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ABSTRACT: Metal ions are indispensable constituent elements of 4 Double-layered
the human body, among which Cu®* plays an important role in carbon film
various biochemical reactions in the human body and is an essential 8 : L e
element for maintaining human health. Studying the interaction =  “=—7  “
between Cu®* and DNA can be helpful to further understand the .
mechanism of Cu?>* behavior in organisms. In this paper, we
investigated the DNA—Cu®" complex by transmission electron
microscopy (TEM) and used in situ liquid-cell TEM to observe the - .

ssl

dynamic processes of interactions between DNA and Cu’*. Results
show that the binding of Cu®** to DNA leads to the bending of the
DNA strand and provides an anchor site for activating Cu®" for the
nucleation and growth of copper crystals. Bound by the DNA strand,
the copper crystals are arranged along the curved strand, showing
the same arrangement pattern as guanine on the DNA sequence. It
is believed that the study will further elaborate the interaction mechanism by directly observing the DNA—Cu®* complex at the
nanometer scale and benefit the related biomedical research studies.

1. INTRODUCTION

Copper, due to its high antimicrobial property, was one of the
first inorganic antimicrobial materials in the history. Copper
was applied in ancient Egypt to clean chest wounds and to

given by absorption spectroscopy measurements of visible light
by Coates, Jordan, and Sriastava.'”
In 1973, Richard et al. proposed a “sandwich structure” for

Cu’* binding to DNA: at low Cu®" concentrations, two

purify water. In the nineteenth and twentieth centuries, when
antibiotics were not available, copper was widely used to treat
skin diseases, syphilis, and tuberculosis." Although copper has
attracted wide attention from researchers due to its
antimicrobial property,”™> the harm to body should not be
ignored. Cu®* can seriously damage human health and the
ecological environment. In particular, heavy metal pollution in
the ocean can accumulate in organisms once entering the food
chain. As copper exists mainly in the form of ions in living
organisms, it is important to study the interaction between
Cu’* and nucleic acids in order to better take advantage of
copper and also to prevent copper materials from posing a
hazard to the human body during applications.

Among the divalent metal cations which interact with
nucleic acids, Cu®* has the highest affinity for deoxyribonucleic
acid (DNA).*” The interaction of Cu®* with DNA, nucleo-
sides, and nucleotides has been discussed extensively in earlier
publications,® "' but there is no direct evidence of the binding
site. of Cu®* to DNA. Nuclear magnetic resonance (NMR)
spectroscopy studies of DNA have shown that Cu®* binds to
the N7 position of adenine (A) and guanine (G) and the N1
position of cytosine (C) but not to thymine (T).'" Direct
evidence for the binding of Cu** to bases in DNA was first
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adjacent guanines on the same strand are bound by Cu** and
form a G—Cu*'—G structure (shown in Figure 1a)."* Binding
sites are N7 and O6 of the two adjacent guanines. In addition
to the model of binding to bases, the widely accepted model is

P Bl

Figure 1. (a) “Sandwich structure” of G—Cu**—G. (b) Cu** bound to
both guanine and phosphate groups. Reprinted with permission from
ref 13. Copyright 1978 Elsevier.
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Scheme 1. Process of Preparing TEM Samples
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the binding of Cu®* to N7(G) and the oxygen atom of the
closest phosphate group on the same chain,"”~"* as shown in
Figure 1b.

In theoretical studies, the binding model of Cu®* to bases is
mostly simulated using density functional theory (DFT). Of all
the complexes, the binding of Cu®* to guanine has the highest
affinity.'® Theoretical findings suggest that Cu?* interacts with
guanine at sites other than N7 and O6 and that the two sites
are bound simultaneously.'®"”

In 2003, Andrushchenko et al. investigated the interaction of
natural calf thymus DNA with Cu®" in the range 0—0.4 M Cu?*
using vibrational circular dichroism (VCD).'"® The results
showed that when the concentration ratio of Cu®* to the
phosphate group is 0.5, a “sandwich structure” emerged with
Cu’" inserted between two adjacent guanines of the GpG
sequence. This structure bends the double-stranded DNA and
forms a more compact DNA structure. When the concen-
tration ratio of Cu®" to the phosphate group is higher than 0.5,
Cu’' interacts between the guanine and the closest phosphate
group.

Previous studies have mostly characterized the binding sites
of DNA and Cu*', the conformational effects of Cu>* on DNA,
and the properties of DNA—Cu®* complexes by indirect,
collective techniques, but no direct, dynamic observation of
DNA-Cu’* complexes at nanometer scale has been carried
out. In addition, the conclusions of the studies reviewed above
are not perfectly consistent, especially the disagreement
between experimental and theoretical results. Since previous
experiments were based on macroscopic detection methods,
while simulations adopted DFT at the molecular level, there is
currently a more pressing need for smaller-scale experimental
information to further clarify the mechanism of action. In this
paper, the DNA—Cu*" complexes were directly observed under
a transmission electron microscope to characterize the
morphological features and distribution pattern of the
complexes. The latest liquid-cell transmission microscopy
technique was adopted to study the dynamic binding and
dissociation of DNA and Cu*" directly in a liquid environment.

2. MATERIALS AND METHODS

2.1. 200 nM DNA Solution. The DNA used in this paper
was G-rich ssDNA containing 20 bases with the sequence: §'-
TGGAGGGTTTTTTGGGTGGA-3', produced by Sangon
Biotech (Shanghai) Co., Ltd. The purification method was
PAGE. Before opening the lid, the tube containing DNA was
placed into a tabletop centrifuge and centrifuged at 4000 rpm
for 30—60 s, allowing the dry powder DNA to be deposited to
the bottom of the tube. 206 L of buffer was added and mixed
well to prepare a 50 yuM DNA solution. The 50 yuM DNA
solution was divided into 5 uL per tube and stored frozen at

—20 °C. For experiment, 5 L of DNA solution was diluted
with buffer to obtain a 200 nM DNA solution.

2.2. 1 uM Copper Sulfate Solution (CuSO,-5H,0). The
copper sulfate solution used in this paper was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. and was a
0.1 M copper sulfate standard solution. The copper sulfate
standard solution was diluted to a dilute solution of 1 uM by
adding ultrapure water.

2.3. 1x TE Buffer. 1x TE buffer was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd.

2.4. Support Films. Microgrid, ultra-thin and 300-mesh
carbon films were purchased from Electron Microscopy China.

2.5. Tecnai G2 20 Transmission Electron Microscope.
A Tecnai G2 20 transmission electron microscope was
purchased from Thermo Fisher Scientific Inc,, with a point
resolution (point-to-point resolution) of 0.24 nm and a lattice
resolution (the distance between interference fringes due to
the phase difference) of 0.144 nm. The electron gun is a
thermionic emission gun by heating the LaBg crystal, and
Gatan Orius 830 2k CCD camera is applied for the recordings.
In the ex situ and in situ TEM characterization, the electron
beam dose rate was controlled at 6.25 X 10% electrons/m?>s.

In this paper, two types of support films, microgrid and ultra-
thin carbon film, were used to prepare samples for ex situ
transmission electron microscopy (TEM). The samples were
allowed to dry for ~20 min and then were loaded onto a single
tilted sample holder for observation under the transmission
electron microscope, as shown in Scheme 1.

A double-layered carbon film liquid cell was used in in situ
TEM. As shown in Scheme 2, first, a piece of carbon film was

Scheme 2. Process of Preparing Double-Layered Carbon
Film Liquid-Cell Samples

/

taken with curved tweezers and placed on a dry filter paper
with the carbon sprayed side facing upward. 3 uL of the
DNA—Cu®* mixture was dropped onto the carbon film by a
pipette gun. A semicircular droplet gathered on the surface of
the carbon film. Next, another piece of carbon film was taken
with curved tweezers and the droplet was gently covered with
the carbon sprayed side down, forming a “sandwich” structure
with the droplet and the underlying carbon film. The sample
was placed in a dry and ventilated place for 2—3 h. After the
excess liquid had evaporated, the two carbon support films
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closed together due to van der Waals forces, making a closed
liquid cell between the spaces in the carbon film.

3. RESULTS AND DISCUSSION

3.1. Ex Situ TEM Characterization. Observation of the
microgrid sample of the mixture of Cu®>" and DNA is shown in
Figure 2. It is found that the particles of different sizes are

Figure 2. TEM image of particle alignment.

organized in regularly arranged chains, and the more
concentrated areas of particles even form a net-like pattern.
The curvature of the chains varies, with some particles
following straight lines, others following curves of a lesser
curvature, and a few particles arranged in circles or semicircles.
The particles are mostly in groups of five. In addition to the
particles that can be clearly detected, some less lined material,
likely organic matter, is present around the particles.

In the area where the particles at the edges of the micropores
are clustered, there are more typical groups of five particles
constructing a straight line. As shown in Figure 3a, the particle

(a)

Figure 3. (a) Five particles arranged along a straight line. (b) Lattice
stripes of some of the particles in the curved chain.

group is also surrounded by a less lined organic material.
Meanwhile, the 2nd and 3rd particles of the chain are more
widely separated. As the given DNA sequence is 5'-
TGGAGGGTTTTTTGGGTGGA-3’, with an adenine sepa-
rating two guanines from three guanines, it is believed that the
alignment pattern of the particles corresponds to that of the
DNA sequence.

In order to determine the lattice structure of the particles,
high-resolution images are taken of the particles. As shown in
Figure 3b, the individual particles have different crystalline
structures. Further direct measurements of the lattice spacing
show that the d is 0.208 nm. The lattice spacing of Cu in the
(111) direction, as queried by the PDF card, is 0.208 nm. The
measured lattice spacing is consistent with the lattice spacing
of Cu in the (111) direction. Therefore, the particles
aggregated on the microgrid are Cu crystals.

In the ultra-thin carbon film sample, a clearer lattice phase is
observed, as shown in Figure 4. A fast Fourier transform (FFT)

d=0:207 nm

Fnan

Figure 4. Crystals observed in an ultra-thin carbon film sample.

of the sample shows a crystalline spacing of 2.07 A. In this
experimental sample, apart from 1X TE buffer, there is only
DNA with Cu®*. Because the contrast of the carbon film and
DNA is similar, it is difficult to observe the carbon-based DNA
strands in the carbon-supported membrane sample under a
transmission electron microscope. As a result, the crystal
particles that appear can only be Cu crystals resulting from
DNA—Cu”" interaction. The (111) crystalline plane spacing of
Cu is 2.08 A. Within the error margin, the observed crystalline
plane spacing of the individual crystals matches the (111)
crystalline plane spacing of Cu, demonstrating once again that
the crystals are Cu.

Hackl et al. found in their study that the interaction of Cu**
with DNA transformed the structure of DNA into a densified
form."” Densification of DNA is a characteristic of a dramatic
reduction in the volume occupied by DNA molecules and the
formation of curved, shortened structures. The mechanism for
the transition of DNA to a densified structure is not dominated
by electrostatic interactions but is related to the affinity of the
metal ion for the DNA bases. Zhan et al. utilized a particular
ssDNA sequence named Cul00, which has a copper specificity,
and the Sybr Green I fluorescence extinction method
sensitively detects Cu?* in water.”” ssDNA Cul00 is present
in an arbitrary form in the absence of Cu®* in the experiment.
When Cu** is added, Cu*" occupied the binding site on the
ssDNA, resulting in a curled DNA morphology that can only
bind a small amount of fluorescent agent.” This is consistent
with the distribution of particles along the curled strand
observed under a transmission electron microscope in this
experiment.

Previous research studies have shown that Cu®* binds to G
and that the sites of action are N7 and 06.'®"” Earlier work
also explored the interaction of Cu?* with dsDNA and ssDNA,
and experimental results showed that Cu®* can insert into
dsDNA and also bind to ssDNA. Such binding can lead to
DNA strand damage or bending”' Ursu proposed a new
method for the preparation of copper nanoparticles (CuNPs)
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Scheme 3. Schematic of the Cu Particle Production Process

Add Cu*”
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0
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Figure 5. Bubbles and droplets in the liquid cell of a double-layered carbon film: (a) initial image before coloring, (b) colored image of (a), and (c)

image of the same region after 80 s.

Figure 6. Process of Cu particle generation and decomposition.

modified with single-walled carbon nanotubes (SWCNTs) in
aqueous solution using DNA as a template and demonstrated
the selective formation of homogeneous CuNPs on SWCNTs
under a transmission electron microscope. Ursu’s experiment
used sodium ascorbate as the reductant and dsDNA as a
substrate for CuNPs growth.22

In our experiment, the reductant is reductive electron
generated by the light during the photolysis of water as
explained in more detail below. Cu®" provides an anchor site
for the activation of CuNPs through electrostatic interactions
or by binding to ssDNA via bases. Experiments show that Cu**
binds mainly to bases and that Cu®* has the strongest affinity

for G, so that the formed pattern of Cu** on ssDNA is similar
to that of G. Reductive electron produced by light-induced
photolysis of water reduces the metal ion precursors to atoms.
As the reduced Cu gradually accumulates, the Cu atoms
progressively aggregate into nuclei and grow into metal
nanoparticles (as shown in Scheme 3). The densification
process of Cu®" binding to DNA is divided into two steps: in
the first step, Cu’* binds to specific sites in the DNA, causing
the DNA strand to bend; in the second step, the ends of the
DNA strand bind, bringing the binding regions closer together.
This leads to the DNA becoming shorter and more condensed.
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As mentioned above, light is considered to be the main
cause of water decomposition in ex situ TEM characterization.
There are two reasons for this: first, the sample was left for a
period of time and fully reacted before the particles could be
observed; second, no more particles were generated in the dry
samples during the TEM observation. Therefore, the Cu
particles are believed to be the result of light instead of
electron beams in the ex situ TEM characterization.

3.2. In Situ Liquid-Cell TEM Characterization. In the
liquid-cell TEM experiments, the irradiation of the electron
beam results in the formation of bubbles in the liquid region.
Therefore, the area where the bubbles are produced indicates
the liquid zone. As shown in Figure S5, the light gray area
corresponds to the bubble and the darker area is the liquid. To
make the contrast more obvious, Figure Sa is highlighted by
different colors. As shown in Figure Sb, the blue area is the
liquid, while the green area is the bubble. As the electron beam
irradiation time increases, the bubbles tend to enlarge and the
liquid tends to diminish. Figure Sc shows the TEM image of
the same region after 80 s and the bubble area increases
significantly.

The change of bubbles and liquids in the liquid cell is
divided into three main processes: first, electron irradiation
results in the creation of small bubbles in the liquid; then, small
bubbles continue to merge to form larger bubbles; and finally,
large bubbles merge and occupy the original position of the
liquid. Under high-energy electron irradiation, the water
molecules break down into the reductive hydrated electron
g the hydrogen radical H, and the gas. The reaction is
expressed by the following equation:

e _ . .
H,0 - ¢, +H + OH + H, + H,0, (1)

Figure 6 shows the process of particle creation and
disintegration. At O s, the center of the image consists of two
particles of about 4 nm in diameter, with a small number of
bubbles in the more lined area. At 2 min 27 s, under longer
irradiation, new small particles, only about 2 nm in diameter,
appear above the original particles, and scattered small particles
begin to appear in the surrounding liquid environment. At 3
min 22 s, three new particles have formed above the two
original particles and form a curvilinear chain 1 with them. In
the order of creation, the particles increase in size. To the left
of the original chain 1, new particles appear in a circular chain
2. Five particles are present on chain 1 and six on chain 2. At 4
min, the smallest particle at the upper end of chain 1
disappears, and the remaining particles become less lined. At 6
min 9 s, there are only three large particles on chain 1, and the
spacing between the particles in chain 2 continues to increase.
At this point, the number of bubbles in the liquid environment
increases significantly, and the liquid decreases compared to
the initial observed image.

Different from ex situ TEM samples, water molecules are
decomposed by electron beam irradiation under an in situ
transmission electron microscope, producing hydrated elec-
trons e and hydrogen radicals H', which reduce Cu** to Cu°,
followed by nucleation and growth. The water molecules are
decomposed rapidly in a short time, and Cu®* is reduced much
faster in the liquid environment than in the dry sample. The
reaction process can be expressed as follows:

Cu’t + €yq Cu’ (2)

Cu’t +H —» Cu’ + HY 3)

Throughout the process, the bubble shape in the back-
ground keeps changing, indicating that the decomposition
reaction of water continuously occurs. The decomposition
process of Cu particles can be represented by the following
equations:

H,0 > e, + H + OH + O, + H, ()

Cu’ + 0, » Cu** + 03~ (s)

The merging of Cu particles is discovered in the region
marked by the red box in Figure 7. At 0 s, there are a larger and

é:rﬁin30 S

Figure 7. Merging process of Cu particles (red square) and
distribution of particles along straight or curved chains (white and
yellow lines).

a smaller particle close to each other in the red box, and the
lining of the small particles is relatively weak. After 2 min 30 s
of continuous electron beam irradiation in the same region, the
outline of the small particles gradually becomes obvious and
the boundary between them and the large particles becomes
clear. At S min, the small and large particles are closer together,
and the boundary is no longer clear. After 6 min, the particles
are completely merged, and the liquid in the region has been
completely disintegrated. During the observation, the area of
bubbles expands with the volume of liquid decreasing, and the
process of particle merging lasts for 6 min. In Figure 7, it can
also be recognized that the Cu particles distribute along
straight or curved chains, while the number of particles on the
chains is five or more, which is more than the number of
particles on the chains under ex situ characterization. The
diameter of the particles is larger. The rate of particle
formation and growth is more rapid under the irradiation of
the electron beam.

The in situ TEM characterization for the mixture of DNA
and Cu®** makes the process of particle formation and
disappearance more explicit. As shown in Scheme 4, first,
ssDNA provides an anchor site for Cu-ion activation. By
constructing precursors for nanoparticle formation, Cu®** is
reduced to Cu’ by hydrated electrons e, and hydrogen
radicals H', which are produced by radiolysis of water (electron
beam). According to the LaMer nanocrystal growth model,**
when the number of precursors exceeds the nucleation
threshold, the nucleation process of nanocrystals occurs, and
one after another closely spaced chain-like copper particles
generate along the DNA chain. Then copper particles grow by
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Scheme 4. Schematic Diagram of the Process of Cu Particle Generation, Merging, and Decomposition
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monomer addition, Ostwald ripening, or combination. Under
the continuous irradiation of the high-energy electron beam,
the DNA strands are disrupted, causing the originally close-
aligned Cu particles to increase in spacing and form a loose
chain-like arrangement, while the particle growth still
continues. Without the restraint of DNA chains, neighboring
large particles merge with each other to form larger particles or
disintegrate under the irradiation of electron beams. The
electron microscopic characterization results in this paper are
consistent with the model.

4. CONCLUSIONS

In this article, DNA—Cu®" complexes are characterized by
TEM, the latest technique of preparing liquid cells with bilayer
carbon films is used to illustrate the process of DNA—Cu**
interaction, and finally, the mechanism of DNA binding to
Cu®* and producing copper crystals is discussed, which
provides a new perspective for the study of DNA—metal ion
complexes.

The lattice striations of the crystals are clearly visible in the
ex situ TEM characterization. The precipitated particles are
confirmed as Cu crystals by the lattice spacing. Cu®* binds to
ssDNA mainly through guanine, which provides an anchor site
for the activation of Cu nanoparticles. Cu** binds to DNA and
makes the DNA strands bend. In the presence of light, the
generated free radicals and reactive oxygen species reduce Cu**
to Cu’. With the increase of reduced Cu, the Cu atoms
gradually aggregate into nuclei and grow into metal nano-
particles. In the in situ TEM characterization, the dynamic
process of Cu particle generation, merging, and decomposition
is witnessed. Unlike the ex situ TEM, water is irradiated by the
electron beam and decomposed to produce hydrated electrons
€,q and hydrogen radicals H' in the liquid environment, which
reduce Cu®" to Cu’ and construct precursors for nanoparticle
formation. When the number of precursors exceeds a certain
threshold, the nucleation reaction occurs, and the nucleated
Cu crystals continue to develop into large particles of about 7
nm in diameter. High-energy electron beam irradiation causes
the DNA strands to be disintegrated, the Cu particle
distribution becomes loose, and two adjacent Cu particles
merge to become larger nanoparticles. Under long-term
electron irradiation, the Cu particles are gradually disintegrated
until they finally disappear.

This paper is the first to observe the dynamic process of
DNA—Cu’" interaction at the nanoscale and completes the
nanoscale experimental information of DNA—Cu?* complexes.
The results of this paper further improve the understanding of
the mechanism of DNA—metal ion interaction and contribute
to the practical application of DNA—metal ion complexes.
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