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Local variations of HER2 dimerization in breast
cancer cells discovered by correlative
fluorescence and liquid electron microscopy

Diana B. Peckys,1 Ulrike Korf,2 Niels de Jonge1,3*
The formationofHER2homodimers plays an important role in breast cancer aggressiveness andprogression; however,
little is knownabout its localization.Wehave studied the intra- and intercellular variationofHER2at the single-molecule
level in intact SKBR3 breast cancer cells. Whole cells were visualized in hydrated state with correlative fluorescence
microscopy and environmental scanning electronmicroscopy (ESEM). The locations of individual HER2 receptors were
detected using an anti-HER2 affibody in combination with a quantum dot (QD), a fluorescent nanoparticle. Fluores-
cence microscopy revealed considerable differences of HER2 membrane expression between individual cells and be-
tween different membrane regions of the same cell (that is, membrane ruffles and flat areas). Subsequent ESEM of the
corresponding cellular regions provided images of individually labeled HER2 receptors. The high spatial resolution of
3 nm and the close proximity between the QD and the receptor allowed quantifying the stoichiometry of HER2
complexes, distinguishing between monomers, dimers, and higher-order clusters. Downstream data analysis based
on calculating the pair correlation function from receptor positions showed that cellular regions exhibitingmembrane
ruffles contained a substantial fraction of HER2 in homodimeric state. Larger-order clusters were also present. Mem-
brane areas with homogeneousmembrane topography, on the contrary, displayed HER2 in randomdistribution. Sec-
ond, HER2 homodimers appeared to be absent from a small subpopulation of cells exhibiting a flat membrane
topography, possibly resting cells. Local differences in homodimer presence may point toward functional differences
with possible relevance for studying metastasis and drug response.
INTRODUCTION

HER2, also known as ErbB2, is a transmembrane receptor tyrosine ki-
nase belonging to the epidermal growth factor receptor (EGFR) family
and is overexpressed in certain types of breast cancer (1) and other
cancer types (2). In patients with HER2-overexpressing tumors, intra-
tumoral heterogeneity of HER2 expression was found to be associated
with therapeutic resistance and reduced disease-free survival times (3).
HER2, being an orphan receptor, does not form homodimers in re-
sponse to ligands, but forms ligand-independent homodimers in
HER2-overexpressing cells (4). It also associates in heterodimers with
other members of the receptor family (4), thereby contributing signifi-
cantly to a dysregulation of intracellular signaling (5) and of cell growth
(6). In principle, the amount of homodimers in a cell population can be
quantified, for example with biochemical methods using pooled cel-
lular material. However, this seems to be practically difficult for the
HER2 homodimer because its extracellular domain does not homodi-
merize in solution (7, 8). Moreover, no information is available about
the localization of HER2 homodimers. Of major interest is the ques-
tion whether HER2 homodimers distribute homogeneously over the
entire plasma membrane or whether distinct functional membrane re-
gions are associated with a specific HER2 stoichiometry. Also, it is im-
portant to assess the intercellular variability of HER2 dimer abundance
within a cancer cell population. Greater understanding of HER2’s spa-
tial distribution may provide new insights into mechanisms controlling
cancer cell responses toward HER2-targeting drugs.
Here, we describe a stoichiometric study that visualized HER2 at the
molecular level in intact SKBR3 breast cancer cells, shedding light on its
intra- and intercellular distribution patterns. The human breast cancer
cell line SKBR3overexpressesHER2 andhas previously served as amod-
el system of HER2+ breast cancer in numerous in vitro studies (9, 10).
Whole cells were visualized in hydrated state with correlative fluores-
cence microscopy and environmental scanning electron microscopy
(ESEM). Electronmicroscopy of labeled proteins in whole cells in liquid
is a relatively new approach for studying protein localization and protein
function (11–14). A protein label was developed to detect the HER2 po-
sition without interfering with its function, using an anti-HER2 affibody
(15, 16) conjugated to a quantum dot (QD) (Fig. 1). Correlative fluores-
cence microscopy yielded information regarding the heterogeneity of
HER2 membrane expression within the cancer cell population. Selected
cellular areas were subsequently studied at nanoscale spatial resolution
using ESEM combined with scanning transmission electronmicroscopy
(STEM) detection, elucidating the organization of HER2 in the plasma
membrane.
RESULTS

HER2 receptor membrane expression differs between cells and
cellular regions as revealed by labeling of HER2 with QDs
To study the distribution of HER2 in the plasma membrane of SKBR3
cells at the single molecule level, we developed a two-step protocol. The
label contained an affibody attached via a short biotin-streptavidin bond
to a QD. Affibodies represent a new type of non–immunoglobulin-
derived affinity protein with 10- to 20-fold lowermolecular weight than
antibodies (17). One of the main qualities of the affibody is its small
dimension of 5 × 4 × 3 nm3 as determined from the x-ray structure
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in the ProteinData Bank (PDBentry: 3MZW). The affibody-QD label is
bound to HER2 in a 1:1 ratio, on account of a single binding epitope at
HER2 for the affibody (18) with a biotinylated C terminus. The anti-
HER2 affibody binding site is at the side of the protein, at domain III
and close to domain IV (18), distant from the dimerization side (7). Af-
ter exposure to the anti-HER2 affibody, cells were subjected to fixation.
Only then were the cells incubated with streptavidin-conjugated QDs,
such that labeling-induced clustering (19) was avoided. Specific HER2
labeling was thus obtained (figs. S1 and S2).

Figure 2A shows an example of a confluent layer of SKBR3 cells
grown on a silicon microchip. The rectangular area (highlighted with
dashed line) outlines the viewingwindow in themicrochip used for trans-
mission electron microscopy. Several cells in this area were selected for a
detailed analysis (nos. 1 to 7). The overlaid DIC image of the window in
the viewing area provides a three-dimensional impression of the cell
surfaces and reveals that most cells had a ruffled plasma membrane.
All cells expressed HER2; however, individual cells exhibited discrete
HER2 distribution patterns. Several cells showed an almost homoge-
neous membrane expression of HER2 over their entire surface, whereas
other cells preferentially expressed HER2 on distinct, elongated plasma
membrane regions extending toward the outer edges of cells. Likewise,
the overall abundance of HER2 in the plasma membrane varied signifi-
cantly between individual cells.
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HER2heterogeneitybecameevenmore apparent in thehigh-resolution
fluorescence image shown inFig. 2B.Here, the focuswas adjusted to image
peripheralmembrane areas.Whereas the cell in theupper right corner (#2)
displays very bright and almost saturated signals, the cell in the central part
of the imaging area (#4) shows numerous elongated bright areas. TheDIC
image, shown in Fig. 2C, indicates that these areas represent membrane
ruffles, suggesting that the HER2 receptor colocalized with membrane
ruffles.

A small number of cells, presumably resting cells (~7% of all cells ob-
served in the experiments), exhibited a different membrane topography,
for example, cell #5 in Fig. 2A. This cell type had a weaker HER2 mem-
brane expression level (fig. S3) compared to cells withmembrane ruffles,
and showed a mostly flat membrane topography with a 5- to 10-mm-
wide skirt-like membrane flattening out toward the cell edge (marked
with an asterisk in Fig. 2), in which membrane ruffles were absent in
contrast to most of the cells exhibiting continuous and dynamic mem-
brane ruffling (fig. S4). This type of cell was referred to as flat cell.

ESEM of hydrated SKBR3 cells enables study of HER2
distribution patterns on the single molecule level
To obtain quantitative information about the distribution of HER2 at
the level of individual receptors, we studied intact SKBR3 cells using
ESEM-STEM in liquid state. Several overview ESEM-STEM images
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Fig. 1. Schematic representation of HER2 labeling with affibody-QD probes and correlative microscopy of whole cells in hydrated state. (A) The bio-
tinylated affibody (blue) directed against HER2 (red) binds to a single epitope on the extracellular part of themembrane receptor. The single biotinmoiety of the

affibody binds a streptavidin (green)–conjugated QD. QDs can emit bright fluorescence signals, and their electron-dense core can be detected with electron
microscopy. (B) Cells were grown on a silicon nitride (SiN) membrane supported by a silicon chip. A microchip with QD-labeled and fixed cells was positioned
upside down in a saline-filled glass-bottomdish. Fluorescence imagingwas performedwith an oil immersion lens on an inverted bright-fieldmicroscope. (C) For
ESEM, the samemicrochipwaspositionedupright onacooled stage andkept in a saturatedwater vapor atmosphere. Thehydrated cellswere coveredwith a thin
layer of purified water. Contrast was obtained on the QDs using the STEM detector located underneath the sample.
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were recorded for orientation. Figure 2D shows a low-resolution—in
terms of electron microscopy—dark-field ESEM-STEM overview
image of the selected region in Fig. 2A. The contours of cells are recog-
nized, as well as membrane ruffles and vesicles. However, the structure
cannot be resolved in the thicker regions around the nucleus on account
of excessive electron scattering.

Figure 3A shows the fluorescence signal of the lower left tip of the
strongly HER2-expressing cell (#2), indicated by a box in Fig. 2B. The
heterogeneous pattern of signal intensities in the fluorescence image in-
dicates the presence of membrane ruffles. Figure 3B represents the
ESEM-STEM image recorded in the same region at ×15,000 magnifica-
tion. The uneven pattern of electron-dense regions, emerging bright in
the STEM dark-field contrast, along with less dense and hence dark-
appearing regions, points toward an irregular membrane topography.
Details of cell borders, protruding lamellipodia, and electron-dense areas
of membrane ruffles are clearly discernible. At ×75,000 magnification
(Fig. 3D), QD labels became visible as bright, bullet-shaped dots repre-
senting individual HER2 receptors. The achieved spatial resolution
amounted to 3 nm for ESEM-STEM imaging (fig. S5) and was sufficient
to resolve the QDs of dimensions of 6 × 14 nm2 (fig. S6). Most of the
HER2-derived QD signals appeared to localize to electron-dense cellular
structures, visible as bright areas in the dark-field STEM contrast and
identified as membrane ruffles in the DIC image (Fig. 2C).
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Imaging individual HER2 receptors on intact SKBR3 cells
reveals the presence of HER2 homodimers
The high resolution of ESEM-STEM allowed studying HER2 dis-
tribution patterns in individual cells of an SKBR3 cell population.
The precise position of each individual QD label (Fig. 3E) was automat-
ically detected and the distance between individual QD positions was re-
corded to determine the pair correlation function g(x) (20). Briefly, g(x)
measures the likelihood of a particle being found within a certain radial
distancewith respect to a reference particle, whereby g(x) = 1 represents a
randomdistribution, and a value >1 indicates clustering. Figure 3C shows
g(x) for the total of 122 detected HER2 positions in Fig. 3E, with a peak
above unity at 17.5 nm indicating the existence of a preferred QD pair
distance. However, this number was calculated on a comparatively low
number of events, and the peak position was therefore considered as a
preliminary estimation of HER2 homodimer distance.

In measurements incorporating 14,043 HER2 positions in 11 cells
(Fig. 4A), a center-to-center label distance of 20 nm was obtained for
HER2 homodimers (see also Table 1). The peak of g(x) at x = 20 nm
above the random level of g(x) = 1 indicates that a fraction of HER2was
clustered as homodimer. A control experiment involvingQDs random-
ly attached to a SiNmembrane (fig. S7), as well as a random simulation,
verified g(x) = 1 (Fig. 4A) and ruled out the presence of preformed
clustered labels. Because affibodies bind to their epitope on the HER2
receptor in a 1:1 stoichiometry (18), it thus seems likely that HER2 in-
deed formed homodimers on membrane ruffles. Further data support-
ing the notion of dimer formation are the measured most probable
distance between the QD centers. Considering factors such as linker
flexibility, a center-to-center QD distance of 20 nm seems plausible
for QD-labeled HER2 homodimers. It is not possible to compare this
value to the expected value from amolecular model because x-ray crys-
tallography data are not available in the PDB for theHER2 homodimer.
However, the corresponding data for the EGFRhomodimer can be used
instead as approximation because molecular modeling has shown that
HER2 homodimers are of a size comparable to that reported for EGFR
homodimers (7). The label distance of 20 nm is consistent with that of
two 12-nm-diameter gold nanoparticle labels attached to an EGFR
homodimer (11).

QD label distances exceeding 20 nm and reaching up to several
hundreds of nanometers were also observed with a higher likelihood
than random. Hence, molecular control mechanisms driving HER2 re-
ceptor clustering on the cell surface possibly concentrate HER2 in lipid
rafts, as was shown to occur for EGFR (21).

HER2 monodimers are preferentially found in membrane ruffles
HER2 distribution patterns were determined for two distinct cellular
regions (that is, membrane ruffles and homogeneous areas). Figure 5A
depicts the fluorescence signal of a cell with membrane ruffles and an
intermediate level of HER2 membrane expression, similar to most cells
in Fig. 2A. Two areas of this cell are selected in Fig. 5B: one with mem-
brane ruffles and one with a homogeneously appearing topography. The
corresponding g(x) curves were independently determined for both
areas and are shown in Fig. 5, C andD, respectively. HER2 homodimers
and largerHER2-containing clusterswere identified as characteristic fea-
tures of membrane ruffles, whereas homogeneous membrane areas ex-
hibited a rather random HER2 distribution.

Nine of the 11 cells of interest exhibited characteristic fluorescence
patterns similar to those shown in Figs. 3A and 5A. These cells contained
regions withmembrane ruffles and also homogeneous regions. Images of
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Fig. 2. Correlative light and electron microscopic overview images of
affibody-QD–labeled HER2 on SKBR3 human breast cancer cells. (A) Flu-

orescence overview image of the central region of a microchip, showing sev-
eral dozen cells. Individual cells exhibit a high degree of heterogeneity in their
morphology and HER2 membrane expression. The location of the SiN mem-
brane window is indicated as a rectangular dashed outline. A differential in-
terference contrast (DIC) image of thewindow area is overlaid. The DIC image
provides an impression of the three-dimensional topography. Scale bar, 100
mm. Cells from which ESEM-STEM images were recorded are indicated by
numbers. (B) Higher-resolution fluorescence image, recorded with a 63× oil
immersion lens, of the cells in the upper half of the window area, marked
as a solid line rectangle in (A). The fluorescence signal of cell #2 indicated a
high level of HER2 membrane expression, whereas cell #5 showed only weak
HER2membrane expression. Cell #4 concentratedHER2 onmembrane ruffles.
The boxed area is shown in Fig. 3A. (C) DIC image of the same region as in (B),
depicting the membrane topography in greater detail. (D) ESEM-STEM image
fromthe same regionas shown in (B) and (C) (×1000magnification). Scalebars,
20 mm.
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membrane ruffles were analyzed for all nine cells and the g(x) curve was
calculated. An analogous procedure was carried out for images recorded
from homogeneous membrane areas (that is, without ruffles visible with
electron microscopy). Figure 4B (see also Table 1) summarizes data ob-
tained from the analysis of 10,745 images and shows that homodimers
were only present in regions with membrane ruffles. Note that the statis-
tical fluctuations of the g(x) curve of homogeneous regions are larger than
Peckys, Korf, de Jonge Sci. Adv. 2015;1:e1500165 17 July 2015
for the ruffled areas because a smaller number of QD labels was included
in the analysis. However, the HER2 density determined for the two dis-
tinct topographical regions differed by less than a factor of 2.

HER2 receptors do not cluster in flat SKBR3 cells
Two cells were identified as flat cells, indicated as #5 in Fig. 2A andwith
asterisks in the fluorescence image in Fig. 6A, and both cells displayed a
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Fig. 3. Correlative light and electron microscopic images showing the distribution of QD-labeled HER2 on an SKBR3 cell. (A) Selected area of the
fluorescence image in Fig. 2B. This region contained membrane ruffles as shown in the DIC image of Fig. 2C. (B) ESEM-STEM image at the same area, recorded

at×15,000magnification. (C) Pair correlation functiong(x) (line) determined fromthe122detected labelpositions in the rectangular region in (B). Thedashed line
at unity serves as a guide to the eye for a random distribution. (D) STEM image recorded of the boxed region shown in (B) at ×75,000 magnification. The
localization of individual HER2 receptors became visible as the bright, bullet-shaped QDs. (E) Automatically detected labels were outlined in light green. Nu-
merous pairs of HER2 were observed (two examples are indicated by arrowheads). Scale bars, 2 mm (A and B); 200 nm (D and E).
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Fig. 4. Cluster analysis of HER2proteins in 11 SKBR3 cells. (A) The pair correlation function g(x) of a total of 14,171 labels exhibited a peak at 20 nm, indicating
HER2 dimerization. Larger-sized clusters of up to several hundreds of nanometers were also observed. The curves of randomly dispersed QDs and a simulation

(Simu) of randomdatawere included as reference. (B) HER2 pairs were absent in cellular areaswith a homogeneousmembrane topography, contrasting g(x) in the
ruffled areas. (C) HER2 does not appear clustered in the two analyzed flat cells. Clustering was only observable in cells with membrane ruffles.
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flat membrane topography in the DIC (Fig. 6B) and ESEM-STEM
images (Fig. 6C). A total of 22 randomly selected areas of these cellswere
imaged with ESEM-STEMat amagnification sufficient to detect theQD
labels attached toHER2.An example is shown in Fig. 6D. Analysis of the
interlabel distances via the g(x) curve revealed a random distribution
(Fig. 6E) of HER2. Figure 4C shows g(x) for all 3664 analyzed HER2
positions of these two cells (see Table 1) and compares the curve with
Peckys, Korf, de Jonge Sci. Adv. 2015;1:e1500165 17 July 2015
g(x) obtained for the cells showing a ruffled membrane. The char-
acteristic dimer peak at 20 nm was absent for flat cells. These data show
that HER2 homodimerization was not detected in the so-called flat
SKBR3 cells.
DISCUSSION

A protein labeling protocol was established combining the specificity of
anti-HER2 affibody with the high spatial resolution achievable with
QDs. It was used to map intra- and intercellular distribution patterns of
HER2 on SKBR3 cells. The fluorescence images (for example, Fig. 2A)
revealed significant differences of HER2 membrane expression on the
SKBR3 population level and also between different functional regions of
the same cell. This finding is in agreement with an earlier study reporting
the preferential membrane expression of HER2 on membrane ruffles in
SKBR3 cells (22). Heterogeneity of protein expression is known from tu-
mors and has been closely linked with drug resistance mechanisms and
the metastatic potential of tumors (23). In particular, heterogeneity in
HER2-overexpressing tumorspoints towardan increased riskof therapeu-
tic resistance (3). Moreover, because intratumoral heterogeneity of onco-
genic receptors such as HER2 has been linked with the risk of cancer
progression, understanding the molecular mechanisms behind the spatial
heterogeneity of HER2 and in general of receptor tyrosine kinases might
inspire new and more effective therapeutic concepts (24).
Table 1. Density of HER2 labeling permorphological cell type.A total of
11 SKBR3 cells were studied including two flat cells. Data of a test sample
containing randomly distributed QDs are also indicated. The information in-
cludes the number of images in an experimental group Nimage, the number
of all QD labels in a group Nlabel, and the average label density r.
Cell group
 Nimage
 Nlabel
 r (mm2)
All cells
 112
 14,171
 26.9
Ruffled regions
 80
 10,870
 30.5
Homogeneous regions
 32
 3,307
 19.3
Ruffled cells
 90
 10,513
 28.8
Flat cells
 22
 3,664
 22.6
QD random
 24
 4,506
 41.2
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Fig. 5. Correlative light andelectronmicroscopyof a cell with ruffles. (A) Fluorescence image of a selected region at the edge of cell #11. (B) Same area as
in (A) but imaged with ESEM-STEM. Several membrane ruffles are visible as structures of increased brightness. (C) An ESEM-STEM image was recorded at the

location #1 in (B) of a regionwith homogeneousmembrane topography,without ruffles. Theg(x) function indicated a randomdistribution of 209 automatically
detectedQD label positions. (D) Region#2 in (B) containedmembrane ruffles. The curve ofg(x) determined from417 label positions in the ESEM-STEM image in
the area contained a peak at 20 nm and also pointed toward clustering at larger distances. Scale bars, 10 mm.
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The small label used in this study and the high spatial resolution of
ESEM-STEM allowed the detection of individual QD-labeled HER2
proteins not only asmonomers but alsowhen assembled into homodimers
and higher-order clusters. It is feasible to label different protein species
assembled into a protein complex (for example, HER2 and EGFR) with
orthogonal labels in future studies. The analysis of cellular regions
around the nucleus or cell types lacking thin edges would be possible
using an electron microscope with a beam energy higher than 30 keV
(14). Position information of 14,043 HER2 proteins in a total of 11 in-
tact cells was obtained and analyzed. This approach can readily be used
to investigate a wide range of membrane proteins in whole cells and
merely requires access to specific labels and STEM.

Commonly used biochemical methods to detect and quantify mem-
brane protein complexes rely on information from pooled cellular
material, and as a consequence, exceptions deriving from rare cells remain
Peckys, Korf, de Jonge Sci. Adv. 2015;1:e1500165 17 July 2015
hidden (see also SupplementaryDiscussion). Furthermore, thesemethods
lack any spatial information about the cellular location of the occurring
protein-protein interactions. It is practically impossible to obtain stoichi-
ometric protein information and nanoscale localization information on
membrane proteins within the context of tens of intact cells in liquid
state using immunohistochemistry techniques, such as electronmicros-
copy using antibody labeling (25). Light microscopy, on the other hand,
does not exhibit sufficient spatial resolution (26) to directly image the
individual constituents of small protein complexes such as the HER2
homodimer.

The key advantage of our method is its capability to measure dis-
tances, thus enabling us to distinguish regions containing randomly dis-
persed proteins from regions with a similar protein density but with a
certain fraction of the proteins bound in complexes. In particular, for
membrane regions containing endogenously expressedHER2, the density
BA

C

D

*

E

*

*

0 100 200 300
0.0

0.5

1.0

1.5

r (nm)

g 
(x

)

Fig. 6. Correlative light and electron microscopy of a typical flat cell. Flat cell is indicated with an asterisk. (A) A selected area of the fluores-
cence image showed a lower HER2 labeling density in this cell compared to adjacent cells. The dashed line indicated the edge of the SiN window.

(B) DIC shows that the cell has a ~10-mm flat and smooth outer rim without membrane ruffles or protrusions. (C) Overview ESEM-STEM image in
which the flat rim was clearly visible. (D) A selected region [indicated by the rectangle in (C)] of a high-resolution ESEM-STEM image showed
scattering of QD labels. (E) The curve of g(x) obtained from the 188 QDs in this cellular region indicated a random distribution of HER2 around
unity. Scale bars, 20 mm (A and B); 5 mm (C); 500 nm (D).
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may be so high that many proteins are already found at a distance repre-
sentative for a dimer by random chance (Fig. 6, D and E). As is evident
fromacluster analysis comparing the flat and ruffled cells (see Supplemen-
tary Results), the fraction of label pairs at dimer distance differs only by a
factor of 1.8 between these two cell types, whereas the labels are randomly
distributed in flat cells. Cells and tissue can be examinedwith newly devel-
oped proximity methods (27, 28), but the measured fractions of clustered
proteins contain both bound proteins and randomly occurring closely
placed monomers, which could possibly lead to false-positive detection
of, for example, the presence of HER2 homodimers. The high-content
screening of ESEM-STEM of cells in liquid could thus possibly support
the high-throughput screening capabilities of proximity methods.

Data obtained by analyzing all label positions revealed the presence
ofHER2pairs at a characteristic homodimerdistance of 20nm. Figure 4B
shows that these dimers are preferentially associated with ruffled mem-
brane areas, whereby the ruffled areas revealed a twofold stronger labeling
density thandid flat areas of the same cells and corresponding areas of flat
cells (Table 1). In cancer cells, the highly dynamicmembrane ruffles, also
referred to as invadopodia, are considered to serve as junctions for cellular
signaling and drive motility, invasiveness, and metastasis of cancer cells
(10, 29–31). Our findings of the preferential occurrence of HER2 homo-
dimers in membrane ruffles could thus imply that HER2 homodimers
play an important role in cancer cell spreading.

A key result of our study is the observation that HER2 homodimers
are apparently absent from a small subpopulation of cells (Fig. 6) char-
acterized by a flat topography and an almost complete lack of mem-
brane ruffling. Already the difference in cell morphology compared to
the typical SKBR3 cell could point toward a functional difference of
these cells with respect to cells representing themajor population. Possibly,
these flat cells are resting cells (fig. S4). The absence of HER2 homodimers
from flat cells could indicate that these cells display a different intercellular
signaling mechanism than the average SKBR3 cell enlaced by membrane
ruffles. Future studiesof cancer cells that include theexaminationof selected
rare cell subpopulations (for example, cancer stem cells) (32), while also
providing an overview on the cell population, may provide additional
information about the effectiveness of HER2-targeting drugs inhibiting
HER2 homodimer formation (33), considering that cells with HER2
homodimersmight responddifferently toHER2-targetingdrugs compared
to cells lacking dimers. In conclusion, our study revealed a preferred local-
ization of HER2 homodimers in membrane ruffles, whereas these dimers
appear to be absent from flat cells.
MATERIALS AND METHODS

Experimental design
Themain goal of the experiments was to study the localized distribution
of the HER2 stoichiometry in the plasma membranes of SKBR3 breast
cancer cells. The following objectives were considered.

(i) Imaging close to the native state. It was our aim to analyze
the location of HER2 in a state as close as possible to that of the
native cell, thus avoiding sectioning, membrane rupture, or drying
effects. Therefore, correlative light microscopy and ESEM-STEM, a
new imaging technology, were used to visualize the membrane pro-
teins in intact cells kept in liquid state.

(ii) Obtaining representative data of a cell population. Consid-
ering the large morphological differences between individual cells of a
cancer cell population, the ESEM-STEM–based analysis was applied to
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many cells, resulting in accumulating the location of more than 10,000
proteins. Imaging included correlative light microscopy, which was
used to select suitable cells from the cancer cell population, and ESEM-
STEM to obtain nanoscale information on proteins’ positions. This study
was carried out for 11 whole cells. QDs were used as label, providing a
fluorescence signal, while being made of a heavy material such that con-
trast was obtained in STEM.

(iii) Labeling individualHER2 in theplasmamembrane. To study
the stoichiometry of HER2 as assembled in homodimers, or larger-order
protein complexes or clusters, it was crucial to optimize the spatial accuracy
of the receptor localization. Therefore, both the label-to-target distance and
the label were designed to be as small as possible so that all individual
HER2 proteins in a complex could be labeled. A HER2-specific affibody
was used as a small specific label that also allowed a one-to-one coupling
to a QD. Linkage between affibody and QD was based on the strong and
specific streptavidin-biotin interaction. Various control experiments were
carried out to ensure that the labeling protocol was specific forHER2with-
out inducing HER2 uptake and without impact on cell viability.

(iv) Studying localized HER2 distribution. Our aims were to study
in which membrane regions HER2 homodimers occurred and whether
differences between cells existed. Numerous light microscopic images
were recorded to characterize cellular differences. A total of 112 regions of
11 selected cells were studied with a spatial resolution of 3 nm using ESEM-
STEM. A statistic analysis was performed including information on 14,171
HER2 positions via the calculation of the pair correlation function.

Materials
SKBR3 cells were obtained from theAmericanTypeCulture Collection.
Biotin-conjugated anti-HER2 affibody molecule [HER2–AFF-B,
termed: (ZHER2:477)2] was purchased from Affibody AB. Dulbecco’s
phosphate-buffered saline (DPBS) was from Lonza Cologne GmbH.
Dulbecco’s modified Eagle’s medium (DMEM) GlutaMAX with high
glucose and pyruvate, fetal bovine serum (FBS),minimumessentialme-
dium nonessential amino acids (NEAA) 100× solution, QD Qdot 655
streptavidin conjugate (strep-QD), and FBS were from Life Technolo-
gies. CellStripper was from Mediatech. Normal goat serum (GS) was
from Rockland Immunochemicals Inc. High-performance liquid chro-
matography (HPLC)–grade acetone and ethanol, 10× PBS solution,
25%electronmicroscopy–grade glutaraldehyde (GA) solution, D-glucose,
D-saccharose, glycine, biotin-free and molecular biology–grade albumin
Fraktion V [bovine serum albumin (BSA)], and sodium cacodylate tri-
hydrate were from Carl Roth GmbH + Co. KG. Electron microscopy–
grade formaldehyde (FA) 16% solution was from Electron Microscopy
Sciences. HPLC-grade deionized water, poly-L-lysine (PLL) hydro-
bromide (molecular weight, 70,000 to 150,000), sodium tetraborate,
boric acid, and gelatin from cold water fish skin (GEL) were from Sigma-
AldrichChemieGmbH.Glass-bottom cell culture dishes (uncoated, 35-
mm diameter) were from MatTek Corp. Sample support microchips
(14, 34) with a central SiN membrane window of a dimension of 50 ×
400 mm2 and a thickness of 50 nm were custom-made by Protochips.
The microchips had diced edges so that the edges were flat, which was
convenient for handlingwithwide-beak andTeflon-coated tweezers. The
chips were of dimensions 2.00 × 2.60 × 0.30 mm3, and they fitted in the
wells of a standard 96-well plate.

SiN membrane microchip preparation for cell settlement
SiNmembranemicrochipswere prepared for SKBR3 cells by rinsing the
microchips for 2 min in acetone, followed by a 2-min rinse in 100 ml of
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ethanol (both solvents were of HPLC grade). The dried microchips were
cleaned with ArO2 plasma for 5 min and immediately placed in 0.01%
PLL for 5 min at room temperature. Subsequently, the microchips were
rinsed inwater twice and kept in water until the cell suspension was ready
(within 10 to 15 min).

Cell culture and cell seeding on microchips
SKBR3 cells (human breast cancer cell line overexpressing HER2) were
cultured in flasks (25 cm2) with cell medium (DMEM, supplemented
with NEAA and 10% FBS), in a 5%CO2 atmosphere, at 37 °C. The cells
were passaged twice a week and experiments were carried out with cells
between passages 4 and 10. The cells were harvested at half confluency
by rinsing the attached cell layer in DPBS and subsequent dissociation
with CellStripper (15 to 20 min at 37 °C), followed by a quench in the
cell medium. The previously prepared microchips were each placed in
200 ml of cellmedium at the bottomof awell in a 96-well plate. A 20 ml of
harvested cells in suspension was added to each well. After 5 to 10 min,
the microchips, with usually 5 to 12 cells adhering on the SiN window,
were transferred into new wells containing 200 ml of cell medium. The
microchips were then incubated for another 2 to 4 hours and finally
placed into wells filled with cell medium without FBS for 12 to 24 hours
of incubation under serum starvation; these incubations were done in a
5% CO2 atmosphere at 37 °C.

Labeling of HER2 on SKBR3 cells
HER2–AFF-B stock solution (20 mM)was adjusted to a final concentra-
tion of 200 nM in PBS supplemented with 1% GS, 0.5% BSA, and 0.1%
GEL (GS-BSA-GEL-PBS). Strep-QD stock solution (1 mM) was diluted
1:20 in 40 mM borate buffer (sodium tetraborate, boric acid, pH 8.3)
and then brought to a final concentration of 5 nM by dilution in TB,
supplemented with 1% BSA. After 12 to 24 hours of serum starvation,
the cells on the microchips were rinsed once with GS-BSA-GEL-PBS
and then incubated for 10 min at room temperature in GS-BSA-
GEL-PBS to inhibit unspecific binding of HER2–AFF-B. Subsequently,
the chips were incubated for 15 min at 37 °C with the HER2–AFF-B
labeling solution. After rinsing four times with PBS and once with
CB (0.1 M cacodylate buffer, 0.1 M saccharose, pH 7.4), the cells were
fixed with 3% FA in CB for 10min. Cells were rinsed once with CB and
three times with PBS, followed by incubation in 0.1 M glycine in PBS
(pH 7.4) (GLY-PBS) for 2 min and rinsing twice with PBS, before in-
cubation in strep-QD labeling solution for 10 min at room temperature.
After being rinsed three timeswithPBS andoncewithPBS supplemented
with 1% BSA (BSA-PBS), the chips were imaged in BSA-PBS in a glass-
bottom dish with fluorescence microscopy. Thereafter, the cells were
rinsed once with CB and fixed for 12 min at room temperature with
2% GA in CB for electron microscopy. Cells were then rinsed once with
CB and three times with BSA-PBS and stored in BSA-PBS at 4 °C until
electron microscopic investigation.

DIC and fluorescence microscopy
The FA-fixed and labeled cells were imaged using an inverted light
microscope (DMI6000B, Leica). Cells on microchips were imaged in
BSA-PBS and placed upside down in a plasma-cleaned cell culture
glass-bottom dish, first with a 20× air objective and then with a 63×
oil immersion objective. Images were recorded with bright light (that
is, DIC) to yield information about membrane limits and topography,
such asmembrane ruffles. To detect bound strep-QDs, a filter cubewith
a 340- to 380-nm excitation and >420-nm emission window was used.
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To ensure that all HER2-boundQDswere detected, taking into account
the stochastic blinking behavior of QD-emitted fluorescence signals,
high-resolution fluorescence imageswere created frommultiple images.
For this purpose, the flat cell areas were brought into focus and a time
series, consisting of 25 images, was recorded using an exposure time of
62ms and a repetition rate of 6.5 Hz. Afterward, the cells were fixed with
2% GA to increase the stability of the cellular material under electron
beam irradiation. A typical experiment encompassed four to six samples
and required a total preparation time of 3 to 4 hours, including the
seeding of cells on the microchips, the actual labeling protocol, and the
time necessary to record the light microscopic images.

Loading a sample into the ESEM and preparation for imaging
After fixation with GA, the labeled cells on the SiN support membranes
were imaged in hydrated state with ESEM (Quanta 400 FEG, FEI) using
the STEM detector. The setup of the ESEM included a stage with a Pel-
tier cooling element and a two-segment solid-state detector mounted
underneath the sample serving as STEMdetector; a detailed description
of the setup for STEM in ESEM can be found elsewhere (35). Only the
dark-field contrast mode was used for this study. A gaseous secondary
electron detectormounted at the pole piece (above the sample)was used
to check for the presence of the thin water film on the cell. Loading was
done by taking amicrochip out of the cooled BSA-PBS and rinsing four
times in cooledwater to remove the salt. After blotting the backside of the
microchip, it was placed into the precooled Peltier stage (3 °C). Cooled
water (3 ml) was pipetted onto the sample surface to provide sufficient
water coverage for starting the air evacuation in the microscope vacuum
chamber. Three additional 3-ml water droplets were placed close to the
sample on the Peltier stage as an additional water source. The pressure
in the specimen chamber was then cycled five times between 800 and
1500 Pa to fill the specimen chamber with saturated water vapor (35, 36).
Afterward, a controlled thinning of thewater filmwas initiated by lowering
the pressure stepwise to 740 Pa; in some cases, the pressure was lowered to
720 Pa. ESEM-STEM analysis was started after the water layer was suffi-
ciently thin to allow high-resolution imaging.

Wet ESEM-STEM imaging
We used an electron beam energy of 30 kV, a spot size of 1 nm, a probe
current of 600 pA, and a working distance of 6.2mm. For every sample,
an overall overview ESEM-STEM image was recorded showing the
wholemembranewindowareawith all cells; these imageswere also used
to provide a spatial correlation of the fluorescence images with those
obtained with ESEM-STEM. Then, overview images were recorded
from all individual cells at a higher magnification. To discern HER2-
bound QDs on the plasma membrane, the magnification was set to
×50,000 to ×75,000, and pixel dwell times between 30 and 50 ms were
used. The image size was usually 1024 × 884 pixels, but several images
with 2048 × 1886 pixels were also recorded. For these large images, the
magnificationwas set to ×25,000 to ×37,500. The stage temperature was
kept at 3 °C, and the pressure was set to values ranging between 720 and
740Pa during the imaging, except for the biotinylated control chipswith
the randomly immobilized strep-QDs, which were imaged at 700 Pa.
These pressure and temperature settings created 100% relative humidity
in the ESEM chamber as needed to ensure the constant coverage of the
cells with a thin film of water. Depending on the chosen pixel dwell time,
the frame time needed to record a high-resolution image usually ranged
between 40 and 80 s (except for the large size images); it was therefore pos-
sible to record >100 images from several cells within a half day.
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Correlative image analysis
Image processing was accomplished with ImageJ (National Institutes of
Health). All images were adjusted in brightness and contrast. Cropping
was applied for certain images as indicated in the figure captions. High-
resolution fluorescence images were constructed from the maximum
intensity overlay of the 25 images from a time series at a certain cellular
region. The correlation of the ESEM images acquired at ×75,000 mag-
nification with their corresponding fluorescence images was done in
two steps. The respective overview ESEM image served as the main
orientation image. An ESEM image recorded at ×50,000 or ×75,000
magnification was first reduced in size until it fitted the scale of the
corresponding overview image. The reduced imagewas then positioned
into its corresponding position in the overview ESEM image using the
cellular features as reference objects for positioning, and the borders
of this area were marked. Next, the respective high-resolution fluores-
cence image was adjusted in size to fit the scale of the ESEM overview
image. Both images were then overlaid using the cellular features as
reference (cellular features were recognizable in both the fluorescence
image and the ESEM-STEM image), and the previously marked area
was pasted in the fluorescence image.

Particle detection
The positions of the QDnanoparticle protein labels were determined in
an automated procedure programmed in ImageJ. The particle positions
in an image were measured as follows. An image was first noise-filtered
by applying a Gaussian filter with a radius of 1 pixel. Background
variations in the image were then filtered by applying a Fourier filter
removing spatial frequencies a factor of 3 smaller and a factor of 3 high-
er than those of the expected particle diameter. The image was then bi-
narized using an automated threshold with maximum entropy setting.
Finally, the particles were selected using the Analyze Particles tool se-
lecting for particles with an area within a factor of 5 of the expected area.
These settings provided automated detection of the nanoparticles,
where typically only a few particles were not detected.

Statistical analysis using the pair correlation function
The pair correlation function g(r) is defined as follows (20):

g rð Þ ¼ 1

pr2rgðrÞ ∑
n

i¼1
∑
n

j¼iþ1
kðr− jxi−xjjÞ ð1Þ

where r is the radial distance, r is the labeling density in the image, g is
the covariance function, and k is the kernel. The distance between two
points i and j is indicated by the modulus |xi − xj|, where x is the two-
dimensional position (x, y) of a particle in the image. The label positions
were assumed to be planar. The covariance function g corrects for edge
effects of the rectangular image and is defined as follows (37):

g rð Þ ¼ hw −
2ðhþ wÞ

p
r þ r2

p
; h ≤ w ð2Þ

where h and w are the height and width of the image, respectively. The
kernel is written as el (38):

k xð Þ ¼
3

4e
1−

x2

e2

� �
; jxj≤e

0; jxj > e

8<
: ð3Þ

the parameter e is called the bandwidth. Locally designed software
in C++ was used to calculate g(r) of the particle positions in image. A
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histogram of r with a bin width of 2.5 nm was defined, and the value
of g(r) was calculated for each bin r. The bandwidthwas adjusted to 5 nm
to obtain an optimal balance between a sharp response and the lowest
fluctuation level of the obtained curves. The data of two or more images
were averaged, whereby the average was weighted by the particle density.
Values smaller than 10 nmwere not allowed, taking the size of the nano-
particles into account.
SUPPLEMENTARY MATERIALS
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Fig. S1. Micrographs of control experiments on SKBR3 cells.
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Fig. S5. ESEM-STEM image used to determine the resolution on QDs of labeled HER2 on SKBR3
cells.
Fig. S6. High-resolution TEM image of QDs.
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