four different wavelengths. Once
the fluorescent group and blocking moiety are removed and
washed away, the sequencing cycle can start over.68 The
readout is the temporal sequence of fluorescent signals on each
grid location. The sequencing readout is the camera readout, a
succession of nucleobase-signifying color signals, effectively
yielding the sequence for each polony (i.e., library fragment).
While the principle of Solexa/Illumina sequencing was first

Figure 13. Illumina single-dye sequencing modification workflow.

Figure 14. DNA nanoball (DNB) sequencing workflow: library preparation (top), base calling in DNBseq (lower left), and CoolMPS workflow
(lower right).
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introduced in 1998, the localized clusters of bridge PCR
became part of the workflow in 2004, bought from Manteia.70

In later iterations of Illumina sequencing technology, two
dyes and a single dye at a time are used, respectively. In the
first case, two dNTPs are labeled with two different
fluorophores, the third is labeled with both fluorophores,
while the fourth dNTP carries no label.71 The dNTP
incorporation events are recorded with two imaging steps,
one at each excitation wavelength, overall reducing the time
and reagent cost.71 In the case of a single dye, Illumina uses a
flow cell of a complementary metal−oxide semiconductor
(CMOS), where three dNTPs carry a single dye (Figure 13).72

There are two imaging steps flanking a chemical modification
step, which represents two types of chemical modifications for
adenosine and cytosine and no modifications to thymine and
guanine.72 Further details of these reactions are proprietary.
DNA Nanoball Sequencing. Another big SBS player is

DNA nanoball sequencing, showcasing a PCR-free library
preparation. This is an MGI sequencing technology (subsidiary
of Beijing Genomics Institute, BGI), emerging to the global
market as recently as the late 2010s.

DNA nanoball sequencing, available commercially from the
Chinese company MGI Tech (MGI), is also an SBS
technology (Figure 14). The library prep, once again, starts
with fragmentation followed by adapter ligation to the
fragment ends and denaturation thereof.73 The denatured
ssDNA fragments circularize thanks to the adapters. A primer
oligohybridizes with the adapters, generating a launch pad for
the polymerase enzyme, and the φ29 polymerase is added.73,74

As the polymerase enzyme generates a complementary strand,
it immediately denatures, an example of rolling circle
replication, a similar concept to circular consensus sequenc-
ing.73,74 In this case, however, the denatured newly synthesized
strand is collected into a structure resembling a “ball of yarn”
where the “yarn” is the ssDNA consisting of tandem repeats.73

This structure is referred to as a DNA nanoball (DNB). The
fragment of interest has thereby been amplified, circumventing
a PCR step. Together this whole process is referred to as
combinatorial probe−anchor synthesis (cPAS).74 The DNBs
are ∼220−240 nm in diameter and are deposited on a
patterned array flow cell.73,74 The array consist of 300 nm wide
seats called spots with one DNB per seat, spaced ∼500 nm
apart. The seats are aminated to achieve a positive charge and
attract the negatively charged DNB, while the rest of the flow
cell is treated with the organosilicon bis(trimethylsilyl)amine
(HDMS) to achieve hydrophobicity, disallowing any free
DNBs to attach in between the designated seats.73,74 At this
step, phospholinked dNTPs and DNA polymerases are added
to commence synthesis of the complementary strand (Figure 4
for dNTP structure). Every dNTP incorporation event will
generate a signal as the dye-carrying moiety is naturally cleaved
upon incorporation; the signal is recorded from above the
chip.73,74 The resulting string of signals associated with a
particular location on the flow cell is interpreted in a similar
fashion to the Illumina approach.

In the meantime, MGI has come forth with another variation
of this sequencing method (Figure 14, lower right). The cPAS
process remains as previously described, while the dNTPs used
are nonfluorescently labeled and carry a 3′-O-azidomethyl
blocking group (Figure 4).75 Next, the sample is flooded with
four nucleobase-specific antibodies conjugated with spectrally
nonoverlapping fluorescent dyes.75 Then, the unattached
antibodies are washed away, and the sample is imaged. Finally,

the antibody and the azidomethyl group are cleaved and
washed away. According to Drmanac and colleagues, there is
no molecular scarring upon removal of the blocking group.75

Single-Molecule Sequencing: HeliScope. It is worth
mentioning that among the second-generation sequencers
there is a discontinued single-molecule, PCR-amplification-free
approach. The technology was spear headed by Stephen Quake
in a 2009 publication, sequencing his own genome for $50 000
at a time when the cost of sequencing a human genome was
estimated at $250 000−500 000 or even higher.76,77 The
HeliScope from Helicos Biosciences is an SBS machine
processing single molecules of DNA, directly accepting
genomic DNA molecules with lengths ranging from a few
nucleotides to 100−200 nucleotides (Figure 15).78

The process starts with preparing the DNA library; if the
genomic DNA in question consists of fragments > 1 kb pair in
size, the first step is sonication. Next, the DNA is denatured
and incubated with an excess of dATPs and terminal
transferases to generate polyadenine tails that stretch 90−
200 nucleotides in length, which are eventually blocked using a
ddNTP. Next, the library of ssDNA is loaded onto a glass flow
cell, which is functionalized with single-stranded polythymine
oligomers about 50 nucleotides in length, followed by a
hybridization step. The polyadenine-carrying DNA molecules
are hybridized to the flow cell-attached oligomers followed by
addition of dNTTs, virtual terminator (VT) dNTPs for A, C,
and G, along with a polymerase. The addition of dNTTs is
necessary since the polyadenine tail typically extends longer
than the polythymine oligomer. Once the polymerase
encounters the first non-A residue, a VT dNTP is
incorporated, blocking further polymerization reaction. The
blocking is achieved due to the VT-dNTP structure, where a
Cy5 fluorophore and a blocking moiety are connected to the
dNTP by a disulfide bond at the nucleobase moiety.78,79 The
first imaging step merely dictates which positions on the flow
cell carry attached molecules since they can be any of the three
VT-dNTP species. The disulfide linkage of the VT-dNTPs is
cleaved, and the fluorophores are washed away; the sequencing
can begin. All of the VT-dNTP species carry the same
fluorophore, so sequencing proceeds in cycles with single VT-

Figure 15. Reversible terminators used by Helicos Biosciences.
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dNTP species flooding the flow cell at a time, followed by an
imaging, cleaving, and washing steps.

Helicos Biosciences went out of business in 2012; one of the
reasons may have been the high price of the instrument, which
sold for $1.35 million in 2007 when the next cheapest machine
was SOLiD, which sold for $600 000.77 Nevertheless, the
strategy is notable, as will become clear in the next sections,
avoiding amplification bias, being able to process long DNA
molecules, and directly processing DNA molecules of a highly
varied length, which are all advantageous attributes of a
sequencing method.
Challenges in NGS

While exceptionally powerful and often surprisingly error free,
the NGS technologies do face some issues. For example, NGS
platforms rely on the use of short reads, ranging between 75
and 400 bp, conducive to high read quality. The read lengths
are limited in size to reduce polymerase-related errors and out-
of-phase elongation within a single polony, since both of these
problems are cumulative.80,81 Consequently, the longer the
read length, the higher the likelihood of read errors. The latter
effect, called polony dephasing, arises from loss of synchroni-
zation during the sequencing reaction, for example, a skipped
nucleotide at different locations in different molecules of the
polony.65 The result is increased discrepancy between base

calls toward the end of the read within the same cluster,
effectively adding to the overall noise for that polony.80,81

The real limitation of short reads becomes apparent upon
encountering repetitive regions or structural variants that
exceed the length of the longest read such as inversions or
translocations. In such cases, either a de novo approach
becomes necessary to decipher the fragments or, alternatively,
long read sequencing methods can be used.82,83 For short read
sequencers, there is a mitigation strategy referred to as “paired
ends” or “mate pairs” when applied to shorter fragments (200−
800 bp) or longer fragments (2−5 kbp), respectively.84,85 For
the paired end approach, the library fragments are subjected to
adaptor ligation at each end. For the mate pair approach, the
ends are first conjugated with biotin, which contributes to the
formation of circular DNA. The noncircularized DNA is
removed, and the circularized DNA is fragmented once more
(400−600 bp). The biotin-containing fragments are affinity
purified using the biotin tag, and, finally, the flow cell
complementary adaptors are ligated to both ends of the
fragment. These fragments are now the library for sequencing.
The key aspect is that the biotinylated fragments contain the
ends of the original long fragments.

The paired end approach is clever but not all powerful.86,87

In addition, the PCR-based clonal amplification step is prone
to introducing library bias in very GC-rich or GC-poor regions,

Figure 16. Single-molecule real-time (SMRT) sequencing workflow.
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causing them to be underrepresented or absent due to low read
quality.81 The single-molecule approaches of 3rdGS offer an
array of solutions to the problems encountered by sequencers
relying on short reads.88

Third-Generation Sequencers

Third-generation sequencing is a markedly different approach
to the earlier massively parallel sequencers, characterized by
amplification-free sequencing and long reads, spanning in the
kbp range. This increase in read lengths is a result of a shift in
strategies: development of proprietary polymerase enzymes
and a different application thereof as strategies that do not rely
on polymerases at all. The former strategy belongs to Pacific
Bioscience Single-Molecule Real-Time (SMRT) sequencing
with proof of concept in 2009 and the latter to Oxford
Nanopore Technology sequencing with papers from 2001 and
2012 contributing to the proof of concept.89−91

SMRT. Pacific Biosciences Single Molecule Real-Time
(SMRT) is an SBS technology (Figure 16). Where previously
at step 2 target sequences were enriched, SMRT requires no
amplification. Instead, the library of dsDNA fragments is
capped with a hairpin adapter at both ends and denatured,
achieving an ssDNA with a circular topology.89,92,93 This
circular DNA construct will be sequenced over and over,
effectively amplifying the signal not only for the template but
also for each individual strand of the template. The actual
sequencing procedure is as follows: each species of dNTPs
carries a fluorophore that is phospholinked and is naturally
cleaved upon incorporation.94,95 In contrast to previously
described SBS methods, SMRT is able to detect single-
nucleobase incorporation events in real time. This is achieved
by immobilizing a φ29 high-fidelity DNA polymerase at the
bottom of a nanophotonic chamber called Zero Mode
Waveguide (ZMW).96,97 The polymerase derived from the
Bacillus subtilis phage φ29 naturally has several advantageous
properties: φ29 polymerase does not require a primase to
commence replication, instead using a terminal protein as a
primer; this polymerase immediately displaces the newly
synthesized strand from the template and is highly processive
(in other words, it continues replication without dissociation);

finally, this enzyme is highly efficient and continues the
polymerization reaction to generate ssDNA chains upward of
70 kbp in length with an incorporation rate of 1.5−6 bases/s
(when employed by SMRT) and an error rate of
∼10−5.89,95,98,99 The polymerase used by SMRT is a mutant
φ29N62D characterized by a reduced so-called proofreading or
3′−5′ exonuclease activity.95

The shape, size, and material of the nanophotonic structure,
the ZMW, dictate uniquely suitable physical properties of the
chamber, allowing for precise temporal separation of dNTP
incorporation events as well as avoiding interference by the
background fluorescence of free-floating dNTPs.92 The ZMWs
are typically around 70 × 100 nm in size with the laser
reaching about 30 nm into the chamber; together these
conditions ensure high precision in accurate signal detec-
tion.92,93,96 The ZMW is illuminated by a laser from below; the
fluorescent signal emission is also detected from below. The
confocal-type aperture at the bottom of the well allows it to
reject any fluorescent signal coming from fluorophores
diffusing in the ZMW but outside of the so-called confocal
volume (“out-of-focus” signal), only capturing signal released
in the region where the polymerase is immobilized.89,100 This
detail is important since the polymerase requires relatively high
concentrations of labeled dNTPs (0.1−10 μM) to function in
the aforementioned beneficial manner.

Continuous replication of a circular template used by SMRT
is called circular consensus sequencing.89 A SMRT cell
typically holds 150 000 ZMWs with modern SMRT cells
carrying millions of ZMWs, and read lengths are dependent on
the longevity of the polymerase enzyme. Library templates
range between 10 and 20 kbp and read lengths between 10 and
25 kbp, achieving an accuracy of 89−99%.89,101,102

Nanopore Sequencing. Since the first conception of
investigating biomolecules by funneling these molecules
through a nanopore protein (porin) embedded in a membrane,
the porins as well as solid-state nanopores have been shown to
successfully achieve this task.103−106 The idea is that a voltage
is applied across the membrane/surface in which the pore is
embedded, allowing for an ionic current to flow.91 When a
nucleotide passes through the pore, a signature perturbation in

Figure 17. Oxford Nanopore (ONP) sequencing workflow.
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the current can be observed.91 The more known porins include
Staphylococcus aureus α-hemolysin and Mycobacterium smegma-
tis porin A (MspA), while solid-state nanopores include Si
nanopores in SiNX membrane.91,107,108 Helicases, trans-
portases, and translocases are some of the additional
biomolecules used to facilitate the funneling process, for
example, by unwinding DNA or slowing down the speed of
DNA translocation to allow recording of individual trans-
location events. Commercial sequencers are available from
Oxford Nanopore Technology (ONT).

ONT is considered as a third-generation sequencing
method. The first published attempts at funneling DNA
through a membrane using a porin protein date back to 1996
to a report by Deamer with a following publication in 2001
showing that nanopore−ssDNA conjugates are able to
discriminate between matched and mismatched complemen-
tary strands to the conjugated ssDNA oligomer.90,104 In 2005,
the company Oxford Nanopore Technologies was founded in
the United Kingdom with their first commercially available
platform, MinION, entering the market in 2015.109 Interest-
ingly, as soon as 2016, a series of tests began to evaluate the
MinION performance in space on the International Space
Station.110 The first successful polymerase enzyme−nanopore
combinations yielded a DNA translocation speed of 30 bases/
s.106,111

Currently, the technology works as follows (Figure 17).
ssDNA strands are funneled through a nanopore enzyme, base-
by-base, with ONT reporting speeds up to 400−450 bases/
s.106,111 The translocation speed is controlled by a helicase
enzyme, also responsible for unwinding the dsDNA: the speed
has to be controlled to ensure that every nucleotide
translocation is properly detected.112 A constant voltage is
applied across the planar phospholipid bilayer membrane in
which the nanopore is embedded. The membrane separates

two chambers filled with salt solutions. With a voltage
difference applied between the two chambers, an ion current
flows through the pore. The voltage also drives the negatively
charged DNA through the pore toward the positively charged
compartment.104 When a nucleobase passes through the
nanopore channel the ion current is altered with a
nucleobase-specific signature, which is recorded and serves as
the proxy for base calling.104 Currently, base calling is
conducted on 5- or 6-mers using a hidden Markov model
and the Viterbi algorithm to determine the succession of the 5-
or 6-mers.113 The nanopore is 1.2 nm in diameter, allowing the
passage of a single DNA (or RNA) strand at a time.104

The library preparation step is amplification free: the DNA is
fragmented, and one end of the fragment is capped by a hairpin
adapter, effectively allowing for both strands to be read by the
pore protein in succession.113 Ultimately, there are a total of
three different library preparation ways: one taking no more
than 10 min, and another one geared toward 100+ kbp
fragment preparation. A typical nanopore sequencing flow cell
holds thousands (e.g., 2048 for the MinION platform) of such
nanopores.114 Read lengths, theoretically, only depend on the
size limit of DNA extraction, with reported ultralong reads
reaching 50 and 100 kbp.114,115 Despite the tremendous
progress made so far, base-calling error rates are reported to be
anywhere between 15% and 5%. Widespread efforts directed at
the development of error-correcting strategies are on-
going.116−118

Summary: Commercial Sequencers. Table 124,64,119−128

illustrates the main parameters of interest between currently
commercially available sequencing methods, including the
discontinued methods like SOLiD and Roche 454 Pyrose-
quencing (for these data goes back to 2012−2014). Entries
that show data generated per run and run times in ranges refer
to the minimum and maximum outputs and run times of the

Table 1. Main Parameters of Interest between Currently Commercially Available Sequencing Methodsa

Commercialized sequencing
technology Read length

Data generated
per run

Accuracy
(%) Run time

Sequencing cost
(survey) Machine cost (new)

ONT 10−60+ (up to 200)
kbp

2.8 Gb to 10 Tb >99 72 hb ∼€600 for 20−30 Gb $2000−67 000

PacBio SMRT 10−25 kbp 24−360 Gb >99.5 24−30 h €750−800 for 4 Gb $60 000−779 000
Sanger 500−900 bp 84 kbp 99.999 8 h €60−290 for

20−2000 bp
$100 000−300 000

Ion Torrent 200−400 bp 30 Mb to 25 Gb 98.22 14−24 h $64 000−104 000
MGI 50−300 bp 7.5 Gb to 76.8 Tb 94.8−98.98 5−106 h €180 for 3 Gb $230 000−1 000 000c [150 Gb

to 7 Tb]
Illumina 50−250 bp 140 Mb to 16 Tb 99.2−99.7 4−48 h €120−270 for 3 Gb $100 000−1 000 000
Roche 454 700 bp 0.7 Gb 99.9 24 h $500 000d

SOLiD 50 bp 120 Gb 99.94 7−14 days $495 000d

Helicos Biosciences 30−35 bp 20−30 Gb 96 7−8 days $1 350 000d

aSOLiD and Roche 454 sequencing is largely phased out and not available as a commercial service. The other technologies are relatively
widespread, with Illumina, PacBio and ONT being very widespread in Europe, and MGI also available in the United States. The pricing is very
tricky to determine, so a small survey of quotation was completed. Despite the advertised quick run times, a sequencing service on average takes
between 3 and 6 weeks (15−30 weekdays); this is prior to any bioinformatic analysis. Additionally, the price estimate survey was conducted for the
same type of samples (except Sanger sequencing), which is 5 metagenomic DNA samples, with 20 M reads for approaches like Illumina and MGI
and the equivalent by other technologies. Consequently, the table is filled in with approximate price and data amount generated per sample. The
long-read sequencers like ONT and PacBio do suffer from error rates higher than the high-accuracy rates reported by the manufacturers, which is
why, especially in the case of ONT, a much larger sequenced data volume was required. Finally, no data was available for Ion Torrent as a
commercial service. bThe ONT does not have a set run time; rather, data is generated as needed, and the maximum readouts are provided by the
manufacturer with a run time of 72 h. cThe pricing of new MGI machines is not freely available with few exceptions. The system that produces 76.8
Tb of data per a 3 day run is also the one that can deliver a $99 genome. However, it is not offered directly for sale. The biggest unit for sale is the 7
Tb machine at $1 000 000. dThere is no up to date information about the cost of new units of these machines, so these are prices from the mid-
2000s to mid-2010s. There is, however, an assortment of variously priced secondhand and refurbished machines available, corroborating the idea
that while production is discontinued the sequencers are still in use.
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technologies. In most cases, the ranges also refer to the use of
different types of machines, for example, benchtop sequencers
as opposed to bulky standalone machines. It is obvious that
price is an important factor for sequencing as well, but it is
tricky to determine exactly the costs of a sequencing run. One
reason is that the smaller, palm-sized units of ONT, the
benchtop sequencers, and the large wardrobe-resembling units
will to a certain extent have different target use. For example,
the palm-sized ONT is geared toward field work and is
designed for ease of transport and use outdoors, while the
benchtop sequencers are more suitable for in-lab sequencing,
and the large, bulky devices are most likely to be found in core
facilities. The price ranges for machine costs reflect the various
designs of devices available. Another reason that complicates
pricing is that for very large sequencers the machine itself is
extremely costly, reaching astonishing prices, for example, one
million dollars for one of the newest Illumina machines.129

However, it is with these types of hugely expensive machines
where running the machine at capacity allows for a full human
genome to be sequenced for $100−300.130 ONT, for example,
offers much cheaper machines. However, the consumables
remain relatively expensive at $600−900 per run, so it would
be difficult to achieve a $100 genome; at the same time, a
starting kit of one of their sequencers is currently available for
∼$2000.131,132 Having said this, the consumables for the large
and expensive units are also expensive, but the cost is offset by
how many sequencing runs take place in parallel. A brief survey
of pricing was conducted for this paper, revealing that, on
average, MGI and Illumina whole genome sequencing costs
about the same. For example, when looking to sequence less
than 10 samples to obtain 3 Gb per sample, it costs between
∼$200 (MGI and Illumina in the United States) and ∼€500
(Illumina in Europe).

It is worth mentioning that the biggest market share in 2022
went to Illumina at a staggering 80% (reported the same in
2023) with the next contender, Ion Torrent at 7%, with MGI,
ONT, and PacBio following at 6%, 4%, and 3% respec-
tively.133−135

■ OPTICAL GENOME MAPPING
As indicated in the beginning, the following sections will
describe methodologies of investigating shorthand of DNA in
place of base-by-base readouts. In other words, the techniques
described in these sections refer to visual examination of
genomic DNA based on sequence-specific markers. Depending
on the marker and marking strategy, the readouts allow one to
map and identify the DNA, DNA regions, and/or structural
variants of the regions of interest. Typically, these methods are
characterized by their use of fluorescence microscopy and are
referred to as optical mapping (OM). The availability of high-
quality sequences generated using whole genome sequencing
(WGS) methods described above enables OM technologies as
means to either focus on the sequence variation or massively
speed up identification using patterns or markers as shorthand
for the base-by-base sequence. Currently, all of these methods
rely on WGS sequence readouts and can, therefore, be
considered as complementary analytical tools. One of the main
advantages of the OM approaches is the reduction of data
amount extracted from sequences to identify them, thereby
alleviating the computational resources required to subse-
quently identify elements like structural variants.
Nonenzymatic OM
Competitive Binding/Affinity-Based OM. Competitive

binding (CB) OM is a well-known example of enzyme-free
DNA mapping.136 The competition to bind takes place on a
dsDNA molecule between the fluorescent bis-intercalator
YOYO-1 (a homodimer of Oxazole Yellow) and the natural

Figure 18. Optical genome mapping: mechanisms of action for denaturation mapping and competitive binding (CB).
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antibiotic, nonfluorescent minor groove binder netrop-
sin.136,137 The method was successfully demonstrated by the
Westerlund lab in 2012 using bacteriophages lambda and T4,
which are 48.5 and 166.5 kbp in size, respectively.136 In 2014,
the Westerlund lab demonstrated the method on Escherichia
coli DNA fragments of 50−150 kbp, where the full genome is
close to 5 Mbp in size.138 The principle of CB is as follows:
YOYO-1-stained DNA is subjected to netropsin treatment,
whereby the netropsin molecules displace the fluorophores at
AT-rich regions.136,138 The reaction can be achieved in one or
two steps. YOYO-1 has a high overall or sequence-independent
binding constant (Kb > 1010 M−1), while netropsin has a
higher, sequence-dependent affinity for AT-rich regions (Kb =
108 M−1) compared to GC-rich regions (Kb = 105 M−1).139−141

Thanks to the high sequence specificity, netropsin when added
in excess (150−8000 netropsin to YOYO-1) displaces or
outcompetes the YOYO-1 already bound on the dsDNA.136,138

DNA is linearized by molecular combing on a positively
charged glass slide or stretched through nanofluidic channels
on a chip.142−145 Upon imaging, the YOYO-1-netropsin-
stained molecules yield intensity variations directly revealing
AT-rich regions by the absence of fluorescence. To reduce any
signal distortion of the intensity trace rising from thermal
fluctuations and diffusion of the DNA molecules in the
nanochannels, time series (kymographs) are recorded, aligned,
and averaged.136,138 The map resolution achieved with CB is
on the order of kilobase pairs. The CB method has been
applied for profiling of clinical urine samples as well as partially
mapping the human genome at a resolution on the order of
hundreds of kilobase pairs from peripheral blood mononuclear
cells (PBMCs).139,146

Notably, the pioneer of molecular combing, Bensimon, has
participated in the commercialization (Genomic Vision) of an
optical mapping method whereby DNA linearized by
molecular combing is hybridized with fluorescent probes in a
fashion resembling fluorescence in situ hybridization
(FISH).147,148 This method produces genomic maps of 100+
kbp and can be used for genomic rearrangement investigations
and studies of DNA replication.149

Denaturation OM. Similar to competitive binding OM,
denaturation OM unveils AT- and GC-rich locations using
fluorescence intensity variations by making use of sequence-
dependent denaturation of DNA (Figure 18).150,151 AT-rich
regions have lower melting (denaturing) temperatures
compared to GC-rich regions, so when DNA is subjected to
heating, that only denatures AT-rich regions and is only
stained with YOYO-1 at GC-rich regions since this dye only
forms a stable complex with nondenatured dsDNA. Excess
YOYO-1 is not a concern as unbound YOYO-1 exhibits a
1000-fold lower intensity than its bound counterpart.140

Denatured regions will appear nonfluorescent. DNA is
linearized using nanofluidic devices to record kymographs
using fluorescence microscopy.150,151

Enzymatic OM

Restriction OM. Restriction OM can be considered as the
on-surface alternative of pulsed field gel electrophoresis
(PFGE) with restriction enzymes. In PFGE with restriction
enzymes, DNA is subjected to restriction followed by
separation of the fragments on an agarose gel applying pulsed
current, effectively yielding genome-specific patterns.152

Restriction typing with OM is similar insofar as visual maps
of the restricted fragments are generated (Figure 19).153 The
process is different, however. PFGE as well as restriction
mapping rely on the highly site-specific action of restriction
enzymes. The restriction processing of DNA was developed by
Schwartz and colleagues in the early 1990s and was initially
applied to generate ordered restriction maps of Saccharomyces
cerevisiae chromosomes.153 Here, single DNA molecules are
linearized by liquid flow: a mixture of DNA molecules in
molten agarose is pipetted on a coverslip and covered with a
microscopy slide treated to carry a restriction enzyme on the
surface. Subsequent gelling of the agarose causes fixation of the
linearized DNA molecules.153 Typically, the DNA molecules
would be stained with YOYO-1 or DAPI (4′,6-diamidino-2-
phenylindole, fluorescent minor groove binder with a
preference for AT-rich regions), allowing imaging with
fluorescence microscopy. Before imaging, Mg2+ is added to

Figure 19. Optical genome mapping: restriction mapping workflow.
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the gelled mix, diffusing through the agarose pores and
triggering the enzymatic reaction.153 Introduced cuts become
visible as nonfluorescent gaps (∼1 μm) due to partial DNA
coil relaxation surrounding the restriction site. Time-lapse
recording is to account for local DNA molecule motion due to
the mild fixation conditions.154 For analysis of molecule length,
two complementary approaches are used: relative intensity
with an internal reference and relative length with the same set
of reference traces.154,155

Improvements in restriction OM came with the develop-
ment of more advanced molecular combing approaches,
involving polylysine-treated or silanized glass surfaces, as well
as more elaborate microfluidic and nanofluidic devices.155−158

Due to the more stable fixation and deposition control of DNA
molecules associated with these new combing methods
compared to agarose embedding, data quality and throughput
could be improved. Consequentially, more molecules could be
visualized, internally aligned, and averaged, yielding higher
quality, long-range restriction maps.158,159

Restriction OM has an inherently lower resolution due to
the indirect readout of restriction sites, namely, the cleaved gap
and measurement of integrated intensity across the visible trace
instead of measuring single fluorescent emitters.160 The most
frequently used restriction enzymes recognize 6−8 bp
sequences, resulting in an average recognition site density of
one site every 4−65 kbp, highly depending on the recognition

site and the particular genome.159,161 While the reduced
information load per molecule can be compensated by
increasing the fragment size, obtaining high molecular weight
DNA especially from complex environmental samples is not
trivial with established kits typically aimed at short-read NGS
applications. However, there certainly are both commercial and
academic attempts at HMW DNA extraction.162,163

Nick Repair OM. While nick repair (NR) as a strategy has
been around since the 1970s, the method has gained more
traction since the 2000s, resulting in a commercial plat-
form.164−166 NR OM is characterized by a number of
sequential enzymatic reactions. First, a site-specific nicking
enzyme (e.g., Nt.BspQI) introduces a single-stranded break in
the DNA.166 For a typical nick enzyme, the recognition site
runs between 4 and 8 bp.167 Nick enzyme treatment is
followed by a polymerase treatment, where the nicks are
recognized and repaired by DNA polymerase I, catalyzing two
simultaneous reactions. As the 5′− 3′ exonuclease or
proofreading activity of the polymerase removes nucleotides
at the nick site, it simultaneously incorporates new,
fluorescently tagged nucleotides in the same 5′−3′ direc-
tion.166,168 The original Rigby and Berg method from the
1970s is called nick translation, where instead of fluorescent
labels radioactive labels were used.164 Some of the more
modern methods would also stain the nick-repaired DNA with
intercalating dyes, such as DAPI or YOYO1, to visualize the

Figure 20. Optical genome mapping: Fluorocode mechanism of action, a doubly activated synthetic analogue of methyltransferase cofactor,
labeling process. Reproduced with permission from ref 181. Copyright 2024 ACS Omega.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.4c00060
Chem. Biomed. Imaging 2024, 2, 784−807

801

https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.4c00060?fig=fig20&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


whole DNA strand.166 Labeled DNA molecules are stretched
on specially treated coverslips or in nanochannel arrays and
subsequently imaged with fluorescence microscopy.165,166

A major advantage of NR OM compared to other OM
methods discussed is the covalent binding of the fluorescent
tags. Thereby, potential loss or perturbation of this tag during
combing is no longer a problem. NR OM may exhibit false
positives resulting from accidently induced or naturally present
nicks in the target strand.169

In 2016, McCaffrey and co-workers replaced the nicking
enzyme with a Cas9 D10A protein carrying a mutation in one
of its two nuclease domains.170 Consequently, the Cas9 D10A
catalyzes single-stranded DNA breaks, achieving the same
enzymatic activity as nickases. An inherent part of the Cas9
system is a special RNA guide molecule, the sequence of which
can be altered based on the target sequence.171 The guide-
targeted recognition sites can be as large as 23 bp, making this
method ideally suited for tagging genes and assessing gene
copy numbers, for example.
Methyltransferase-Mediated OM. There is another

enzyme-based OM method: in this case, the method relies
on the use of prokaryotic DNA methyltransferases (MTases)
transferring a synthetic cofactor analogue or part of it to a
target location on a DNA strand, first shown in 1998 by Pignot
and colleagues.172 In nature, these enzymes catalyze a highly
site-specific methyl group transfer onto dsDNA, with S-
adenosyl-L-methionine (SAM or AdoMet), serving as the
methyl donor and reaction cofactor.173 Methylation occurs on
the base moiety of the nucleotide, and in the case of MTases,
typically used for optical mapping, the reaction product is N6-
methyladenine.174 MTase labeling works in the following way:
the MTase slides along the dsDNA, and once it finds its target
sequence, it will flip the target nucleotide out of the double
helix.173−177 The active pocket of the enzyme carries SAM,
ensuring the required proximity for the transalkylation reaction
to occur: the methyl group is transferred to the substrate
through a second-order nucleophilic substitution (SN2)
reaction, converting SAM to S-adenosyl-L-homocysteine
(SAH).175−178 DNA MTases exhibiting tolerance to synthetic
SAM analogues is not trivial; however, research indicates that a
variety of functional groups can be site-specifically transferred
to DNA.177 One type of such synthetic analogues to natural
SAM is doubly activated methyltransferase cofactors (Figure
20).177,178

DNA Fluorocode OM is an enzymatic DNA-labeling
approach combining such a doubly activated cofactor with a
DNA MTase.161,178−181 Fluorocode OM, like previous OM
techniques, works with single linearized molecules of DNA
with molecule or read length ranging between 30 and 60 kbp.
Fluorocode OM was first introduced by the Hofkens group in
2011 with a later iteration in 2020.169,179 The enzyme used is

the thermophilic methyltransferase M.TaqI with recognition
sequence 5′-TCGA-3′.172,179 The fluorescent label is a doubly
activated synthetic SAM analogue conjugated to a fluoro-
phore.178,179 The DNA is labeled in a single-step reaction as
the MTase delivers the linker with the fluorophore to the
nitrogen-6 position of the adenosine, where they remain
covalently bound. Next, the DNA is linearized using molecular
combing and imaged using fluorescence microscopy.143,179

The resulting images of signal sequences or barcodes allow
cross-taxonomic identification and species-level taxonomic
resolution, and depending on the sample, strain level
investigation can be achieved.179−181 The Fluorocode method
is being commercialized by Perseus Biomics for human
metagenomics applications.

Other enzyme-based OM methods are used for research of
structural variants (SV) of mammalian genomes. For example,
Bionano Genomics used an enzyme with the recognition site
5′-CTTAAG-3′. The approach is similar to Fluorocode OM,
with the main application being identification of SVs, for
example, in the context of oncology.182,183

Summary Optical Mapping Technologies. Optical
mapping encompasses a number of technologies, only a few
of which are breaking into the market at this time. Table 2
provides a succinct summary of the main parameters when
comparing the different optical mapping methods. Notably,
even the shortest read length for OM technologies is in the
range of tens of kilobase pairs, while for sequencing it was
ONT alone that could provide read lengths in the order of
kilobase pairs. Optical mapping technologies occupy a research
and market niche complementary but also competitive to
sequencing. While sequencing is here to stay, optical mapping
is in the process of proving itself as a reliable actor both in the
academic and in the commercial sectors.

■ CONCLUSION
Genomic sequencing started off by eroding DNA fragments
targeting one nucleotide species at a time and generating a
ladder of fragments of different lengths. Almost simultaneously,
a different method was proposed where ssDNA has its
complementary strand generated, again with halted elongation
at particular nucleotide species. In both cases, a ladder of DNA
fragments is generated with known final nucleotide species. In
both cases, the DNA was radioactively labeled and visualized
on an agarose gel. The next step was moving away from using
the toxic radioactive labels and using fluorescent markers
instead, eventually switching to a polyacrylamide gel. These
methods, while accurate, nevertheless, turned out to be too
slow, and scaling up was not easily achievable. Alternative
strategies were needed, where more DNA could be sequenced,
retaining the accuracy of the final readout. Massively parallel
sequencing allowed for both. The strategy for accuracy was

Table 2. Summary of the Main Parameters of Interest for Optical Mapping Technologiesa

Optical mapping technology Read length (kbp) Nonenzymatic/ enzymatic Commercial provider

Competitive binding 50−150 nonenzymatic
Denaturation OM 100+ nonenzymatic
Molecular combing 100+ nonenzymatic Genomic Visionb

Restriction OM ∼10−26 XhoI
Methyltransferase-mediated OM 30+ M.TaqI Perseus Biomics
Nick repair OM (nick translation) 100+ Nb. BbvCI, Vent(exo-) polymerase Bionano Genomics

aPerseus Biomics is specializing in human gut microbiome studies, while Bionano Genomics is specializing in genome structural variant monitoring
in the context of clinical oncology. bGenomic Vision ceased commercial operations during the writing of this review.
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simply copying many times over the original fragmented DNA
template. Generally, the copying was achieved in two general
ways: either preamplifying the DNA using a PCR reaction
(eventually amplifying copies of copies of the original
template) and subsequently sequencing the amplified copies
all at once (Illumina) or continuously amplifying the original
template by sequencing it (SMRT). A third, later version
includes generating a single DNA strand of tandem repeats of a
template (all of the repeats generated from the original
template; DNBseq). These microreactions were all designed to
take place in parallel in the hundreds of thousands to millions,
which allow one to interrogate large genomes billions of base
pairs in size.

Additionally, it turned out that the use of fluorophores, first
introduced in later iterations of Sanger sequencing, is
extremely conducive to DNA investigations, as almost all of
the subsequently developed sequencing methods use fluo-
rophores. There are exceptions, of course, where the
electrochemical properties of the DNA elongation events
(Ion Torrent) or DNA strand translocation across a nanopore
(ONT) are recorded. Another exception making use of the
electrochemical properties of a dNTP incorporation event is
using the released PPi for a subsequent luficerin-to-oxyluciferin
conversion (Roche 454). In those cases, the DNA polymer is
considered in its natural form. In cases where DNA is
sequenced using fluorophores, typically it is via dNTPs that are
conjugated with fluorophores. There have been various
strategies of the exact fluorophore attachment, phospholinked
dNTPs, where the fluorophore is naturally cleaved upon
incorporation, nucleobase-conjugated fluorophores, where the
fluorophore may be cleaved, leaving behind a small linker, and
antibody-conjugated fluorophores, where the antibody is
specific to each species of reversible chain-terminating
dNTP. The read lengths we may obtain of genomic DNA
vary from 100−150 bp to 100−150 kbp for the single-molecule
techniques like ONP and OM.

Effectively, this means that there are different ways of
interrogating the same sequences with methods that have
complementary strong points; for example, where methods
with shorter reads will struggle at repetitive genomic domains,
methods with long reads will allow for reliable scaffolds. Where
a reference genome can be established with accurate short read
base-by-base readouts, other methods with less precise
readouts but cheaper and faster profiling capacity of large
number of samples together can allow for a more efficient
delivery of particular readouts.

This review has discussed the advancements in the
chemistries of sequencing technologies from inception of an
idea to commercial products and services across a spectrum of
technologies in a broad sketch of the various technical
possibilities exhibited by existing technologies. Together
these stories illustrate the flight of scientific imagination,
which remains constrained by the chemical and physical
properties of the DNA and fluorophores and the biochemical
processes of reactions like DNA synthesis, methylation, and
ligation. Given the power and precision of existing
technologies, one may only expect the future to bring
technologies closer to the public by reduced costs and
improved confidence. For example, genetic testing of family
members now is a routine step when encountering a genetic
disease in a patient. Commercial services like Ancestry and
23andMe offer the public insights into their own personal and
family history: the kits are available via mail order and are

financially accessible. The $1000 genome is already history,
and we may only expect access to sequencing to be a more
mundane affair, more integrated into various aspects of the
modern life including healthcare and food production, animal
husbandry, and more, even technologies like information
storage.184
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methylation in bacteria: from the methyl group to the methylome.
Curr. Opin. Microbiol. 2015, 25, 9−16.
(175) Goedecke, K.; Pignot, M.; Goody, R. S.; Scheidig, A. J.;

Weinhold, E. Structure of the N6-adenine DNA methyltransferase
M•TaqI in complex with DNA and a cofactor analog. Nat. Struct. Biol.
2001, 8, 121−125.
(176) Cheng, X. AdoMet-dependent methylation, DNA methyl-

transferases and base flipping. Nucleic Acids Res. 2001, 29, 3784−
3795.
(177) Dalhoff, C.; Lukinavicius, G.; Klimasauskas, S.; Weinhold, E.

Direct transfer of extended groups from synthetic cofactors by DNA
methyltransferases. Nat. Chem. Biol. 2006, 2, 31−32.
(178) Goyvaerts, V.; et al. Fluorescent SAM analogues for

methyltransferase based DNA labeling. Chem. Commun. 2020, 56,
3317−3320.
(179) Bouwens, A.; et al. Identifying microbial species by single-

molecule DNA optical mapping and resampling statistics. NAR
Genomics Bioinforma. 2020, 2, No. lqz007.
(180) D’Huys, L.; et al. Assessing the Resolution of Methyltransfer-

ase-Mediated DNA Optical Mapping. ACS Omega 2021, 6, 21276−
21283.
(181) Ruppeka-Rupeika, E.; et al. Optical Mapping: Detecting

Genomic Resistance Cassettes in MRSA. ACS Omega 2024, 9, 8862.
(182) Pang, A. W. C.; et al. Analytic Validation of Optical Genome

Mapping in Hematological Malignancies. Biomedicines 2023, 11, 3263.
(183) Wight, D. J.; et al. Unbiased optical mapping of telomere-

integrated endogenous human herpesvirus 6. Proc. Natl. Acad. Sci. U.
S. A. 2020, 117, 31410−31416.
(184) Buko, T.; Tuczko, N.; Ishikawa, T. DNA Data Storage.
BioTech 2023, 12, 44.

■ NOTE ADDED AFTER ASAP PUBLICATION
This review published ASAP on October 25, 2024. The
graphics in the paper have been updated and the corrected
version reposted on October 30, 2024.

Chemical & Biomedical Imaging pubs.acs.org/ChemBioImaging Review

https://doi.org/10.1021/cbmi.4c00060
Chem. Biomed. Imaging 2024, 2, 784−807

807

https://doi.org/10.1021/acsinfecdis.9b00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.277.5331.1518
https://doi.org/10.1126/science.277.5331.1518
https://doi.org/10.1007/978-1-60327-815-7_5
https://doi.org/10.1007/978-1-60327-815-7_5
https://doi.org/10.1093/nar/29.7.1433
https://doi.org/10.1093/nar/29.7.1433
https://doi.org/10.1073/pnas.1007081107
https://doi.org/10.1073/pnas.1007081107
https://doi.org/10.1039/c2lc40504k
https://doi.org/10.1016/B978-0-12-397169-2.00029-9
https://doi.org/10.1016/B978-0-12-397169-2.00029-9
https://doi.org/10.1016/B978-0-12-397169-2.00029-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.8211116
https://doi.org/10.1126/science.8211116
https://doi.org/10.1126/science.8211116
https://doi.org/10.1101/gr.5.1.1
https://doi.org/10.1101/gr.5.1.1
https://doi.org/10.1093/nar/25.5.1064
https://doi.org/10.1093/nar/25.5.1064
https://doi.org/10.1021/ac0496401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac0496401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0503809102
https://doi.org/10.1007/s10404-015-1685-y
https://doi.org/10.1007/s10404-015-1685-y
https://doi.org/10.1128/AEM.68.12.6321-6331.2002
https://doi.org/10.1128/AEM.68.12.6321-6331.2002
https://doi.org/10.1073/pnas.0604040103
https://doi.org/10.1073/pnas.0604040103
https://doi.org/10.1073/pnas.0604040103
https://doi.org/10.1039/c0sc00277a
https://doi.org/10.1039/c0sc00277a
https://doi.org/10.1038/s41596-020-00424-x
https://doi.org/10.1038/s41596-020-00424-x
https://doi.org/10.1002/adma.201670341
https://doi.org/10.1002/adma.201670341
https://doi.org/10.1002/adma.201670341
https://doi.org/10.1016/0022-2836(77)90052-3
https://doi.org/10.1016/0022-2836(77)90052-3
https://doi.org/10.1016/0022-2836(77)90052-3
https://doi.org/10.1093/nar/gkl1044
https://doi.org/10.1093/nar/gkl1044
https://doi.org/10.1038/nbt.2303
https://doi.org/10.1038/nbt.2303
https://doi.org/10.1038/srep32560
https://doi.org/10.1038/srep32560
https://doi.org/10.1038/srep32560
https://doi.org/10.1093/nar/gkq673
https://doi.org/10.1093/nar/gkq673
https://doi.org/10.1002/bip.21579
https://doi.org/10.1002/bip.21579
https://doi.org/10.1093/nar/gkv878
https://doi.org/10.1093/nar/gkv878
https://doi.org/10.1093/nar/gkv878
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2888::AID-ANIE2888>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2888::AID-ANIE2888>3.0.CO;2-4
https://doi.org/10.1016/j.ab.2004.02.048
https://doi.org/10.1016/j.ab.2004.02.048
https://doi.org/10.1016/j.ab.2004.02.048
https://doi.org/10.1016/j.mib.2015.03.004
https://doi.org/10.1016/j.mib.2015.03.004
https://doi.org/10.1038/84104
https://doi.org/10.1038/84104
https://doi.org/10.1093/nar/29.18.3784
https://doi.org/10.1093/nar/29.18.3784
https://doi.org/10.1038/nchembio754
https://doi.org/10.1038/nchembio754
https://doi.org/10.1039/C9CC08938A
https://doi.org/10.1039/C9CC08938A
https://doi.org/10.1093/nargab/lqz007
https://doi.org/10.1093/nargab/lqz007
https://doi.org/10.1021/acsomega.1c01381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c01381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c05902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.3c05902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/biomedicines11123263
https://doi.org/10.3390/biomedicines11123263
https://doi.org/10.1073/pnas.2011872117
https://doi.org/10.1073/pnas.2011872117
https://doi.org/10.3390/biotech12020044
pubs.acs.org/ChemBioImaging?ref=pdf
https://doi.org/10.1021/cbmi.4c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

