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cellular imaging 兩 molecular labels

U

nderstanding cellular function at a molecular level requires
imaging techniques capable of imaging whole cells with a
resolution sufficient to image individually tagged proteins. Electron microscopy and X-ray diffraction are traditionally used to
resolve the structures of individual proteins and to image
proteins distributions in cells (1). Imaging with these techniques
demands extensive sample preparation to obtain, e.g., proteins
crystals, stained thin sections, or frozen samples. The cells are
thus not in their native liquid state. Light microscopy is used to
image protein distributions via fluorescent labels on fixed cells
in liquid and in live cells to investigate cellular function (2).
Superresolution techniques surpass the diffraction limit in optical microscopy (3–6), but despite recent advances, these methods are still restricted to spatial resolutions ⬎10–20 nm. Further,
their optimal performance requires extended imaging times, and
significant data postprocessing. The speed can only be increased
at the cost of resolution.
Here, we describe a direct technique for imaging whole cells
in liquid that offers nanometer spatial resolution and a high
imaging speed. The principle is explained in Fig. 1. The eukaryotic cells in liquid are placed in a microfluidic flow cell with a
thickness of up to 10 m contained between 2 ultrathin electron
transparent windows. This flow cell is placed in the vacuum of
a STEM, using a fluid specimen holder. The annular dark field
(ADF) detector in the STEM is sensitive to scattered electrons,
which are generated in proportion to the atomic number (Z) of
the atoms in the specimen (7, 8), so-called Z contrast, where the
contrast varies with ⬇Z2. It is thus possible to image specific
high-Z atoms, such as gold, inside a thick (several micrometer)
layer of low-Z material, such as water, protein, or the embedding
medium of a thin section (9). We used this approach to raster
image single gold-tagged epidermal growth factor (EGF) molecules bound to cellular EGF receptors on fibroblast cells with
a spatial resolution of 4 nm and a pixel dwell time of 20 s.

5 min with EGF-Au. Gold labels are visible as bright spots and
the cellular material as light-gray matter over the dark gray
background. Bright spots vary in size from 2 to 5 pixels. The
broader spots are generally dimmer, thus suggesting that these
spots represent labels that were not at the vertical position of the
focus in the sample. The density of the gold labels at the edge of
the cell is a factor of 10 larger than in the dark background
region, indicating specific labeling. Individual labels are scattered over the cell apart from several clusters containing 2 or 3
labels and up to a maximum of 9 labels. Images were recorded
at 11 different positions at cell edges and data were also recorded
for two other flow cells, showing similar results (data not shown).
The localization of the labels at the cell edges is consistent with
EGF receptors dispersed along the cell surface after 5 min of
label incubation (10). A fraction of 0.42 of the electron beam was
scattered by an angle larger than 70 mrad into the ADF detector.
The time needed to image Fig. 2 A was 21 s for a 1,024 ⫻ 1,024
pixel image with a pixel dwell time of 20 s.
To observe molecular rearrangements in the COS7 cells, the
cells were incubated for 10 min with EGF-Au followed by
additional 15-min incubation in buffer. Liquid STEM images of
these cells are shown in Fig. 2B. Circular clusters of labeled EGF
receptors are visible. Imaging of a second flow cell with cells
treated with the same protocol provided a similar result (data
not shown). Sharp-edged gold labels are visible in the cluster at
arrow 1, whereas the labels in the cluster at arrow 2 appear
blurred and cannot be distinguished as individual labels, indicating that cluster 2 is out of the vertical plane of focus. The
observation of circular clusters of labels at different vertical
positions in the cell indicates that the labels were internalized.
Circular clusters were not found in cells that were fixed after 5
min of incubation, where labels occurred individually, or in small
groups of 2 - 9 labels (see Fig. 2 A and Figs. S1–S4). The
clustering of the EGF receptors and internalization of the labels
is consistent with the known behavior of EGF-activation of EGF
receptors, which cluster as internalized endosomes upon receptor activation (10). These images showed less contrast of the gold
labels than in Fig. 2 A. The detector semiangle was increased to
94 mrad to optimize the visibility of the labels. In this case, a
fraction of 0.37 of the electron beam was scattered into the
detector.
After STEM imaging, the f low cell used for Fig. 2 A was
opened and inspected for the presence of liquid, which was
verified visually. The sample was then dried in air and imaged
in the STEM (Fig. 2C). The fraction of electrons scattered into
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Results
COS7 fibroblast cells were labeled with 10-nm gold nanoparticles conjugated with epidermal growth factor (EGF-Au). The
cells were grown, labeled, and fixed directly on the silicon nitride
windows. Fig. 2A shows the edge of a cell that was incubated for
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Single gold-tagged epidermal growth factor (EGF) molecules
bound to cellular EGF receptors of fixed fibroblast cells were
imaged in liquid with a scanning transmission electron microscope
(STEM). The cells were placed in buffer solution in a microfluidic
device with electron transparent windows inside the vacuum of
the electron microscope. A spatial resolution of 4 nm and a pixel
dwell time of 20 s were obtained. The liquid layer was sufficiently
thick to contain the cells with a thickness of 7 ⴞ 1 m. The
experimental findings are consistent with a theoretical calculation.
Liquid STEM is a unique approach for imaging single molecules in
whole cells with significantly improved resolution and imaging
speed over existing methods.
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Fig. 1. The principle of liquid scanning transmission electron microscopy (STEM). (A) A cell in liquid is enclosed between 2 electron-transparent windows of
silicon nitride. Images are obtained by scanning a focused electron beam over the sample and detecting the elastically scattered electrons with an annular dark
field detector. Labels made of a high atomic number material can be distinguished. (B) A microfluidic flow cell is formed from 2 silicon chips with silicon nitride
windows spaced by microspheres. (C) The flow cell is placed in the vacuum of the microscope, using a fluid holder. The dimensions are not in proportion; in a
typical experiment, the flow cell has a thickness of 10 m, and the distance between the flow cell and the detector is 84 mm.

the detector was ⬍3%, which is much less than for the liquid
samples and is expected for a dry sample in the absence of a
liquid layer. A further difference between the dry sample and
the liquid sample is the much stronger contrast on the cellular
material in the dry sample. The white shades in the image show
the edge of the dried cell, and the gold labels are still visible
as brighter spots. Several other features are visible on the
silicon nitride membrane, such as salt crystals and other
debris.
To measure the resolution of liquid STEM imaging, we
examined several EGF-Au nanoparticles (Fig. 3 A and B). The
line-profile over an individual gold nanoparticle is shown in
Fig. 3C. As measure of the resolution, we determined the width
in which the signal rose from 20% to 80%, i.e., the 20 – 80%
edge width. Averaged over 5 gold nanoparticles, this value was
determined to be 3.9 ⫾ 0.4 nm, using both the left and right
sides of the peak. The diameter of the electron probe in
vacuum for these images is 1 nm, but the probe beam is
broadened by interactions of the electron beam with the liquid.
In addition, the scattering function depends on both the shape
and electron density of the individual gold nanoparticle. The
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shape of the electron probe beam and the electron scattering
probability affects the line-profile. Because the measured
value contains both of these contributions, it can be concluded
that the resolution of STEM with our liquid f low cell is 4 nm
or better.
The contrast obtained with liquid STEM on labels is reduced
when the vertical position of the label is further down in the
liquid because of electron-sample interactions leading to beam
blurring. A test sample with gold nanoparticles on the bottom
silicon nitride window was prepared to measure the effect of
beam blurring (see Fig. S5). It was found that 10-nm diameter
gold nanoparticles could still be imaged with sufficient contrast below 1.3 m of water. A line-scan of a 10-nm gold
nanoparticle (Fig. 3D) revealed a decreased signal-to-noise
ratio. However, the 20 – 80% edge resolution amounted to
4.5 ⫾ 0.5 nm, which is equal within the error of the measurement to the resolution of 4 nm measured in upper regions of
the liquid.
For comparison of the resolution obtained with liquid
STEM with the resolution of confocal laser microscopy COS7
cells were incubated for 5 min with quantum-dot-labeled

C

Fig. 2. Liquid STEM images of COS7 fibroblast cells labeled EGF-Au. (A) Image of the edge of a fixed COS7 cell after 5-min incubation with EGF-Au. The labels
are visible as bright spots and the cellular material is shown as light-gray matter on a dark-gray background. The pixel size was 5.7 nm. (B) Image of a COS7 cell
incubated with EGF-Au for 10 min and incubated in buffer (without EGF-Au) for an additional 15 min. The pixel size was 4.4 nm. (C) Image of the sample used
in A recorded after the flow cell was opened and the sample was dried in air. The pixel size was 8.9 nm. Note that the salt of this sample was not removed.
2160 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0809567106
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Theory of Liquid STEM Imaging. The STEM images of the annular
dark field (ADF) detector are primarily formed by electrons that
are elastically scattered on the atoms in the specimen. The
number N of electrons scattered into the ADF detector with
semiangle ␤ can be calculated using the partial cross section for
elastic scattering (␤) (12). For a certain thickness of the
material T, this number is given by:
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with N0 being the number of incident electrons, mean-freepath length for elastic scattering l, mass density , the atomic
weight W, and Avogadro’s number NA. The partial cross
section for elastic scattering can be estimated by integration of
the differential cross section d  /d⍀ assuming a simple
screened Rutherford scattering model based on a Wentzel
potential (12):
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with electron accelerating voltage U (in V), atomic number Z, aH
the Bohr radius, m0 the rest mass of the electron, c the speed of
light, h Planck’s constant, and e the electron charge.
The images Figs. 2 A and 3A were recorded with ␤ ⫽ 70 mrad
and U ⫽ 200 kV. For these instrument settings, we find that
lgold ⫽ 73 nm. For the water medium it follows that lwater ⫽ 10.5
m, using the average Z number of water of 4.7 (13). The
fraction of N/N0 ⫽ 0.42 was measured (ratio of detector currents
for wet and dry sample). Using Eq. 1, the fraction can be
translated into a thickness T ⫽ 5.7 m of the water layer. For Fig.

C

Fig. 4. Confocal laser microscope images of fixed COS7 cells incubated for 5 min with EGF- Qdot 655. The pixel size was 140 nm. (A) Overlay of the fluorescent
image and the image obtained with differential interference contrast (DIC). (B) Magnified image of the same group of cells as in A indicating EGF binding at
the surface of the cell and showing the maximal useful resolution of the confocal microscope. (C) Further magnified image of B, resulting in an image of the
same size as Fig. 3A obtained with liquid STEM, demonstrating the difference in resolution between confocal laser microscopy and liquid STEM.
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epidermal growth factor. The optical resolution of the smallest
single points (consistent with the brightness of single quantum
dots in our instrument) was ⬇200 nm as expected for the 40 ⫻
1.3 NA objective lens and 1 airy unit confocal pinhole diameter
(11). Fig. 4A shows the combined images obtained with
f luorescence signals and with differential interference contrast (DIC). Quantum dots are visible at the edges of the cells.
Fig. 4B shows a close-up of the f luorescent labels and demonstrates that it is not possible to elucidate whether the bright
spots are generated by individual labels or by clusters with the
available resolution. For comparison between confocal laser
microscopy and liquid STEM a second close-up is shown in Fig.
4C, that is the same image size as Fig. 3A. The resolution of
liquid STEM is superior to that of confocal microscopy by
more than a factor of 50.
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Fig. 3. Resolution in Liquid STEM. (A) Image of a COS7 cell edge labeled with EGF-Au. The pixel size was 2.9 nm. (B) Magnified image of area in A showing
the individual labels. (C) Line-scan of the detector signal as function of the position over a single gold nanoparticle indicated by the line ‘‘c’’ in B. (D) Line-scan
over a gold nanoparticle of 10 nm diameter at the bottom of 1.3 m liquid (10% PBS buffer in water) in a test sample without cells. The pixel size was 0.91 nm.
See also Fig. S5.

2B the settings were different and ␤ ⫽ 94 mrad. The fraction of
N/N0 was 0.37, corresponding with a water layer of T ⫽ 8.6 m.
This calculation provides values of the thickness of the sample
that agree with the thicknesses of the cells measured with the
confocal microscope of 7 m within 20%.
The calculated thickness of T ⫽ 5.7 m obtained from images
at the edges of cells is smaller than the thickness that would be
expected on the basis of the spacer between the 2 silicon chips
formed by polystyrene microspheres of 10 m at the 4 corners
of the chips. A possible explanation of this discrepancy is a
compression of the microspheres and a minor deformation of the
silicon chips as a result of the pressure applied by the lid of the
fluid specimen holder to maintain a vacuum seal by the O-rings
(note that the silicon nitride windows bulge outside into the
vacuum). The salt concentration was neglected in this calculation, because 10% PBS buffer would increase l by ⬍1% and thus
the calculation of the liquid surrounding the cells, using water
only is of sufficient precision.
We will now calculate the resolving power of liquid STEM,
which can be considered as the sample-limited resolution.
When the electron beam is scanned over a gold nanoparticle
with thickness z in a water layer with thickness T, the ADF
detector receives both the electrons scattered by the particle
and those scattered from the water, resulting in Nsignal electrons (12).
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For our experiment, z amounts to 10 nm and T varies from 5–10
m; therefore, we can assume that T ⫺ z ⬇ T and that both z/lgold
and T/lwater are small numbers. Using the first-order Taylor
expansion of the exponential function, we can thus write:
Nsignal ⬵ N 0
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When the beam is shifted just from the particle, the detector
receives only Nbkg background electrons:
Nbkg ⬵

N 0T
.
l water

[6]

The key issue in the detection of a gold particle is to ‘‘see’’ it with
sufficient electrons such that it ‘‘lights-up’’ above the noise in the
background signal produced by the water. In other words, it has
to be detected at a sufficient confidence level. Assuming 100%
detection efficiency and assuming Poisson statistics, the noise in
the detection is given by 公(2Nsignal) and the signal-to-noise ratio
(SNR) becomes (14):
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If we then use the relation z/lgold ⬍⬍ T/lwater, the SNR becomes:
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According to the Rose criterion the signal should be at least a
factor  ⫽ 5 larger than the noise to be able to detect 1 pixel
(15–17). Thus, we can calculate the minimum particle height z
that can be detected within a water layer of thickness T given a
certain amount of electrons:
2162 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0809567106
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The value of z can be considered as the (sample-related)
resolution of liquid STEM imaging of a nanoparticle in a liquid
layer. For the experimental conditions of Figs. 2 A and 3A it
follows that z ⫽ 1.3 nm for T ⫽ 5 m and z ⫽ 1.9 nm for T ⫽
10 m. This calculation theoretically confirms our observation
that gold nanoparticles of a size of 10 nm can be detected in water
layers of up to 10-m thickness.
Discussion
We have demonstrated that 10-nm gold labels can be detected
in a thick liquid sample by STEM with excellent contrast, and this
experimental finding was verified by a theoretical calculation.
The high signal-to-noise ratio in our figures also suggests that
smaller gold nanoparticles will be detectable as well. The
theoretical resolution limit calculated in the above is 1.9 nm for
a water thickness of 10 m. We expect that this limit can be
achieved at similar and at lower electron doses as used here, by
further optimizing the detector efficiency in the presence of a
high background signal, and applying noise reduction techniques. The electron dose used for 1 image was estimated to be
740 electrons/Å2 or less, which is an order of magnitude larger
than the maximum dose of 80 electrons/Å2 for imaging frozen
samples in tilt-series TEM (18). The electron dose increases with
the square of the resolution (14, 16), so imaging with a lower
resolution can be used to reduce the electron dose. The continuous exchange of the liquid in the flow cell may have been
beneficial by removing free electrons, radicals and heat generated by the impact of the electron beam, thereby limiting beam
damage. The resolution of 4 nm also opens the possibility to
measure the distance between labels that are in close proximity.
Labels of different sizes and materials could be used to perform
experiments in which different proteins or other biomolecules
are labeled with specific and distinguishable labels. Imaging may
also be conducted with an aberration corrected STEM, to
provide the ability to image in 3 dimensions with an axial
resolution of several nanometers (19). The axial resolution
obtained with our noncorrected microscope was calculated to be
⬍80 nm.
The goal of nanometer resolution on whole cells in their native
liquid environment dates back to the early days of electron
microscopy, see (20) and references therein. 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 (21), because the TEM contrast mechanism is limited to sample thicknesses typically ⬍1 m. In the case
of such thin and weakly scattering samples, TEM yields better
resolution and signal-to-noise ratio than STEM (22), but in our
case, STEM offers a particular advantage based on the imaging
of high-Z labels. A liquid compartment (23) placed in a scanning
electron microscope (SEM) provides a resolution of ⬇20 nm on
gold labels, but this is a surface technique that images the top 100
nm of the sample. The resolution we achieved through a thick
liquid layer also surpasses alternative approaches, such as imaging of cooled cells in water vapor, using an environmental
TEM (24, 25), environmental SEM with a STEM detector (26),
X-ray microscopy (27), or atomic force microscopy (28).
For fixed samples, liquid STEM presents an alternative to
f luorescence. The resolution of liquid STEM is a factor of 50
higher than that of confocal microscopy, as illustrated in Fig.
4. Current ultrahigh-resolution optical methods such as stimulated emission depletion (STED) (3, 4), photo-activated
localization microscopy (PALM) (5) and stochastical optical
reconstruction microscopy (STORM) (6) offer subdiffraction
limit images. Those techniques can obtain f luorescence images
de Jonge et al.

Methods
Construction and Preparation of the Silicon Chips. Custom designed silicon
chips with silicon nitride windows (Protochips Inc, NC) were used to form a
liquid enclosure. They were fabricated using low stress silicon nitride of 50-nm
thickness deposited with a low-pressure chemical vapor deposition process
onto 300-m-thick silicon wafers. Openings in the silicon wafer were obtained
by anisotropic etching in a heated bath of KOH, leaving open silicon nitride
membrane windows with an area of 0.2 ⫻ 0.05 mm2. One set of chips was used
for cell growth. A chip was cleaned with acetone and ethanol. It was then
plasma cleaned and coated with a thin layer of polyL-lysine applied to make
the window hydrophilic and to enhance the attachment of the cells. Another
set of chips was used as covers of the liquid enclosure. For spacing between a
chip with cells and a cover chip, a solution of polystyrene microspheres of
10-m thickness was placed in droplets at the 4 corners of the chip and the
solution was dried.
Placement of a Liquid Sample in the Electron Microscope. A STEM/TEM
specimen holder (Hummingbird Scientific) was designed for placing a
liquid sample in the vacuum of the electron microscope. The specimen
holder fitted 2 chips in a slot with their silicon nitride surfaces facing, such
that the silicon nitride windows in the middle of both chips overlapped. The
holder contained 2 fluid lines (one input and one output) connected to the
chips. The fluid lines were fed to plastic tubing for microfluidics (Upchurch
Scientific). One tube was connected to a syringe pump (Harvard Scientific,
MA). Liquid flow occurred between the 2 chips and through a bypass
channel. For loading of the sample in the fluid holder, a cover chip was first
placed in the slot of the holder with its silicon nitride surface facing up. A
droplet of 50/50 glycerol/10% PBS buffer was placed on the cover chip. The
chip with cells was transferred from its storage in liquid to the fluid holder
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Imaging and Analysis. Electron microscope images were recorded with a
CM200 TEM/STEM (Philips) at 200 kV, using the ADF detector. The microscope was set for an electron probe semiangle of 11 mrad, a probe current
of 0.59 nA (measured on the phosphor screen), a detector semiangle of 70
mrad, and a pixel dwell time of 20 s. The probe diameter obtained with
these settings was 1 nm. The images on liquid biological specimen were
recorded at various magnifications and with pixel sizes between 2.9 and 5.7
nm. A conservative estimate of the electron dose is thus 7.4 ⫻ 102 electrons/
Å2. Liquid STEM imaging of the COS7 cells took place in 10% PBS buffer in
water at magnifications varying between 8,000 and 48,000, while the flow
rate in the fluid system was 0.1 L/min. Regions of interest were selected
from the recorded images of a size of 1024 ⫻ 1024 pixels. The contrast and
brightness were adjusted for maximal visibility of the labels and the cells.
The liquid STEM images presented throughout this article represent the
original data and no procedures were applied to reduce the noise. STEM
images of dried samples in Figs. S1–S4 were enhanced by applying a
despeckle procedure to reduce the noise.
Confocal imaging was performed on a Zeiss LSM510 microscope equipped
with a 40 ⫻ 1.3 NA oil-immersion objective. A 488-nm argon laser was used for
excitation of the quantum dots and fluorescence was detected through a 650to 710-nm band-pass emission filter. The image size was 1,024 ⫻ 1,024 pixels.
Images at a single focal plane were selected. The thickness of the fixed COS7
cells was determined by recording z stacks and determining the distance
between the lowest and the highest focal plane still containing fluorescent
signals. A total of 44 cells were imaged and the average thickness was 7.0 ⫾
0.7 m.
Labeling of COS7 Cells with EGF-Gold Nanoparticles. We optimized existing
procedures (34, 35) to gold-label EGF receptors on living COS7 cells. Goldlabeled streptavidin (KPL) was diluted in PBS containing 0.5% BSA (PBS-BSA).
The gold particles were washed twice by centrifugation and resuspension of
the gold pellet. A 16 nM gold nanoparticle solution in PBS-BSA was incubated
with 0.4 M Biotin-EGF (Invitrogen) for 1 h at 35 °C. Unbound biotin-EGF was
removed using a size exclusion column. The filtrate, containing EGF-gold
nanoparticles (EGF-Au) was diluted with Tyrode’s buffer, supplemented with
50 mM glucose and 0.5% BSA (Tyrode’s-BSA), washed once and resuspended
to yield 5 nM EGF-Au in Tyrode’s-BSA.
COS7 cells (African Green Monkey fibroblast) were cultured in DMEM
(ATCC), supplemented with 10% FBS, in a 5% CO2 atmosphere, at 37 °C.
Confluent COS7 cells were harvested by rinsing in Dulbecco’s PBS and dissociating the adherent layer with CellStripper (Mediatech), followed by a
quench in supplemented media. Poly-L-lysine coated silicon chips were placed
at the bottom of the wells of a 96-well plate, filled with 200 L of supplemented media, 20 L of harvested cells in suspension were added per chip. The
chips with the cells were incubated for at least 4 h or overnight, in a 5% CO2
atmosphere, at 37 °C.
For EGF-Au labeling, the medium in the wells was exchanged by serum free
DMEM. After 4 h of incubation in serum free medium, cells were washed once
with Tyrode’s-BSA. Eleven-microliter droplets of EGF-gold nanoparticle solution
were placed in plastic wells and 1 silicon chip per droplet was placed, inclined
upside down on the droplet. The setup with droplets and chips was then stored
in a closed box with a 100% humidity environment. The chips remained in this
environment for either 5 or 10 min at room temperature with slight agitation.
The 5-min samples were washed 3 times with PBS and fixed for 15 min in 4%
glutaraldehyde diluted in PBS. The 10-min samples were placed in a new well,
filled with Tyrode’s-BSA (without EGF-gold nanoparticles) and incubated for an
additional 15 min, before washing and fixation. The chips were then washed 3
times with PBS, once with 10% PBS in water, incubated for 5 min in 100 mM
Glycine to quench un-reacted aldehyde groups after fixation, washed twice with
10% PBS and left in this solution at 4 °C until imaging.
STEM images were recorded of 3 dried samples with (i) 5-min incubation
with EGF-Au, (ii) 10-min incubation with EGF-Au and an additional 15-min
incubation in buffer, and (iii) a control with 10-min incubation with streptavidin-Au in buffer and 15-min incubation in buffer. Figs. S1–S4 demonstrate
PNAS 兩 February 17, 2009 兩 vol. 106 兩 no. 7 兩 2163
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and placed on top of the cover chip with the cells facing down. The silicon
nitride surfaces of both chips were kept under liquid continuously. The use
of 50% glycerol prevented rapid evaporation of the liquid during loading.
The tip of the fluid holder was closed by a coverlid and a vacuum seal was
obtained using O-rings above and below the silicon chips. A flow of 10%
PBS buffer of 2 L/min was initiated at the input tube of the fluid holder
until liquid appeared at the exit tube typically a few minutes later. The
holder was then inspected for leaks visually in a vacuum test chamber. After
this inspection the flow rate was maintained at 2 L/min and the holder was
transferred to the electron microscope.
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of fixed cells, with lateral resolutions reaching 10 –20 nm and
sub-100-nm vertical resolution (29). However, this resolution
is still not sufficient to image individually tagged proteins as
needed to understand cellular function on a molecular level.
Another disadvantage of ultrahigh-resolution optical methods
is the limited imaging speed (e.g., images can tens of minutes
to obtain the highest resolution). In our initial work, we have
already achieved a resolution of 4 nm, while providing imaging
at 20 s pixel dwell time (20 s for a 1,024 ⫻ 1,024 pixel image,
5 s for 512 ⫻ 512). Thus, liquid STEM presents a unique
approach for imaging single molecules in whole cells, which is
significantly improved over existing methods in spatial resolution and imaging speed. In addition, liquid STEM is a
real-time technique that does not require any data postprocessing, which is needed for all of the current high-resolution
optical methods. It is noteworthy that a STEM and the f luid
holder are straightforward to operate.
A major advantage of optical microscopy is the capability to
image time-evolving cellular processes (2), but improving temporal resolution comes at the expense of spatial resolution.
PALM imaging on live cells has been shown a temporal resolution of 300 s with a spatial resolution of ⬇40 nm (30), or down
to 25 s with a resolution of 60 nm (31). Likewise, live-cell STED
imaging was accomplished at video frequency (a pixel dwell time
of 4 s), but at a reduced resolution of 60 nm (32). It has already
been shown that cells can survive and grow in microfluidic
chambers such as the ones we are using (33). Although electron
microscopy is not similarly compatible with live cell imaging, one
can imagine uses for liquid STEM to acquire a nanometer
resolution ‘‘snapshot’’ of molecular localizations. Because of the
relatively short imaging times needed in liquid STEM, such a
snapshot would allow elucidation of specific molecular patterns,
which could be usefully interpreted in combination with timelapse live cell fluorescence data.
Finally, the capabilities of liquid STEM will also be important
for chemistry and materials science by allowing direct imaging of
liquid:solid interfaces. The liquid thickness of up to 10 m allows
the imaging of micrometer-sized objects and even functional
units, such as a micrometer-sized battery, to be probed with
nanometer resolution.

that specific labeling of the EGF receptor was obtained. The existence of
circular vesicles after 10 ⫹ 15 min incubation indicates that internalization of
the receptor took place (10). The size of the gold labels was determined from
Fig. S3 and amounted to 10 nm (full width at half maximum of a line scan over
the image of a gold nanoparticle).

labeled with 5 nM EGF-Qdot655 in BMHH buffer [125 mM NaCl, 5.7 mM KCl,
2.5 mM CaCl2, 1.2 mM MgCl2, 0.1% BSA, 10 mM glucose, 10 mM Hepes (pH
7.4)] for 5 min at 37 °C. The cells were then washed 3 times with BMHH buffer
and either fixed immediately with 2% formaldehyde or incubated another 25
min at 37 °C before fixation.

Labeling of COS7 Cells with EGF-QD. EGF-Qdot655 (6:1) labels were prepared
by mixing 10 L of 6 M EGF-biotin (Invitrogen) and 10 L of 1 M Qdot655streptavidin (Invitrogen) in 80 L of 50 mM sodiumborate pH 8.3. After 2 h
shaking at room temperature, unbound EGF-biotin was removed using a
Microcon YM-100 column (Millipore). The EGF-Qdot655 pellet was resuspended in 100 L of sodium borate buffer to make a 100 mM stock solution.
COS7 cells were grown in 35-mm dishes containing No. 1 glass coverslips
(MatTek) in standard DMEM (Invitrogen) supplemented with 10% FBS and
were incubated in serum-free medium for 4 h before the labeling. Cells were
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