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1. INTRODUCTION

Electron microscopy mostly involves the imagingsolid samples with (sub-)nano scale resolution in a
vacuum environment. However, for many researchtgpresit would be highly desirable to be able tadst the
samples in a more functional environment, suchnagas or in liquid. New approaches were developetthé
past decade to study nanomaterials and biologicaptes (e.g. proteins, DNA, cells) in liquid [1].eMave used
scanning transmission electron microscopy (STEMjrtage specimens in a micrometers thick liquid tg2é
A specimen, for example, an eukaryotic cell, oramsembly of nanoparticles, was placed in a micidifu
chamber with thin windows of silicon nitride (SiNgee Fig. 1A. This so-called Liquid STEM approash i
capable of resolving nanoscale objects of high memmber (Z) in low-Z liquids, resulting from tlecontrast
of STEM. The spatial resolution depends on the ositope settings, the used materials, the locatiaiheo
nanomaterials in the liquid, and the liquid thickeeFor example, gold nanoparticles can be imagéu av
resolution as high as 1 nm on top of a liquid laye4 micrometers thickness [3]. The same princgflSTEM
detection can be used for environmental scanniegtrein microscopy (ESEM), whereby a thin water fage
maintained in equilibrium with saturated water viaff€ig. 1B) [4], as was introduced by Bogner ef%]..
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Figure 1. Principles of Liquid STEM. An eukaryotiell is grown on a supporting SiN membrane.
Proteins labeled with gold nanoparticles (AuNPs)de in the plasma membrane. Imaging is done by
scanning a focused electron beam over the celhsfnited electrons are recorded with the STEM

detector located beneath the sample. (A) The £dlilly enclosed in a microfluidic chamber with two
SiN windows for STEM. (B) The cell is maintainedarsaturated water vapor atmosphere, while a thin
layer of water covers the cell for Liquid STEM ugiBSEM. Reprinted with permission from [6].
Copyright 2013 Cambridge University Press.

2. RESULTS

2.1 Experimental conditions

Lung cancer cells of the type A549 were culturadmcrochips with SiIN membrane windows. The cells
were incubated for 5 min at room temperature witlateel for the epidermal growth facto receptor (R}F
comprising of a 12 nm-diameter gold nanoparticlajegated to epidermal growth factor (EGF) via a
streptavidin-biotin bond. Cells were then fixed lwilutaraldehyde, and rinsed with water. A micrpchiith
cells was placed on the cooled stage of the eleetioroscope (ESEM, Quanta 400 FEG, FEI). The eedise
continuously kept under a thin water film (see RiB) by regulating the stage temperature to 3° €ajusting
a chamber pressure between 720 and 720 Pa. Tisewdtil AUNPs imaged with the STEM detector using a
probe current of 0.5 nA, a beam energy of 30 ke, @ pixel-dwell time of 10Qs.



2.2 EGFR locations determined in whole cellsin liquid using ESEM

Intact lung cancer cells were studied in a thiwiliglayer using ESEM [4]. Fig. 2A shows and ovewie
dark field ESEM-STEM image containing three caliggh spatial resolution was obtained in thin regi@h the
edge of the cell, which was impossible in the thrckellular regions. Fig. 2B shows an image exinigita
spatial resolution of 3 nm. Individual AuNPs arsibie indicating the positions of EGFRs. EGFRslarawn to
form dimers or larger clusters upon activation yFEbinding. Indeed, a number of dimers and somstais
are recognized. A total of 15 whole cells were &ddvith ESEM-STEM [4]. The positions of a total b411
labels were automatically determined, and then ts@alculate the distances between the labeladh anage.
A statistical analysis of these distances revealewst probably center-to-center distance of thelaof 19 nm,
consistent with a molecular model of the EGFR dimith bound AuNPs.

Figure 2. ESEM-STEM of a whole fixed A549 cancdt icehydrated state. (A) Overview dark field
ESEM-STEM overview image showing the contours oé¢hcells in grey, and the thicker cellular regions
in white. With permission [4]. (B) High resolutioaaorded at the location of the rectangle in A singwi
individual AuNPs, dimers (circles), and larger tdus (dashed circles).

2.3 HER2 stoichiometry studied with correlative fluor escence microscopy and ESEM-STEM

We have used quantum dots (QDs) as specific labetcent experiments. QDs, fluorescent labelsigii-h
Z materials, were used for correlative fluorescemgroscopy and ESEM-STEM. The stoichiometric
distribution HER2 was studied in breast cancersc¢lER2 dimerization was found to differ betweerdcific
functional regions of the cell membrane.

2.4 Movement and chemical processes of nanoparticles explored with Liquid STEM

The behavior of nanopatrticles in liquid was studisthg a microfluidic chamber for Liquid STEM at®0
keV beam energy. Various interesting effects waseavered. Most importantly, AUNPs were found toveo
three orders of magnitude slower than for movemant bulk liquid. Depending on the pH and salt
concentration, AuNPs aggregated, moved away omld=d. It was also possible to grow gold dendrites.
Experiments with silica nanoparticles revealed tla@toscale structures could be written on the S@hbrane,
and that the scanning electron beam could be wseltkbinge the shapes of the nanoparticles.

3. CONCLUSION

The individual locations of labeled proteins cande¢ermined within the context of an intact celliguid
using nanoparticle labels and STEM. The uniquerinédion can be used to study stoichiometric digtidns of
protein complexes at the single molecule level.uldgSTEM presents a new method to study nanoscale
processes in liquid, and several unexpected phemamere observed.
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