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C
ellular function is governed by the
interaction of molecules with di-
mensions in the nanometer range,

such as proteins, lipids, and DNA. Protein in-

teractions in cells can be studied with fluo-

rescence microscopy.1 However, the spatial

resolution is limited by diffraction to about

200 nm, and it is thus not possible to eluci-

date what happens at the level of individual

molecules, for example, in protein com-

plexes. Also, the recently introduced subdif-

fraction (nanoscopy) techniques2 do not

reach a resolution in the required nanome-

ter range (�10 nm). Cellular ultrastructure is

traditionally investigated at the nanoscale

with transmission electron microscopy

(TEM). TEM imaging requires the prepara-

tion of the cells into conventional thin sec-

tions or into cryosections.3 The cells are thus

not in their liquid state and not intact (note

that TEM imaging can be accomplished on

cryo samples at the very edge of intact

cells). Correlative microscopy is a strategy,

developed in the past decade, to combine

the functionality of light microscopy with

the high resolution of electron microscopy.

By introducing fluorescent molecular

probes, it is possible to image regions con-

taining a protein of interest with fluores-

cence microscopy and then to investigate

the underlying ultrastructure with TEM, af-

ter preparing a conventional thin section, or

a cryosection, of the cell.4 A certain intracel-

lular process can first be followed with light

microscopy, the cell can be fixed, or frozen

at a time point of interest, and the sample

can then be further studied with TEM.5 Cor-

relating light and electron microscopy also

allows one to search for a region of interest

with light microscopy prior to TEM imag-

ing, thus reducing radiation damage in-

duced by searching with TEM.6 In addition

to fluorescence labels, a second tag consist-

ing of an electron-dense material, such as a

gold, may be employed. The spatial distri-

bution of a certain type of protein of inter-

est can then be investigated at the nanom-

eter scale with TEM.7,8 It is also possible to

use bimodal probes visible with both fluo-

rescence and electron microscopy, such as

dye-conjugated gold nanoparticles, or

semiconductor nanocrystals, so-called

quantum dots (QDs).9 Different types of

proteins can be labeled with QDs of differ-

ent sizes exhibiting different fluorescence

signatures.10 Finally, electron-dense materi-

als for contrast in TEM may be precipitated

via photo-oxidation at the positions of fluo-

rescent labels.11 The key limitation in cor-

relative fluorescence microscopy and TEM
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ABSTRACT Correlative fluorescence microscopy and transmission electron microscopy (TEM) is a state-of-

the-art microscopy methodology to study cellular function, combining the functionality of light microscopy with

the high resolution of electron microscopy. However, this technique involves complex sample preparation

procedures due to its need for either thin sections or frozen samples for TEM imaging. Here, we introduce a novel

correlative approach capable of imaging whole eukaryotic cells in liquid with fluorescence microscopy and with

scanning transmission electron microscopy (STEM); there is no additional sample preparation necessary for the

electron microscopy. Quantum dots (QDs) were bound to epidermal growth factor (EGF) receptors of COS7 fibroblast

cells. Fixed whole cells in saline water were imaged with fluorescence microscopy and subsequently with STEM.

The STEM images were correlated with fluorescence images of the same cellular regions. QDs of dimensions 7 �

12 nm were visible in a 5 �m thick layer of saline water, consistent with calculations. A spatial resolution of 3 nm

was achieved on the QDs.

KEYWORDS: scanning transmission electron microscopy · quantum dots · molecular
probes · protein labels · correlative microscopy · fluorescence microscopy · electron
microscopy in liquid

A
RT

IC
LE

VOL. 4 ▪ NO. 7 ▪ DUKES ET AL. www.acsnano.org4110



is the need for thin sections, or for cryo samples, which

complicates experimental procedures and is prone to

introducing artifacts.

We have recently introduced a novel electron mi-

croscopy technique for imaging whole eukaryotic cells

in liquid12 or in a wet environment.13 Eukaryotic cells in

liquid are placed in a microfluidic chamber with a thick-

ness of up to 10 �m contained between two ultrathin

and electron-transparent windows (see Figure 1a). The

specimen is then imaged with a scanning transmission

electron microscope (STEM). Due to the atomic number

(Z) contrast of the annular dark-field (ADF) detector of

the STEM, nanoparticles of a high-Z material, such as

gold, can be detected within the background signal

produced by a micrometers-thick layer of a low-Z liq-

uid, such as water. Specific protein labels consisting of

nanoparticles can then be used to study the locations of

individual proteins in whole cells in liquid. In our initial

work,12,13 surface receptors were labeled with gold

nanoparticles and a spatial resolution of 4 nm was

achieved.

Here we show that liquid STEM can be used to im-

age QDs bound to surface proteins of eukaryotic

cells, and that the STEM images can be correlated

with fluorescence images. We also evaluate the

signal-to-noise ratio of the liquid STEM images of

QDs and determine the achievable resolution. The

imaging methodology introduced here allows the

imaging of whole fixed cells in liquid with both fluo-

rescence and electron microscopy. There is no addi-

tional sample preparation necessary for the electron

microscopy. Cells are grown and labeled directly on

the microchips of the microfluidic device. Prior to

and after fixation, the samples can be imaged with

fluorescence microscopy. Subsequently, the same

sample is assembled into a microfluidic system and

imaged with STEM, with only a few minutes delay
with respect to the first light microscopic imaging.

RESULTS AND DISCUSSION
Correlative Fluorescence Microscopy and Liquid STEM of QD-

Labeled Cells. COS7 fibroblast cells were grown on silicon
microchips with electron transparent windows for liq-
uid STEM imaging.12 The cells were incubated for 5 min
at room temperature with epidermal growth factor
(EGF) conjugated to QD (EGF-QD) and then fixed with
glutaraldehyde. The incubation with EGF-QD and the
fixation were done directly on the microchips. The cells
on one microchip were imaged with light microscopy
with the microchip placed upside-down in a cell culture
dish with phosphate buffered saline water (see Figure
1c). Figure 2a shows a direct interference contrast (DIC)
image and overlaid fluorescence image of a window
section partly covered with adhered cells. The cells have
flattened-out on the silicon nitride surface of the micro-
chip. The DIC signal is visible through the silicon ni-
tride window only, while the fluorescence signal is vis-
ible over the whole surface. The fluorescence signal is
co-located with cellular material visible in the DIC sig-
nal. Figure 2b shows the fluorescence image separately.
The QD labels light up as bright spots against a dark
background of regions without cells. The cellular re-
gions contain a faint fluorescence signal from the glut-
araldehyde fixative. Bright spots indicate the locations
of single QDs and/or bigger clusters of QDs, distributed
over the entire surface of the cell, as expected for the
used incubation time.14 The image of Figure 2b was
also used to locate the position of the cell with respect
to the window, in order to correlate the light micro-
scope and STEM images. Fluorescence and DIC images
were recorded for six other samples.

Selected microchips with labeled cells in the win-
dow region were assembled into microfluidic cham-

Figure 1. Schematic of the experimental setup for correlative light microscopy and liquid scanning transmission electron microscopy
(STEM). Images are not drawn to scale. (a) Microfluidic chamber for liquid STEM consisting of two microchips each supporting an elec-
tron transparent window. Cells are directly grown on the top microchip. The bottom microchip contains a spacer (not shown). This cham-
ber is placed in the vacuum of the STEM and imaged with a scanning electron beam. Transmitted electrons are detected. (b) Contrast is
obtained in liquid STEM on nanoparticles specifically attached to surface proteins of the cell. (c) For imaging with light microscopy, prior
to liquid STEM imaging, the microchip with the attached cells is placed upside-down in a glass bottom culture dish and imaged using
an oil immersion lens.
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bers for liquid STEM and imaged with a 200 kV STEM

at a magnification M � 48 000, while a continuous flow

of buffer was maintained over the cells. Figure 2c shows

a STEM image recorded at the edge of the same cell in

the fluorescence image in Figure 2b. The lower two-

thirds of the image contains bright spots of similar sizes

that we associate with the presence of QDs. These

bright spots are absent in the upper part of the image.

We interpret the indicated transition line as the edge of

the cell. Some debris from the microchip processing is

visible, as well. Similar debris material was observed in-

cidentally on microchip windows before cells were

seeded and is residual material from the microchip pro-

cessing that was not entirely washed off.

The QD-labeled EGF receptors were distributed

almost evenly over the surface of the cell, consis-

tent with the well-known behavior of the EGF recep-

tor. Prior to EGF binding, the EGF receptor is known

to be homogeneously distributed on the plasma

membrane, as was shown by others via thin section

TEM imaging of ferritin-labeled EGF15 and of

immuno-gold-labeled EGF receptors.16 Incubation

with EGF leads to ligand binding, activation of the

receptor, and eventually internalization of the recep-

tor via the formation of endocytocic vesicles after

typical incubation times on the order of 30 min at

room temperature.14 The distribution of the labels

thus changes with time from a homogeneous distri-

bution to clusters of labels. The receptor distribution

cannot be studied at the single-receptor level using

fluorescence microscopy, so a microscopy technique

with a resolution in the nanometer range is needed,

for which traditionally TEM on thin sections is used.

Figure 2c demonstrates that liquid STEM imaging

provides information about the distribution of the

individual EGF receptors correlated with the fluores-

cence image.

To verify the presence of liquid in the microfluidic

chamber, we have determined the fraction, N/N0, of

electrons in the probe, N0, scattered onto the ADF de-

tector by the liquid in the microfluidic chamber. A frac-

tion of N/N0 � 0.44 was measured during imaging. The

thickness of the liquid T follows from this fraction as12

with l(�) being the mean free path length for elastic

scattering in opening semiangle � or larger. Equation

1 assumes that most of the signal in the ADF detector

is formed by single elastic scattering events and thus

neglects multiple scattering and inelastic scattering. It

was demonstrated in a recent study that the values of

T obtained with eq 1 were accurate within 30% com-

pared to thickness measurements performed via tilting

the sample.17 Water has lwater � 10.5 �m for � � 70

mrad.12 Note that the mean free path length for the to-

tal elastic cross section (scattering by angles of 0��)

for water at 200 kV is 0.43 �m, but most scattering

events lead only to minor angular changes of the elec-

tron trajectories and do not cause electrons to scatter

into the ADF detector. The larger mean free path length

for the partial elastic cross section (scattering by angles

of ���) applies for angular changes sufficient to scat-

ter electrons into the opening angle of the ADF detec-

tor. The value of lwater approximately equals the value of

the buffer solution used here. The thickness of the liq-

uid at the position of Figure 2b was calculated to be 6

� 1 �m. This number is smaller than the diameter of

Figure 2. Correlative light microscopy and liquid STEM of intact fixed eukaryotic cells in saline water. (a) Direct interference contrast
(DIC) image (gray) with overlaid fluorescent signal (red) of a microchip with COS7 cells showing the regions with quantum dot (QD)-
labeled epidermal growth factor (EGF) receptors. The rectangular shape outlines the silicon nitride window. (b) Fluorescent signals (red)
showing cellular regions with EGF receptors. Some fluorescence from the fixative is also visible. (c) Liquid STEM image of the region in-
dicated with a square #1 in (b). Individual QDs along the edge of the cell can be discerned as yellow spots on a blue background. Some de-
bris can be seen, as well. The magnification was M � 48 000. The signal intensity was color-coded to increase the visibility of the labels.

T ) -l(�)ln(1 - N
N0

) (1)
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the applied microspheres serving as spacer between
the two microchips. Presumably, a compression of the
microspheres occurred.

Localizing the same region in both a light and an
electron microscopy image often requires dedicated
procedures in correlative microscopy.18,19 For liquid
STEM, the localization was accomplished with a simple
procedure as described in the following. The positions
of features in the fluorescence image were measured
with respect to the frame of the SiN window, visible in
Figure 2a as rectangular shape and visible as a thin line
in Figure 2b. Because the magnification used for the
STEM imaging was too high to display the entire win-
dow area, the position of one corner of the SiN window
was located first. The stage position at this point was re-
corded, 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 re-
corded and correlated with the prior determined frame
position of the SiN window. The position of Figure 2c
corresponds to the square #1 in Figure 2b. The position
of the square in the fluorescent image is at the edge

of the cell, consistent with the finding of a separation
line between regions with and without QDs in Figure
2c, interpreted as a cell edge.

A second region of the same cell is shown in square
#2 of Figure 2b. Several STEM images were recorded in
this area. Figure 3a shows an image recorded at M �

16 000. The thickness of the liquid at this position was
measured to be 5 � 1 �m, consistent with the thickness
determined for the region of Figure 2b within the accu-
racy of the measurement. The cellular material is vis-
ible as white irregular shapes, and the signal intensity
increases toward the upper left corner to a level where
the detector clipped. Cellular material has a shorter l
value than water (lcell � lwater) due to the higher aver-
age density and the higher average atomic number of
protein, lipid, and DNA. Thus, a cellular region with a
high density of protein, lipid, or DNA is expected to pro-
duce more scattering than water. The region in the up-
per left corner of Figure 3a can thus be interpreted as
a region of the cell where it is denser or thicker than in
the remaining region. This finding is consistent with the
fluorescence image of Figure 2b, where the square #2
is located in proximity to the nucleus. It can thus be

Figure 3. Liquid STEM images of a COS7 cell labeled with EGF-QD. (a) Cellular region at the position of the square #2 in Fig-
ure 2b recorded at M � 16 000. (b) Image recorded at a region just at the bottom of the figure in (a) at M � 32 000. QDs are
visible as bright spots. (c) Image recorded at M � 160 000 revealing the shape of the QDs. (d) Line scan over the QD indi-
cated with the arrow in (c) over the short dimension of the QD. (e) Line scan over the same QD as in (d), but over the long di-
mension. The background level was set to zero.
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concluded that correlative fluorescence microscopy

and liquid STEM was accomplished on QD-labeled EGF

receptors in whole COS7 cells in liquid. STEM images of

two other samples also showed QDs in the cellular re-

gions of the corresponding fluorescence image.

Resolving the Shape of the QDs. Liquid STEM images were

recorded at higher magnifications, as well, to deter-

mine the shape of single QDs. Figure 3b was recorded

at M � 32 000, where some of the cellular material can

still be discerned and the QDs are visible as small bright

spots. Figure 3c, recorded at M � 160 000, reveals the

oval shape of the individual QDs. While the cellular ma-

terial cannot be distinguished anymore, some of the de-

bris is visible. A third type of object is the larger oval

shape, center right, which is caused by electron beam

contamination; that is, it appeared during imaging. The

QD at the arrow was further analyzed. The line profile

over the short dimension is shown in Figure 3d with a

full width at half-maximum (fwhm) of 7 nm. The line

profile over the long dimension has a fwhm of 12 nm,

as shown in Figure 3e. The oval shape of the QDs was

also detected by others, and STEM images at atomic

resolution showed a bullet-like shape of QDs of the

CdSe/CdZnS core/shell materials20 that are used by the

supplier (Invitrogen).

A total of 10 QDs was analyzed via line scans over

their small dimensions, and it followed that the aver-

age fwhm was 8 � 1 nm. The measured fwhm of the

small dimension is consistent with the size of the CdSe

core (�7.3 nm) surrounded by a ZnS shell, which adds

an additional 1�2 nm.20,21 The protein coating of the

QDs is not visible in the STEM image due to the lower

atomic number of this material compared to the core,

and the resulting lower contrast in STEM. It can thus be

concluded that QDs were indeed observed with liquid

STEM and that the resolution was sufficient to resolve

the oval shape of the QDs in a 5 �m thick layer of wa-

ter (buffer).

Evaluation of the Signal-to-Noise Ratio of the Liquid STEM
Images. The signal-to-noise-ratio (SNR) of the peak of

the signals at the QD with respect to the background

level was 9 � 1. The noise level was the standard devia-

tion of the signal in a line scan over the background

near the QD. The experimental SNR can be compared

with a theoretical prediction. From the equations for

elastic scattering22 and assuming 100% detection effi-

ciency, it follows for the imaging of QDs in several mi-

crometers of water that the noise-limited spatial resolu-

tion, d, obtained on the QDs is12,17

This equation gives the relationship between the QD

size and the SNR in the image. With the density of the

CdSe core of 5.8 g/cm3,23 and a molecular weight of 14

g/mol, it follows that lQD � 0.40 �m. Equation 2 pre-

dicts QDs with d � 9 nm to be visible with SNR � 9
for T � 5 �m and the microscope settings used here.
This theoretical value corresponds to the experimental
fwhm values of 7 and 12 nm for the short and long side,
respectively. The fwhm is a measure of the size of the
QD but is not necessarily equal to the actual diameter.
The line scan represents a convolution of the object
with the electron probe from the STEM imaging, but
for our microscope settings, the electron probe size was
about 0.6 nm, measured as the diameter containing
50% of the current, d50, and the fwhm can be consid-
ered as a sufficiently accurate measure of a QD dimen-
sion. It can thus be concluded that the theoretical
model predicts the outcome of the measurements
within the accuracy of the measurements and of eq 2.

Resolution of Liquid STEM on QDs. We have also deter-
mined the spatial resolution achieved in this experi-
ment. For a situation where the electron probe is much
smaller than the imaged object, a measure often used
to determine the spatial resolution is the 25�75% edge
width, r25�75.24 Values of r25�75 were measured from
the line scans over the QDs. Each r25�75 was determined
from the average of the opposite edges of a line scan
over the QD. The values of r25�75 for the QD of Figure 3d
amounted to r25�75 � 3 nm. This value was the same
for line scans over the long and short dimensions. The
average over the small dimension of 10 QDs was 3.0 �

0.5 nm. Thus, the spatial resolution achieved with liquid
STEM of QDs on cells in buffer for T � 5 �m was 3 nm.
This estimate applies for QDs in the upper region of the
specimen with respect to the beam entrance. Interac-
tions of the electron beam with the water will lead to
beam broadening. At a depth of 0.5 �m, the electron
probe will have increased to 4 nm,12,17 still providing
sufficient resolution, but at a depth of 1 �m, the probe
size will be 9 nm and the QDs will be on the onset of vis-
ibility. QD-labeled receptors can thus be detected in
many sections of the cells flattened on the silicon ni-
tride membrane.

Biological electron microscopy is mostly limited by
electron beam damage, and the resolution is then not
limited by the electron probe size, but rather by the
available electron dose. The minimum size d of a nano-
particle that can be resolved with a certain electron
dose is calculated with eq 2. The Rose criterion25 sets
the limit SNR � 5, and the electron dose determines N0.
The pixel size in Figure 3c was 0.85 nm, larger than the
d50, and the electron dose was thus �1.0 	 105 elec-
trons/nm2. This value is an order of magnitude larger
than the limit of 8.0 	 103 electrons/nm2 used in cryo-
TEM of whole cells26 and about a factor of 4 less than
the limit used for the imaging of conventional thin sec-
tions.27 A dose of 7 	 104 electrons/nm2 applies for
STEM imaging of fixed cells in liquid.12 An electron dose
of 1.0 	 105 electrons/nm2, SNR � 5, and T � 5 �m,
yield d � 5 nm. QDs with a smallest dimension of 5 nm
would thus be visible with sufficient SNR for detection.

d ) SNR lQD� T
N0lwater

(2)
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Difference between STEM and TEM. The STEM has a key ad-
vantage over TEM when imaging molecular labels of
heavy materials, such as gold nanoparticles or quan-
tum dots, and the obtained images are different than
those obtained with TEM. The molecular labels are vis-
ible with high contrast, while the underlying ultrastruc-
ture is visible with much less contrast than in TEM.
This “absence” of information has the advantage that
the background levels are relatively low, thus promot-
ing the visibility of the labels when imaging whole cells.
The difference between STEM and TEM has its ana-
logue in light microscopy, where fluorescence micros-
copy is used to image specifically labeled proteins and,
for example, phase contrast is used to image the cellu-
lar structure. Correlative fluorescence microscopy and
liquid STEM thus provides different information than
correlative microscopy involving TEM.

CONCLUSIONS
These results demonstrate that liquid STEM is ca-

pable of imaging individual QDs used as specific pro-
tein labels on whole eukaryotic cells in liquid, and that
the liquid STEM images can be readily correlated with
their fluorescent counterparts. The sample preparation

method used for liquid STEM is similar to standard
methods used for light microscopy with the difference
that nanoparticle labels of heavy materials are needed
to provide contrast in STEM. Liquid STEM has two key
advantages over state-of-the-art correlative light mi-
croscopy and TEM, requiring thin sections, or thin fro-
zen samples: (1) Artifacts introduced by dehydration,
post-staining, freezing, or sectioning are avoided. (2) In
liquid STEM, cells are labeled live and fixed, after which
no further sample processing is required. As a conse-
quence, fluorescence microscopy can be used to moni-
tor tagged proteins in living cells to determine the de-
sired time point of the fixation. It is thus possible to
examine a certain specific state of the cell by subse-
quent liquid STEM imaging. Currently, liquid STEM is
limited to surface proteins and proteins that internal-
ize as was shown for the EGF receptor,12 but strategies
for introducing nanoparticles into live cells, such as
membrane penetrating peptides,28 may be used to la-
bel intracellular proteins in the future. The spatial reso-
lution of 3 nm demonstrated here is sufficient to dis-
criminate nanoparticles differing in size, shape, and
electron density for multilabel experiments to study
the constituents of protein complexes within cells.

MATERIALS AND METHODS
Preparing the Microchips with COS7 Cells. COS7 (African green mon-

key fibroblast) cells were grown directly on the silicon micro-
chips for the microfluidic chamber of the liquid STEM system.12

Each microchip (2.60 	 2.00 	 0.30 mm) supported a silicon ni-
tride window of a 70 	 200 �m area and 50 nm thickness (Pro-
tochips Inc.). The protective resist coating of the microchips was
stripped by rinsing with acetone and subsequent rinsing with
ethanol. The microchips were then plasma cleaned to render the
surfaces hydrophilic and coated with poly-L-lysine to enhance
cell adherence and to maintain the hydrophilic surface. COS7
cells were grown in Dulbecco’s modified Eagle medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS)
(Sigma), penicillin/streptomycin antibiotics (100 units/mL and
100 �g/mL, Gibco), and additional L-glutamine (2 mM, Gibco) at
37 °C in a 5% CO2 atmosphere. Confluent COS7 cells were har-
vested by rinsing in Dulbecco’s phosphate buffered saline (PBS)
and dissociating the adherent layer with CellStripper (Mediat-
ech), followed by a quench in supplemented media. The cells
were seeded onto the microchips and incubated in medium at
37 °C and 5% CO2 for 1 day. Prior to labeling, the cells were incu-
bated in serum-free medium for 4 h at 37 °C and 5% CO2.

Preparing the Spacer Microchips. Each microfluidic chamber for
liquid STEM consisted of a microchip with cells and a second mi-
crochip with spacers to provide a gap between the microchips
for the specimen and for liquid flow. The microchips to be used
with the spacer were first stripped of their protective coating
with acetone and ethanol. While the surfaces were still hydro-
phobic, 0.2 �L droplets of an 8 �m diameter polystyrene micro-
sphere suspension in water were pipetted onto the four corner
regions of each microchip. The droplets of the suspension were
dried, leaving the microspheres stuck to the four corners of the
microchips’ surfaces. The chips were then plasma cleaned to ren-
der the surfaces hydrophilic and coated with poly-L-lysine.

EGF-QD Labeling. QDs were coupled to EGF molecules via
biotin�streptavidin binding.14 The EGF-QD complexes were
formed by incubating EGF-biotin (Invitrogen) in a 6:1 molar ra-
tio with streptavidin-QD655 (Invitrogen) for 2 h at room temper-
ature in a solution of 1.3 �M QD in 50 mM borate buffer, pH 8.3

(the QD stock solution was first centrifuged to remove aggre-
gates). Free EGF-biotin was removed with a microcentrifuge pu-
rification column (Ultracel-100YM, Millipore). For specific labeling
of the EGF receptors, the cells were incubated with 5 nM EGF-
QD655 in Tyrode’s buffer (Sigma), supplemented with 0.1% BSA
(Sigma) and 50 mM D-glucose (Sigma-Aldrich) for 5 min at room
temperature by immersing the microchips in incubation liquid.12

The cells were then washed three times in PBS (Gibco) and fixed
for 20 min with 4% glutaraldehyde in PBS. After fixation, the
cells were washed three times with PBS and once in 10% PBS.
The aldehydes in the fixative were quenched by incubating the
microchips in 100 mM glycine in 10% PBS, followed by three
rinses of the microchips in 10% PBS. Two different control experi-
ments confirmed specific EGF labeling with QDs. The first con-
trol started with the above-described labeling of the cells with
EGF-QDs. The control samples were then desalted, dried, and im-
aged with transmission electron microscopy (TEM). It was found
that QDs were co-located with regions of the microchips con-
taining cellular material. The second control involved the incuba-
tion with QD655-streptavidin without EGF-biotin. This control
was also desalted, dried, and imaged with transmission electron
microscopy (TEM). Only a very low amount of nonspecifically
bound QDs was found.

Light Microscopy. The microchips with the labeled cells were
placed upside-down in a 35 mm culture dish with thin glass bot-
tom (Mat-tek), containing 2 mL of 10% PBS in water. Direct inter-
ference contrast (DIC) and fluorescent images (5 s exposure
time) were recorded with a 40	 oil immersion objective using
a wide field microscope (TE300, Nikon) equipped with a far-red
band-pass excitation filter (hq615/40 	) and a far-red band-pass
emission filter set (hq710/100 m). Fluorescence of the glutaralde-
hyde fixative was reduced prior to imaging by photobleaching,
using the light source of the fluorescence microscope. The im-
ages were adjusted for optimum brightness and contrast, over-
laid, and colored using ImageJ software (NIH).

Liquid STEM Imaging. For liquid STEM imaging, a microfluidic
chamber containing a sample was assembled in a liquid speci-
men holder for STEM imaging (Protochips Inc.). This holder con-
nected the specimen chamber to a syringe pump (Harvard Scien-
tific) via microfluidic tubing (Upchurch Scientific). Before

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 7 ▪ 4110–4116 ▪ 2010 4115



assembly, the tubing was cleaned with purified water and then
the slot for the microchips was dried. The spacer microchip was
first loaded with the spacer facing up. A droplet of 0.5 �L 10%
PBS was pipetted onto the surface, wetting it completely. The mi-
crochip with cells was then placed in the slot on the spacer mi-
crochip with the cells facing downward. The loading was done
rapidly to prevent the chips from drying. The lid of the holder
was then closed, the buffer solution was rinsed off the outer sur-
face of the microchip to prevent the formation of a salt crust,
and a 1�2 �L/min flow of 10% phosphate buffered saline (PBS)
in water was initiated. The STEM (CM200, FEI Company, Oregon)
was set to 200 kV, and a beam semiangle 
 of 11 mrad, a pixel
dwell time of 20 �s, a probe current of 0.6 nA, a detector semi-
angle � of 70 mrad, and an image size of 1024 	 1024 pixels
were chosen. The probe size containing 50% of the current was
estimated to be d50 � 0.6 nm.29 Contrast and brightness were
adjusted for maximum visibility, and a convolution filter with a
kernel of (1, 1, 1; 1, 5, 1; 1, 1, 1) was applied (using ImageJ) to re-
duce the noise in the STEM images; however, the data analysis
via line scans was performed on the original, unfiltered data. The
image of Figure 2c was recorded at the edge of the silicon ni-
tride window where the window bulged in the vacuum toward
the center of the window, resulting in a change of the back-
ground signal level as a function of the vertical coordinate. This
increase in background signal was compensated for by using im-
age processing (Digital Micrograph, Gatan).
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