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Abstract: Liquid cell transmission electron microscopy (LCTEM) provides a unique insight into the dynamics of
nanomaterials in solution. Controlling the addition of multiple solutions to the liquid cell remains a key hurdle in
our ability to increase throughput and to study processes dependent on solution mixing including chemical
reactions. Here, we report that a piezo dispensing technique allows for mixing of multiple solutions directly within
the viewing area. This technique permits deposition of 50 pL droplets of various aqueous solutions onto the liquid
cell window, before assembly of the cell in a fully controlled manner. This proof-of-concept study highlights the
great potential of picoliter dispensing in combination with LCTEM for observing nanoparticle mixing in the
solution phase and the creation of chemical gradients.
Key words: liquid cell transmission electron microscopy, TEM sample preparation, dispensing organic
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I NTRODUCTION
Liquid cell transmission electron microscopy (LCTEM) is
bringing about a paradigm shift in the analysis of nanomaterials in solution. For the ﬁrst time, we can use electron
microscopy to not only characterize critical features including particle size and morphology, but to observe liquid-phase
dynamics, in real-time with nanometer resolution
(Williamson et al., 2003; de & Ross, 2011). LCTEM has
shown great potential for advancing our understanding of
nanoparticle growth (Zheng et al., 2009b; Evans et al., 2011;
Woehl et al., 2012; Liao & Zheng, 2013; Liao et al., 2014;
Woehl et al., 2014; Patterson et al., 2015a; Smeets et al.,
2015), and particle–particle interactions (Chen et al., 2015a).
There has been a particular focus on inorganic nanocrystalline materials such as Au, Pt, and Pd because they provide
high contrast and the ability to undergo electron beaminduced growth via radiolysis and metal complex reduction
of precursor solutions during the imaging experiments
(Evans et al., 2011; Liao & Zheng, 2013; Liao et al., 2014;
Woehl et al., 2014). However, increasingly other materials,
including ones containing organic components (Proetto
et al., 2014) and having low contrast, are being studied.
In a typical LCTEM experiment, a liquid sample is deposited
onto the surface of a ﬂat silicon nitride chip (ca.
2.5 × 2.5 mm2) and subsequently sealed off to prevent exposure to the internal vacuum of the electron microscope. The
seal is made by placing a second chip on top of the solution
and enclosing the chips within a LCTEM holder (de & Ross,
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2011). Therefore, the liquid thickness of the cell is set by the
size of nanoparticles within the sample, which physically
hold the chips apart. If a thicker cell is required, so-called
“spacer-chips,” which have raised columns on the silicon
nitride surface, can be used to physically separate the two
silicon nitride surfaces. These spacer-chips allow for the cells
to be assembled “in air” (no liquid initially between the
chips), and to then ﬂow external liquid into the window
region of the cell after insertion in the microscope. Although
many reports discuss the great potential of LCTEM for the
study of nanoparticle systems formed through the mixing of
solutions containing various required components or conditions (de & Ross, 2011; Chen et al., 2015b), there has been
no demonstration whereby two solutions have been mixed
within the viewing windows of the liquid cell, largely due to
technical limitations in dispensing and circulating separate
liquids within the conﬁned nanoliter volumes typical of the
cells. Furthermore, although several holder designs allow the
ﬂow of multiple liquids into the tip region of the LCTEM
holder using inlet/outlet lines, mixing of the liquids by this
method occurs in the collection wells before the mixture
reaching the window region of the cell (Nielsen et al., 2014).
This inability to control the location and extent of liquid
mixing signiﬁcantly limits our ability to study how chemistry
manifests itself on the nanoscale using LCTEM. For example,
nanoparticles formed through block copolymer assembly are
typically synthesized through a solvent mixing process
(Choucair & Eisenberg, 2003; Mai & Eisenberg, 2012;
Proetto et al., 2014; Barnhill et al., 2015), whereby particle
assembly occurs within seconds of reaching a certain mixing
ratio, which is followed by a period of particle relaxation
(Barnhill et al., 2015). Unless solution mixing is initiated
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directly in the window region and in the transmission
electron microscopy (TEM) ﬁeld of view, initial particle
assembly cannot be observed. Furthermore, we recently
studied the formation of a ZIF-8 metal-organic-framework
(MOF) system, which again occurs through solution mixing
(Patterson et al., 2015a). Due to our inability to mix the
components directly in the viewing region of the cell, we
miss the initial stages of particle formation, which can occur
within the ﬁrst 15 s(Cravillon et al., 2011).
In this paper, we demonstrate that picoliter drop-ondemand dispensing can be used to controllably load multiple
samples onto a single liquid cell window or a cell with an
array of windows, which provides the potential to pattern
samples for both high-throughput liquid cell experiments, as
well as to perform mixing of multiple different solutions
inside the cell. We demonstrated this concept by dispensing
and imaging solutions of two types of crystalline particles
amenable to selected area diffraction for veriﬁcation of
structure during LCTEM. The two particles were also chosen
to be morphologically distinguishable by TEM imaging.
Therefore, we employed gold nanoparticles (AuNPs) and
nanocrystals of the MOF UiO-66 (Patterson et al., 2015a).
These two particle types were dispensed onto a single liquid
cell window where initial mixing occurs upon assembly of
the cell and continues through diffusion of the components
during in situ LCTEM imaging. We propose that the
LCTEM technique presented here will open the door for
in situ nanomaterial synthesis studies that require the mixing
of precursor solutions directly in the viewing area, and for
studies of responsive nanomaterials that undergo dynamic
transformation upon changes in solution conditions and/or
constituents.

M ATERIALS AND M ETHODS
TEM was performed on a FEI Sphera microscope (FEI,
Hillsboro, OR, USA) operated at 200 keV. Micrographs were
recorded on a 2 × 2 K Gatan charged-coupled device (CCD)
(Gatan Inc., Pleasanton, CA, USA). Movies were recorded at
dose rates between 15.0 e nm2/s (6.7 × 105 Gy/s) and 0.2 e
nm2/s (1.2 × 105 Gy/s). UiO-66 was synthesized and characterized as previously reported (Patterson et al., 2015a), and
dispersed in water at 5 mg/mL. A quantity of 20 nm AuNPs
were purchased from BB International (www.british-biocell.
co.uk), EM.GC20, and used as received. LCTEM experiments were carried out with a Hummingbird Scientiﬁc
Liquid Flow TEM Holder (Hummingbird Scientiﬁc, Lacey,
WA, USA). Drop-on-demand dispensing was performed on
a SciTEM (SCIENION AG, Berlin, Germany). The SciTEM
is a liquid-handling platform designed for dispensing
volumes as low as 35 pL with a lateral precision of ±2 μm.
These capabilities enable the user to spot up to 10 × 10
individual spots on a single TEM grid (dimension 1 mm2).
The spot positions can be easily positioned using a multipoint touch screen and optical camera system speciﬁcally
designed to recognize TEM grids. All steps are captured and
recorded by three independent cameras: the DropCam

controls drop formation, stability, and volume; the GlobalCam enables intuitive selection of the target grids; and the
high-resolution HeadCam allows precise ﬁducial-aided drop
positioning. Unlike other picoliter printing systems, the
SciTEM’s unique nozzle design, which is made of medicalgrade borosilicate glass, exhibits a round oriﬁce with no
edges. This eliminates the onset of crystallization, minimizing the chance for drop deviation. The nozzles have an oriﬁce
ranging between 50 and 80 μm, depending on the nozzle
type. This allows the SciTEM to dispense both nanomaterials
and microstructures up to 20 μm in diameter without clogging (i.e., carbon nanotubes, catalysts, and quantum dots). In
contrast to other dispense technologies, SCIENION’s dispensers do not impose a strong shock wave on the sample
and thus create minimal shear forces: for example, living
eukaryotic cells can be dispensed without altering their viability. All liquid-handling parts are composed of inert
materials: PEEK®, Teﬂon®, and glass. The liquid phase can be
freely changed from aqueous to organic solvents to allow
printing of aqueous and organic samples, respectively. Four
coatings have been developed to modify the nozzle’s surface
energy to enable stable drop formation of various sample
types without the need to change the sample properties. The
SciTEM can dispense solutions within a viscosity range of
0.4–6 mPa.s.

RESULTS

AND

DISCUSSION

Dispensing of low-volume liquids has been used for many
scientiﬁc applications including high-throughput mass
spectrometry analysis (Aerni et al., 2006), low-volume
synthesis (Wixforth et al., 2004), the preparation of materials through inkjet printing of polymer/inorganic materials
(Calvert, 2001; de Gans et al., 2004; Tekin et al., 2008), and
biosensing applications (Li et al., 2015). The development of
these approaches is of interest to the ﬁeld of LCTEM for their
ability to fully automate the dispensing of nano- or picoliter
volumes of liquid in a controlled manner. The SciTEM used
in this work is an automated picoliter drop-on-demand
dispensing instrument capable of recognizing and aligning
TEM grids to be decorated with multiple and varied samples
by dispensing liquid droplets down to 35 pL and allowing
them to dry directly on the grid. Depending on the surface
hydrophobicity of the substrate, droplets will either spread
over large areas or remain as high-contact angle ellipsoids.
Typically, an array of such low-volume droplets on a
hydrophobic surface (e.g., silicon nitride) will evaporate
within a few seconds (and even faster for hydrophilic surfaces), much too quickly to allow sealing of the liquid cell
after deposition without complete or signiﬁcant dehydration
of the samples. However, if an array of water droplets is ﬁrst
dispensed around the sample area, the evaporation of these
water droplets creates a local high-humidity microenvironment, greatly reducing evaporation rates of the sample
droplets (Fig. 1, Supplementary Movie 1). This method of
controlled water array dispensing to create stable droplets
of sample solution, which persist for ~1 min, provides
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Figure 1. Optical images of Hummingbird Scientiﬁc 200 nm spacer-chips with a single 50 nm thick, 200 × 50 μm
window (a–c) and a Norcada 10 nm thick 100 × 100 μm, nine window array (d–f), showing the windows predeposition
(a,d), postdeposition of pure water to create a high-humidity environment (b,e) and postdeposition of 20 nm gold
nanoparticles (yellow) and 200 nm UiO-66 (blue) (c,f).

sufﬁcient time to seal the liquid cell and ensure that the
samples remain hydrated. We note, however, that this could
also be achieved by dispensing onto substrates inside a
controlled humidity chamber, and work is underway to
develop this additional capability into the SciTEM.
Supplementary Movie 1
Supplementary Movie 1 can be found online. Please visit
journals.cambridge.org/jid_MAM.

Various array designs can be imagined, utilizing different TEM grids, in order to dispense multiple picoliter sample
volumes onto a single channel for controlled mixing
(Figs. 1a–1c) or, to dispense multiple separate samples onto a
single grid for high-throughput analysis (Figs. 1d–1f). In a
proof-of-concept demonstration, we used this method to
observe progressive diffusion mixing of a 20 nm AuNP
solution and a MOF UiO-66 solution (both in H2O). For the
initial test, after dispensing the array (Fig. 1c), the solution
droplets were left to dry (Supplementary Movie 1) and
the window was imaged under vacuum to show full separation of the AuNPs and MOF nanoparticles (Fig. 2), that
match very well the optical images of the dispensed droplets
(Fig. 1c). Particle type was conﬁrmed both by imaging the
morphology and size of the particles and via selected area
diffraction (Fig. 2). This demonstrates that even with

conventional, commercially available liquid cell chips, two
different liquid samples can both be dispensed over the
imaging window (200 × 50 μm) while still being isolated
from each other before sealing the holder, at which point
mixing would be initiated due to the lateral spreading of
each droplet.
To create a hydrated liquid cell for in situ TEM observation, we dispensed picoliter droplets of the two samples
onto a single chip using the same two sample array and
200 × 50 μm imaging window (Fig. 1c), intending to quickly
seal the cell before sample evaporation. The sample and
water droplets were all dispensed within a 2-min time period,
and the cell was sealed in the liquid stage tip ~20 s after the
two sample droplets were dispensed. At the moment of
sealing the sample droplets under the top chip, both droplets
were visually still hydrated on the bottom chip surface. For
this experiment, the droplets were dispensed onto a 200-nm
height spacer-chip, and the cell was sealed with a ﬂat chip
(windows aligned parallel) in order to set the liquid thickness
to roughly the same as the MOF nanoparticles (200 nm). The
spacer-chip was not subjected to plasma treatment to avoid
the droplets spreading immediately after dispensing. However, the ﬂat chip was plasma treated to help the spreading of
the liquid upon sealing the cell and to create a mixing front
within the window. Due to the surrounding water droplets,
which create the high-humidity environment, sealing the cell
is also likely to create some dilution in the NP solutions.
However, for this experiment, demonstration of mixing was
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Figure 2. Transmission electron microscopy images of 200 nm UiO-66 (blue, left column) and 20 nm gold nanoparticles (AuNPs) (yellow, right column) dispensed onto a single window on a liquid cell and allowed to dry (chip from
Figs. 1a–1c). The tall and narrow center image is a low-magniﬁcation image of the entire window area of the chip from
Figure 1c after the deposited liquid droplets have completely dried at ambient conditions. The images in the left and
right columns show clear separation between the UiO-66 and AuNPs, solvent edges for each solution are indicated by
blue and yellow lines. The structures of each nanoparticle are also conﬁrmed by selected area electron diffraction.
Dashed line boxes indicate the regions where the top row images were recorded on the window. The small circles indicate the regions where the center row images and corresponding diffraction patterns were acquired. Note the difference
in scale bars for selected area electron diffraction (SAED) patterns which is indicative of the large difference in Au and
metal-organic-framework (MOF) lattice spacing.

the aim, rather than loading particles of a speciﬁc concentration. The liquid cell was then loaded into the microscope to start imaging within 7 min of sealing the cell. The
imaging was performed intermittently at electron doses
between 15.0 e nm2/s (6.7 × 105 Gy/s) and 0.2 e nm2/s
(1.2 × 105 Gy/s) in order to limit beam damage. We have
previously shown these dose rates are low enough to prevent
beam damage to the MOFs (Patterson et al., 2015a), which
are the more beam-sensitive materials in the experiment. We

therefore believe that the beam has no effect on particle size
or morphology, although some charging of the particles is
likely to occur.
Initial imaging of the cell (Fig. 3) showed discrete areas
of MOF nanocrystals at the “top” of the cell (Figs. 3a–3c),
AuNPs at the “bottom” of the cell (Figs. 3e, 3f), and an area
with initial mixing of the two components at the center of the
cell (Fig. 3d). After ~30 min following cell assembly, we
observed AuNPs (based on their distinctive size, morpho-
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Figure 3. Transmission electron microscopy (TEM) images of a liquid cell sealed immediately after dispensing 200 nm
UiO-66 (blue) and 20 nm gold nanoparticles (AuNPs) (yellow) onto opposite ends of the single window. The images
show clear separation of the UiO-66 (a–c) with Au (e,f) as well as an initial mixing front (green) (d). t is the time after
sealing the liquid cell. The tall narrow graphic in the center is a qualitative scheme of the liquid composition within the
window region as observed over the ﬁrst 20 min after sealing the cell. Yellow is pure AuNPs, blue is pure UiO-66
metal-organic-framework (MOF), and green is a mixed composition of Au and MOF. Labeled squares indicate the
position on the window area where the respective TEM images (a–f) were acquired.

logy, and contrast) at the top of the cell mixed with the MOF
nanoparticles (Fig. 4) indicating AuNP migration across the
cell. The number of detected AuNPs at the top of the cell
continued to increase over time during our observation. This
observed movement/mixing is much slower than would be
expected based on bulk diffusion of these nanomaterials, but
is consistent with other recent work studying AuNP
dynamics in a similar LCTEM assembly (Verch et al., 2015;
Woehl & Prozorov, 2015). It is well known that near surface
effects in the liquid cell can dramatically reduce diffusion
rates (Zheng et al., 2009a; Proetto et al., 2014). Motion of
individual AuNPs was observed, as well as their adherence to
the surface of the MOFs, clear indicators of a fully hydrated

cell (Supplementary Movie 2). No migration of MOF particles was observed to the bottom end (i.e., the location initially patterned with AuNPs) of the liquid cell. We recently
reported that assembly of the liquid cell immediately after
plasma treatment (as in these experiments) resulted in the
observation of MOF particles stuck to the liquid cell windows, however, assembly of the cell 1–2 h post plasma
treatment resulted in signiﬁcant motion of particles inside
the cell (Patterson et al., 2015a). Therefore, the lack of
motion observed here was likely due to either their adherence to the plasma-treated SiNx membrane and/or to their
large size (roughly equal to the spacer height). Controlling
particle motion inside the cell is of paramount importance
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Figure 4. Transmission electron microscopy (TEM) images of the same liquid cell in Figure 3, after full diffusion and
mixing of the UiO-66 (blue) and gold nanoparticles (AuNPs) (yellow) had occurred. The images show signiﬁcant diffusion of Au into the UiO-66 end of the cell (a–e) and little or no diffusion of the metal-organic-frameworks (MOFs)
into the Au end of the cell (f). t is the time after sealing the liquid cell. The tall narrow graphic in the center is a qualitative scheme of the liquid composition within the window region as observed 30 min after sealing the cell. Yellow is
pure AuNPs, blue is pure UiO-66 MOF, and green is a mixed composition of Au and MOF (now the primary composition). Labeled squares indicate the position on the window area where the respective TEM images (a–f) were acquired.
Image (c) was acquired at the same location as (b), 90 s later. Yellow circles in (c) indicate AuNPs that have diffused
into the ﬁeld of view and stuck to the top or bottom window during the 90-s time period from image (b).

for the observation of dynamics. Particles moving too
quickly will not be able to be observed, either due to their
motion exceeding the maximum framerate of the CCD
camera, or due to decreased signal-to-noise when using high
framerates. However, if particle motion is too slow, then the
timescales over which mixing or dynamic process (e.g.,
particle collisions or interactions) will occur would exceed
the threshold timescales related to beam damage. Further
work in controlling particle and indeed small molecule
motion in the cell is clearly needed (Patterson et al., 2015b).
This should involve not only differences in plasma coating

times, intensities, and surface aging, but also more permanent surface coatings and functionalization. Furthermore,
detailed experiments involving controlled liquid thickness
and beam doses are required. However, once this is achieved,
controlled motion combined with the mixing procedures
outlined here, would enable much more detailed experiments involving solution mixing and chemistry inside the
cell. The ability to spot two different liquids at μm-scale
separation distances on LCTEM chips greatly improves the
probability for solution mixing over the viewing window for
directly observing chemical reactions by LCTEM, and can
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help overcome the limitations associated with sub-diffusion
motion of nanomaterials inside liquid cells, shortening the
imaging times (radiolysis doses) required to observe particle
migration and mixing.
Supplementary Movie 2
Supplementary Movie 2 can be found online. Please visit
journals.cambridge.org/jid_MAM.

CONCLUSION
These experiments demonstrate that automated picoliter
drop-on-demand dispensing, combined with automated grid
recognition and alignment in the SciTEM instrument, can be
used to mix multiple solutions within the liquid cell, allowing
assembly of liquid cells to observe nanoparticle migration
and interaction, and potentially chemical reactions, while
imaging in the microscope. Furthermore, using this dispensing technology and imaging strategy, one can conceive of
many array designs where the mixing time of multiple different solutions could occur within one experiment. From a
fundamental standpoint, technology for controlling the dispensing of low liquid volumes is essential for the advancement of LCTEM and this proof-of-concept shows the great
potential to perform direct solution mixing and/or highthroughput in situ experiments. We intend this study as an
initial demonstration of an approach that should enable
researchers to study processes involving mixing of materials
and/or reagents. In addition, the work should set the stage
for the design and fabrication of novel chip designs to fully
take advantage of picoliter dispensing techniques in combination with automated grid alignment in order to controllably load and mix solutions within the liquid cells.
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