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Introduction

Understanding the structure and dynamics of the
protein complexes that underlie cellular function is a central
scientific challenge [1]. Biochemical techniques used to
identify such complexes would be enhanced by the imaging of
specific molecular positions in the context of intact cells, with
protein-scale resolution (on the order of a few nanometers).
Currently, though, nanometer resolution can only be
achieved at the cost of less-direct imaging of the unperturbed
cell. Cellular ultrastructure is traditionally studied by
transmission electron microscopy (TEM), which yields
nanometer resolution on embedded and stained sections, or
cryo sections [2-4]. These cellular samples are neither intact
nor in their native liquid state. Light microscopy is used to
image protein distributions in fluorescently labeled cells in
liquid to investigate cellular function [5], but even recent
improvements in resolution by nanoscopy techniques [6, 7]
are still insufficient to resolve the individual constituents of
protein complexes. Thus, development of techniques capable
of high-resolution imaging in native cellular states would
contribute significantly to our understanding of cellular
function at the molecular level. The development of liquid
compartments that include electron-transparent silicon
nitride membrane windows [8] has led to the introduction of
a novel concept to achieve nanometer resolution on tagged
proteins in cells [9].

Eukaryotic cells in liquid are placed in a microfluidic
chamber, with a thickness of up to 10 um, contained between
two ultra-thin electron-transparent windows, as in Figure 1.
The specimen is then imaged with the scanning transmission
electron microscope (STEM). Due to the atomic number (Z)
contrast of the STEM, nanoparticles of a high-Z material, such
as gold, can be detected within the background signal produced
by a low-Z liquid, such as water. Just as proteins tagged with
fluorescent labels can be used to study protein distributions
in cells with fluorescence microscopy, nanoparticles that are
specifically attached to proteins [10] can be used to study
protein distributions in whole cells in liquid, but with a
much higher resolution. Liquid STEM can also be used in
combination with bimodal probes that are visible with both
fluorescence and electron microscopy, such as dye-conjugated
gold nanoparticles or semi-conductor nanocrystals known
as quantum dots (QDs) [11, 12]. An additional advantage of
electron microscopy imaging of whole cells in liquid is the
compatibility with sample preparation techniques used for
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Figure 1: The principle of liquid scanning transmission electron microscopy
(STEM). Cells kept in liquid are enclosed between two electron-transparent
silicon nitride windows. Scanning a focused electron beam over the sample
leads to the detection of elastically scattered electrons with an annular dark field
detector. Labels of high atomic number materials can thus be distinguished.
From [9].

light microscopy, that is, the absence of sectioning, freezing,
and staining.

Instrumentation

The main component of the liquid STEM system is a
microfluidic chamber comprised of two silicon microchips,
each supporting a 50 nm thick silicon nitride (SiN) window
(Protochips, Inc., NC) [13, 14]. Figure 2A shows a scanning
electron microscopy (SEM) image of the backside of a
microchip. The dimensions of the microchip were 2.00 X 2.60 X
0.30 mm, and those of the SiN window were 50 X 200 pm. Two
microchips were placed in the tip of a specimen holder for
liquid flow (Protochips Inc., NC). The sides of the microchips
were manufactured with a precision of £10 um with respect
to the SiN window position to allow precise alignment of
the windows when the two microchips were stacked. Precise
alignment of the windows in the microfluidic chamber was
needed for the electron beam to be transmitted through both
windows, and this was achieved via the use of precision-made
alignment poles in the slot of the tip (see Figure 2B). One of
the microchips contained a spacer [14], typically 6 um thick,
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Imaging Protein Labels with Liquid STEM
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Figure 2: The microfluidic chamber for liquid STEM. (A) Scanning electron microscopy image showing the backside of a
microchip with the silicon nitride window in the middle. (B) Schematic of the top view of the slot in the tip of the specimen
holder in which the microchips are placed. The microchips are aligned at their sides via alignment poles. The liquid flow
path runs through the chips. In addition, a second flow path, serving as a bypass channel, runs along the sides of the
microchips. (C) The closed tip of the specimen holder, enclosing two microchips. The light shining through the windows

indicates that both microchips are aligned. (This is not visible in the figure.)

works for TEM imaging when
a smaller spacer is used [16].

Results

Liquid STEM imaging
of EGF-Au on COS7 cells.
Liquid STEM images with
4 nm resolution were obtained
on gold nanoparticle tagged
proteins in whole eukaryotic
cells in liquid [9]. COS7 fibro-
blast cells were labeled with
10 nm gold nanoparticles con-
jugated to epidermal growth
factor (EGF). The cells were
grown, labeled, and fixed with
glutaradehyde directly on the

to allow liquid to flow between the microchips and to provide
a specimen chamber with sufficient height to contain thin
eukaryotic cells; for example, COS7 fibroblast cells. In addition,
the spacer defined a flow channel between two microchips over
their long side. Figure 2C shows the closed tip of the specimen
holder with the microfluidic chamber loaded in the interior.
Light shining through the window indicated that alignment
was achieved.

The liquid-flow specimen holder sealed the microfluidic
chamber from the vacuum of the electron microscope via the
use of O-rings. Plastic tubing connected the liquid specimen
region to a syringe pump (Harvard Scientific, MA), which
was outside of the electron microscope. Liquid was pumped
from the syringe, through the microfluidic chamber in the
tip of the holder, and back out of the microscope again.
A photograph of the system is shown in Figure 3. The
liquid STEM system consists of only three elements (the
microfluidic chamber, the specimen holder, and the pump),
transforming a standard STEM into a system for imaging
specimens in liquid. Note that the system can be used
for in situ electron microscopy of specimens in gaseous
environments at atmospheric pressure [15]. The system also

Figure 3: Photograph of the liquid STEM system including the specimen
holder and a microfluidic syringe pump. Plastic tubing connects the liquid in the
syringe with the microfluidic chamber at the tip of the specimen holder, which is
placed in the vacuum chamber of the electron microscope.

microchips. The STEM was
a 200 kv TEM/STEM (CM200, Philips/FEI, OR). Figure 4A
shows the edge of a cell that was incubated for 5 minutes with
EGF-Au. Gold labels are visible as green spots and the cellular
material as light-blue matter over the dark-blue background.
The localization of the labels at the cell edges after 5 minutes
of label incubation is consistent with the physiological
distribution of the EGF receptor, which is randomly dispersed
over the cell surface [17]. The acquisition time for Figure 4A
was 21 seconds for a 1024 x 1024 pixel image with a pixel-dwell
time of t = 20 us. The imaging speed can be increased simply
by recording smaller images. The electron dose used for one
image was 7 - 10* e-/nm?2. The achieved spatial resolution was
consistent with calculations and with results obtained on test
samples containing gold nanoparticles [18].

To observe molecular rearrangements of the EGF
receptors in the COS7 cells after ligand binding, a second batch
of cells was incubated for 10 minutes with EGF-Au and then
washed and incubated for an additional 15-minute period in
buffer. Liquid STEM images of these cells are shown in Fig-
ure 4B. Circular clusters of labels are visible, consistent with
the clustering of the EGF receptor in internalized endosomes
after receptor activation [17].

0.5 um

Figure 4: Liquid STEM images of gold-labeled epidermal growth factor (EGF)
receptors on COS7 fibroblast cells. (A) Image of the edge of a fixed COS7
cell after 5 minutes of incubation with EGF-Au. The gold labels are visible as
bright green spots on the blue background. The background shows some
detail of the edge of the cell. (B) Image of a COS7 cell incubated with EGF-Au
for 10 minutes and then incubated in buffer for an additional 15 minutes. The
signal intensity was color-coded to increase the visibility of the labels. Images
modified from [9].

18 Microscopy Topay

www.microscopy-today.com e 2011 September

ssaud Aissaaun abpuguied Aq auluo paysliand £060001 LS62615515/2101°01/B10"10p//:sdny


https://doi.org/10.1017/S1551929511000903

Imaging Protein Labels with Liquid STEM

Correlative fluorescence microscopy and liquid STEM
of QD-labeled cells. COS7 fibroblast cells were grown on
microchips, and the cells were incubated for five minutes
with EGF conjugated to QD (EGF-QD) and then fixed with
glutaraldehyde [12]. The cells were imaged on the microchip
first by light microscopy, with the microchip placed upside-
down (Figure 5) in a cell culture dish with phosphate-buffered
saline. Figure 6A shows a fluorescence microscopy image
of a window section partly covered with adhering cells. The
QD labels light up as bright spots on cells against the dark
background of cell-free regions. The cellular regions also
contain faint fluorescence from the glutaraldehyde fixative.
The microchip with cells was assembled into a microfluidic
chamber along with a chip containing a spacer layer for liquid
STEM imaging. Figure 6B shows a STEM image recorded
at the edge of the same cell shown in Figure 6A. The lower
two-thirds of the image contain bright spots of similar sizes,
which we associate with the presence of QDs. The separation
line between regions with and without QDs is interpreted as

Microchip with cells
Glass bottom
culture dish

Lens

Figure 5: For imaging with light microscopy, prior to liquid STEM imaging, one
of the microchips with the attached cells was placed upside down in a glass
bottom culture dish and imaged using an oil-immersion lens. From [12].

Immersion oil

200 nm

Figure 6: Correlative light microscopy and liquid STEM of intact fixed
eukaryotic cells in saline water. (A) Red fluorescence signals from COS7 cells
with QD-labeled EGF receptors. Some unspecific fluorescence from the fixative
is also visible. The thin line at the left indicates the location of the silicon nitride
window. (B) Liquid STEM image of the region indicated with a square in (A).
Individual QDs along the edge of the cell can be discerned as green spots
on a blue background. Some debris is also visible. The magnification was
M = 48,000. The signal intensity was color-coded to increase the visibility of the
labels. Figure modified from [12].
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cell edge. Some debris left over from the microchip fabrication
process is visible as well.

Localizing the same region in both light and electron
microscopy images often requires dedicated procedures
in correlative microscopy [19, 20]. For liquid STEM the
localization was accomplished with a simple procedure. The
positions of features in the fluorescence image were measured
with respect to the frame of the SiN window, faintly visible
in Figure 6A as a thin line. With the sample in the STEM,
the position of one corner of the SiN window was located
first. The stage position at this point was recorded and the
scan rotation was aligned such that the scan direction of
the electron beam ran parallel to the short side of the SiN
window. During STEM imaging, the stage position of each
image was recorded and correlated with the previously
determined frame position of the SiN window. The position
of Figure 6B corresponds to the square in Figure 6A. The
position of the square in the fluorescent image is indeed at
the edge of the cell.

Discussion

The spatial resolution achieved with liquid STEM of 4 nm
and better on labeled proteins is on the order of the size of
individual proteins. The high spatial resolution of liquid
STEM obtained on sample volumes compatible with whole
eukaryotic cells is not achievable with a liquid cell for
TEM imaging [8] because the TEM contrast mechanism
limits high-resolution imaging to a thickness of about
0.5 m. In the case of thin and weakly scattering samples,
TEM vyields a better resolution than STEM [21], but for the
case of whole cells, STEM offers a particular advantage
when imaging high-Z labels [22]. Imaging back-scattered
electrons with a scanning electron microscope (SEM) from
a specimen in liquid separated from the vacuum by a thin
membrane [23, 24] provides a resolution of 8-20 nm on gold
labels, but this is a surface technique that images only the
top ~0.1 um of the sample. The resolution of liquid STEM
also surpasses alternative approaches, such as the imaging
of cooled cells in water vapor using an environmental TEM
[25, 26], environmental SEM with a STEM detector [27], or
X-ray microscopy [28].

For fixed samples, liquid STEM presents a novel alternative
to fluorescence microscopy. The resolution of liquid STEM
is a factor of 50 higher than that of confocal microscopy.
Current ultra-high-resolution optical methods include
stimulated emission depletion (STED) [6, 29], photo-activated
localization microscopy (PALM) [7], and stochastical optical
reconstruction microscopy (STORM) [30]. Those techniques
can obtain fluorescence images with a sub-diffraction spatial
resolution of about 30 nm for practical imaging conditions
of cells [31]. However, this length scale is still not sufficient to
resolve the constituents of protein complexes, and the number
of available orthogonal labels is limited.

The achieved spatial resolution of liquid STEM can be
used to study protein distributions in cells and is sufficient
to discriminate nanoparticles differing in size, shape, and
electron density for multi-label experiments. A high-resolution
liquid STEM image can thus provide information about
the constituents of protein complexes with the context of
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an intact fixed cell in liquid. Currently, liquid STEM is
limited to surface proteins and proteins that internalize,
but strategies for labeling intracellular proteins with high-Z
labels [32, 33] may be used to label intracellular proteins in
the future. Fluorescence microscopy may be used to monitor
tagged proteins in living cells to determine the desired time
point of the fixation, such that a specific state of the cell can
subsequently be studied with liquid STEM; initial results
show that liquid STEM of unfixed cells is also feasible [34].
By repeating the experiment, bringing the cells into different
functional states, liquid STEM can be used to study cellular
function at the level of protein complexes via a direct method.
This should lead to a broad range of applications in biomedical
research.

Conclusions

Liquid STEM is capable of imaging individual gold
nanoparticles, labeling specific proteins in cells, as well as
QDs labels, used for correlative fluorescence and electron
microscopy. The sample preparation method for liquid
STEM is similar to standard methods employed for light
microscopy, with the difference that high-Z nanoparticle labels
are needed to provide contrast in STEM. The images reveal
the locations of protein labels with high resolution, while the
biological structure is visible with less contrast, as is the case
in fluorescence microscopy. Liquid STEM has a key advantage
over state-of-the-art TEM: Cells are labeled live and then fixed.
After this point, no further sample processing is required.
Thus, artifacts often introduced by dehydration, post-staining,
freezing, or sectioning are avoided. Liquid STEM combines
some of the functionality of light microscopy with the
resolution of electron microscopy.
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