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Toward Visualizing Genomic DNA Using Electron

Microscopy via DNA Metallization

Xuelin Jin, Shrute Kannappan, Natalia Diyah Hapsari, Yu Jin, Kyeong Kyu Kim,*

Jung Heon Lee,* and Kyubong Jo*

Electron microscopy-based DNA imaging is a powerful tool that provides a high
resolution for observing genomic structures involved in biochemical processes.
The first method, heavy metal shadow casting, was developed in 1948. Uranyl
acetate has been widely used for DNA electron microscopic imaging since the
1960s. However, for this method, scientists must deal with government regu-
lations for the safety and disposal. Additionally, sample preparation is often
complicated and time-consuming. Recently, nanoparticles and nanowires have
emerged as a new way of imaging DNA molecules under both transmission and
scanning electron microscopes. However, as this technology is still in its early
stages, there is room for further development. In this review, heavy metal
staining, nanoparticle staining, and nanowire growth for DNA visualization are
introduced. The applications of shadow casting and uranyl acetate staining in the
visualization of DNA structures and protein—-DNA complexes are discussed.
Then, nanomaterial-based DNA staining methods are covered, including elec-
trostatic interactions, DNA chain modification, reducing-group-modified DNA
ligands and DNA-peptide/protein interactions. This review provides up-to-date
information on different DNA staining approaches and their applications in DNA

1. Introduction

DNA encodes the genetic information that is
used to build and maintain all living organ-
isms. This information can be decoded
using DNA sequencing technologies. The
rapid development of DNA sequencing
has revolutionized the field of genetics
and related biomedical sciences and engi-
neering. In 1980, Sanger and Gilbert
received the Nobel Prize for their develop-
ment of DNA sequencing.!” Newer and
faster methods for DNA sequencing, such
as next-generation sequencing (NGS),
emerged,”” making it possible to sequence
entire genomes. Recently, single-molecule-
based long-read sequencing technologies
emerged,” allowing scientists to read the
telomere-to-telomere  sequence of the
human genome. In January 2023, Nature

studies. Ultimately, it offers a new direction for genome analysis through DNA

visualization.

Methods named “long-read sequencing”
as the Method of the Year 2022.°)
Despite advancements in sequencing
technologies, they have limitations.!) The
ultimate goal of genomic DNA analysis is
to not only determine the sequence, but
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also capture the natural conformational, epigenetic information,
and protein-DNA interactions without the need for
fragmentation, amplification, or the introduction of functional
moieties.

Given these concerns, electron microscopy (EM) offers a pow-
erful and promising solution for obtaining high-resolution
images of DNA molecules. Unlike optical microscopy, which
is limited by the diffraction of light,”) EM is capable of capturing
images of smaller molecular structures and providing detailed
information about DNA structure and its complex. The power
of DNA imaging can be further increased when combined with
sequencing technology, allowing for the simultaneous visualiza-
tion and analysis of large DNA molecules with high precision
and accuracy. In addition, EM is also useful for visualizing a
variety of biochemical reactions on large DNA molecules,
including DNA damage and protein-DNA interactions. This
makes it an important tool for understanding the complex pro-
cesses that occur within cells and for developing new therapies
for a range of diseases. Overall, the use of EM for DNA visuali-
zation and analysis represents an important direction for the
development of advanced nanoscience and technology and
has the potential to transform our understanding of the biologi-
cal world.

Since the first DNA visualization by Scott in 1948,®! transmis-
sion electron microscopy (TEM) has been used to visualize
DNA®  chromatin,™ and protein-DNA complexes.!")
However, obtaining clear images using EM is challenging
because DNA is thin and composed of light elements (H, N,
C, O, P) that have low electron scattering properties. As a solu-
tion, uranyl acetate has been used to enhance the contrast of
DNA images by binding to the DNA phosphate backbone
through electrostatic interactions, due to its electron-rich proper-
ties."*"! However, unlike in the 1960s, uranium is no longer
practical in biochemistry laboratories due to the requirement
for government permission to access it. An alternative to uranyl
acetate is the metallization of DNA using nanoparticles or nano-
wires. The deposited metal acts as a strong contrast agent and
increases the diameter of the metalized DNA, making it easier
to visualize using a scanning electron microscope (SEM). SEM
can be a preferred tool for genomic DNA analysis due to its acces-
sibility, ease of sample preparation, and the ability to cover mil-
limeter-scale areas. Therefore, DNA metallization can be a
solution for visualizing DNA molecules. However, to date,
DNA metallization using nanoparticle stain or nanowire growth
has primarily been focused on the development of nanostruc-
tures and has not received much attention for genomic DNA
analysis.

In this article, we review the current DNA metallization
technologies that can be applied to genomic DNA imaging
and analysis. We first examine the traditional uranyl acetate
staining method and how it has been used to visualize genomic
DNA in various studies, such as various DNA structures,
DNA-protein interactions, and chromatin structures using
EM. Then, we introduce DNA metallization through nanopar-
ticles and nanowires and explore their potential for genomic
DNA visualization. This review serves as a foundation for
the development of a next-generation platform for visualizing
genomic DNA under EM.
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2. Visualizing Genomic DNA through Heavy
Metal Staining

2.1. DNA Structures under EM

EM enables high-resolution observation of DNA features such as
size, structure, and base distribution, as well as protein—-DNA
interactions, with a level of detail as small as 50-100 nucleotides.
In the early years of EM-based DNA imaging (1948), the “shadow
cast” method was used, in which heavy metal was deposited onto
the DNA specimen at an oblique angle.®'* This resulted in
metal deposition on surfaces facing the source and created a
shadow for direct DNA visualization, as shown in Figure 1A.813]
Figure 1B shows genomic DNA of T2 bacteriophage through the
shadow casting approach.*® Soon after, heavy metal salts such as
uranyl acetate were used to stain the DNA with the shadow-
casting method, resulting in enhanced contrast during EM
observation.'">'”] Uranyl acetate allows for the staining of
DNA molecules adsorbed to carbon films!"®*2% or cytochrome
spread DNA during dark field visualization.*") Uranyl formate
is also capable of staining DNA molecules and DNA—protein
complexes.*”) However, it is unstable and must be used imme-
diately after preparation.

Uranyl acetate-based staining combined with platinum
shadow casting has been the most popular method for EM-based
genome analysis. The local base composition, orientation, and
intramolecular base heterogeneity of DNA can be determined
by exploiting the difference in thermostability between A/T-rich
and G/C-rich regions through the “partial denaturation map” as
shown in Figure 1C.I"**? Various hybridization techniques have
been used to study DNA-DNA interactions (D-loops, heterodu-
plex junctions),”® DNA-RNA interactions (R-loops),!** and
DNA-protein interactions (RNA polymerase localization).*!
Another method involves using terminal deoxynucleotidyl trans-
ferase (TdT) in combination with a radioisotope-labeled dATP for
EM autoradiography-based DNA localization.**! Notable applica-
tions of these EM-based methods in genome analysis include the
identification of RNA splicing mechanisms in eukaryotes through
R-loop formation,®”! the characterization of eukaryotic DNA rep-
lication forks,*® the determination of nucleosome hierarchy,*”!
DNA repair pathways,”® the determination of DNA length,*”!
replication fork reversal and its role in fork degradation,®”
DNA supercoiling and knotting®!! and the localization of
replication foci during different points in the S-phase of DNA
replication.’*”

EM allows observation of replication forks as shown in
Figure 1D, gDNA aggregation with protein clusters, and nonspe-
cific four-way DNA structures.?*) EM has also been used to study
the chronological effects of DNA damage agents, such as geno-
toxic agents,** UV radiation,** and replication fork reversal.>®
Additionally, the hierarchical branching of chromatin structure
at the nanoscale has been visualized through uranyl acetate-
based staining.*”? DNA EM also provides the capability to visu-
alize DNA topology in chromatin with differing nucleosome
spacing, which results in distinct higher order structures with
either active or repressed genes.*®! Figure 1E depicts a replica-
tion fork, including two daughter strands, a single parental
strand, ssDNA gaps on the daughter strands, and ssDNA gap
at the replication fork junction.?®’ EM has both advantages
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“E replication fork

Figure 1. Electron microscopic DNA images. A) The first EM image of DNA in 1948. Reproduced with permission.®! Copyright 1948, Elsevier. B) Genomic
DNA of T2 bacteriophage via shadow casting. Reproduced with permission.'"® Copyright 1962, Elsevier. C) DNA partial denaturation mapping by uranyl
acetate and Pt shadowing. Reproduced with permission.l"*! Copyright 1981, Taylor & Francis. D) DNA replication fork stained by Pt shadow casting.
Reproduced with permission.**! Copyright 2020, Oxford University Press. E) Replication fork and single-stranded DNA gaps at junction sites. Reproduced
with permission.??! Copyright 2022, Springer. F) Mitochondrial D-loops and some single-stranded DNA denaturation bubbles via uranyl acetate and Pt
shadowing. Reproduced with permission.[*!! Copyright 2021, Oxford University Press.

and disadvantages for the observation of DNA replication
forks.!"”! On one hand, DNA EM of replication forks provides
clear images with a high resolution of 40 nucleotides and actual
visualization of ssDNA gaps, both on the daughter strands and at
replication forks, thereby allowing for the analysis of the posi-
tions and numbers of ssDNA gaps at replication forks.
However, for detection, the ssDNA gaps must be near the repli-
cation forks and longer than 40 nucleotides.

In addition to the study of genomic DNA, EM has also been
used to characterize the mitochondrial DNA replication cycle, as
shown in Figure 1F."*! Furthermore, DNA EM allows for visu-
alization of various structures such as plasmid DNA, ss—ds DNA,
ssDNA gap between dsDNA, holiday junction of DNA, D-loop,
strand exchanges, and DNA intermediates formed during DNA
damage repair.?**%

2.2. DNA-Protein Interaction under EM

Many studies have utilized uranyl acetate staining in DNA EM to
reveal DNA-protein interactions. Figure 2A shows the transcrip-
tion of rDNA genes by RNA polymerase I and I11.1**! The incor-
poration of the locus-foreign gene HSX1 and the locus-native
gene RDNS5 resulted in an enrichment of RNA polymerase III
complexes. This method can detect the insertion of gene clusters
and directly visualize the gene clusters.

While uranyl acetate has been the most common dye used for
staining DNA, the development of alternative safe and nonradio-
active is quintessential due to its biological toxicity and radioac-
tivity. As alternative contrast agents, the lanthanum salts,**
osmium tetroxide,* hafnium chloride,*®! phosphotungstic
acid,*”) Pt-blue,*® and oolong tea*”! have been developed for
the EM visualization of DNA molecules. For example, Miller
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et al. visualized the Miller tree with phosphotungstic acid stain-
ing of EM in 1969, as shown in Figure 2B.5°

2.3. Chromatin Structure under EM

The EM has a much higher resolution and can capture images of
smaller molecular structures that cannot be seen using a light
microscope, which is limited by the diffraction of light. This
high-resolution imaging capability makes EM an invaluable tool
for studying the 3D dynamics of chromatin structure and other
cellular components. However, EM imaging also has some lim-
itations, such as the difficulty in obtaining structural information
about live cells or tissues, and the lack of specificity in labeling
certain molecules or structures of interest. To overcome these
limitations, correlative light and electron microscopy (CLEM)
has been developed as a hybrid technique that combines the
advantages of both light and EM. CLEM allows researchers to
first image the sample using light microscopy, which enables
the visualization of specific molecules or structures of interest
using fluorescent probes or antibodies. The same sample is then
imaged using EM, which provides high-resolution structural
information about the same molecules or structures. By combin-
ing these two imaging modalities, it is possible to obtain detailed
information about the structure and function of complex biolog-
ical systems with high accuracy and resolution. CLEM has
become an important tool for studying the 3D dynamics of chro-
matin structure, as well as other biological processes that involve
complex molecular interactions and structures.!

Another innovative strategy for visualizing DNA involves the
use of DNA-binding fluorescent small molecules. These mole-
cules can be designed to selectively bind to DNA and emit
fluorescence upon excitation with light of a certain wavelength.

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 2. DNA—protein complexes under EM. A) Miller trees of clone show-
ing RNA polymerase 1l complexes and RNA polymerase I. Reproduced with
permission.l*®! Copyright 2021, Springer Nature. B) Miller tree by Miller
et al. in 1969. Nucleolar cores isolated from Triturus viridescens oocyte
showed matrix units (M) and matrix-free segments (s) separating matrix
units. Reproduced with permission.”® Copyright 1969, AAAS.

By combining these molecules with diaminobenzidine (DAB), a
chemical that can undergo local autopolymerization in the pres-
ence of hydrogen peroxide, it is possible to induce the formation
of precipitates that can be visualized by EM upon staining with
osmium tetroxide (OsO,). One such molecule is DRAQS, a deep-
red fluorescing anthraquinone that has been exploited for CLEM
of chromatin organization (ChromEM).®? As traditional EM is
restricted to 2D space, this method has been combined with EMT
to reconstruct the 3D (ChromEMT)P? and 4D (nano-ChIA)®’!
chromatin organization down to the ultrastructural level of a sin-
gle nucleosome as shown in Figure 3A,B, respectively. These
imaging studies provided the first evidence that the DNA and
nucleosomes assemble into disordered chains, with diameters
varying between 5 and 24 nm, which are packed at variable den-
sities within the nucleus.* In an attempt to visualize only telo-
meric regions of the DNA, Hubner et al. developed a genetically
modified cell in which the Telomeric repeat-binding factors
(TRF1, TRF2) were with eGFP and the peroxidase APEX2.°*
In these constructs, the eGFP was used for LM imaging of spe-
cifically only the telomeres while the APEX2 generated an
electron-dense stain for EM upon osmium treatment. Using this
technique, the telomeres could be visualized down to the
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resolution of ~5 nm, providing the first evidence of the possible
direct contact between telomeres and other heterochromatin
regions.>*

3. DNA Metallization via Metal NP Staining and
Nanowire Growth

Metal nanoparticle staining and nanowire growth are two other
methods that have been adapted for DNA metallization. In 1998,
Braun et al. reported DNA-templated Ag nanowires.>>! After this
pioneering study, DNA-templated metal nanowires have been
produced using a variety of metals, including Ag,[5 6571 Ay, 8>
Cd 160611 g 162 0y [63] Fe 1641 i [65] p [66:67) py (6869 R, [70] T [71]
Ti,”’?) and MoGe alloys.”*) DNA nanotechnology has advanced
the fabrication of various DNA nanostructures, which allows metal
nanostructures to have sophisticated 2D and 3D geometries.””
Bottom-up assembly using DNA templates is employed to achieve
flexible preparatory platforms for shape-controlled nanofabrication
at the molecular and atomic levels.””) DNA origami, for example,
enabled the self-assembly of specific shapes of DNA structures for
the nanofabrication of templates, followed by the metallization of
DNA templates.” DNA metallization provides better imaging
resolution through EM observation compared to fluorescence
microscopies,”” and it is an easy, fast, and simple way to fabricate
DNA-templated nanostructures with both monometallic and bime-
tallic compositions.”®”® DNA-templated nanostructures via metal-
lization have been intensively studied due to these advantages.

To fabricate DNA-templated nanowires, metal deposition on
DNA molecules is important. First, metallic nanoparticles and
ions can bind to DNA through electrostatic interactions.®%*!
Once metal ions bind to DNA templates, they can be reduced
for nanowire growth on DNA templates in several ways: chemical
reduction,® electrochemical reductions,®*83 photoreductions,[84]
reductions by heating,®! and other methods.[**#® Second, DNA
bases chemically modified with reducing groups, such as alde-
hydes®®”! and sugars,’®#¥ can also be used to reduce metal ions
for the deposition of metal nanoparticles on DNA templates,
which, in turn, serve as seeds for further nanowire growth.l”®!
Third, DNA intercalators with reducing groups can be inserted
between DNA base pairs, allowing the reduction of metal ions
for the deposition of metal nanoparticles on DNA molecules fol-
lowed by further DNA metallization.® Fourth, anchors utilizing
DNA-peptide/protein interactions can also be exploited for the
fabrication of DNA-templated metal nanostructures.”” These
methods have been widely used for DNA metallization.

In this section, we cover DNA metallization using both metal
nanoparticle staining and nanowire growth methods, and later
discuss how this can be used for genomic DNA visualization.
A review summarizing these procedures for DNA metallization
can provide relevant knowledge that can be used in different
fields involving the utilization of DNA-templated materials.”"

3.1. DNA Metallization through Electrostatic Interaction and
Reduction

Figure 4A demonstrates the basic principle of electrostatic inter-

action between positively charged metal nanoparticles and ions
and negatively charged DNA backbones and the following

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 3. Chromatin hierarchy using EM. A) Schematic of Chrom-EMT used to study 3D chromatin organization. Reproduced with permission.F?
Copyright 2017, AAAS. B) Representative image of Nano-ChlA capable of capturing different length scales ranging from nm to mm. Reproduced with
permission.’*! Copyright 2021, AAAS.
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Figure 4. Schematic of DNA metallization using metal NP staining and nanowire growth methods. A) Four approaches using electrostatic interaction.
i) chemical reduction with reducing agents, ii) electrochemical reduction on the electrode surface, iii) photoreduction with a light source, and iv) reduction
by microwave heating. B) DNA template modification with reducing groups can reduce metal ions to deposit metal on DNA templates. C) Reducing-
group-modified DNA intercalators that can reduce metal ions on DNA templates. D) DNA-peptide/protein interaction enables metal NP deposition on
DNA templates.

reduction methods: 1) chemical reduction, 2) electrochemical the deposition of metal ions on DNA templates, followed by
reduction, 3) photoreduction, and 4) reduction by microwave  the reduction of the deposited metal ions.

heating. Positively charged metal ions can bind extensively to pol- Braun et al. first proposed the principle of DNA metallization
yanionic DNA templates through simple electrostatic interac-  using electrostatic interactions and its subsequent reduction, as
tions. Many studies have utilized electrostatic interactions for ~ shown in Figure 6.°° They placed 2 DNA between two gold
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Conductive silver
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Figure 5. DNA-templated silver nanowire. The top left image is the electrode pattern used for silver nanowire assembly. A) Thiolated oligonucleotides
complementary to the sticky ends of A DNA are attached to the electrodes. B) A DNA bridge connects the two gold electrodes. C) Silver ions are loaded on
the DNA bridge. D) A silver nanowire is assembled by chemical reduction. E) Metallic silver aggregates on the 4 DNA. Reproduced with permission.*!

Copyright 1998, Macmillan.

electrodes (Figure 5A,B), and then bound Ag™" ions to the 1 DNA
by replacing Na™. This formed Ag-DNA complexes (Figure 5C),
which were subsequently reduced by hydroquinone, (Figure 5D),
followed by growth (Figure 5E). This procedure generated a con-
ductive DNA-templated Ag nanowire between the gold electro-
des. The formation of DNA-templated Ag nanowires was
validated by measuring the electrical current between the two
gold electrodes. This study inspired the fabrication of DNA-tem-
plated metal nanowires with other metal ions such as Au**,B”
Cu®t PINi*T 3 and Pd** 17! In summary, electrostatic interac-
tion has been widely used in DNA metallization, and its applica-
tion has been extended to the fabrication of various metal
nanostructures. The basic principle of DNA metallization

Small Struct. 2023, 2200361 2200361 (6 of 19)

through electrostatic interaction and its subsequent reduction
is illustrated in Figure 4A and 5.

3.1.1. Chemical Reduction

In DNA metallization through chemical reduction, the electro-
static interaction between positively charged metal ions and neg-
atively charged DNA backbones produces reactive metal sites that
trigger metal nucleation. The reduction process involves the
transformation of the reactive metal sites formed in the first step
into metal clusters bound to DNA strands. The reduction of
metal ions can be achieved using reducing agents such as
sodium borohydride, ascorbic acid, dimethylamine borane,

© 2023 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 6. DNA-templated nanowires assembled by electrochemical deposition. A) 2 DNA solution containing Fe>™ ions loaded on the n-doped Si wafer.
The trimethyl silane-modified Si wafer was a working electrode for the electrochemical reduction of Fe ions. The DNA acted as a template for the aniso-
tropic growth of Fe. Reproduced with permission./* Copyright 2013, RSC B) TEM image of DNA-templated Ag nanowires. Reproduced with permis-
sion.’”] Copyright 2007, Elsevier C) lllustrations of type I, the current DNA-templated nanowires (uniform particle size), type I, and type 1ll DNA-
templated nanowires prepared by previous methods (various particle sizes and irregular clusters).

and hydroquinone. Figure 5 illustrates the general procedure for
chemical reduction, which involves three main steps."!

The first step is the electrostatic interaction, as shown in
Figure 5C. The second step is reduction, as shown in Figure 5D.
The final step is metal nanowire growth, as shown in Figure 5E.
Metal ions can be reduced by reducing agents such as sodium
borohydride,”* ascorbic acid,®® dimethylamine borane,®?
and hydroquinone.® An excess of reducing agent reduces newly
introduced metal ions, unbound metal ions, or metal complexes
for further deposition on the metal clusters bound to DNA tem-
plates, allowing them to grow into DNA-templated metal nano-
wires via an autocatalytic process. The metal clusters on the DNA
templates play an important role as nucleation sites and catalytic
surfaces during the nanowire synthesis process.

The physicochemical properties of DNA-templated metal
nanowires depend on various reaction parameters, including
metal ion deposition/growth times, concentrations, reactivities
of reducing agents, metal ions/DNA ratios, DNA length, DNA
sequence, and DNA conformation.”"! The metals used in the
final growth are not necessarily the same as the seeding met-
als.[**7987 For example, Ni and Cu nanowires on DNA templates
can be synthesized by the electrodeless plating of Ni and Cu on
Ag-seeded DNA molecules.”" These wires can be replaced by Te
or Bi,Te; via a galvanic displacement reaction using an acidic
solution containing HTeO*" and Bi*" ions.”"

There are several strategies for depositing metals on DNA tem-
plates by chemical reduction method. The first simple method
involves mixing metal ions and DNA in a solution, resulting in
the formation of metal-DNA complexes. For example, simple
incubation of Na,PdCl, with DNA solution overnight can form
a Pd(IT)-DNA complex.!” The second method is to mix metal-
containing compounds with DNA in the presence of sodium cit-
rate, dimethylamine borane, or NaBH,. A mixture of K,PdCl, and
DNA templates in sodium citrate solution can allow the deposition
of metal on the DNA templates.”®! The third method involves
reducing metal-containing compounds with reducing agents to
form metal NPs followed by deposition on DNA templates.””!
For example, HAuCl, can be reduced by tris(2-carboxyethyl)phos-
phine (TCEP) and NaBH, to form gold NPs (AuNPs) that seed on
DNA templates under acidic conditions for further growth.*®

Small Struct. 2023, 2200361 2200361 (7 of 19)

The fourth method is to use metal salts such as AgNOs;, which
directly release metal ions to form metal ion-DNA complexes
by simple mixing with DNA solution.® The chemically reduced
metal-DNA complex can be formed in both aqueous and organic
solutions. For example, DNA and NH,4ReO, in an aqueous solu-
tion with NaBH, generate Re NP deposited DNA templates.””
Alternatively, DNA and NH,ReO, in acetonitrile with tetraoctylam-
monium bromide followed by reduction with NaBH, generated
metalized DNA template.!"*” Compared to an aqueous solution,
an organic solution can prevent the aggregation of metal NPs
and generate metal-DNA complexes with monodisperse sizes."*"

One way to enhance the power and specificity of DNA metal-
lization is to introduce sequence selectivity. Different DNA bases
have varying affinities for different metal ions, and by exploiting
these differences, it is possible to selectively deposit metals onto
specific DNA sequences. This can be accomplished using DNA-
metal adducts, which can help form nanowires on specific DNA
sequences.**1%%! In addition, DNA origamis with specific affini-
ties to their recognition sites can allow site-specific binding of
metals on DNA templates, offering a powerful tool for designing
nanoscale devices with highly specific properties.'>*! Moreover,
selective dsDNA templates also enable the formation of
sequence-specific DNA metallization, providing a platform for
the development of novel biosensors, nanoelectronic devices,
and other materials with tailored properties. Through the com-
bination of selective metallization with DNA origami and other
advanced techniques, it is possible to achieve precise control over
the formation of complex nanostructures.'**

Although the aforementioned method of electrostatic interactions
for metal nanowire formation is convenient and widely applied, it
still has some disadvantages.”" First, the initial deposition step
involves electrostatic interactions between positively charged metal
ions and negatively charged DNA phosphate backbones, which
presents a limitation in the case of nonspecific electrostatic interac-
tions resulting in nonspecific DNA metallization without selectivity
and background metal growth. Second, the growth of DNA-
templated metal nanowires is rapid, which often results in the for-
mation of irregular and coarse structures. Third, reducing agents
may cause the denaturation, contamination, or destruction of the
DNA molecules via chemical attack. The issue of the chemical attack
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by reducing agents can be avoided by using the following methods
such as electrochemical reduction, photoreduction, and reduction
by heating because they do not require reducing agents.

3.1.2. Electrochemical Reduction

The electrochemical reduction of metal ions on DNA templates
also utilizes electrostatic interactions; however, the metal reduc-
tion is performed at the electrode surface rather than by chemical
reducing agents. Various metals, such as Ag,>7>1% Rh,7%
Fe,® and Mn,®* have been used for DNA-templated nanowire
growth, followed by the reduction and growth of metals bound to
DNA strands via electrochemical reduction. Electrochemical
reduction possesses two advantages:®" the electrochemical pro-
cess can be performed under ambient conditions without the use
of reducing agents, and the electron-transfer rate can be con-
trolled by the potential applied for electrochemical reduction,
thereby controlling metal growth.!'®!

In 2007, Cui et al. first used silver for DNA-templated nano-
wire growth using an electrochemical method as shown in
Figure 6B.’”) DNA templates adsorbed on the electrodes were
immersed in a silver ion solution for activation. This was followed
by bulk electrolysis via coulometry by applying a potential of 0.3 V

St 2
;@“M
%'

www.small-structures.com

for 3 min to reduce the silver ions. Subsequently, Watson, et al.
developed conductive and superparamagnetic DNA-templated Fe
nanowires by using DNA and an iron ion solution on n-doped Si
<100> wafers, which acted as the working electrodes and sub-
strate for DNA fixation, as shown in Figure 7.1°41 In this method,
the deposition of iron ions on the DNA templates facilitated fur-
ther Fe nucleation, followed by electrochemical reduction of iron
ions on the DNA templates fixed on the working electrodes.
A simple apparatus can be utilized, and the reaction parameters
can be optimized to fabricate fine DNA-templated metal nano-
wires, as shown in Figure 6C. Another study compared DNA-
templated Rh nanowires synthesized by chemical reduction to
those prepared by electrochemical reduction.”® Compared with
chemical reduction, the electrochemical reduction was less effi-
cient because there were still many bare DNA molecules after elec-
trochemical reduction. Moreover, the electrochemical approach is
limited to modifying surface-based template structures and poses
challenges to sequence-specific DNA metallization.”"

3.1.3. Photoreduction

Photoreduction is a fast, clean, and simple method for metal ion
reduction. In general, photosensitizers, typically organic ligands,

65+5nm

‘Do

1

eob 100 nm
==

Figure 7. DNA-templated nanowires assembled by UV irradiation. A) TEM micrograph of DNA-templated Au nanoclusters. Reproduced with permis-
sion."" Copyright 2008, ACS. B) TEM images of the DNA-templated Au nanowires by photoreduction. Reproduced with permission.'"*! Copyright 2013,
RSC C) TEM images of DNA templated Au—Ag nanowires. i) 135 min of UV photoreduction resulted in DNA-templated Au—Ag nanowires with diameters
of 2-8 nm. ii) 180 min of UV photoreduction lead to DNA-templated Au-Ag nanowires with diameters of 3-12 nm. Reproduced with permission."'

Copyright 2010, Elsevier.
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act as both stabilizing agents and catalysts to facilitate metalliza-
tion."*”) Because of their intrinsic UV adsorption, DNA mole-
cules can also act as a photosensitizer and a capping ligand
for photoinduced metal deposition. In 2005, Berti et al. first used
the photoreduction of silver ions attached to DNA templates to
synthesize Ag nanowires.'®® After further complexation/photo-
reduction cycles, the metal clusters on the DNA templates
became larger and showed increased polydispersity. In another
study by Berti et al. for the photoreduction of silver ions on DNA
templates, 254 nm ultraviolet light was used to irradiate the com-
plexes of DNA-Ag* followed by electroless deposition of
nickel.'*! Metal growth occurred mainly on DNA templates,
with negligible background metal deposition. Several other met-
als, such as Au, 11011 Fe [112] pq 1131 py 761 pnd alloys,[114] have
been utilized to fabricate DNA-templated metal nanowires via
photoreduction. Figure 7A shows TEM images of DNA-tem-
plated Au nanoclusters synthesized by photoreduction.!**! In
this work, the metallization of Au on DNA templates was limited
to the discrete nanoclusters because of the limited Au available
for each DNA chain. In Figure 7B, DNA-templated Au nanowires
of different sizes were assembled by UV irradiation by varying
DNA concentration with HAuCl, under the same conditions.['**!
Photoreduction using 260 nm UV light also allowed the synthesis
of DNA-templated bimetallic nanowires by simultaneous reduc-
tion of both Ag and Au on DNA molecules as shown in
Figure 7C."*" 260nm UV light is also capable of releasing
S*~ from thioacetamide; therefore, the S*~ can interact with
Cd(ClOy), and DNA templates to form DNA-templated CdS
nanowires.

The photoreduction mechanism remains unclear. A hypothe-
sis is that strong UV absorption enabled DNA molecules to act as
photosensitizers to accelerate the photoreduction of metal ions
by facilitating electron transfer, thereby resulting in the photoox-
idation of DNA templates.”®'% Various organic agents, such as
poly(vinyl) alcohol™”! and ethylene glycol,® can also accelerate the
photoreduction of metal ions under UV light. Solvents and buffer
salts play vital roles in electron transfer for photoreduction.'™”!
However, further studies are necessary to elucidate the entire pho-
toreduction mechanism of metal ions on DNA templates. The
main advantage of the photoreduction approach is the low back-
ground nanomaterial generation that assists most metals in grow-
ing homogeneously on DNA templates. Another advantage is that
it is a simple and rapid method that does not require the addition
of reducing agents. UV irradiation facilitates the sugar moieties of
the DNA to generate hydroxyl radicals which reduce metal ions on
the DNA templates. On the other hand, UV irradiation may cause
DNA damage in DNA-templated nanowire products.”**"!

3.1.4. Microwave Heating

In addition to traditional methods of inducing metal growth in
DNA, such as UV irradiation, microwave heating has emerged as
a powerful and efficient technique for metallizing DNA.P*!
Microwave heating is capable of inducing a rapid and localized
increase in temperature, which can lead to the deposition of
metal ions onto DNA molecules and subsequent growth of
metallic structures. In this case, the DNA functions as a capping
and reducing agent without requiring other additives. During
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microwave heating, the heat energy of the microwave to the
dielectrics leads to the immediate and fast deposition of metal
NPs on DNA templates.

The important advantages of the microwave approach are uni-
form heating and fast formation of DNA-templated metal nano-
wires. Kundu et al. used a microwave heating approach to
fabricate DNA-templated CdS nanowires.®’) Most methods
use micelles, surfactants, high molecular weight nitrogen-con-
taining ligands, or phosphorus-containing ligands to stabilize
the CdS NPs; however, these components can decrease the purity
of DNA-templated CdS nanowires. Microwave heating has sev-
eral advantages, such as enhanced reaction rates and the selective
heating of dielectrics. Furthermore, microwave heating approaches
offer flexibility, short reaction times, rapid nucleation of metal ions,
and simplicity. In one study, only 60s of microwave irradiation
was required to synthesize conductive DNA-templated CdS
nanowires.*”) Kundu et al. also synthesized DNA-templated TiO,
nanowires by microwave heating.”? Nithiyanantham et al. used a
microwave heating approach to synthesize DNA-templated Os
nanowires by microwave irradiation on a mixture of DNA tem-
plates and Os ions in the presence of ethanol functioning as reduc-
ing agents as shown in Figure 8A.'*"! The metal growth of Au by
microwave heating is fast and simple as shown in Figure 8B;"*’!
however, it is important to maintain the stability of the DNA tem-
plates under microwave irradiation. The optimum microwave irra-
diation times and DNA concentrations affect the stabilities of
product solutions. Compared with photoreduction, microwave
heating is faster. In general, UV-photoreduction takes 4-6 h; on
the other hand, microwave heating takes approximately 60 s.°"2!

3.2. DNA Metallization via Chemically Modified DNA

DNA nanowires formed by electrostatic interactions are ran-
domly metalized and have irregular shapes and diameters.
One solution to control the homogeneity and size-tunability of
nanowires is to chemically modify DNA to include reducing
groups that selectively react with the metal ions, forming consis-
tent metal clusters for further controlled growth. The general
principle behind obtaining DNA-templated nanowires using
the DNA modification technique involves the introduction of
reducing groups (azide/aldehyde) that can react with metal ions
(Tollen’s solution) via redox reactions to form metal clusters.

Keren et al. introduced an aldehyde group to adenine with glu-
taraldehyde, which acted as a reducing site for silver.’***? Each
aldehyde group reduced two silver ions. The size of these metal
clusters was controlled by varying the number of reducing groups
on the DNA strand based on redox reaction stoichiometry. In addi-
tion, Wirges et al. demonstrated that dialdehyde-modified DNA
forms a larger number of chain-like silver clusters.!'*’!

In addition to aldehydes, DNA modified with alkynes is
another platform for nanowire synthesis. The alkyne groups
on DNA were further derivatized via click chemistry, resulting
in a metalized-sensitive functional group.®'** After adding
Tollens reagent as a reductant and a gold enhancement solution
(HAuCl, and KSCN), bimetallic nanowires of Au—-Ag formation
were observed, as shown in Figure 9A.”®! A major advantage of
this approach was the control of the diameters and aspect ratios
of the wires. Moreover, the nanowires obtained using this
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Figure 8. DNA-templated nanowires assembled by heating. A) Os nano-
wire assembly with microwave irradiation. 20 s of microwave heating
formed DNA-templated Os nanowires. Reproduced with permission.'?"!
Copyright 2014, RSC. B) DNA-templated Au nanowires. 180 s of micro-
wave exposure generated a DNA-templated Au nanowires with diameters
of approximately 10-15 nm. Reproduced with permission.’® Copyright
2008, ACS.

method were more homogeneous than those formed by electro-
static interactions.

Combining aldehyde and alkyne tag, a difunctional DNA tem-
plate was also developed for the alkyne-dialdehyde DNA.['**! The
aldehyde group facilitated silver seed formation, and the alkyne
groups were instrumental in attaching the DNA onto an azide-
modified substrate via click chemistry. Upon further deposition
of Au for 50s, a 2.32 pm long DNA wire was obtained with a
uniform 80 nm diameter and reasonable ohmic behavior.

Figure 9B illustrates the AuNP-bound DNA molecules.!**!
Colloidal AuNPs were stabilized with glutathione-bisazide via
Au-thiol chemistry. Thus, upon adding the azide-modified
AuNPs to the alkyne-modified DNA, 1D equidistantly arranged
AuNPs were obtained via click chemistry in the presence of a
Cu(I) catalyst. Unlike continuous nanowires, colloidal AuNPs
were spaced at intervals, influenced by the design of the DNA
template and the size of the ligand shell. Stearic hindrance
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between the ligand shells of adjacent AuNPs produced a consis-
tent interparticle distance of 2.8 + 0.5 nm. In addition, the diam-
eter of the nanowires can be modified by simply changing the
size of the AuNPs.

The phosphate group in the DNA backbone can be modified
using phosphorothioate (PS-DNA). Figure 9C illustrates an
example of a bifunctional cross-linker with an alkanethiol (Au
binding) and an iodoacetamide group (PS binding).'””’ DNA
templates with PS modifications at defined locations assembled
AuNPs at precisely defined positions. A biotin group can also be
introduced on the bifunctional linker, which mediates the attach-
ment of streptavidin-tagged AuNPs onto PS-DNA. While the
thiol linker is restricted to AuNPs, a larger set of AuNPs can
be easily modified with streptavidin, allowing the applicability
of the biotin linker to a wider AuNP range.'*®

In addition to phosphorothioate modification, the nonbridg-
ing oxygen of the phosphate backbone has been modified with
a BH; group to obtain borane phosphate DNA (bp DNA). As the
BH3 group is a known reducing agent, it has been exploited for
in situ metal reduction."*”! While the applicability of bp DNA to
obtain linear DNA nanowires has not been elucidated yet, silver
nanoassemblies on 2D DNA origami crossover tiles!*”! and sil-
ver NP formation on carbon nanotube-wrapped bp DNA have
been reported."*" Both PS-DNA and bp DNA provide higher sta-
bility to DNA, rendering it more reactive; however, the synthesis
of long backbone-modified DNA remains challenging and there-
fore has limited applicability.

3.3. DNA Metallization Using DNA Intercalators

DNA:-intercalating molecules are popular DNA-staining dyes, such
as ethidium bromide, and TOTO-series including YOYO-1 and
TOTO-1, SOTOX-R, and many others, which are widely used
for fluorescence microscopy. They are a class of planar heterocyclic
compounds resembling the ring structure of nucleic acid base
pairs, allowing for their efficient insertion between stacked
DNA bases. Similarly, Metallointercalators are widely used for
DNA metallization applications and typically consist of a DNA-
intercalating ligand that orients parallel to the base pairs via
n-stacking. Thus, it acts as a stable anchor connected via a
metal center to an ancillary ligand protruding from the DNA
duplex.*?

Naphthalene diimide (NDI) is a threading intercalator that has
been used for the formation of silver and gold nanowires. NDI is
chemically modified to bear a galactose moiety at either end,
which, upon the addition of Tollen’s reagent, acts as the reducing
group core to mediate the formation of silver ion precipitates on
the DNA templates (silver mirror reaction) (Figure 10A). Further,
gold nanowires are formed using silver nanowires as a template
using 4 DNA by the addition of a gold enhancement solution
(HAuCl, and KSCN) with hydroquinone reduction.**! A particular
advantage of using NDIs or intercalators is that they cannot bind to
single-strand DNA (ssDNA) and thus can be used for the prefer-
ential metallization of dsDNA.["** The linker length between NDI
and galactose plays a vital role in determining its binding affinity,
and a longer linker was found to be more effective."**!

Figure 10B shows cisplatin (cis-Pt), a metal-containing small
DNA-intercalating molecule that preferentially binds to poly G
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Figure 9. Metallization via DNA template modification. A) Click chemistry mediated by alkyne-modified DNA backbone. AFM image of Ag—Au bimetallic
DNA nanowire. Reproduced with permission.”® Copyright 2007, Wiley-VCH. B) AuNPs on alkyne-modified DNA templates (TEM image). Reproduced
with permissions.'?®! Copyright 2008, RSC. C) Bifunctional cross-linker mediated attachment of AuNPs onto phosphorothioate-modified DNA backbone.
SEM images of AuNP assembled on DNA at defined inter-NP distances. Reproduced with permission.'*”! Copyright 2007, Wiley-VCH.
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Figure 10. Metallization using reducing group modified DNA intercalators. A) Interactions of naphthalene diimide and DNA molecules. i) General
scheme for the formation of metallic nanowires onto DNA complexed with naphthalene diimide followed by reduction with Tollen’s reagent. ii)
Chemical structure of naphthalene diimide. iii) TEM image of a DNA naowire. Reproduced with permission.'®*! Copyright 2014, ACS.
B) Interactions of cisplatin and DNA molecules. i) Scheme of interactions between cis-platin and DNA templates. ii) Image of Au nanoparticle-bound
DNA molecules. Reproduced with permission.['**! Copyright 2006, Springer. C) Structure of the intercalating agent ruthenium—-DPPZ-biotin used to bind
streptavidin-tagged AuNPs. Reproduced with permission.l'*%! Copyright 2007, Wiley-VCH. D) SEM image of silver nanofibrils formed upon treatment of
Ag—phen to DNA. Reproduced with permission."*® Copyright 2017, MDPI. E) i) Representative TEM image of DNA origami stained via bis-acridine uranyl
ii) Reproduced with permission.*? Copyright 2019, Wiley-VCH.
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Figure 11. Metallization through DNA-peptide/protein interactions. A) The synthesis of gold nanowires using DNA-binding peptides: i) DBP-thiol
(KWKWKKA) for the formation of DNA-templated Au nanowires; ii) SEM image of DNA nanowires formed by assembly of 13 nm AuNPs using
DBPs; iii) TEM image of metalized Au nanowires on a stretched DNA template (inset—visualization of DNA in its 3D conformation). Reproduced
with permission °0] Copyright 2016 \X/iley VCH B) The assembly of gold nanoparticles into necklacelike structures using zinc finger proteins
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Continuous DNA metallization from densely packed AuNP seeds

ii)

l

assembly on DNA templates of different Iengths 437 bp (ii) and 809 bps (|||) Reproduced with perm|55|on 139 Copyright 2015, Wiley-VCH.
C) TEM images of Cu,0O NPs self-organized on a circular DNA template using Tral with a Cu,O-binding motif. Reproduced with permission.I'*"!
Copyright 2005, ACS. D) TEM image of AuNP assembly on Tral-GBP1-modified ssDNA template. Reproduced with permission.l'*?l Copyright 2010,

Wiley-VCH.

sequences. Thus, the addition of cis-Pt to DNA introduced amine
groups into the guanine bases of DNA (Figure 11B-(i)). This has
been exploited for the attachment of cysteamine-modified
AuNPs to DNA via ligand exchange between the amine groups
of AuNPs and the amine ligands of cis-Pt."*! Figure 11B-(ii)
illustrates linearized DNA templates that bind to multiple
AuNPs.[*% In addition to the use of the cis-Pt amine groups,
Ptis a good catalyst used to mediate the electrodeless deposition
of silver on cis-Pt-treated DNA templates, forming long silver
nanowires."*”) The same group used block co-polymers of
DNA to demonstrate that Pt metal was only detected in guanine-
rich regions but was absent in other regions when analyzed via
AFM, further validating the very high sequence specificity for
binding of cis-Pt.%%13¥!

Figure 1C shows an intercalating agent (DPPZ) combined
with a biotin moiety.'**! Ruthenium-bound DPPZ luminesces
upon DNA binding ([Ru(dppz),(phen-biotin),][PF],). This com-
plex could bind to streptavidin-tagged AuNPs. Figure 10D shows
long silver nanofibrils based on an intercalating agent of 1,10-
phenanthroline, which formed coordination complexes with sil-
ver and DNA."* 1,10-phenanthroline stabilized the complexes
of silver-Phen-DNA.

Figure 10E shows the DNA-intercalating electron dye-containing
uranyl acetate. Uranyl acetate is a dye commonly used to stain DNA
by binding to the DNA backbone, with uranium acting as an
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efficient electron scatterer.!*!) By combining the electron scattering
property of uranyl acetate with that of a DNA intercalating group,
Kabiri et al. developed a novel DNA staining agent, bis-acridine
uranyl (BAU) (Figure 11E)."*¥ BAU contains two acridine hetero-
cycles covalently linked to uranium via salophen-type coordination
chemistry, allowing for tweezer-like binding to DNA. This reagent
is useful for visualizing DNA under EM because it improves the
contrast of the stained DNA from the background, which is com-
parable to that of uranyl acetate.

3.4. DNA Metallization Using DNA-Binding Peptide/Protein

Various peptides and proteins can bind to DNA with natural
affinity, termed DNA-binding peptides/proteins (DBPs).*43144!
In biological systems, these fall under a broad family of chromo-
somal proteins and transcription factors, which bind to DNA and
regulate gene expression. Given their natural affinity for DNA,
DBPs are promising anchors for DNA nanowire generation
via noncovalent biological interactions. Unlike chemical interca-
lators with limited tailoring ability, DBPs can be precisely
designed to have the desired physicochemical properties by sim-
ply tweaking their amino acid constituents because the peptide
sequence defines its function. These DBPs can also be engi-
neered to contain metal-binding motifs. A review summarized
many kinds of NP-binding peptides."**! In addition, with the
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advances in genetic engineering, these peptides can be easily
cloned, synthesized, and purified at a laboratory scale within a
few days.

In the context of DNA visualization, DBPs have been designed
to bind DNA either sequence-specifically or independently.
Sequence-independent binding DBPs are synthetic polycationic
peptides that interact electrostatically with the polyanionic phos-
phate backbone of DNA. One such example is the (KW),, subunit,
where the electrostatic binding of lysine (K) is complemented by the
intercalation of the aromatic ring in the tryptophan (W) residue ren-
dering binding affinities comparable with those of organic DNA-
intercalating dyes.'*¥ On the other hand, sequence-dependent
binding DBPs are generated using natural DNA-binding motifs
such as tailorable zinc finger (ZnF), transcription-activator-like
effectors (TALE), and HMG (high mobility group)/H-NS (his-
tone-like nucleoid structural protein) which have inherent prefer-
ential binding to A/T-rich regions.!**®**” These have thus far been
coupled to fluorophores for A/T-specific DNA visualization via
fluorescence microscopy.!"*®)

Figure 11A shows DNA-bound peptide-linked AuNPs.””
Given that this peptide had DNA-binding affinity, the assembly
of 13 nm colloidal AuNPs onto a A DNA template was shown in
Figure 11A-(ii). As DBP-SH was found to bind through the
entire length of the DNA homogenously, they exploited this to
visualize the DNA backbone in its native form using seed-
mediated growth of AuNPs to obtain uniform metallic nano-
wires. The DBP-SH-coated DNA was treated with a 4.5nm
AuNP seed solution followed by a growth solution consisting
of ascorbic acid. The seed-mediated growth produced smooth
and continuous DNA nanowires with a constant diameter for
direct visualization of DNA in its native 3D conformation, as evi-
denced by SEM (Figure 11A-(iii)). This concept has been
extended to obtain multifunctional nanoassemblies of AuNPs,
quantum dots, and magnetic NPs (Fe;04) on CNT-wrapped
DNA templates.'*’]

Figure 11B demonstrates a biotin-conjugated zinc finger that
binds DNA sequence specifically."*”! Notably, by varying the
number of fingers and the linkers between the fingers, the zinc
fingers were tailored to have variable sequence specificity and
affinity to DNA.'"”) As a proof-of-concept, Ryu et al. modified
Cys,—His; zinc-figure QNKQNKRHR (which shows sequence-
specific binding to the nucleic acid sequence GAGGCAGAA)
with biotin for the binding of avidin-coated magnetic particles
onto predesigned dsDNA templates.

Proteins can also be designed to contain NP-binding motifs.
One such example was the DNA-binding protein Tral (Figure 11C).
It consists of relaxase and helicase domains. The relaxase domain
has a sequence-specific ssDNA-binding affinity, and the helicase
domain has a nonspecific dsDNA-binding affinity. Dai et al. engi-
neered it with a Cu,O-binding motif CN225 (RHTDGLRRIAAR) at
the N-terminus of the protein."*”! They visualized circular bacteri-
ophage dsDNA, where NP-decorated loops could be observed via
TEM, as shown in Figure 11C. As an extension to this study, they
also modified Tral with a 7X-tandem repeat of a gold-binding pep-
tide motif (MHGKTQATSGT IQS) at an internal site of the protein
to avoid loss of the NP-binding domain via degradation if present
in the terminal."*? Figure 11D shows the binding of AuNPs onto
both ssDNA and dsDNA templates.
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3.5. Metal Labeling toward Sequence-Specific EM Images

Conjugation of proteins such as antibodies (immunoelectron
microscopy) and enzymes with gold is a popular technique used
for studying nucleic acid localization in cells. In the antibody-
based labeling method (immunogold), the anti-DNA primary
antibody is treated with a gold-conjugated secondary antibody,
facilitating the study of ultrastructural DNA localization in cells
via visualization of Au clusters."* To specifically identify the
localization of replicated DNA, Thiry et al. developed the nucle-
obase BUdR (5-bromodeoxyuridine) for immunogold-based
staining. In this method, BUdR is incorporated particularly in
the replicating DNA either within the nucleolus of tumor cells
or the different cellular organelles, which is identified using
an anti-BUdR primary antibody followed by gold-conjugated sec-
ondary antibody.">* However, this method requires a special-
ized embedding and fixation of the biological sample, which
can destruct its ultrastructural properties, resulting in poor dis-
tinction of the nucleolar compartments.'>*) Hence, TdT was
combined with the BUdR-based immunogold staining to develop
a powerful method that can be used to identify DNA in the vari-
ous fibrillary components in the nucleolus of cells via EM.[*331>¢]

By conjugation of enzymes such as DNase I or RNase A with
colloidal AuNPs, localization of DNA and RNA, respectively, in
tissue sections can be accurately determined at an EM level reso-
lution."®” The in situ DNA hybridization has been expanded to
EM-based detection (EM-ISH) where biotin-labeled short probe
DNA hybridizes with the biological specimen, and streptavidin
conjugated with gold is added for labeling the regions of hybrid-
ization. Upon silver staining, EM is used to identify the location
of DNA with a specific sequence in the sample, as illustrated in
Figure 12A.1>%

Expanding on the BuDR strategy for labeling replicating DNA,
direct nucleic acid modification with heavy metals is a more pow-
erful method that has recently been applied for EM-based DNA
sequencing. In one such attempt, dUTP was modified to contain
mercury in the nitrogenous base, which, as shown in Figure 12B,
allowed it to undergo template-dependent DNA polymerization
to produce a Hg-decorated dsDNA strand in the location of ade-
nine, which can be visualized by EM.*® Along similar lines,
dGTP was modified to include platinum, facilitating the identifi-
cation of cytosine in the template DNA (Figure 12D).**" While
individual bases have been modified in the above studies as a
proof-of-concept, multiplexing with different contrast-agent
labels in combination with a high-resolution automated imager
allows for direct DNA sequencing from EM-based images, as
demonstrated by Own et al., shown in Figure 12¢.iel

4, Conclusion

This review summarizes various DNA staining methods for EM
and highlights their advantages and limitations for visualizing
genomic DNA. The first method for DNA imaging using EM
was shadow casting of heavy metals in 1948. Since 1961, the
use of uranyl acetate staining combined with platinum shadow-
ing has been widespread in the field of DNA visualization and
has been used in a wide range of studies to reveal the structure
and organization of DNA molecules under EM.
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Figure 12. Sequence-specific labels under EM. A) Schematic of the 3D reconstruction of chromatin architecture using EM-ISH. Reproduced with per-
mission."*8) Copyright 2020, Springer Nature. B) EM image of osmium-labeled ssDNA. Reproduced with permission."®l Copyright 2013, Oxford
University Press. C) The principle behind heavy atom-based labeling of DNA and read-out thereof. Reproduced with permission.* Copyright
2012, Oxford University Press. D) EM image of Pt-modified adenine-labeled DNA. Reproduced with permission.l"®® Copyright 2016, Wiley-VCH.

In addition to uranium, other heavy metals have also been
used to stain DNA molecules for EM, including lanthanum,
osmium, hafnium, tungsten, and platinum. These heavy metals
have different properties and can offer unique advantages for
DNA staining and imaging, including high contrast, specificity,
and resolution. However, each metal has its own drawbacks,
including toxicity, radioactivity, and limited availability for
imaging. Uranium is generally recognized as providing the
highest image quality, due to its high electron density and low
background noise. However, due to its radioactivity and toxicity,
it requires strict government regulations for its use.
Furthermore, uranyl acetate-stained DNA is only suitable for
TEM, and not SEM.

To address these limitations, researchers have developed
nanomaterial-based DNA staining methods using nanoparticles
and nanowires. These materials are safe and easily visible under
both TEM and SEM. In general, positively charged nanoparticles
or metal ions electrostatically interact with negatively charged
DNA molecules. These nanoparticles can then be grown into
nanowires via chemical reduction, electrochemical reduction, pho-
toreduction, or heating, allowing for the visualization of DNA at
the nanoscale. Alternatively, nanoparticle-bound DNA-binding
peptide motifs or DNA intercalators can be used as seeds for nano-
wire growth, providing a powerful tool for the visualization
and analysis of DNA—protein interactions. In addition, BUdR
(5-bromouridine) nanoparticle labeling and EM-optimized
fluorescence insitu hybridization (EM-ISH) were developed as

Small Struct. 2023, 2200361 2200361 (14 of 19)

promising approaches for achieving sequence-specific DNA
visualization.

In conclusion, the use of heavy metals and nanoparticles for
DNA staining and imaging under EM represents an important plat-
form for the development of advanced nanotechnology and has the
potential to transform our understanding of the structure, organi-
zation, and function of DNA molecules, and its interaction with
proteins. These tools have potential applications in a wide range
of fields, including nanoelectronics, biosensing, and biomedicine.
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