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ABSTRACT: Liquid-phase transmission electron microscopy
(TEM) can probe and visualize dynamic events with structural
or functional details at the nanoscale in a liquid medium.
Earlier efforts have focused on the growth and transformation
kinetics of hard material systems, relying on their stability
under electron beam. Our recently developed graphene liquid
cell technique pushed the spatial resolution of such imaging to
the atomic scale but still focused on growth trajectories of
metallic nanocrystals. Here, we adopt this technique to
imaging three-dimensional (3D) dynamics of soft materials instead, double strand (dsDNA) connecting Au nanocrystals as
one example, at nanometer resolution. We demonstrate first that a graphene liquid cell can seal an aqueous sample solution of a
lower vapor pressure than previously investigated well against the high vacuum in TEM. Then, from quantitative analysis of real
time nanocrystal trajectories, we show that the status and configuration of dsDNA dictate the motions of linked nanocrystals
throughout the imaging time of minutes. This sustained connecting ability of dsDNA enables this unprecedented continuous
imaging of its dynamics via TEM. Furthermore, the inert graphene surface minimizes sample−substrate interaction and allows
the whole nanostructure to rotate freely in the liquid environment; we thus develop and implement the reconstruction of 3D
configuration and motions of the nanostructure from the series of 2D projected TEM images captured while it rotates. In
addition to further proving the nanoconjugate structural stability, this reconstruction demonstrates 3D dynamic imaging by TEM
beyond its conventional use in seeing a flattened and dry sample. Altogether, we foresee the new and exciting use of graphene
liquid cell TEM in imaging 3D biomolecular transformations or interaction dynamics at nanometer resolution.

KEYWORDS: 3D motion, graphene liquid cell TEM, DNA nanotechnology

A significant challenge in microscopy has been to visualize
the dynamics of soft materials, in particular biological

systems,1−7 at the nanoscale to confirm or extend the extensive
insights predicted by molecular theory and simulation.8−10 One
strategy followed in the electron microscopy community is to
obtain high spatial resolution “snapshots” from distinct
members of an ensemble of artificially fixated samples in their
native liquid environment, each sample exhibiting one stage in a
dynamic process.2,5 Later these snapshots are assigned by the
observer to a proposed sequence and then merged into a
continuous dynamic movie. Transmission electron microscopy
(TEM) achieves highly resolved structural details from the
laborious sample preparations of a system frozen in vitrified
ice,2 which provides little information about a real continuous
dynamic trajectory since the observations are derived from
separate stationary and fixated samples. Super resolution optical
microscopy can either obtain such stationary “snapshots” or
continuous frames of images with a record resolution of ∼15
nm,4,7 but for solely the spatial distribution, not structural and
morphology details. Emerging liquid cell TEM techniques11−20

have the potential to capture dynamic events in real time by

interfacing ultrathin specimens in their native liquid phase with
the high-resolution capabilities of EM. Previous studies using
different versions of such liquid cells have not yet provided a
real time trajectory of aqueous biomolecules due to many
challenges:1−5 the poor contrast of the low atomic number
elements abundant in biological samples, the sensitivity to
radiation damage, and the leaking of low vapor pressure solvent
from the liquid cells. Because of these challenges, previous
studies of biological systems using different versions of these
liquid cells emphasize maintaining a hydrated environment
during the imaging.21−28

Here we use a novel graphene liquid cell for transmission
electron microscopy recently developed in this laboratory.12

The unique design and material property of the graphene liquid
cell12,27,29 promise to tackle the previously identified challenges.
The single atom thick graphene layer, the strongest and
thinnest possible membrane, minimizes unwanted loss of the
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imaging electrons by a window material and provides superior
contrast and resolution compared to the conventional Si3N4
windows used in other liquid cell techniques.12 In the graphene
liquid cell, a pocket of approximately 100 nm peak height12 and
1 μm diameter (see Figure S1) is trapped between two
extended graphene sheets which are bonded to each other by
their van der Waals attraction in the region where the liquid is
not trapped. Unlike the artificial adhesion from the spacers in
other liquid cells,13−21 this strong native attraction minimizes
potential contaminations and leakage during sample prepara-
tion procedures. The high electron and thermal conductivities
of graphene enable fast transfer of accumulated charges or heat
from electron beam, so this is a promising system to lower
radiation damage to a biological sample. Note that this
experiment can be done on a conventional TEM microscope
without modification or customization of the TEM itself or the
TEM holder.
We choose to study real-time dynamics of dsDNA

conjugated with Au nanocrystals using a graphene liquid cell
TEM for two reasons (see Scheme 1). Au-DNA nano-
conjugates have been widely used as dynamic plasmonic
probes30−32 correlating an optical shift to a change in
configuration due to a localized environmental stimulus. The

direct imaging of their 3D configuration and the transformative
process will enable on-demand design of such assembled
sensors. This DNA assembled nanostructure incorporates both
a biological molecule (the linker dsDNA) and a hard inorganic
material (the high contrast Au nanocrystal) in TEM imaging.
The presence of dsDNA molecules incorporates the major
challenges of studying the dynamics of biological samples with
TEM and in our experiment demonstrates the potential of the
graphene liquid cell technique for studying the dynamics of
biological samples with liquid-phase TEM. The high-contrast
Au nanocrystals, on the other hand, facilitate tracking of our
specimens. In addition, their motions at the single particle level
shown below allow us to infer the configuration and status of
DNA molecules under the electron beam. In particular, we
observe dimers (pairs of gold nanoparticles tethered by a single
piece of dsDNA) and trimers (three gold nanoparticles
connected into a linear configuration by two single dsDNA
bridges) as shown in Scheme 1A.
In our previous report of graphene liquid cell EM,12 we

encapsulated an ultrathin layer of organic nanocrystal growth
solution and achieved ultrahigh resolution of in situ Pt
nanocrystal growth TEM imaging. Here, we use an aqueous
solution which is more evaporative. The strong van der Waals

Scheme 1. Graphene Liquid Cell Imaging of Au Nanocrystal-dsDNA Nanoconjugates: (A) Schematic of a Graphene Liquid Cell
with Multiple Liquid Pockets, Containing Single Nanoparticles, Dimers Composed of dsDNA Bridges in Different Lengths, and
Trimers, (B) Schematic of a Dimer and Its Projection as Two Dark Circular Shapes onto a Planar TEM Imaging Surface, and
(C) TEM Images (Center Positions Aligned) of a Rotating Dimera

aAt t = 18 s, the projections of two Au nanoparticles overlap with each other, indicating the dimer is almost perpendicular to the viewing screen (see
Video S1). The scale bar is 5 nm.

Figure 1. A collection of Au nanocrystal trajectories in the same liquid pocket. (A) An overview of the different trajectories color coded with time:
individual particles (boxed in black), dimers linked by 42 base pair dsDNA (boxed in green), and dimers linked by 84 base pair dsDNA (boxed in
purple). (B) The fluctuation of projected interparticle distance with time for three 42 bp dimers (green data points) and two 84 bp dimers (purple
data points). The dotted lines highlight the maxima of interparticle distances. (C) A table of the Pearson’s correlation coefficients showing the degree
of linear correlation of x (rx,x) and y (ry,y) components of two trajectories.
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attraction between two graphene membranes successfully seals
specimens in the aqueous phase while the capillary force
induced by its evaporation brings the top and bottom graphene
layers in conformal contact. Stable aqueous solution pockets
around one micrometer in size are rendered from this sealing
mechanism, allowing for continuous imaging of the motion
dynamics up to 2 min (see Figure S1) when exposed to the
imaging electron beam accelerated by 200 kV.
The moving Au-dsDNA nanoconjugates in liquid are

captured, under optimized imaging conditions (see Materials
and Methods in the Supporting Information), as clusters of
dark circular shapes projected onto the camera mounted in the
TEM. For example, as shown in Scheme 1B,C and Video S1,
the projections of two component Au nanocrystals of a dimer
fluctuate in their distance; at certain instances, they even
overlap and then diffuse slightly apart (Scheme 1C). The
transient overlapping of two close nanocrystals indicates that
the 3D rotation of the dimer is a significant component in the
fluctuation of the distances between projections of particles in
addition to a possible contribution from the linker DNA length
fluctuation. This 3D rotation of the dimer demonstrates the
thickness of the liquid pockets allows sufficient space for such
rotation of 20 nm size clusters, and the graphene membrane
does not perturb dynamics of Au-dsDNA conjugates by
substrate−nanocrystal attraction. It is noteworthy that localized
substrate attractions with nanocrystal from other types of
window materials such as Si3N4

17 have confined the particle
motion in liquid and render little observation of 3D dynamics.
First, we observed the motion of various types of Au-dsDNA

conjugates, in the same liquid pocket to maintain the same
physical condition for reliable quantitative analysis. The liquid
pocket encapsulates differently designed configurations: Au-
single strand DNA, short Au-dsDNA-Au (42 base pair DNA),
and long Au-dsDNA-Au (84 base pair DNA), resulting in
different dynamic features. Figure 1A shows a collection of 2D
projected trajectories for those nanoconjugates in one liquid
pocket color scaled according to elapsed time. Trajectories of
free and single Au nanoparticles are visually distinguishable
from clusters of two roughly parallel trajectories.
A series of quantitative analysis of the clustered trajectories

indicates that the dsDNA linkers remain holding adjacent
nanocrystals over prolonged periods of imaging time. First, the
projected interparticle distances, though fluctuating, are
consistently measured to be smaller than the estimated length
of bridging dsDNA linkers (12 nm for 42 bp DNA) over 100 s
(see green dots in Figure 1B). In comparison, in the same
liquid pocket with the same liquid environment, free Au
nanoparticles not connecting to adjacent particles are measured
to have a diffusivity of 1.7 nm2/s (see Figure 2B) and thus can
diffuse 25 nm on average during 100 s, much larger than the
linker length. Second, the projected interparticle distance
between Au nanocrystals fluctuates in a dimension determined
by the length of dsDNA bridges (see Figure 1B, 42 bp in green,
84 bp in purple). Not only do the projected interparticle
distances from independent trajectories in each group exhibit
the same maximum value, the maximum value of the 42 bp
sample is also consistently half of that of the 84 bp one. The
consistency between the linker length and observed inter-
particle distance demonstrates the structural integrity of the
dsDNA in the dimer throughout the observation period. Third,
the Pearson’s correlation coefficients (defined as ra,b = {[∑i=1

n (ai
− a)̅(bi − b)̅]/[∑i=1

n (ai − a)̅2∑i=1
n (bi − b)̅2]1/2} for vectors a, b

of the same dimension) for the x (rx,x) and y (ry,y) components

of each clustered pair of trajectories all show a high positive
correlation, but low or even negative correlation for that of two
free particles (see Figure 1C). These three features were
reproduced across many samples of nanoconjugates. Taken
together, the observations described here indicate that bridging
dsDNA are able to hold the component nanocrystal of the
nanoconjugates during the imaging process.
Earlier reports show that short dsDNA attached to gold

nanoparticles can still fluctuate below its persistence length of
around 50 nm due to the flexibility of the DNA.33 Here we look
into the nature of diffusional statistics of the Au nanocrystal
trajectories, since the projected interparticle distance alone is
complicated by nanoconjugate rotations. The bridge length
between the dimers is shown to be regarded constant or its
fluctuation not differentiable within our resolved temporal
window (1 frame per second).
The diffusional dynamics of both dimers and free nanocryst-

als are compared for trajectories observed in the same liquid
pocket. The mean square displacement (MSD = ⟨|r(t) −
r(0)|2⟩) and diffusion time t are calculated from ensemble
average of all the trajectories. A linear relationship between
MSD and diffusion time t, indicating Brownian diffusion (MSD
= 4Dt), is found for both single particle and dimer trajectories
as shown in Figure 2B. Interestingly, the diffusivity D, one-
fourth of the measured MSD−t curve slope, are the same for
single particles and dimers tracked by either center-of-mass or
end motions. This convergence in diffusivities can be explained
by modeling a dimer as two single particles connected by an
elastic spring, which relaxes at a time scale much faster than our
observation time scale so as to smear out possible constraints in
motion felt by the two component particles (see further
discussion in Text S1). Thus, we see a constant linker length
from this averaging. The measured abnormally sluggish
diffusivity D = 1.7 nm2/s agrees with values determined in
previous reports on slowed nanocrystal diffusions12,16,17 in
various liquid cell configurations (see Table S1). More
importantly, this slowed motion in a liquid cell configuration
allows observation of nanoscale objects within the instrument

Figure 2. Diffusional statistics of Au-single strand DNA and Au-42 bp
dsDNA trajectories. (A) Step size, i.e., diffusional displacement,
distribution of ensemble averaged single particle trajectories for
different time “steps”: red circles for 1 s, orange squares for 4 s, green
diamonds for 9 s, and blue hexagons for 18 s. The connecting lines,
with the same coloring theme, are the Gaussian fittings. The inset
shows the linear relationship between the fitted Gaussian widths for
each curve with time. (B) The MSD−t plot for single particles (above)
and dimers (below). In the plot for dimers, we show two ways of
describing its motion, center-of-mass of the dimer (red squares), and
ends of the dimer (blue triangles).
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capability; in contrast, these objects, if suspended in a bulk
environment, exhibit ultrafast Brownian diffusion that over-
whelms data collection capability.
It is also inferred from another statistical measure, the step-

size distribution of ensemble free nanocrystal trajectories, that
no localized attraction between the nanocrystal and the
substrate is observed. The single Gaussian shape of the
distribution (Figure 2A) contrasts with the multiple Gaussians
in Si3N4 liquid cell studies17 and echoes our observation of a
rotating dimer (Scheme 1C). Evidently, the force of attraction
between the nanocrystals and the graphene is much smaller
than with the silicon nitride, so that the graphene does not
perturb the trajectories, while the silicon nitride does. The
width of the Gaussian is linearly related to step size, which in
return demonstrates the Brownian nature of the particle
motions in this liquid pocket, the basis for our comparative
study above (see inset of Figure 2A).
Now that we have demonstrated that nanoconjugates rotate

freely with structural rigidity in the liquid pocket, we extract the
configuration and motion of dsDNA-Au nanoconjugates in
three dimensions from time-elapsed TEM images. Such
information, though critical to their plasmonic coupled
properties,30,31 has been previously inaccessible from conven-
tional TEM because drying samples on a grid flattens any 3D
structure through evaporation. Our frame-based iterative

optimization method does not require a priori knowledge of
the linker lengths but uses reasonably arbitrary values as initial
numbers. These initially assigned linker lengths are iterated
until they converge toward one rigid structure in three
dimensions for all of the frames in the continuous trajectory.
Figure 3 demonstrates the validity of this iterative method:

from the raw TEM images (Figure 3A), both the rotational
(color-coded arrows) and translational (color-coded dots)
motions are as shown in Figure 3B, reestablished from one
converged 3D trimer structure. We use a trimer to show how
our iterative reconstruction works, but the principles we
introduce here can be applied extensively to other types of 3D
frameworks. The iteration starts from a set of linker lengths, l1
and l2 (Figure 4). The ratio between the linker length l1,2 and
projected length d1,2 generates the z coordinates, while the
projected positions read x and y coordinates directly. Each
frame thus generates one set of 3D positions for each particle,
that is, 3D configuration of the trimer. The iteration continues,
with the inputs being adaptive, until the trimers constructed
from all the frames, continuous yet independent from each
other, converge into one structure (see Table S2). Mathemati-
cally, we use the standard deviation of the interparticle distance
l3 calculated from the obtained 3D coordinates of the trimer in
each frame as the handle to finetune the initial values. The final
set of l1 and l2 values are obtained after the calculated standard

Figure 3. The 3D configuration and motion of a trimer. (A) Time-elapsed TEM images of a trimer with viewing position fixed. The background
fluctuation due to the liquid is in position with previous liquid cell TEM studies. (B) The reconstructed rotational (color coded arrows) and
translational (color coded dots for the central nanocrystal) motion of the trimer in three dimensions. The two representative 3D trimers (yellow
spheres linked by green lines) show their configuration as well as configuration at t = 1 s and 40 s, respectively. See Video S2 for synchronized TEM
and reconstruction series. Their projections (black circular shapes) match with TEM images well. The scale bar is 10 nm.

Figure 4. Iterative construction for the trimer shown in Figure 3. From left to right: a trimer in a 3D space, with interparticle linker lengths l1 and l2,
and red arrow showing its orientation. For each frame one trimer is reconstructed with l3. l3 (green squares) remains constant throughout the 42 s of
observation time, while the projected interparticle distances d1 and d2 fluctuate significantly more due to rotation.
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deviation of the set of l3 is minimized, that is, after l3 converges
to a constant value for different image frames (see Figure 4).
The final converged structure is now endowed with all degrees
of freedom, following a four-dimensional trajectory matching
with the continuous 2D movie we captured, as shown in Video
S2. Here the principle of reconstructing 3D structure and
motion from 2D projections is demonstrated, with details
retrieved at high fidelity from a dynamic movie from liquid cell
TEM. This principle and the technique can be easily extended
to other structures in order to relate their 3D configuration and
motions in solution to their function. One extension will be to
image the 3D conformation dynamics of low contrast proteins
using attached Au nanoparticles as high contrast
agents.23,26,28,34

A surprising result here is the stability of the nanoconjugate
structure composing of dsDNA linkers throughout the
obesrvation under the electron microscope. The Au nanocrystal
components of the nanoconjugates are retained for a prolonged
time under an estimated dosage rate onto the graphene liquid
cell as a whole: 60−100 e−/(Å2·s) (see Text S2), which is more
than the critical dosage previously reported for biological
molecules.4 Several observations from our experiment demon-
strating the continued linking ability of the linkers are discussed
above: the retention of the expected projected interparticle
distance for a time far longer than that for which free particles
would diffuse far apart (Figure 1b), the correlated motions in
paired trajectories (Figure 1c), the rigid linker indicated from
motion analysis (Figure 2), and the convergence of
reconstructed structure into one single 3D configuration
(Figures 3 and 4).
To further show nanoparticles are linked by dsDNA

throughout the whole and the structural integrity of the
nanoconjugate is conserved, we performed more experiments
to confirm it based upon intentional manipulation via the
electron beam. We focus the electron beam to induce huge
convection or likely drill a hole in the liquid pocket membrane.
All of the particles, no matter whether they are originally
bridged by dsDNA or not, now move toward one direction, as
the random Brownian motion is overwhelmed by solvent-
driven convection (see Figure 5A). This directional, or
superdiffusional, motion can be seen clearly from the MSD−t
curve with a slope of 1.9 (see Figure 5B). Still dimers (see

Figure 5C) differentiate themselves from single particles by
maintaining a small interparticle distance during the violent
convection process (see Figure 5 and Video S3).
The DNA linkers are vulnerable to the electron beam when

the radiation exceeds manageable dosages. In the experiments
when we exposed sample to the electron beam continuously
over a prolonged imaging time, particles originally clustered
and moving together are sometimes swept apart at a later time
(Video S4), which in turn indicates that the linker has suddenly
been broken.
We are aware that it is still an open question whether the

existence of bridging linkers between Au nanocrystals
corresponds to complete structural integrity of dsDNA in
molecular level and how the graphene wrap together with liquid
environment strive to stabilize dsDNA. More quantitative and
comparative evaluation of radiation damage for a graphene
liquid cell EM and normal EM is required and currently in
progress. But the experimental facts promise dynamic
trajectories including both position and 3D configurations for
nanoconjugates and, in the future, biological molecules brought
by graphene liquid cell.

Conclusions. We show the in situ observation of 3D
dynamics of nanocrystal-DNA nanoconjugates, and we develop
the 3D reconstruction of both the configuration and motions,
which are inaccessible with a conventional TEM technique.
Looking forward, this work opens many opportunities to study
the dynamics of biological macromolecular assemblies and
artificial nanostructures as they evolve and function in time.
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