
Electron Beam Damage of

Biological Specimens in

Liquid-Phase Electron Microscopy

Dissertation

zur Erlangung des Grades

Doktorin der Naturwissenschaften

der Naturwissenschaftlich-Technischen Fakultäten der Universität
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Abstract

Electron microscopy of native biological materials is usually hampered by sample

preparation procedures such as dehydration and freezing, and by electron beam

damage. Liquid phase electron microscopy (LP-EM) allows the observation of bio-

logical samples in liquid environments without conventional preparation procedures.

However, electron beam damage also occurs in LP-EM, and thresholds for biologi-

cal samples are not yet fully explored.

In this work, the electron dose tolerance of green fluorescent protein (GFP) was an-

alyzed in LP-EM. Protein damage was studied with increasing electron dose, using

fluorescence degradation as an indication. Dc < 0.01 e−/Å2 and Dc < 0.1 e−/Å2

were observed for GFP on silicon nitrite in transmission electron microscopy (TEM)

and environmental scanning electron microscopy (ESEM), respectively. In TEM,

the dose tolerance was increased by three orders of magnitude when GFP was en-

capsulated in graphene liquid cells. The dose tolerance of more complex systems

was investigated by binding GFP to actin filaments in fixed SKBR3 cells, which

showed Dc < 0.1 e−/Å2 in TEM and ESEM. In fixed SKBR3 cells, radiation dam-

age was also studied based on the displacement of labeled membrane proteins. At

electron doses of D = (7.8± 0.4) · 103 e−/Å2 these labels showed a displacement of

0.8 %.

Procedures for studying biological materials such as proteins an fixed cells in LP-

EM are presented in this thesis. Strategies to study and mitigate beam damage are

demonstrated.
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Kurzzusammenfassung

Elektronenmikroskopie nativer biologischer Materialien wird in der Regel durch

Probenpräparationsverfahren wie Dehydrierung und Einfrieren sowie durch

Strahlenschäden behindert. Flüssigphasen-Elektronenmikroskopie (LP-EM) ermög-

licht die Beobachtung biologischer Proben in flüssiger Umgebung ohne herkömm-

liche Präparationsverfahren. Strahlenschäden treten allerdings auch in LP-EM auf,

jedoch sind die Grenzwerte biologischer Proben noch nicht vollständig erforscht.

In dieser Arbeit wurde die Dosistoleranz des grün fluoreszierenden Proteins (GFP)

in LP-EM analysiert. Proteinschädigung wurde anhand abnehmender Fluoreszenz

mit zunehmender Elektronendosis untersucht. Dc < 0.01 e−/Å2 undDc < 0.1 e−/Å2

wurden für GFP auf Siliziumnitrit in Transmissionselektronenmikroskopie (TEM)

bzw environmental scanning electron microscopy (ESEM) gezeigt. In TEM kon-

nte die Dosistoleranz mit dem Einschluss von GFP in Graphenflüssigzellen um

drei Größenordnungen erhöht werden. Zur Untersuchung komplexerer Systemen

wurde GFP an Aktinfilamente in SKBR3 Zellen gebunden, die Dc < 0.1 e−/Å2

in TEM und ESEM zeigten. In fixierten SKBR3-Zellen wurden Strahlenschäden

auch anhand der Verschiebung markierter Membranproteine untersucht. Bei D =

(7.8± 0.4) · 103 e−/Å2 zeigten diese eine Verschiebung von 0.8 %.

In dieser Arbeit werden Verfahren zur Untersuchung biologischer Materialien wie

Proteinen und fixierten Zellen in LP-EM vorgestellt. Strategien zur Untersuchung

und Abschwächung von Strahlenschäden werden aufgezeigt.
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1 Introduction

The ability to image specimens beyond the resolution of visible light has been one

of the greatest technological achievements of the last century, benefiting biological,

medical and materials research. A transmission electron microscope, which used

electrons instead of light, was first designed by Ernst Ruska and Max Knoll in 1931.1

The higher resolution compared to conventional optical microscopy enabled imaging

of nanometer-sized samples. Biological and medical research in particular benefited

from the invention, as it became possible to resolve pathogens and proteins, many

of which were previously invisible under optical microscopy.2–5 Figure 1.1 shows

images of bacteria (a) and pox viruses (b), which were acquired by F. Krause and

E. Ruska in the 1930s.1,5, 6

Figure 1.1: Electron microscopic images of biological specimens. a) Bacteria
extracted from culture infusion and fixed with formalin. b) Pox viruses. Adapted by
permission from Springer Nature: a) 6 © (1937) and b) 5 © (1939).

A few years after imaging the first biological specimens, applications of electron

microscopy (EM) had proliferated to materials science, contributing to the under-

standing of various phenomena in thin metal foils or crystal defects.7,8 Nowadays,

electron microscopes have developed into important tools in broad areas of research

as they add insights in biological samples and intrinsic material properties.2,9 In

addition, EM allows probing dynamic sample behaviors in-situ under mechanical

deformations, in gaseous and liquid environments.10,11 For the invention of this
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Introduction

powerful microscope and his research contributions in the field of electron optics,

Ernst Ruska was awarded the Nobel Prize in Physics in 1986.1

The great interest and benefit of EM resulted from its much higher resolution com-

pared to all previously known microscopic methods at that time.3 Using electrons

instead of light increased the resolution due to the smaller wavelength of electrons

compared to visible light (five orders of magnitude). The resolution of EM is not

only limited by the wavelength, but also by electron optics. The theoretical reso-

lution of 2.2 Å of an electron microscope operated at 75 kV was already estimated

by Ruska and Knoll in 1932.3 However, inevitable spherical and chromatic aber-

rations in electromagnetic lenses caused a resolution of about 10 nm for the first

electron microscopes.6,12,13 Since then, improving lens optics and correcting aber-

rations have been important aspects of EM development. In the 1990s and early

2000s, major breakthroughs were accomplished with spherical aberration correc-

tors, achieving sub-angstrom resolution.14–16 Further improvement in lens optics

and aberration correctors increased the resolution to 0.5 Å.17,18

The use of electron microscopes in biological research has contributed significantly

to the understanding of organelle morphology, cell organization and interaction.2,19

Future steps to advance research include the observation of processes in the na-

tive environment of biological samples at nanometer resolution.2,20 However, vari-

ous requirements of EM complicate the observation of intact biological specimens.

Electron microscopes operate under high vacuum conditions to avoid scattering

of beam electrons with air molecules. The vacuum is typically in the range of

10−3 Pa for scanning electron microscopes and 10−5 Pa for transmission electron

microscopes.8,21 Under these conditions, rapid water evaporation causes biological

specimens to dry out and lose their composition and natural structure. Another

aspect is the lack of imaging contrast of biological specimens as organic matter

consists of light elements.8 To overcome these problems, several techniques to sta-

bilize biological specimens have been established. Specimens can either be frozen

rapidly before imaging in cryogenic electron microscopy (cryo-EM) or dehydrated,

stained, fixed, and embedded in resin. Both methods are used, but do not main-

tain a native environment for biological specimens and may cause artifacts from

the preparation process.22,23 To maintain a liquid environment, liquid-phase elec-

tron microscopy (LP-EM) techniques such as environmental scanning electron mi-
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croscopy (ESEM) and liquid-phase transmission electron microscopy (TEM) have

been developed.11,24 For electron transmitting imaging techniques such as TEM

and scanning transmission electron microscopy (STEM), samples must be thin to

allow sufficient electron transmission for signal collection.8,23 Whole cells and tis-

sues exceed this thickness and, therefore, have to be sliced into thin sections using

ultramicrotomes.23,25

Another challenge in EM of biological samples is the occurrence of electron beam

damage. Negatively charged electrons interact with specimens, which can cause

structural damage such as atomic displacement and radiolysis, generally referred

to as radiation damage.8 Radiation damage can hinder the examination of speci-

mens, as damaged samples do not provide information. To image intact specimens

in their native state, radiation damage needs to be limited to preserve the func-

tion and structure of the specimens. To ensure this, the electron dose at which

radiation damage occurs has to be determined. Strategies to increase the electron

dose tolerance of specimens include mitigation of radiation damage, for example,

by using scavenging materials such as graphene. Damage mitigation is of general

interest as it allows the resolution of nanometer-sized biological features without

loss of information. Research on evaluating electron beam damage is a key step

to understand underlying mechanisms and to further propose damage mitigation

strategies.26 Radiation damage also occurs in liquids, but damage mechanisms and

electron dose tolerances for biological samples in liquid environments have not yet

been fully explored.

The present work addresses the subject of electron beam damage in biological

specimens in liquid. Green fluorescent protein (GFP) is used as a model protein

and irradiated with different electron doses and fluxes in liquid environment. Dam-

age mitigation is investigated using graphene as scavenging material. Radiation

damage of chemically fixed SKBR3 cells is evaluated using GFP bound to actin-

filaments and membrane proteins labeled with quantum dots (QDs). This thesis

addresses the following questions:

� What is the impact of electron dose and electron flux on electron beam damage

of GFP?
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� What is the difference between the electron beam damage in TEM and

ESEM?

� Does graphene as sample support mitigate electron beam damage?

� Can electron dose thresholds for single proteins be applied to more complex

systems such as cells?

Chapter 2 of this thesis presents the theoretical background and state-of-the-art.

The basic principle of EM is described, focusing on LP-EM, electron scattering and

radiation damage. Benchmarking with cryo-EM and super-resolution microscopy is

presented. Additionally, properties and applications of GFP and graphene are de-

scribed. Experimental materials and methods are presented in Chapter 3. Sample

preparation techniques, EM operation and data analyses are explained in detail.

Chapters 4 - 6 present the experimental work of this thesis. The electron beam

irradiation of GFP in liquid-phase TEM and ESEM is described in Chapter 4.

Electron dose, electron flux and acceleration voltage were varied. Damage miti-

gation was observed by changing the sample support from silicon nitrite (SiN) to

graphene. Chapter 5 presents the investigation of radiation damage of GFP bound

to actin-filaments in fixed SKBR3 cells in liquid. The last experimental Chapter 6

presents investigations of membrane proteins of fixed SKBR3 cells labeled with

QDs. Here, radiation damage was examined based on the change of QD positions

in graphene-coated and non-coated cells. Each chapter includes a discussion of the

results presented in that chapter. Summary and outlook for further investigation

of electron beam damage and damage mitigation on biological specimens are given

in Chapter 7.

This thesis provides information about the electron dose thresholds of EM of bio-

logical specimens in their native, liquid environment. A guideline for the measure-

ment of the electron dose in LP-EM is provided. In addition, damage mitigation

for proteins in liquid is shown by encapsulating proteins in graphene. The results

presented here provide a procedure for the investigation of biological materials such

as proteins and fixed cells in LP-EM.
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2 State of the Art

2.1 Electron Microscopy

Electron microscopy is mainly divided into two types: TEM and scanning electron

microscopy (SEM). In TEM, a parallel electron beam is used to expose the sample,

while in SEM, a focused electron beam (electron probe) scans the sample. A

combination of both is STEM, in which the setup is similar to TEM, but the sample

is scanned with a focused electron probe as in SEM. Some TEMs can be operated

in probe mode (STEM), but dedicated STEM also exists. Figure 2.1 illustrates

the schematic setup of SEM (a), TEM (b) and STEM (c). The microscopes are

equipped with an electron source where electrons are extracted from the cathode

by an applied extraction voltage in the anode.8 The electrons are accelerated,

with accelerating voltages typically ranging from 500 eV to 30 kV in SEM and from

30 kV to 300 kV in TEM and STEM.11 Electrons leaving the electron source in the

primary electron beam are focused on the sample by a lens system. The condenser

lens (CL) system is located after the electron source and controls the beam size.

In TEM, which can be operated in STEM, the condenser lenses are necessary to

form either a parallel electron beam for TEM or a fine probe for STEM.27 In

TEM, the specimen is located after the condenser lens and before objective (OL)

and projector lenses (Figure 2.1b), whereas in SEM the specimen is located at

the bottom of the whole lens system (Figure 2.1a). Additionally, scan coils are

inserted in SEM to scan the sample with a focused electron probe. The setup in

STEM is similar to TEM, but scan coils are also inserted here to scan the sample

with the focused electron probe (Figure 2.1c).

Different signals are typically used for image formation in TEM and SEM. In TEM,

electrons transmitted through the samples are detected, whereas backscattered elec-

trons (BSE) and secondary electrons (SE) are usually detected in SEM (see Sec-

tion 2.3 for more detailed information). Transmitted electrons can be detected

in SEM as well if the specimen is thin enough, however, better resolution can be

obtained in higher-voltage TEM or STEM.29 In STEM, SE and BSE can also be

used for data acquisition, but higher resolution is achieved with the detection of

transmitted electrons.30 Annular dark field (ADF) detectors (see Figure 2.1c) are
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2.1 Electron Microscopy State of the Art

Figure 2.1: Schematic setup of electron microscopes. a) In scanning electron
microscopy (SEM), the specimen is located at the end of the lens system. Scan coils
are located after the condenser lenses (CL) to focus a fine electron beam that scans the
sample. b) In transmission electron microscopy (TEM), the specimen is located after
CL. The objective (OL) and projector lenses (PL) are located after the specimen. c)
In scanning transmission electron microscopy (STEM), scan coils are inserted to scan
the specimen with a focused electron beam. An annular dark field (ADF) detector is
used for the detection of high-angle scattered electrons. Republished with permission of
John Wiley & Sons - Books, from ;28 permission conveyed through Copyright Clearance
Center, Inc.

used in STEM to detect high-angle scattered transmitted electrons, which provide

atomic number (Z ) contrast.

As mentioned above, the resolution in optical light microscopy is limited by the

wavelength of light. Resolution is defined as the minimum distance d that two

particles must be apart to be distinguishable and is given by Rayleigh’s criterion:8

d = 0.61
λ

nsinα
(1)

where n is the refractive index, α is half the opening angle and λ is the wavelength.

The resolution improves with decreasing wavelength and increasing numerical aper-
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2.1 Electron Microscopy State of the Art

ture (NA) = nsinα. The wavelength of electrons is given by the De-Broglie-

wavelength

λdeBroglie =
h√

2me · e · V
(2)

where h = 6.6 · 10−34 J·s is Planck’s constant, me = 9.1 · 10−31 kg is the mass of

an electron, e = 1.6 · 10−19 C is the elementary charge and V is the acceleration

voltage.8 If V increases, λdeBroglie (Equation 2) and d (Equation 1) decrease.

For 200 kV, the wavelength of electrons is about 2.7 pm. Assuming NA = 0.4 and

λ = 400 nm for visible light, d = 610 nm. Assuming the same NA, but with λ

= 2.7 pm for 200 kV electrons, d = 4.1 pm, i.e. five orders of magnitude higher

than for visible light. The theoretical resolution of 4.1 pm cannot be achieved until

now which is due to low quality electromagnetic lenses in TEM with NA ≈ 10−2.31

However, atomic resolution (1 Å) can be achieved in TEM.

In SEM, the probe size, which is limited e.g. by lens aberrations, sets the resolution.

For modern instruments, the resolution is < 1 nm.29,32 This is valid for SE and

BSE in thin specimens (< 100 nm).29 For bulk specimens, however, the resolution

depends on the detected electrons. SE still provide similar high resolution, since

SE emerge from near the surface. For BSE, the resolution is mostly limited by the

interaction volume.29 Due to the higher energy of BSE, they emerge from about

half the penetration depth of the primary electron beam.33 This leads to a larger

interaction volume and a wider region from which BSE emerge than for SE, which

reduces resolution.34 As illustrated in Figure 2.2, the interaction volume increases

with increasing E0 and decreasing Z .

2.1.1 Liquid-Phase Electron Microscopy (LP-EM)

The observation of biological specimens in EM is particularly challenging as the

samples need to withstand the high vacuum that is essential in electron microscopes

to avoid scattering of electrons with air molecules. In addition, samples will dry

out when exposed to the vacuum of an electron microscope. Therefore, biological

sample preparation in EM traditionally includes dehydration, fixation, embedding,

or freezing of the specimens.23,27,35 For conventional TEM, samples are sliced in

thin sections to allow sufficient electron transmission.23 This approach has been

7



2.1 Electron Microscopy State of the Art

Figure 2.2: Dependence of the interaction volume in scanning electron mi-
croscopy (SEM) in bulk specimens. The interaction volume and the penetration
depth of electrons in a bulk specimen in SEM increases with decreasing atomic number
(Z) and with increasing electron energy E0. The red line indicates the approximate origin
depth of secondary electrons (SE) and the volume marked in green indicates the origin
of backscattered electrons (BSE). Adapted by permission from Springer Nature: ,33 ©

(2005).

successfully used in studies of the ultrastructure of biological cells and tissues.

Through EM, many new insights in cell organization, cellular components and

structures were gained and contributed to the understand of cellular functions.23

However, this technique does not reflect biological samples under natural, liquid

conditions and prevents the observation of dynamic processes which are of major

interest in EM research.24 LP-EM is a technique that allows visualization of samples

in liquid using electron microscopes. The most challenging aspects are separating

the liquid samples from the vacuum of the microscope and achieving nanometer

resolution.36,37 The resolution decreases as the sample thickness increases, so the

liquid thickness must be sufficiently thin.36,37

LP-EM has advanced to an important method in many fields of research includ-

ing electrochemistry, biomineralization and nanoparticle self-assembly.26 Multiple

preparation techniques for LP-EM have been developed so far. Figure 2.3 illus-

trates the cross section of a so-called liquid cell containing nanoparticles in liquid.

Liquid cells are prepared to separate the sample from the vacuum in a sealed liquid

system at atmospheric pressure.38,39 In most cases, liquid cells consist of amorphous

SiN deposited on a silicon support as electron transparent membrane material.36,37

8
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Figure 2.3: Silicon nitrite (SiN) liquid cell in transmission electron microscopy
(TEM). The liquid sample is enclosed in a sandwiched structure consisting of two SiN
microchips. Liquid and nanoparticles are introduced either by flowing through a tub-
ing system or by dispensing a droplet on the microchip before closing the liquid cell.
Reprinted by permission from Springer Nature: Nature Nanotechnology 11 © (2011).

For the preparation of liquid cells, physical spacers can be included to regulate the

liquid thickness. However, the liquid thickness can vary due to bulging of the SiN

membrane when exposed to vacuum as a result of the pressure difference.37,40,41

One of the microchips is inserted in the sample holder and a second microchip is

placed upside down on the first microchip so that the two SiN membranes overlap.

The liquid can be introduced either by dispensing a drop on the first microchip

before closing the liquid cell, or by a microfluidic system connected to the sample

holder. A lid with sealing o-rings is used to close the liquid cell. Various designs

of liquid cells are available in which microchips and holders can be fabricated, for

example, to integrate temperature control elements.11,36,37

An alternative approach for LP-EM is the enclosure of liquid samples in graphene

liquid cells (GLCs). Figure 2.4 illustrates preparation methods for GLCs. The

sample is dispensed on a graphene-coated TEM grid and either coated with a

graphene sheet via loop-assisted transfer (Figure 2.4a) or by picking up a graphene

sheet via touch-down (Figure 2.4b). A sandwich can be prepared by encapsulat-

ing the sample between two graphene-coated TEM grids (Figure 2.4c). Several

benefits of using graphene rather than SiN have been demonstrated in LP-EM

9
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Figure 2.4: Preparation methods for graphene liquid cells (GLCs). a) Loop-
assisted transfer of graphene on a graphene-coated transmission electron microscopy
(TEM) grid. The bottom grid is coated with a graphene sheet by a loop enclosing
liquid between the grid and the graphene. b) The graphene-coated grid with the sample
is placed upside down on a graphene sheet floating on liquid. c) The graphene-coated
TEM grid with the sample is closed with another graphene-coated TEM grid to form a
sandwich. Republished with permission of John Wiley & Sons - Books, from ;46 permis-
sion conveyed through Copyright Clearance Center, Inc.

applications. Biological samples coated with graphene show reduced motion as a

result of reduced charging.42,43 Graphene acts like a scavenger for radicals created

in EM and hence reduces radiation damage.26,42–44 In addition, graphene also pro-

vides a thinner layer than SiN membranes which results in better signal-to-noise

ratio (SNR) and enhanced resolution (see also Section 2.4).45

2.1.2 Environmental Scanning Electron Microscopy (ESEM)

Another LP-EM method is a variation of SEM called environmental scanning elec-

tron microscopy (ESEM). The setup is similar to conventional SEM, but the spec-

imen chamber is operated at low vacuum, typically between 100 - 1300 Pa. The

specimen chamber is filled with vapor which provides a saturated atmosphere. In

most cases, water is used.47,48 The chamber and the electron gun need to be sep-

arated to maintain a high vacuum in the electron gun and a low vacuum in the

chamber. To achieve this, several pressure-limiting apertures and different pump-

ing systems for chamber and gun are installed in ESEM compared to conventional

SEM.37,49,50

Figure 2.5a illustrates the signal generation in ESEM. As with SEM, the sample

is irradiated with the primary electron beam, generating SE and BSE (grey and

10
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(a) (b)

Figure 2.5: Signal generation in environmental scanning electron microscopy
(ESEM). a) The primary electron beam creates secondary electrons (SE) in the specimen
upon radiation. SE interact with gas molecules and create more SE which amplify the
signal and ionize the gas molecules. These positively charged gas molecules can neutralize
the charge created in the specimen due to the interaction with the primary electron beam.
b) Beam spreading of the primary electron beam with gas molecules. Reprinted from 48

© (2013), with permission from Elsevier.

black arrows, respectively). However, unlike conventional SEM, these electrons

collide with gas molecules in the atmosphere and generate more SE, leading to a

cascade of SE, which amplifies the signal. For the operation in gaseous conditions

special gaseous secondary electron detectors (GSEDs) have been developed with

low positive potentials of typically 300 - 500 V.51

SE not only amplify the signal, but also ionize gas molecules (grey dots). Positively

charged ions (black dots) can compensate the negative charge generated in the sam-

ple to mitigate charging effects.29,47 The charge neutralization enables observation

of non-conductive materials and is an advantage of ESEM over SEM.48,52 This also

facilitates sample preparation and avoids artifacts caused by drying or freezing.48

However, not only SE, but also the primary electron beam can interact with gas

molecules before encountering the sample as depicted in Figure 2.5b. Therefore,

the beam intensity in a gaseous environment may be reduced compared to the

measured intensity.
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2.2 Benchmarking with Super-Resolution Microscopy and

Cryogenic Electron Microscopy

2.2.1 Super Resolution Microscopy

In contrast to conventional TEM, dynamic and live processes can be observed us-

ing optical microscopy. Optical microscopy methods have improved over the years,

aiming to image samples with a resolution close to the atomic resolution achiev-

able in EM. In general, such super resolution microscopy methods can be classified

by the image acquisition. Reversible saturable optical linear fluorescence tran-

sitions (RESOLFT) techniques include deterministic functional techniques such

as stimulated emission depletion (STED), ground state depletion, and saturated

structured-illumination microscopy. In RESOLFT, two states of the fluorophores

are used: the dark state where the fluorophores do not emit photons and the bright

state where photons are emitted. In STED, this is achieved by using two laser

beams, one to excite the fluorophores and another doughnut-shaped laser beam that

reduces the probe size and mutes fluorophores.53 In this way, a smaller amount of

fluorophores are excited which increases the resolution. The first experiments using

STED showed a resolution of 35 nm, which was further improved to 1 - 3 nm using

a recently developed variant of STED called minimal STED (MINSTED).53,54

Besides deterministic techniques, there are some stochastic functional techniques

available. For example, in stochastic optical reconstruction microscopy (STORM),

multiple cycles are imaged, in which fluorescent dyes are switched from fluorescent

and dark state using red and green lasers.55 In each cycle only a fraction of fluo-

rophores is excited and one image is taken.55 The final image is reconstructed from

all imaging cycles with a resolution of about 20 nm.55 Compared to conventional

optical microscopy, the resolution is not limited by the wavelength of light but by

the number of photons that are excited in each cycle.55

Although super resolution microscopy techniques have improved, some drawbacks

remain. The resolution is still at least one order of magnitude lower than with

EM (∼ 1 nm for MINSTED vs 1 Å in EM). Specific fluorophores are required for

super-resolution techniques such as STORM and photoactivated localization mi-

croscopy.56 Phototoxicity and photobleaching of the fluorophores are likely to occur

after intense beams and multiple imaging cycles. Some methods require imaging
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close to the coverslip due to low z-axis resolution, therefore imaging is limited by

the setup. For RESOLFT methods, high-intensity pulsed lasers are required that

can cause irreversible sample damage.55

2.2.2 Cryogenic Electron Microscopy (Cryo-EM)

Cryo-EM provides imaging of biological samples under near native conditions. In

cryo-EM, amorphous ice preserves the structure of biological specimens. Samples

are plunge frozen in liquid ethane or propane and observed in EM at temperatures

around 80 K using liquid nitrogen.57,58 Cryo-EM has become a very important char-

acterization technique in structural biology, since it reduces radiation damage and

offers much higher resolution compared to traditional characterization techniques

such as nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallogra-

phy.59,60 Recently, atomic resolution was achieved in single-particle cryo-EM.61,62

Early events can be studied with time-resolved cryo-EM. Two components are

mixed on a microfluidic chip to initiate reactions. The reaction can be stopped

at any time by spraying the product onto a grid and freezing it. This way, time-

resolved investigations of fast processes at different time points are possible.63,64

While sample preparation for conventional TEM can change the structure, shape

and morphology during the staining and dehydration process, sample preparation

for cryo-EM preserves the structural integrity of the sample.65 The radiation sensi-

tivity of the sample decreases due to the much lower temperatures in cryo-EM.19,66

The major limitation of cryo-EM is that the samples are frozen, which precludes

the observation of dynamics and live processes.36 In addition, the samples must

be examined at low temperatures around 80 K.58 The freezing process can create

artifacts such as ice contamination and crystalline ice formation.67,68 Therefore,

cryo-EM is mainly used as a high-resolution technique for structural elucidation in

biology.69

2.3 Electron Scattering and Radiation Damage

Electrons can be scattered either elastically (electron-nucleus interaction) or in-

elastically (electron-electron interaction) in a material.33,70 In inelastic scattering

processes, the energy is transferred and most of the energy is converted to heat
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Figure 2.6: Scattering of incident beam electrons in an atom of a specimen.
Electrons can be attracted by the positively charged nucleus of the atom and scattered
elastically at high angles >90◦ (red arrow, backscattered electrons (BSE)) or at angles
<90◦ (red dashed arrow, forward scattered electrons). Beam electrons can also inter-
act with electrons of the atom and be scattered inelastically at low angles generating
secondary electrons (SE) (green arrow). Elastically and inelastically forward scattered
electrons that exit the specimen are called transmitted electrons (red and green dashed
arrows). Some beam electrons exit the specimen unscattered (blue arrow).

and the emission of X-rays and electrons.29,70,71 In elastic scattering processes,

the kinetic energy of the system, i.e. of the incident electron plus the nucleus, is

conserved. Energy transfer still occurs, but for electrons scattered at lower angles

and with low electron energy, the energy transfer is negligible because the mass of

the nuclei is much greater than the mass of the electrons.27,29,72

Figure 2.6 shows different scattering mechanisms that occur in EM when elec-

trons interact with an atom of a specimen. Electrons can be attracted by the

positively charged nucleus and reflected at high angles (>90◦).2,33 Those elec-

trons are called BSE (Figure 2.6 red arrow). Electrons attracted by the nucleus,

but scattered at angles <90◦, transmit the atom and are called forward scattered
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electrons (Figure 2.6 red dashed arrow).2,33 Both, BSE and forward scattered

electrons occur after elastic scattering events.

Electrons encountering the specimen can also interact with the electrons in the

atomic shells and are then scattered at angles <1◦. As they transfer some energy

during the scattering process, these electrons are inelastically scattered. Those

electrons are also scattered in the forward direction and exit the specimen as trans-

mitted electrons (Figure 2.6 green dashed arrow). Transmitted electrons, both

elastically and inelastically scattered, are used for signal generation in the TEM.8,73

The energy transferred in the interaction between incident electrons and electrons

in atomic shells can also excite atomic electrons. Those excited electrons are

ejected from their position and exit the specimen as SE with low energies ≤ 50 eV

(Figure 2.6 green arrow).8,29

Some electrons do not encounter any scattering events when traveling through the

sample and exit the specimen unscattered (Figure 2.6 blue arrow). The thinner

the sample, the more unscattered electrons transmit.

Although EM is extremely useful because it provides nanometer-scale information,

electron scattering can damage the sample. This damage can limit imaging and

analyses such as spectroscopy. Understanding radiation mechanisms is the key to

reduce the damage on the specimen and to ensure imaging and analysis without

artifacts. Radiation damage can generally be divided into two categories based on

the scattering mechanisms: damage caused by elastic or inelastic scattering. In the

following chapter, mechanisms of elastic and inelastic scattering will be examined

in more detail.

2.3.1 Elastic Scattering

Elastic scattering is the most important scattering interaction to generate diffrac-

tion pattern and phase contrast in STEM and TEM and BSE contrast in SEM.27,70,74

For high Z elements, more BSE reach the detector leading to higher signals that

appear brighter than lower Z elements.2 This characteristic makes BSE a useful

tool for mapping materials according to their composition.2 The scattering prob-

ability of an electron is given by the differential elastic scattering cross section in

units of area per solid angle and is given by 27,75
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dσel
dΩ

=
4Z2R4(1 + E

E0
)2

a20

1[
1 + ( θ

θ0
)2
]2 (3)

where Ω is the solid angle, Z the atomic number, E the total energy, E0 the beam

energy in kV, a0 = 0.5 Å the Bohr radius, θ the scattering angle im mrad, θ0 = λ
2πR

the characteristic angle in mrad, and R = a0Z
−1/3. dσel/dΩ scales with Z2 so it

increases for increasing Z .27,75

The interaction of electrons with atomic nuclei can cause atom reposition. During

the scattering process, high-angle elastically scattered electrons can transfer some

energy to the atomic nucleus.76 Every material has a critical energy Ec at which

atoms are displaced from their original position.77 If the transferred energy exceeds

Ec, the atom is ejected from the lattice and creates point defects.27,75–77 The

damage is called atomic displacement or knock-on damage. The ejection of the

atom can occur at the surface of the specimen, which is called sputtering.8 As the

electron energy decreases, the knock-on cross section becomes smaller, so knock-

on damage can be reduced by lowering the radiation energy below Ec.
8,76,77 In

practice, acceleration voltages above 100 kV are expected to cause knock-on damage

in specimens.70 Therefore, knock-on is mainly present in TEM and less present in

SEM as the acceleration voltages are typically too low (up to 30 kV).70

2.3.2 Inelastic Scattering

In contrast to elastic scattering, a fraction of the kinetic energy are converted in

inelastic scattering processes.27 Outer-shell electrons are weakly bound and can be

easily ejected as SE when beam electrons interact with an atom. Due to their low

energy (≤ 50 eV), SE can undergo more scattering events on their way through the

specimen. This way, SE emerging from deeper in the sample usually get absorbed

and do not reach the detector.33 Therefore, SE that generate signal usually origi-

nate from near the surface of the specimen (<20 nm for insulators and ≈5 nm for

metals).33,78 SE provide important information about surface characteristics of the

specimen but do not contain any elemental information.8,33 Signals based on SE

are the standard imaging signals used in SEM.33

Characteristic inelastic scattering signals can be detected with analytic methods.
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Characteristic X-rays and electron energy-loss spectroscopy (EELS) give important

information about the composition of materials.8 The primary beam electrons lose

energy during the interaction. In STEM, the energy loss can be detected via EELS.

Characteristic X-rays arise from the excitation of an atom caused by the ejection

of an electron that leaves a hole in the inner shell of the atom. This hole needs to

be filled with an electron from a higher energy level which releases characteristic

X-rays with a certain energy. In both, EELS and X-rays, the detected signals are

unique for each atom and therefore those methods are used for the elemental char-

acterization of materials.8,33 Another mechanism is the ejection of Auger electrons.

In this case, the excited atom does not fill the hole in the inner shell, but returns to

its ground state by ejecting another electron, called the Auger electron.8,33 Auger

electrons are used to determine the chemical composition of specimen surfaces.33

As mentioned above, parts of the kinetic energy are converted to atom-electron

excitations, heat or vibrations in inelastic scattering processes.27,70 The scattering

itself is concentrated into much smaller angles (<1◦) than elastic scattering.27,33

The inelastic scattering cross section is given by 27

dσinel
dΩ

=
(1 + E

E0
)2

4π4a20q
′4 Z

[
1− 1

(1 + 4π2q′2R2)2

]
(4)

with q’ the scattering vector. Because σinel scales linearly with Z and σel scales

quadratically with Z (see Equation 3), inelastic scattering is more dominant in

low Z elements, while elastic scattering dominates in high Z elements.8,27,75 Fig-

ure 2.7 illustrates the dependence of the scattering cross sections on Z . The ratio

for inelastic and elastic scattering cross section σinel/σel over the beam energy is

shown for different elements. If σinel/σel > 1, σinel is more dominant and σel is

more dominant if σinel/σel < 1. σel is more dominant for higher Z elements for all

beam energies.

Similar to elastic scattering, inelastic scattering events can also cause radiation

damage. Most of the transferred energy is converted to heat, which potentially

leads to electron ejection in solid materials.27,75 Options to reduce radiation dam-

age in solids include cooling the specimen and effective dissipation of thermal en-

ergy.75 The energy transfer, typically in the range of 20 eV, results in excitation

and ionization of the specimen.37,75 This leads to the breaking of bonds and, in
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liquids, to the formation of reactive radicals such as OH· or H·, which alter the

chemical environment of the sample.27,37,75,79 These radicals can react with other

molecules in the specimen and create structural damage while bond ruptures cause

mass loss.70

The radiolytic cross section is given by

σR = 7 · 106ξ
Z

Ed
(5)

where Ed is the threshold energy for displacement and ξ the radiolytic efficiency.75

ξ is defined as the number of scattering events that are needed to create damage

and is given by the ratio of the damage cross section σD (reciprocal of the charac-

teristic dose Dc) and the average cross section per atom 〈σi〉: ξ = σD
〈σi〉 .

80 If ξ < 1

more than one collision is needed to damage the specimen. For aromatic molecules,

usually ξ < 1 because the molecules are stabilized by the delocalized π-electrons of

the benzene rings.27,71,80 Aliphatic amino acids show higher numbers for ξ and are

therefore more sensitive to beam damage. In those molecules, a single scattering

event can destroy the whole structure.80 Glycine for example, has a radiolytic effi-

ciency of ξ ≈ 40.80

Conductive materials contain a high number of delocalized electrons that can

Figure 2.7: Ratio for inelastic and elastic scattering cross section. The ratio
of the inelastic (σinel) and the elastic (σel) scattering cross section is shown over the
beam energy for different elements. For σinel/σel > 1, σinel is more pronounced and for
σinel/σel < 1, σel is more dominant.75 © IOP Publishing. Reproduced with permission.
All rights reserved.
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rapidly fill holes caused by inelastic scattering. This stabilizes the system and

reduces radiolysis so that knock-on damage remains as the main damage mech-

anism.75,76,81 In contrast, for insulators and organic specimens, an atom could

remain in the localized excitation state for long enough to eventually cause bond

rupture.75,76 In organic specimens, the damage cross section for radiolysis is much

larger than that for atomic displacement. Knock-on damage is still present in or-

ganic specimens, but the majority of beam damage is caused by inelastic scattering

events.76

Mitigating radiation damage in EM is of general interest to increase the dose tol-

erance of specimens and image specimens without loss of information. Cooling the

specimens can help to reduce thermal vibrations and heat induced damage as well

as radiolysis.27,75 Inelastic scattering can be reduced by increasing the accelera-

tion voltage.27,82 Materials such as graphene can scavenge radicals and mitigate

electron beam damage.26,44 Substitution of elements in organic samples or coating

with conductive layers can also reduce radiolysis.27 In addition, some low-dose mi-

croscopy methods, such as dose fractionation and sparse imaging, can be used to

reduce the electron dose deposited on the sample.82,83

Notably, all scattering events including scattering cascades occur simultaneously at

multiple atoms and electrons. This complicates the entire scattering process and

the understanding of radiation damage.

2.4 Graphene

In 2004, Novoselov et al. isolated the first single-layer two-dimensional carbon

crystal from graphite by exfoliation.84 The single-layer crystal called graphene is

the thinnest nanomaterial known (∼ 3 Å) and consists of a single layer of carbon

atoms arranged in a honeycomb structure.85–87 Each carbon atom is surrounded

by three other carbon atoms at an angle of 120◦.88 The sp2-hybridized orbitals of

the carbon atoms form three strong, covalent, in-plane σ-bonds with three localized

electrons and one weaker, out-of-plane π-bond with one delocalized electron.89–91

Graphene is mechanically robust and electrically conductive and can be produced

by top-down or bottom-up synthesis such as exfoliation and chemical vapor depo-
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sition.43,89,92

Unlike other semiconductors, there is no band gap between the conduction and

valence bands in graphene.87,93 However, when an electric field is applied perpen-

dicular to the graphene layers, a band gap develops.94 This allows tuning of the

electronic properties of graphene.91,93,94 The band gap can also be tuned by con-

trolling the size of graphene. In addition, limiting the width of graphene to e.g.

100 nm such as in graphene nanoribbons, the electronic properties are highly de-

pendent on the edge configuration.95

Compared to carbon nanotubes (CNTs) and fullerenes, the surface of graphene

sheets is larger and both sides of the sp2 hybridized carbon atoms are exposed to

the surrounding.96,97 Graphene is naturally hydrophobic, but can be functionalized

to increase dispersibility in solution.86,87,98 Contradictory studies on the toxicity of

graphene-based nanomaterials were reported.96 Toxicity appears to be dependent

on the graphene material used, the concentration, the model (in vivo or in vitro) and

surface functionalization.99 However, cytotoxic effects are possible due to chemical

and metal residues from the preparation process.89 Nevertheless, functionalization

of graphene materials can reduce toxic effects and increase dispersibility.89,96

The implementation of graphene into many research fields has developed fast as the

methods to produce high-quality graphene are relatively cheap and simple.100 With

its high mechanical strength, high electronic and thermal conductivity, flexibility

and impermeability to liquids and gases, graphene is a unique material than can

substitute many materials and offers new applications.100,101

2.4.1 Graphene in Biological Applications

The extraordinary properties of graphene and graphene-based materials also opened

up the possibility of biological and biomedical applications. Among others, areas

of interest include biosensing, drug delivery and photothermal therapy.92,102–104

CNTs have already been investigated on their biomedical application, but the

higher surface area of graphene compared to CNTs and fullerenes proposes more

efficient surface functionalization to modify its biological properties and reduce tox-

icity.92,96 Graphene oxide (GO) shows reduced toxicity and increased dispersibility

and is often used for biological applications although it shows an increased num-
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ber of structural defects.89 However, surface functionalization is crucial to reduce

the hydrophobicity of graphene and GO and therefore increase the stability in

physiological media by loading hydrophilic agents.89,92 Functionalizing GO, for

example, with polyethylene glycol has shown reduced toxicity and increased bio-

compatibility.92,96,98 It is possible to functionalize peptides, aptamers and nucleic

acids followed by materials such as nanoparticles as well as biomolecules such as

deoxyribonucleic acid (DNA) to create biosensors.89,104,105 Graphene has strong

interactions with DNA and ribonucleic acid (RNA) which makes it a possible pro-

tective carrier against DNAse and RNAse in gene delivery.89 Graphene has been

used as biosensor for the detection of DNA sequences with high sensitivity, high

selectivity, and low costs, hence providing a simple and accurate method for the

detection of diseases.104,106

Through surface functionalization, graphene provides the potential of a highly

efficient drug carrier for nanomedicine.89 Functionalization is required to load

graphene flakes and nano-GO with drugs, such as water-insoluble and hydropho-

bic chemotherapeutics and anticancer drugs.89,103 Graphene can efficiently convert

light into thermal energy so it has been used for photothermal therapy, for example,

for in vitro killing of cancer cells using near-infrared light.89,92 Many other appli-

cations of graphene and graphene-based nanomaterials such as tissue engineering

or drug delivery are of great interest and are currently under investigation.102,107

2.4.2 Graphene as Sample Support Material for Electron Microscopy

In EM, graphene was investigated as an alternative sample support to substitute

SiN membranes and carbon-coated TEM grids. Microchips can be fabricated with

SiN membranes of about 5 nm thickness. These microchips are robust, biocompat-

ible and of homogeneous thickness.38 For the preparation of biological samples,

microchips are easier to handle compared to mechanically unstable TEM grids.38

However, these microchips are at least one order of magnitude thicker and less

thermally and electrically conductive compared to graphene. TEM grids made of

various metals are commercially available with different support material such as

amorphous carbon. Amorphous carbon is very thin, however, its surface is electri-

cally insulated and does not show significant conductivity for thin layers.108 The
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background signal of amorphous carbon increases with increasing magnification and

is therefore not suitable for high-resolution imaging of low-contrast materials.108

Graphene-based materials provide ultra-thin sample supports for EM. Spatial res-

olution and SNR can be increased about 100 % compared to carbon-based and

SiN sample supports.20,44,45,108 Graphene itself exhibits a weak contrast that al-

lows imaging of light elements that is usually affected by the background signal

of amorphous carbon.99,109 Since graphene has a periodic lattice and is only one

carbon atom thick, it can be easily distinguished from the sample of interest.108,110

Compared to amorphous carbon, its electrical conductivity is about six orders of

magnitude higher.86,108 The sp2 domains of graphene can scavenge radicals that are

formed upon electron beam irradiation and transfer electrons to the outside.44,111

The use of graphene as support material showed reduced radiation damage in

EM.20,26,44 Due to the high thermal and electrical conductivity of graphene, heat

and charge accumulation during electron beam irradiation can be reduced.86,110,112

Since graphene is impermeable to gases and liquids and can mitigate electron beam

damage, studies of liquid samples enclosed in graphene have drawn great inter-

est.20,26,101,113 Owing to its enhanced SNR, damage mitigation, low background

signal, and impermeability, graphene remains to date the most promising sam-

pling candidate for observing biological and low Z -materials in their native envi-

ronment.20 Research on biological materials encapsulated in GLCs continuously

delivers promising results, but is still ongoing and needs further improvement.

2.5 Green Fluorescent Protein

Osamu Shimomura was the first who isolated the bioluminescent protein Aequorin

from the green fluorescent jellyfish Aequorea victoria in the early 1960s.114 In

the presence of calcium, aequorin emits blue light, however, the jellyfish fluoresces

green.114 After further investigation, another protein involved in fluorescence called

GFP was identified. The excitation spectrum of GFP overlaps with the emission

spectrum of aequorin, which excites GFP and causes the green fluorescence of the

jellyfish.115–117

The first results on the molecular structure of GFP were reported in 1996 by Yang

et al. for wild-type GFP and Ormö et al. for mutated GFP.118,119 The protein
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(a) (b)

Figure 2.8: Molecular structure, excitation and emission spectra of green
fluorescent protein (GFP). a) Molecular structure of enhanced GFP with the alpha-
helices arranged in a cylindrical β-barrel structure surrounding the chromophore marked
in green in the center. The chemical structure in green presents the structure of the
chromophore. Adapted from.122 b) GFP excitation and emission spectra. The dashed
line shows the excitation spectrum of purified GFP with maxima at 395 nm and 470 nm.
The solid line depicts the emission spectrum of GFP with a peak at 509 nm. Reprinted
from 123 © (1998), with permission from Elsevier.

consists of 238 amino acids and a cylindrical β-barrel structure which encloses the

covalently bound chromophore as shown in Figure 2.8a.119–121

In wild-type GFP, the fluorophore is formed by the cyclization of Tyr66 with the

neighboring Gly67 and Ser65 in an autocatalytic process.117,119 The location of

the chromophore in the barrel provides increased photostability compared to other

dyes.122,124,125 Wild-type GFP absorbs blue light with a maximum at 395 nm and

a smaller peak at 470 nm and emits green light with a peak at 509 nm as shown in

Figure 2.8b.117,126

No co-factors are required for the fluorescence of GFP, which attracted great in-

terest in the protein.123,127,128 It is non-toxic and can penetrate organisms with-

out permeabilization, allowing imaging of living tissues.127,129 GFP can fuse with

structures in organisms to track their movement without altering their original lo-

cation and function.127,128 The discovery that GFP is genetically encoded and can

be functionally expressed in, for example, E.coli enabled the development of mu-

tants.117,127,130 The protein was mutated to improve fluorescence and change the
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excitation and emission of the chromophore to different wavelengths so that nowa-

days the GFP family includes many fluorescent proteins, emitting at various wave-

lengths.131,132 GFP retains its fluorescence after fixation with paraformaldehyde

(PFA), which, however, vanishes after denaturation of the protein.117,128,133 For

some time, denaturation of GFP was considered irreversible, but it has been re-

ported that fluorescence can be retrieved if the β-barrel structure can be restored.133

2.5.1 Biological Applications

Since it was found that GFP only requires ambient oxygen but no co-factors to

fluoresce and is non-toxic to most organisms, it has been widely used in biology

and related fields.117,123,134–136 GFP has become such an invaluable resource that

it is not possible to mention all applications here. Among others, it can be used as

a reporter gene, for visualization of whole organisms, and as a biosensor.137 Some

examples of previous research with GFP include the detection of the presence of

calcium. Genetically encoded calcium indicators such as GFP-based GCaMP are

used to detect neuronal activity via the presence or absence of calcium and to

monitor the activation of signaling pathways.138–142 Protein-protein interactions

were studied using GFP-based Förster resonance electron transfer (FRET) analysis

to gain insights into signaling cascades, proteolysis, cell cycle control, and distance

measurements in living cells.128,143

However, detection of biological activity with GFP is still limited. High concentra-

tions of GFP are required to detect beyond the autofluorescent background signal.

In addition, oxygen is required for GFP fluorescence, which hampers the study of

anaerobic organisms. Transcription into a fluorescent protein takes several hours,

making early events elusive.119,137 Fluorophore formation is quite thermosensi-

tive and inactive aggregates with lower fluorescence intensity are formed above

20 ◦C.119,144

Fortunately, the location of the fluorophore within the cylindrical structure suggests

that some side chains of the amino acids could be mutated to increase fluorescence

intensity and accelerate fluorophore formation.119,145,146 For example, about four-

fold faster fluorophore formation and increased fluorescence amplitude at an excita-

tion wavelength of 488 nm and an emission wavelength of 510 nm was reported with

24



2.5 Green Fluorescent Protein State of the Art

Figure 2.9: Chromophores and emission wavelengths of various fluorescent
proteins. Chromophores of different fluorescent proteins are shown according to their
emission wavelength. Each chromophore consists of a variable amino acid, an aromatic
amino acid and glycine. Reprinted from.131

the mutation of Ser65 to threonine which is widely used as enhanced-GFP.125,145,147

The discovery that Tyr66 in the fluorophore of GFP can be replaced by any aro-

matic amino acid and still emit fluorescence made it possible to tune the emission

wavelength of the protein. Therefore, a number of fluorescent proteins such as cyan

fluorescent proteins (CFP) and blue fluorescent proteins (BFP) now belong to the

GFP family.124,148 Some examples including the structure and wavelength of their

chromophores are shown in Figure 2.9. The variety of fluorescent proteins allows

labeling of multiple structures and simultaneous visualization under fluorescence

microscopy.131

As described in Section 2.3.2, amino acids can only withstand a limited amount

of electron irradiation before bond breakage occurs. Amino acids are estimated

to withstand electron doses ranging from 1.6 e−/Å2 for aliphatic and 160 e−/Å2 for

aromatic amino acids.27 Several studies have been performed on mutations of GFP,

which demonstrated that a variable position, an aromatic amino acid, and glycine
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are required for successful chromophore formation (see Figure 2.9).124,149,150 Mu-

tation of Gly67 results in disruption of chromophore formation.151 Since glycine

seems to be crucial for the fluorescence of GFP, the electron dose is limited by the

electron dose threshold of glycine.
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3 Material and Methods

3.1 Material

Table 1: Table of Chemicals

Chemical Manufacturer

Acetone for HPLC (min. 99.8 %) Chemsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

Albumin Fraction V, biotin-free,

≥ 98 %, for molecular biology

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

Anti-human epidermal growth

factor receptor (HER)2

Affibody® Molecule biotin

conjugated 20 µM

Affibody, Solna, Sweden

Boric Acid Sigma-Aldrich, Merck, Darmstadt,

Germany

BS3 (bis(sulfosuccinimidyl)suberate),

No-WeighTM Format

ThermoFisher scientific, Waltham,

MA, USA

Cacodylic acid sodium salt trihydrate

≥ 98 %

Carl Roth GmbH + Co KG,

Karlsruhe, Germany

CellLightTM Actin-GFP, BacMam 2.0 ThermoFisher Scientific, Waltham,

MA, USA

Corning® CellStripper�non-enzymatic

cell dissociation solution

Corning®, NY, USA

D(+)-Saccharose min. 99.7 %, pow-

dered

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

Dulbecco’s phosphate buffered saline

(DPBS)

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

Ethanol absolute for HPLC (min.

99.9 %)

Chemsolute®,Th. Geyer GmbH + Co.

KG, Renningen, Germany

27



3.1 Material

EZ-Link�Sulfo-N -Hydroxysuccinimide

(NHS)-LC-LC-Biotin, No-

Weigh�Format

ThermoFisher Scientific, Waltham,

MA, USA

Green Fluorescent Protein (GFP) (AA

2-238) protein (His tag)

Antikörper-online GmbH, Aachen,

Germany

Glutaraldehyde (GA) Carl Roth GmbH + Co KG, Karlsruhe,

Germany

Gibco® Dulbecco’s modified eagle

medium (DMEM), high glucose, Glu-

taMAX� Supplement, pyruvate

Gibco®, FisherScientific, Hampton,

NH, USA

Gibco® fetal calf serum (FCS) Gibco®, FisherScientific, Hampton,

NH, USA

Gibco® Goat Serum, New Zealand ori-

gin

Gibco®, FisherScientific, Hampton,

NH, USA

Gibco® phosphate buffered saline

(PBS), pH 7.4

Gibco®, FisherScientific, Hampton,

NH, USA

glycine (Gly) ≥ 98.5 % Ph.Eur., USP,

BP

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

4 Pack Suspended Monolayer Graphene

on QF R2/4

Graphenea, San Sebastián, Spain; pur-

chased from Plano GmbH, Wetzlar,

Germany

H2O ROTISOLV® HPLC gradient

grade

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

MEM non-essential aminoacids

(NEAA)s 100x W/O L-Glutamine

Biowest, Nuaillé, France

Paraformaldehyde (PFA) Electron Microscopy Sciences, Hatfield,

PA, USA

Poly-L-Lysine (poly-l-lysine (PLL))

0.01 % solution

Sigma-Aldrich, Merck, Darmstadt,

Germany

Qdot�655 Streptavidin Conjugate

1 µM

Invitrogen�, ThermoFisher Scientific,

Waltham, MA, USA
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sodium azide (NaN3) ReagentPlus®, ≥
99.5 %

Sigma-Aldrich, Merck, Darmstadt,

Germany

Sodium tetraborate decahydrate, ACS

reagent, ≥ 99.5 %

Sigma-Aldrich, Merck, Darmstadt,

Germany

Sodium cacodylate trihydrate ≥ 98 % Sigma-Aldrich, Merck, Darmstadt,

Germany

Superfibronectin from human plasma

solution, sterile-filtered, BioReagent,

suitable for cell culture

Sigma-Aldrich, Merck, Darmstadt,

Germany

Trivial Transfer Graphene� 3-5 layers,

1 cm x 1 cm

ACS material®, Pasadena, CA, USA

Table 2: Table of Expendable Materials

Component Manufacturer

Cell Culture Flasks, PS, treated, ster-

ile, Filter screw cap 50 mL, 250 mL

Labsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

Cell Culture Multiwell plates, treated,

24-well, 96-well

Labsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

CELLSTAR® Cell Culture Flasks TC-

treated, 250 mL

Greiner Bio-One, Kremsmünster, Aus-

tria

CELLSTAR® Cell Culture Multiwell

Plates 12-, 48-, 96-well

Greiner Bio-One, Kremsmünster, Aus-

tria

CELLSTAR® Centrifuge Tubes 15 mL

sterile

Greiner Bio-One, Kremsmünster, Aus-

tria

CELLview� , PS, 35/10 mm, glass bot-

tom, 1 and 4 compartments

Greiner Bio-One, Kremsmünster, Aus-

tria

Centrifuge Tubes 50 mL sterile Labsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

micro-Insert 4 Well in µ-Dish 35 mm,

high

ibidi GmbH, Gräfelfing, Germany
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Ocean Microchips SiN window

400x150µm, 200 nm spacer

DENSsolutions, Delft, The Nether-

lands

Omnifix® Single-use syringe Luer Lock

Solo (1 mL, 2 mL, 10 mL, 20 mL,

50 mL)

B. Braun Melsungen AG, Melsungen,

Germany

Pipette tips with aerosol barrier in

racks, sterile and non-sterile

Labsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

reaction tubes (0.2 mL, 0.5 mL, 1.5 mL,

2 mL

Labsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

Serological ROTILABO® pipettes,

sterile (1 mL, 2 mL, 10 mL)

Th. Geyer GmbH + Co. KG, Rennin-

gen, Germany

Serological pipettes, sterile, (1 mL,

2 mL, 10 mL)

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

Serological pipettes, sterile, (5 mL,

25 mL, 50 mL)

Labsolute®, Th. Geyer GmbH + Co.

KG, Renningen, Germany

syringe filters Rotilabo® PES, sterile

0.22µm

Carl Roth GmbH + Co KG, Karlsruhe,

Germany

Table 3: Table of Hardware

Component Manufacturer

AL54 analytical balance Mettler-Toledo GmbH, Giessen, Ger-

many

atomic resolution analytical micro-

scope JEM-ARM200F

JEOL (Germany) GmbH, Freising,

Germany

Centrifuge 5418 Eppendorf, Wesseling-Berzdorf, Ger-

many

DENS solution ocean liquid holder DENS solutions, Delft, The Nether-

lands

Easypet® Eppendorf, Wesseling-Berzdorf, Ger-

many
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FEI Quanta FEG250 ESEM FEI Germany GmbH, Dreieich, Ger-

many

Fluorescence Microscope Leica

DMI6000 with Leica DFC365 FX

CCD camera, 12-bit

Leica Microsystems GmbH, Wetzlar,

Germany

Galaxy® 48R CO2 Incubator New Brunswick, Eppendorf, Hamburg,

Germany

Gatan Model 950 Solarus� Plasma

Cleaner

Gatan GmbH, München, Germany

Inverted Laboratory Microscope Leica

DM IL LED

Leica Microsystems GmbH, Wetzlar,

Germany

MSc-Advantage� Class II Biological

Safety Cabinet

ThermoFisher Scientific, Waltham,

MA, USA

Perfekt-Kescher® with handle Plano GmbH, Wetzlar, Germany

Pipettes Eppendorf, Wesseling-Berzdorf, Ger-

many

Routine stereo Microscope Leica M60 Leica Microsystems GmbH, Wetzlar,

Germany

Shaking water bath SW22 Julabo GmbH, Seelbach, Germany

3.2 Preparation of Working Solutions

Table 4: Preparation of Working Solutions

Solution Concentration Components

growth medium DMEM supplemented with 10 % FCS +

1 % NEAAs

borate buffer (BB)

stock solution

0.2 M Dilute sodium tetraborate (MW = 381.37)

in HPLC-grade H2O to 0.2 M

BB working solution 40 mM dilute 0.2 M stock solution 1:5 in HPLC-

grade H2O
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cacodylate buffer

(CB)

1 M For 1 L stock solution (1 M) dissolve 214 g

sodium cacodylate trihydrate (MW =

214) in HPLC-grade H2O. Adjust pH to

7.4 with concentrated HCl. Fill up to 1 L

and store at 4 ◦C.

CB working solution 0.1 M Dilute to a 0.1 M working solution and add

sucrose stock solution (2 M) to 0.1 M

PBS/Bovine serum

albumin (BSA)

1 % dissolve 1 % BSA in PBS

Gly-PBS 1 M Dilute glycine (MW = 75.07) in PBS to a

1 M solution

Gly-PBS/BSA 1 % dissolve 1 % BSA in PBS/Gly to a 1 M

solution

Gly-PBS/BSA/goat

serum (GS)

1 % 1 % GS in Gly-PBS/BSA

anti-HER2 Affibody 200 nM dilute stock solution (20 µM) 1:100 in Gly-

PBS/BSA/GS

superfibronectin

(SFN)

5 µg/mL dilute SFN stock solution (2 mg/mL of

protein) in PBS

QD655 20 nM centrifuge Qdot�655 Streptavidin Con-

jugate stock solution 1 µM for 4 min at

8000g, take supernatant and dilute 1:3 in

40 mM BB and fill up with PBS/BSA to

the desired volume

PFA 3% dilute PFA stock solution (16%) to a 3%

working solution in CB

PFA/GA 3 % + 0.2 % dilute PFA stock solution (16 %) to a 3 %

working solution in CB and add 0.2 % GA

(stock solution: 25 %)

GA 2 % dilute GA stock solution (25 %) to a 2 %

working solution in CB
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3.3 Methods

3.3.1 Cleaning of Microchips

Si microchips with an electron-transparent SiN membrane were washed in 100 %

acetone for 2 min and transferred to a beaker containing 100 % ethanol for another

2 min. The microchips were then washed in high performance liquid chromatogra-

phy (HPLC)-grade H2O for 10 min and dipped in 100 % ethanol afterwards. For

drying, microchips were placed on a clean room tissue. The dried microchips were

placed on a clean microscope slide and plasma cleaned with 11.5 sccm O2 and

35 sccm Ar at 9.3 Pa and radio frequency-target of 50 W for 5 min.

3.3.2 Labeling of Microchips with Green Fluorescent Protein

To ensure that for each exposure the same GFP proteins were exposed in EM, the

proteins were immobilized on the SiN surface. Two methods were used:

1. Biotin-Streptavidin binding

2. BS3 crosslinker binding

Microchips were cleaned as mentioned in Section 3.3.1, coated with 0.01 % PLL

for 5 min at room temperature (RT) and rinsed in HPLC-grade H2O twice. For

TEM experiments, microchips with 200 nm spacers were used and microchips with-

out spacers were used for ESEM experiments.

In the first method, microchips were incubated in 250 µg/mL streptavidin for at

least 1 h. After washing with PBS three times, microchips were incubated with

100 µM EZ-linkTM Sulfo-NHS-LC-LC-Biotin for 30 min. Microchips were washed

in PBS three times and incubated in 125µg/mL GFP for 30 min. Afterwards,

microchips were washed in PBS three times and stored in PBS for fluorescence mi-

croscopy. Figure 3.1a shows a scheme of the GFP-binding via biotin-streptavidin.

Streptavidin, which is attached to the PLL-coated surface, has four binding sites

for biotin. Biotin binds to streptavidin and the Sulfo-NHS-side of the complex can

bind the free NH2-groups of the amino acids in GFP.

In the second GFP binding method, bis(sulfosuccinimidyl)suberate (BS3) was used

as NH2 crosslinker. A scheme of the binding process is shown in Figure 3.1b. BS3
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(a) (b)

Figure 3.1: Schematics of green fluorescent protein (GFP) binding meth-
ods. a) Streptavidin is attached to a poly-l-lysine (PLL)-coated surface of a silicon ni-
trite (SiN) microchip. Biotin binds to streptavidin and the Sulfo-N -Hydroxysuccinimide
(NHS)-side of the complex binds the free NH2-groups of the amino acids in GFP. b)
Bis(sulfosuccinimidyl)suberate (BS3) covalently binds NH2 groups of PLL immobilized
on the SiN surface. The free end of BS3 binds the NH2 groups of GFP. Schemes created
with BioRender.com.

binds the NH2 groups of PLL and GFP. PLL-coated microchips were incubated

with 2 mM BS3 for 30 min. After washing once in PBS, the microchips were incu-

bated with 125 µg/mL GFP for 30 min. Microchips were then quenched in 25 mM

Gly-PBS solution for 5 min. Microchips were washed in PBS three times and stored

in PBS for fluorescence microscopy.

3.3.3 Labeling of SKBR3 Cells with Green Fluorescent Protein

Microchips with 5µm spacers were cleaned as mentioned in Section 3.3.1. Mi-

crochips were incubated with 0.01 % PLL solution for 5 min at RT and washed

with HPLC-grade H2O twice. The coated microchips were transferred into a well

plate and covered with DMEM growth medium. SKBR3 cells grown in cell culture

flask were incubated with CellStripper�until they detached (∼ 30 min). Cell were

counted using a hemocytometer and the concentration was calculated:

cell concentration =
total number of cell in counted quadrants

number of counted quadrants
· 104 (6)
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2.5·105 cells/ml were added to the PLL-coated microchips and incubated at 37 ◦C

and 5% CO2 for 2 h to allow cells to settle and to attach to the microchips. Accord-

ing to the manufacturer, 4µL of CellLightTM actin-GFP were then added per 104

cells. SKBR3 cells on microchips were incubated at 37 ◦C and 5% CO2 for 48 h and

fixed afterwards. For fixation, actin-GFP labeled SKBR3 cells were first washed in

PBS three times, then washed in CB once and fixed in 4 % PFA for 15 min. Next,

cells were again washed in CB once and in PBS three times. The fixed cells on

microchips were stored in PBS with 0.02 % NaN3 at 4◦C until used for EM.

3.3.4 Assembly of Silicon Nitrite Liquid Cells

Samples were prepared as described in Sections 3.3.2 and 3.3.3. The DENS so-

lution ocean liquid holder was used for assembly of the liquid cells. The microchips

with the sample were used as bottom chips and plain microchips without spacers

were used as top chips. The tubing of the specimen holder was filled with HPLC-

grade H2O to wash the tubing system. PBS was sonicated for at least 5 min to

degas. The tubing was then filled with sonicated PBS. The two ends of the tubing

were connected to provide a sealed environment. Air bubbles in the tip of the liq-

uid holder were removed manually using tweezers. Figure 3.2 shows the assembly

of a liquid cell in the liquid holder. The bottom chip was removed from the well

plate and placed into the tip of the liquid holder (Figure 3.2b). The top chip was

cleaned as mentioned in Section 3.3.1, flipped and placed onto the bottom chip so

that the SiN windows overlapped (Figure 3.2c). The lid of the holder was placed

on top and tightened with two screws (Figure 3.2d). The outside of the microchips

was washed with H2O five times to remove the excess PBS and prevent formation of

salt crystals. To remove excess water on the outside, the liquid holder was placed

in vacuum (9.3 Pa for 30 s). The liquid cell remained assembled throughout the

experiment. For each pair of microchips, two exposed region of interests (ROIs) at

the edges of the SiN window and one unexposed region in the center of the SiN

window were analyzed.

To insert the DENS holder into the fluorescence microscope, a custom-made adapter

was mounted to maintain the correct working distance for imaging. (Figure 3.2e-

g).
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Figure 3.2: Assembly of a silicon nitrite (SiN) liquid cell. a) The tip of a
DENS solutions ocean liquid holder was washed with H2O and then filled with sonicated
phosphate buffered saline (PBS). b) A microchip with 200 nm spacers and coated with
green fluorescent protein (GFP) was inserted into the tip. c) The top chip without spacers
was placed on the bottom chip so that the SiN windows overlap. d) The liquid cell was
closed with a lid. e) - g) The liquid holder was placed in the fluorescence microscope on
a custom-made adapter to maintain the correct working distance to the objective.

3.3.5 Preparation of Graphene Liquid Cells

Figure 3.3 shows the assembly of a GLC. Two graphene-coated TEM grids as

shown in Figure 3.3a were plasma cleaned with 39 sccm O2 at 9.3 Pa and radio

frequency-target of 5 W for 15 s. The inset depicts a closer view of the graphene

grid. Graphene pockets in the holes of the grid are visible. The tip of a standard

TEM holder was used for sample preparation (e). One graphene grid was placed in

the tip with the graphene side facing up (f). 0.5 µL of 1 mg/mL GFP stock solution

were added to the graphene grid in the tip (g). The second graphene grid was placed

on the first one with the graphene side down so that the graphene grids overlap

(b and h). The GLC was closed (i) and the tip was placed in a standard holder

and used for further investigations. Differential interference contrast (DIC) and

fluorescence images were acquired (c and d). The two TEM grids were misaligned

which results in lower light transmission. The inset in d depicts a closer view of

the grid. The fluorescence was accumulated around the grid bars and in graphene

pockets. The GLC remained assembled throughout the experiment. For each GLC,
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Figure 3.3: Assembly of a graphene liquid cell (GLC). a) Image of a graphene-
coated 300 mesh gold grid. The inset depicts a closer view of the grid with grid bars and
grid holes with graphene pockets. b) Preparation of a GLC with a grid sandwich. A drop
of solution is dispensed on a graphene-coated grid and the GLC is sealed with another
graphene-coated grid. Adapted from.46 c) Differential Interference Contrast (DIC) image
of an assembled GLC. Graphene grids overlap, but are misaligned. d) Fluorescence image
of an assembled GLC. The inset depicts a closer view of the grid where fluorescence is
shown accumulated around the grid bars of the underlying grid and in graphene pockets.
e) The tip of a standard specimen holder for transmission electron microscopy (TEM).
f) A graphene-coated TEM grid was placed in the tip with the graphene side facing up.
g) A droplet of green fluorescent protein (GFP) solution was dispensed on the grid. h)
The second graphene-coated TEM grid was placed on the first one with the graphene
side facing down to enclose the liquid sample. i) The GLC was fixed in the tip.

two exposed ROIs and one unexposed region were investigated.

3.3.6 Calculation of the Accumulated Dose and Electron Flux

The electron dose in SEM and TEM is given in units of e−/Å2 and the flux is given

in units of e−/Å2s.

The accumulative electron dose in SEM is given by

DSEM =
I · t
e · d2

·N (7)

where I is the beam current in A, t the pixel dwell time in s, e the elementary

charge e = 1.6 · 10−19 C, d the pixel size in Å and N the number of images.152 The
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beam current was measured in high vacuum mode in a Faraday cup mounted on

the stage. A picoamperemeter was connected to the stage for current readout.

The electron flux in SEM can be calculated by

fluxSEM =
D

t · a
(8)

where a is the image size of the exposed area in pixels.

In TEM the dose is calculated by

DTEM =
counts

A · f
(9)

and the flux is calculated by

fluxTEM =
D

T
(10)

with A is a defined area in Å2, f is the conversion factor of the camera in counts per

electron (f = 10 counts/electron for gatan imaging filter (GIF) camera at 30 kV

and 200 kV) and T the exposure time. A standard sample with gold nanoparticles

on carbon was used for dose calculations. The alignment was performed in TEM

until atomic resolution was achieved. The counts were acquired in a hole of the

carbon layer of the standard sample with defined area A using GIF camera in

GIF mode. The dose was calculated according to Equation 9. The beam was

spread to cover more than the size of the camera so that the entire camera was

evenly illuminated. The condenser lens settings were adjusted to achieve the desired

electron flux calculated according to Equation 10. The accumulated electron dose

was calculated by summing the electron dose from each exposure. The critical dose

Dc is the electron dose, at which the intensity decreased below 1/e = 0.4 of its

initial value with e = 2.7.24 For the experiments in this thesis, Dc is the dose at

which the fluorescence intensity of GFP decreased to 1/e.

3.3.7 Transmission and Environmental Scanning Electron Microscopy

For radiation damage experiments, each sample was irradiated with a constant

electron flux and increasing electron dose. All samples were exposed 2 - 4 times at
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the same ROIs. In TEM, the liquid holder with the sample was inserted into the

electron microscope. After each exposure, the liquid holder was removed from the

microscope and brought to the fluorescence microscope for imaging. In ESEM, a

GSED and a cooling stage with the temperature set to 4 ◦C were installed. The

specimen was removed from the well plate and placed on the cold stage. The cham-

ber was pumped to a pressure of 1000 Pa. The pressure was then slowly decreased

to 700 - 800 Pa until the SiN window was visible. After exposure, the chamber pres-

sure was increased to about 1500 Pa before venting. The sample was placed back

in the well plate with PBS and imaged under the fluorescence microscope.

3.3.8 Liquid Thickness Measurements via Electron Energy Loss Spectro-

scopy

EELS measurements for determining the liquid thickness were performed on GLCs

at 200 kV. For EELS with an energy dispersion of 0.25 eV, the collection angle was

set to β = 20.8 mrad and the electron probe convergence semi-angle of 30 - 35 mrad.

Figure 3.4a) shows STEM of liquid pockets in a GLC with PBS. The circular

hole represents overlapping carbon and graphene layers. The area marked in red

indicates two overlapping graphene layers. Hence, in the overlapping area, both

sides are covered with graphene while the other parts are covered with graphene on

one side and carbon on the other. Outside the hole, two carbon layers overlap. Line

scans of 2000 pixels and step sizes between 1 and 7 nm were performed, shown as

a green line in the spectrum image in Figure 3.4a. EEL spectrum (Figure 3.4b)

and the relative thickness τ/Λ (Figure 3.4c) was calculated in DigitalMicrograph

software from the spectrum image. τ/Λ is given by153

τ

Λ
= ln

(
It
I0

)
(11)

It is the total number of electrons in the spectrum and I0 is the number of electrons

without energy loss (zero-loss peak). The mean free path Λ is calculated from153

Λ =
106FE0

EM ln
(

2βE0

EM

) (12)
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with E0 the acceleration voltage in eV, β the collection angle, EM = 7.6 (Zeff )
0.36

and F the relativistic factor given by153

F =
1 + E0

1022(
1 + E0

511

)2 (13)

Figure 3.4: Electron energy loss spectroscopy (EELS) of graphene liquid cells
(GLCs) in scanning transmission electron microscopy (STEM). a) STEM of a
liquid pocket in a GLC. The circular structure represents a liquid pocket with overlapping
graphene and carbon layers from the two grids. The marked, darker area represents the
overlap of two graphene layers from both grids. b) τ/Λ over the distance of the line scan
(2nd order smoothing, 10 neighbors). c) Calculated absolute thickness of the GLC (6th
order smoothing, 20 neighbors). The area of two overlapping graphene layers is marked
in red.
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The effective atomic number Zeff given by

Zeff =

∑
fnZ

1.3
n∑

fnZ0.3
n

(14)

This way, ΛH2O = 158 nm was calculated for water for the settings mentioned

above and an estimated accuracy of ±20 %.153 τ can be plotted over the distance

of the line scan giving the absolute thickness as exemplary shown in Figure 3.4d.

The thickness contribution of graphene and carbon was measured via EELS and

subtracted from τ .

3.3.9 Fluorescence Microscopy and Data Analysis

Samples were examined for successful binding of GFP in the fluorescence micro-

scope. A DIC image and an image of the fluorescence channel (dichroic filter cube

L5) with an excitation wavelength of 460 - 500 nm and an emission wavelength of

512 - 542 nm were acquired.

The liquid cells were introduced to vacuum at 9.3 Pa for 30 s before electron beam

exposure to remove excess water from the outside of the microchips. This fluores-

cence image was used as reference. In ESEM, samples were not exposed to vacuum

before electron beam exposure and the images before electron beam exposure were

used as reference. After each electron beam exposure, DIC and fluorescence images

were acquired from the sample.

According to the size of the ROIs exposed in EM, an area of about the same size

was used for intensity analysis in Leica Application Suite X (LAS X) software.

The mean grey values (MGVs) of GFP were analyzed relatively after each expo-

sure. MGV0 are the mean grey values of the reference. The relative fluorescence

intensity (RFI) was calculated by:

RFI =
MGVex
MGV0

(15)

where MGVex are the mean grey values of the background on the microchip sub-

tracted from the mean grey values of the sample.

For the fluorescence images presented in Chapters 4 and Chapter 5, contrast and

brightness were adjusted for better visualization. Analysis was not affected.
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Figure 3.5: Analysis of the area of SKBR3 cells. Fluorescence channel of a silicon
nitrite (SiN) liquid cell with SKBR3 cells. Two SKBR3 cells are exemplary marked. The
area of the cells is surrounded. a) Prior to electron beam exposure (0 e−/Å2) b) After
exposure with an electron dose of 1 e−/Å2.

In SKBR3 cells, the changes in cell area with increasing electron dose were analyzed.

For this purpose, cells were marked manually using LAS X software as exemplary

illustrated in Figure 3.5. Fluorescence images after introduction to vacuum (9.3 Pa

for 30 s, 0 e−/Å2) and after exposure with an electron dose of 1 e−/Å2 are shown in

Figure 3.5a and b, respectively.

The relative area was calculated by:

relative area =
areaex
area0

(16)

with areaex the area of the cells after each exposure and area0 the area of the cells

in the reference.

3.3.10 Control Experiments

Control experiments for photobleaching, drying and exposure to imaging conditions

were performed. Samples were prepared according to Sections 3.3.2 and 3.3.3. To

test photobleaching, samples were exposed under fluorescence microscopy. Time-

lapses were performed with exposure times of 500 ms and a total time of 30 min.

Autofluorescence of SKBR3 cells and the PFA fixative was investigated on SKBR3

cells without GFP labeling. Exposure times of 500 ms were chosen and samples
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were imaged over 30 min.

For drying experiments, samples were washed in HPLC-grade water first to prevent

formation of salt crystals that could possibly scatter. Samples were imaged during

air-drying with an exposure time of 500 - 900 ms for a total of 30 min. Exposures

times for all samples were chosen so that fluorescence of GFP could be detected

but did not over-saturate.

3.3.11 Labeling of Human Epidermal Growth Factor Receptor 2

Parts of this section were published in Blach, P.; Keskin, S. & de Jonge, N.

Graphene Enclosure of Chemically Fixed Mammalian Cells for Liquid-Phase Elec-

tron Microscopy Journal of Visualized Experiments, MyJove Corporation, 2020

DOI: 10.3791/61458 154

Microchips were cleaned as mentioned in Section 3.3.1. For coating, a well plate

was prepared in which the chips were incubated in 0.01 % PLL solution for 5 min

at RT and washed with HPLC-H2O twice. Subsequently, the microchips were

coated with fibronectin-like Protein (FLP) for 5 min at RT and washed with PBS

twice. Microchips were then transferred to a 96-well plate and covered with serum-

free (SF)-DMEM growth medium. Until cells were ready for seeding, microchips

were stored at 37◦C and 5 % CO2. HER2 overexpressing breast cancer cell line

SKBR3 was cultured in growth medium at 37 ◦C and 5 % CO2. Cells were incu-

bated in CellStripper� to detach. The cell concentration was determined according

to Equation 6. Cells were diluted to a concentration of 2.5·105 cells/ml using

amount needed =
2.5 · 105cell/mL

cell concentration
· desired volume (17)

100 µL of cell suspension were added into each well of the 96-well plate containing

a microchip. The microchips with cells were incubated at 37 ◦C and 5 % CO2

until cells attached to the microchips (about 5 min). The density of the cells was

investigated with an inverted microscope. Figure 3.6 shows different scenarios for

cell seeding. A shows SKBR3 cells on a microchips 5 min after seeding. B shows

the same cells after 24 h of incubation. Cells flatten and have a good confluency.

C and D show images of a microchip with too many cells seeded after 5 min and
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Figure 3.6: Cell seeding on a silicon nitrite (SiN) window of a silicon microchip
and human epidermal growth factor receptor (HER) 2 labeled. (A) Exemplary
image of a SiN window region with SKBR3 cells 5 min after seeding on the microchip.
(B) The same cells spread on the same SiN window after 24 h. (C) SKBR3 cells on a Si
microchip 5 min after seeding. (D) Same cells as in (C) after 24 h. Cells didn’t flatten
properly as there were too many cells on the chips upon seeding. (E) Cells on a microchip
5 min after seeding. (F) Only few cells were visible on the window because too few cells
were seeded on the microchip. (G) Differential interference contrast (DIC) image of the
same SKBR3 cells after quantum dot (QD) labeling of HER2. (H) Overlay image of DIC
and corresponding fluorescence image of labeled SKBR3 cells with HER2-QD655 (false
colored in yellow). This is adapted from .154

24 h, respectively. Here, cells didn’t flatten properly. E and F show images of a

microchip on which too few cells were seeded. The microchips with the attached

cells were transferred to another well containing DMEM and incubated at 37 ◦C and

5 % CO2. After 24 h the microchips were transferred to SF-DMEM for starvation

and incubated at 37 ◦C and 5 % CO2 over night.

For fixation, microchips with cells were transferred into the fume hood and washed

in PBS once and in CB once for a few seconds. Cells were fixed with 3 % PFA for

5 min at RT. For quenching, cells were incubated with 1 M Gly-PBS for 10 min.

The microchips were rinsed in PBS once.
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For HER2 labeling, the unspecific binding sides in the cells were blocked by in-

cubating with 1 M Gly-PBS/BSA/GS for 5 min. The cells were incubated with a

specific anti-HER2 affibody biotin conjugate (200 nM) for 10 min. The microchips

were washed with PBS/BSA three times. Then, they were incubated with 20 nM

QD655 for 12 min. Subsequently, the chips were rinsed in PBS/BSA twice and

stored in PBS/BSA for fluorescence microscopy.

For fluorescence imaging, the microchips were placed upside down in a petri dish

containing 2 mL of PBS/BSA. QD655 were imaged with texas red (TX)2 chan-

nel with an excitation wavelength of 540 - 580 nm and an emitting wavelength of

607 - 683 nm. DIC and fluorescence images are shown in Figure 3.6G and H, re-

spectively. After fluorescence microscopy, cells on microchips were post fixed in the

fume hood. The microchips with the cells facing up were rinsed in CB once and

fixed with 2 % GA for 10 min. After this, microchips were again washed in CB once

and three times in PBS/BSA. Microchips were stored in PBS/BSA with 0.01 %

NaN3 until used for EM.

3.3.12 Graphene Coating

Parts of this section were published in Blach, P.; Keskin, S. & de Jonge, N.

Graphene Enclosure of Chemically Fixed Mammalian Cells for Liquid-Phase Elec-

tron Microscopy Journal of Visualized Experiments, MyJove Corporation, 2020

DOI: 10.3791/61458 154

Graphene coating of SKBR3 cells was performed before STEM to maintain a hy-

drated layer around the cells. The setup for graphene coating is shown in Fig-

ure 3.7. Samples were prepared as mentioned in Section 3.3.11. A microchip

with fixed cells and labeled HER2 was washed in HPLC-grade water to remove any

residues of salt from the buffer and placed on a filter paper. The cells were visible

as dark spots under a stereomicroscope (Figure 3.7B). The multilayer graphene on

NaCl crystal was cut into a piece that fits the SiN window of the microchip using

a razor blade. Graphene was removed from the salt crystal by tilting the crys-

tal about 45◦ and touching the water (Figure 3.7A). The graphene sheet floating

on the water surface is marked in red in Figure 3.7C. The graphene sheet was
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Figure 3.7: Graphene coating of cells seeded on a Si microchip. (A) Procedure
of graphene coating. Graphene on NaCl crystal is released onto the water surface. The
graphene piece is then caught with a metal loop and transferred onto the Si microchip. (B)
Microchip (2.0 x 2.6 mm) with a silicon nitrite (SiN) window of dimensions 400 x 160 µm
without graphene. SKBR3 cells were visible as dark spots. (C) Graphene (red circle)
floating on the surface of a beaker filled with water. (D) Graphene caught with a metal
loop. (E) The microchip attached to the water droplet so that the graphene was on top
of the SiN window. (F) Microchip after graphene coating. The graphene was visible as
a purple shimmer. This is adapted from .154

caught with a metal loop from the surface of the water. The graphene floated

within a droplet (Figure 3.7D). The microchip was touched with the metal loop

and sticked to the metal loop (Figure 3.7E). The graphene can be seen on top

of the microchip. Under a stereomicroscope, access water was removed using fil-

ter paper so that graphene covered all cells on the SiN window. The microchip

was removed from the metal loop using tweezers. The graphene was visible as a

purple shimmer on the microchip (Figure 3.7F). For storage, the microchip was

transferred to a compartment petri dish. Another compartments was filled with a

HPLC-grade water to provide a water-saturated atmosphere. The petri dish was

sealed with parafilm and stored at 4◦C.
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3.3.13 Scanning Transmission Electron Microscopy and Analysis

Parts of this section were published in Blach, P.; Keskin, S. & de Jonge, N.

Graphene Enclosure of Chemically Fixed Mammalian Cells for Liquid-Phase Elec-

tron Microscopy Journal of Visualized Experiments, MyJove Corporation, 2020

DOI: 10.3791/61458 154

STEM analyses were performed at 200 kV. A probe current of I = 180 pA (in-

formation provided by the manufacturer with 5% accuracy), a beam convergence

semi-angle of 13.2 mrad and an ADF detector opening semi-angle range (inner and

outer) of 68 - 280 mrad were used. The image size was set to 2048 x 2048 pixels with

a pixel dwell time of 6µs. Microchips with and without graphene coating were

placed upside down in a standard specimen holder for TEM and loaded into the

electron microscope. An overview of the SiN window with the cells was acquired

at a magnification of M = 800x. A ROI was identified and QDs were imaged with

M = 80,000x with a pixel size of d = 1.3 nm. To visualize the exposed area, an

image with lower magnification (M = 50,000x) was acquired. The electron dose

was calculated according to Equation 7. 20 Images per series were acquired with

t = 60µs each . With the settings above, this resulted in an accumulative electron

dose of D = 1.75·10−10·6·10−6

1.6·10−19·(1.3·10−9)2
· 20 = (7.8± 0.4) · 103 e−/Å2.

Diffraction patterns were acquired in TEM to confirm the presence or absence

of graphene. Diffraction patterns were acquired with M = 1200x, t = 0.5 µs,

2048 x 2048 x 3 pixels and a selected area aperture of 50µm.

An automated software was used to detect the position of QDs in the micrographs.

This included the application of a gaussian filter to reduce pixel noice followed by a

fast fourier transform bandpass filter to obtain QDs. A threshold was set to binarize

the image. A particle diameter of 10 nm with a tolerance of 2 was used for particle

detection. Once the positions were detected, the center-to-center distance between

10 pairs of QDs were measured per series. The relative change in QD position was

calculated by comparing to the first image:

Relative change =
Distance in Image

Distance in first image
(18)
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4 Electron Beam Damage of Green Fluorescent

Protein in Liquid-Phase Electron Microscopy

In this chapter, electron beam damage of proteins in liquid was investigated using

GFP as a model protein. The following research questions were addressed:

� What is the influence of electron dose and electron flux on electron beam

damage of GFP?

� What is the difference between the electron beam damage in TEM and

ESEM?

� Does graphene as sample support mitigate electron beam damage?

Electron beam damage of GFP was examined in ESEM and liquid-phase TEM. The

fluorescence of GFP was used as an indicator for damage caused by the electron

beam. When fluorescent, GFP was considered intact and fluorescence degradation

indicated damage of GFP. Reference images were acquired under fluorescence

microscopy prior to electron beam exposure and show the fluorescence intensities

of GFP under native conditions. After each electron beam exposure, fluorescence

images were acquired and compared to the reference after vacuum exposure. The

fluorescence intensity relative to the fluorescence intensity after vacuum exposure

was evaluated (relative fluorescence intensity, RFI). Degradation of RFI was shown

with increasing electron dose. The critical dose Dc was defined as the electron dose

at which RFI decreased to 1/e and GFP was considered damaged.24 In literature,

it has been described that fluorescence and aliphatic amino acids show damage

at electron doses of 0.01 and 1 e−/Å2, respectively.27 Therefore, electron doses

here were chosen in the range of 0.001 - 100 e−/Å2 to cover the range reported in

literature. Electron fluxes were chosen in the same range. In liquid-phase TEM,

SiN sample supports were replaced by graphene because graphene has shown higher

dose tolerance for proteins.26 Before radiation experiments, however, the effects of

drying, photobleaching, and exposure to ESEM and TEM conditions were studied

to distinguish between these effects and electron beam effects.
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4.1 Results

4.1.1 Control Experiments

When working with fluorescent proteins, photobleaching can occur and is an im-

portant aspect to consider. Photobleaching was investigated to examine the effect

of light exposure on the fluorescence of GFP. In addition, GFP was air-dried to

investigate the effect of drying on the fluorescence. Biological processes involving

GFP usually occur in liquid and fluorescence properties of dry GFP are unknown.

Fluorescence degradation upon drying would allow confirmation of the liquid state

of GFP during the radiation experiments. Exposure to TEM and ESEM conditions

might as well disrupt protein integrity and affect its fluorescence. Thus, GFP was

exposed to TEM and ESEM imaging conditions and the fluorescence intensity was

investigated. Exposure times for fluorescence microscopy were chosen to ensure

that the fluorescence of GFP was detectable but did not lead to over-saturation.

Image series of 30 min were acquired for photobleaching and drying controls to cover

the time range required for LP-EM experiments. For photobleaching and ESEM

control experiments, it is desirable to have a stable fluorescence intensity close to

100%. This would indicate that exposure to light and EM imaging conditions did

not cause any damage to GFP. In order to confirm the presence of liquid, it is

desirable to show decreasing fluorescence intensity of GFP upon drying.

Photobleaching of GFP on SiN microchips was conducted in PBS and HPLC-grade

H2O using fluorescence microscopy. Image series were acquired with one image per

minute over 30 min. The exposure of each image was 500 ms. RFI is plotted over

time in Figure 4.1a. The black dotted curve and green squares show bleaching of

GFP in PBS and in HPLC-grade H2O, respectively. RFI was 75 % for PBS and

60 % for HPLC-grade H2O of the initial intensity after the last exposure. Mean grey

values of the fluorescence channel are shown in Figure 4.1b. Mean grey values for

GFP decreased in both, PBS and HPLC-grade H2O, but the values for GFP in PBS

were about three times higher than for GFP in HPLC-grade H2O. This indicates

that radiation experiments should be performed in PBS for optimal fluorescence.

Graphene has shown impermeability to liquids and decreased radiation sensitivity

for proteins.26 For this reason, GFP was encapsulated in GLCs. To confirm, that
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GLCs were sealed and liquid did not evaporate under vacuum, the GLC was intro-

duced to vacuum (9.3 Pa for 30 s). Photobleaching of GFP was investigated before

and after vacuum as shown in Figure 4.2a. One image per minute was acquired

over 30 min with an exposure time of 600 ms for each image. RFI remained stable

at 100 %, so no photobleaching was observed before and after vacuum. Mean grey

values for the same GLCs are plotted over time in Figure 4.2b. Mean grey values

before and after vacuum were similar with 880± 30 mean grey values before and

1000± 150 mean grey values after vacuum and were stable over time. This implies

that vacuum exposure does not contribute to damage of GFP in GLCs.

(a) (b)

Figure 4.1: Photobleaching of green fluorescent protein (GFP) on silicon
nitrite (SiN) during fluorescence microscopy. a) Relative fluorescence intensity
(RFI) and b) Mean grey values over time. GFP on SiN microchips was exposed in
PBS (black dots) and H2O (green squares) in fluorescence microscopy for 30 min with
1 image/min and an exposure time of 500 ms. RFI = 0 and mean grey values = 0 indicate
background level. The dotted line indicates 1/e. Data points are connected for better
visualization.
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(a) (b)

Figure 4.2: Photobleaching of green fluorescent protein (GFP) in graphene
liquid cells (GLCs). a) Relative fluorescence intensity (RFI) and b) Mean grey values
over time. Photobleaching of GFP was investigated in a GLC right after GLC preparation
(before vacuum, black dots) and after exposure to vacuum (9.3 Pa, after vacuum, green
squares). 1 image/min was acquired in the fluorescence microscope with an exposure time
of 600 ms. RFI = 0 and mean grey values = 0 indicate background level. The dotted line
indicates 1/e. Data points are connected for better visualization.

Next, the effect of drying on the fluorescence of GFP was investigated. Figure 4.3

shows GFP bound to SiN microchips in PBS (black bar), in dry state (green bar)

and after placing dried GFP back into PBS (grey bar). The fluorescence of GFP in

PBS was used as reference. After drying, GFP fluorescence decreased to background

level (RFI = 0). After rehydration in PBS, the fluorescence did not recover. It can

be concluded that GFP fluoresces in liquid and irreversibly degrades in fluorescence

after drying. This implies liquid environment conditions and intact proteins if GFP

was fluorescent.

The resistance of GFP to the vacuum conditions of ESEM and TEM was investi-

gated. GFP on SiN microchips was placed in ESEM at 750 Pa and 4◦C for 5 min

for a total of four times. In TEM, a SiN liquid cell was prepared and inserted in

TEM at 1.5 × 10−5 Pa for 5 min for a total of five times. Figure 4.4 shows the

RFI over accumulated time in ESEM and TEM. RFI decreased with increasing

time in ESEM, but RFI remained above 1/e for 20 min. In TEM, RFI decreased to

85 % after 25 min of exposure to TEM vacuum conditions. This indicates, that for

radiation experiments in ESEM, the exposure to ESEM conditions also needs to
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Figure 4.3: Relative fluorescence intensity (RFI) of dry green fluorescent
protein (GFP). RFI of GFP on microchips in phosphate buffered saline (PBS) (black
bar), air-dried (green bar) and after returning dried GFP into PBS (back in PBS, grey
bar) is shown. RFI = 0 indicates background level.

be considered. In TEM, the decrease in RFI caused by the microscope conditions

can be neglected.

In conclusion, control experiments implied that photobleaching occurred after some

time of light exposure for GFP on SiN microchips, but no photobleaching was

observed for GFP in GLCs. Drying resulted in fluorescence degradation, indicating

non-reversible damage of GFP upon drying. Therefore, GFP can be considered in

liquid when fluorescence can be detected. Exposure to ESEM conditions showed

decreasing RFI over time. This implies that exposure to ESEM conditions can

cause damage to GFP and needs to be considered in radiation experiments. When

exposed to TEM vacuum conditions, no decrease in RFI was observed.
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Figure 4.4: Relative fluorescence intensity (RFI) of green fluorescent protein
(GFP) in electron microscopy conditions over time. RFI of GFP in environ-
mental scanning electron microscopy (ESEM) conditions at 750 Pa and 4◦C (black dots)
and transmission electron microscopy (TEM) vacuum conditions at 1.5× 10−5 Pa (green
squares) over time. RFI = 0 indicates background level and the dotted line indicates 1/e.
Data points are connected for better visualization.

4.1.2 Electron Beam Exposure of Green Fluorescent Protein in Liquid-

Phase Transmission Electron Microscopy

The dose tolerance of GFP was investigated with varying electron dose and elec-

tron flux in liquid-phase TEM. Graphene was used as sample support to examine

damage mitigation. Fluorescence images were acquired after exposure to vacuum

and after each electron beam exposure to measure the decrease in fluorescence in-

tensity. Figure 4.5 shows exemplary DIC, fluorescence (L5) and combined overlay

images of GFP in SiN liquid cells. Exposed ROIs at both ends of the SiN window

are marked in red and unexposed regions are marked in yellow. The first row (a-c)

shows the reference images after exposing the liquid cell to vacuum (9.3 Pa for 30 s).

Rows 2 - 5 (d-o) show the images after electron beam exposure. The sample was

exposed with a constant electron flux of 0.1 e−/Å2s. The electron dose increased

logarithmically from 0.1 e−/Å2 for the first exposure to 100 e−/Å2 for the last expo-

sure. After each electron beam exposure, samples were imaged under fluorescence

microscopy to investigate the changes in fluorescence intensity. Exposed ROIs as

well as unexposed regions showed decreasing fluorescence intensity with increasing
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Figure 4.5: Fluorescence images of green fluorescent protein (GFP) in silicon
nitrite (SiN) liquid cells after each electron beam exposure in liquid-phase
transmission electron microscopy (TEM) at 200 kV. Differential interference con-
trast (DIC), fluorescence (L5) and combined overlay images of GFP in a SiN liquid cell
are shown. GFP was exposed with an electron flux of 0.1 e−/Å2s. The first row (a-c)
shows the reference images after introducing the liquid cell to vacuum (9.3 Pa for 30 s)
and prior to electron beam exposure. Rows 2 - 5 show the images after electron beam
exposure with an electron dose of 0.1 e−/Å2 for 1st (d-f), 1 e−/Å2 for 2nd (g-i), 10 e−/Å2

for 3rd (j-l) and 100 e−/Å2 for 4th (m-o) exposure. Red rectangles illustrate the exposed
regions of interest (ROIs) at the edges of the SiN window and yellow rectangles mark
unexposed regions. Scale bars are 50 µm.

electron dose.

The influence of electron dose and electron flux on the electron beam damage of

GFP was examined in liquid-phase TEM. Figure 4.6 shows the RFI of GFP in

SiN liquid cells exposed in TEM at 200 kV over the electron dose. Each sample

was exposed with a constant electron flux and varying electron dose. An elec-

tron dose of 0 e−/Å2 represents values after exposure to vacuum (9.3 Pa for 30 s).

Figure 4.6a shows decreasing RFI with increasing electron dose for all electron

fluxes. RFI decreased to 1/e at an electron dose of 0.01 e−/Å2 for electron fluxes

of 0.001 and 0.01 e−/Å2s. At an accumulative electron dose of 0.1 e−/Å2, RFI was

close to background level (RFI = 0). Figure 4.6b shows unexposed regions of the

same samples. Although the regions were not exposed, RFI decreased with in-

creasing electron dose (Dc < 0.1 e−/Å2 for 0.001 and 0.01 e−/Å2s). At an electron

dose of 0.1 e−/Å2, RFI decreased below background level for an electron flux of

0.001 e−/Å2s. For an electron flux of 0.1 e−/Å2s, Dc < 100 e−/Å2. At an electron
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dose of 100 e−/Å2, RFI decreased below background level for all electron fluxes.

Table 5 summarizes the findings for GFP in SiN liquid cells. For electron fluxes of

0.01, 0.1, 1 and 10 e−/Å2s, RFI was already below 1/e after the first exposure.

Table 5: Critical electron doses of green fluorescent protein in silicon nitrite liquid cells
in liquid-phase transmission electron microscopy.

electron flux
[e−/Å2s]

Dc exposed regions [e−/Å2] Dc unexposed regions [e−/Å2]

0.001 < 0.01 < 0.1

0.01 < 0.01 < 0.1

0.1 < 0.1 < 100

1 < 1 < 1

10 < 10 < 10

In conclusion, a critical dose of Dc < 0.01 e−/Å2 was observed for GFP in SiN liquid

cells exposed in TEM at 200 kV. Different electron fluxes show similar RFI degra-

dation, indicating flux independent damage of GFP. Unexposed regions showed

Dc < 0.1 e−/Å2. To ensure the investigation of intact proteins, GFP in SiN liquid

cells must be exposed with electron doses below 0.01 e−/Å2.

4.1.3 Liquid Thickness of Graphene Liquid Cells

GFP was encapsulated in GLCs to mitigate electron beam damage. To confirm a

liquid layer in GLCs, the liquid thickness was measured via EELS prior to exposure.

Figure 4.7 shows the liquid thickness of different regions of GLCs with GFP in PBS

(black), PBS without protein (green) and GFP in HPLC-grade H2O (grey). The

liquid thickness of GFP in PBS was measured in 11 different regions of the GLC.

The mean thickness of these regions was 380± 110 nm. The mean liquid thickness of

10 regions in a GLC with GFP-free PBS was 40± 8 nm. The preparation of a GLC

with GFP in HPLC-grade H2O showed a mean liquid thickness of 230± 140 nm

measured in 7 regions.
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(a) (b)

Figure 4.6: Relative fluorescence intensity (RFI) of green fluorescent protein
(GFP) in liquid-phase transmission electron microscopy (TEM) at 200 kV. a)
Relative fluorescence intensity (RFI) of exposed regions of interest (ROIs) and b) RFI of
unexposed regions. GFP was exposed with electron fluxes from 0.001 to 10 e−/Å2s and
electron doses of 0.001 to 100 e−/Å2. An electron dose of 0 e−/Å2 represents values after
vacuum. RFI = 0 indicates background level. The dotted lines indicate 1/e. Data points
are connected for better visualization.

4.1.4 Electron Beam Exposure of Green Fluorescent Protein in Graphene

Liquid Cells in Transmission Electron Microscopy

An overlay of DIC and fluorescence channel of an assembled GLC with encapsulated

GFP is shown in Figure 4.8. Red rectangles represent exposed ROIs and the yellow

rectangle represents the unexposed region. The inset depicts a closer view of the

fluorescence channel of an exposed area. Accumulation of fluorescence around grid

bars and in graphene liquid pockets is visible.

Figure 4.9 shows DIC, fluorescence (L5) and combined overlay images of a ROI

before, after vacuum and after each electron beam exposure. Exposed regions are

marked in red in the fluorescence and the overlay images. Before and after vac-

uum (Figure 4.9a - f), the fluorescence signal was accumulated around the bars

of the grids and in graphene liquid pockets. After the first electron beam expo-

sure (Figure 4.9g - i), dark spots appeared in the exposed regions. In the second

and third exposure (Figure 4.9j - o), some squares of the GLC showed decreased

fluorescence while other squares showed increased fluorescence.

Figure 4.10 shows the RFI of GFP in GLCs in TEM at 200 kV with electron fluxes
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Figure 4.7: Liquid thickness of different regions in graphene liquid cells
(GLCs) with phosphate buffered saline (PBS), green fluorescent protein
(GFP) and H2O. The liquid thickness of GLCs was measured using electron energy-
loss spectroscopy (EELS). GFP in PBS is shown in black (N = 11), PBS without GFP
is shown in green (N = 10) and GFP in H2O is shown in grey (N = 7).

of 0.001 to 1 e−/Å2s and electron doses of 0.001 to 100 e−/Å2. An electron dose of

0 e−/Å2 represents the reference after vacuum exposure (9.3 Pa for 30 s). RFI = 0

indicates background level. Each GLC was exposed with a constant electron flux

and increasing electron dose. Two exposed ROIs and one unexposed region were

analyzed for each GLC. Squares with decreasing RFI were used for analysis. Fig-

ure 4.10a shows the RFI of exposed ROIs. RFI decreased with increasing electron

dose for all electron fluxes. At an electron dose of 1 e−/Å2, RFI was 70 % for 0.01

and 0.1 e−/Å2s. Dc < 10 e−/Å2 for an electron flux of 1 e−/Å2s, but for electron

fluxes of 0.001, 0.01 and 0.1 e−/Å2s, RFI remained above 1/e. Figure 4.10b shows

the RFI over the electron dose for unexposed regions. RFI decreased to 70 % at

an electron dose of 1 e−/Å2 for all electron fluxes. Table 6 summarizes the critical

electron doses for exposed and unexposed regions for GFP in GLCs.

As mentioned in Section 2.6, elastic scattering can be reduced at lower beam en-

ergy. To determine whether elastic or inelastic scattering was the main cause for

radiation damage, GFP was also studied in GLCs in TEM at 30 kV. Figure 4.11

shows the RFI for electron fluxes of 0.001 to 1 e−/Å2s over electron doses of 0.001
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Figure 4.8: Overview of a graphene liquid cell (GLC) with encapsulated green
fluorescent protein (GFP) under fluorescence microscopy. Overlay image of
differential interference contrast (DIC) and fluorescence channel of an assembled GLC
with encapsulated GFP. Red rectangles indicate exposed regions and the yellow rectangle
indicates the unexposed region. The inset depicts a closer view of an exposed region.

Figure 4.9: Fluorescence images of green fluorescent protein (GFP) encap-
sulated in a graphene liquid cell (GLC) after each electron beam exposure
in liquid-phase transmission electron microscopy (TEM) at 200 kV. Differential
interference contrast (DIC), fluorescence (L5) and combined overlay images of GFP in
a GLC are shown. The first row (a-c) shows the reference images after introduction of
GFP in GLC to vacuum (9.3 Pa for 30 s) and prior to electron beam exposure. Rows 3 - 5
(d-l) show images after electron beam exposure with a constant electron flux of 1 e−/Å2s
and an electron dose of 1 (1st, d-f), 10 (2nd, g-i) and 100 e−/Å2 (3rd, j-l). Red rectangles
indicate the exposed area. Scale bars are 100 µm.
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(a) (b)

Figure 4.10: Relative fluorescence intensity (RFI) of green fluorescent protein
(GFP) in graphene liquid cells (GLCs) exposed in liquid-phase transmission
electron microscopy (TEM) at 200 kV. a) RFI of exposed regions of interest (ROIs)
and b) RFI of unexposed regions. GFP was exposed with electron fluxes from 0.001 to
1 e−/Å2s and accumulative electron doses of 0.001 to 100 e−/Å2. An electron dose of
0 e−/Å2 represents reference values after vacuum. RFI = 0 indicates background level.
The dotted line indicates 1/e. Data points are connected for better visualization.

Table 6: Critical electron doses of green fluorescent protein in graphene liquid cells in
liquid-phase transmission electron microscopy.

electron flux
[e−/Å2s]

Dc exposed regions [e−/Å2] Dc unexposed regions [e−/Å2]

0.001 - -

0.01 - -

0.1 - -

1 < 10 -

to 100 e−/Å2. An electron dose of 0 e−/Å2 represents reference values after vacuum

(9.3 Pa for 30 s). RFI = 0 indicates background level. Figure 4.11a shows decreas-

ing RFI over increasing electron dose for all electron fluxes. Dc < 1 and 10 e−/Å2

was observed for electron fluxes of 0.001 and 1 e−/Å2s, respectively. For electron

fluxes of 0.01 and 0.1 e−/Å2s, RFI remained above 1/e up to an accumulated elec-

tron dose of 10 e−/Å2. Figure 4.11b shows the RFI over the electron dose for

unexposed regions. For all fluxes, RFI remained above 1/e up to an accumulated
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electron dose of 100 e−/Å2.

Figure 4.12 shows the comparison of GFP in GLCs exposed in TEM at 30 kV and

200 kV. RFI for electron fluxes of 0.001 to 1 e−/Å2s over electron doses of 0.001

to 100 e−/Å2 are shown. RFI of GFP exposed at 30 kV and 200 kV was similar for

most electron doses. The beam energy did not have a major impact on the dose

tolerance of GFP.

It can be concluded, that GFP encapsulated in GLCs showed a critical dose of

Dc < 10 e−/Å2. Changing the beam energy from 200 kV to 30 kV did not have an

impact on the electron dose tolerance of GFP in GLCs. This indicates that elastic

scattering did not have a major impact on the radiation damage of GFP.

4.1.5 Comparison of the Electron Dose Tolerance of Green Fluorescent

Protein in Graphene Liquid Cells and Silicon Nitrite Liquid Cells

Electron beam damage of GFP prepared in SiN liquid cells and in GLCs was com-

pared. Figure 4.13 shows the RFI of GFP in GLCs and SiN liquid cells over the

electron dose. For exposed regions, RFI was higher if GFP was encapsulated in

GLCs instead of SiN liquid cells for all electron fluxes (Figure 4.13a). RFI for

GFP in SiN liquid cells decreased below 1/e at an electron dose of 0.01 e−/Å2 and

was close to background level at an accumulated electron dose of 0.1 e−/Å2. GFP

in GLCs still showed RFI above 1/e at the same electron dose. Unexposed regions

in GLCs showed RFI of 70 % up to an accumulative electron dose of 100 e−/Å2.

In SiN liquid cells, RFI of unexposed regions decreased below background level at

an electron dose of 0.1 e−/Å2 for some fluxes (Figure 4.13b). The critical electron

doses for GFP in SiN liquid cells and in GLCs are summarized in Table 7.

In conclusion, the electron dose tolerance of GFP was increased from 0.01 e−/Å2 to

10 e−/Å2 when encapsulating GFP in GLCs instead of SiN liquid cells.
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(a) (b)

Figure 4.11: Relative fluorescence intensity (RFI) of green fluorescent protein
(GFP) in graphene liquid cells (GLCs) exposed in liquid-phase transmission
electron microscopy (TEM) at 30 kV. a) RFI of exposed regions of interest (ROIs)
and b) RFI of unexposed regions. GFP was exposed with electron fluxes from 0.001 to
1 e−/Å2s and accumulative electron doses of 0.001 to 100 e−/Å2. An electron dose of
0 e−/Å2 represents values after vacuum. RFI = 0 indicates background level. The dotted
line indicates 1/e. Data points are connected for better visualization.

Figure 4.12: Relative fluorescence intensity (RFI) of green fluorescent protein
(GFP) in graphene liquid cells (GLCs) exposed in liquid-phase transmission
electron microscopy (TEM) at 30 kV and 200 kV. GFP was exposed at electron
fluxes from 0.001 to 1 e−/Å2s and accumulative electron doses of 0.001 to 100 e−/Å2 at
30 kV (squares) and 200 kV (dots). An electron dose of 0 e−/Å2 represents values after
vacuum. RFI = 0 indicates background level. The dotted line indicates 1/e. Data points
are connected for better visualization.
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(a) (b)

Figure 4.13: Comparison of the relative fluorescence intensities (RFI) of green
fluorescent protein (GFP) in graphene liquid cells (GLCs) and silicon nitrite
(SiN) liquid cells exposed in liquid-phase transmission electron microscopy
(TEM) at 200 kV. a) RFI of exposed regions of interest (ROIs) and b) RFI of unexposed
regions. GFP was exposed at electron fluxes from 0.001 to 1 e−/Å2s and accumulative
electron doses of 0.001 to 100 e−/Å2. Dots represent GFP in SiN liquid cells and squares
represent GFP in GLCs. An electron dose of 0 e−/Å2 represents reference values after
vacuum. RFI = 0 indicates background level and the dotted line indicates 1/e. Data
points are connected for better visualization.

Table 7: Critical electron doses of green fluorescent protein in silicon nitrite and graphene
liquid cells in liquid-phase transmission electron microscopy.

electron
flux

[e−/Å2s]

Dc exposed
regions SiN

[e−/Å2]

Dc unexposed
regions SiN

[e−/Å2]

Dc exposed
regions GLCs

[e−/Å2]

Dc unexposed
regions GLCs

[e−/Å2]

0.001 < 0.01 < 0.1 - -

0.01 < 0.01 < 0.1 - -

0.1 < 0.1 < 100 - -

1 < 1 < 1 < 10 -
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4.1.6 Electron Beam Exposure of Green Fluorescent Protein in Envi-

ronmental Scanning Electron Microscopy

As mentioned in Section 2.1.2, ionized gas molecules in ESEM can reduce charging

effects by compensating for negative charge generated in the sample. To investi-

gate if this effect can mitigate beam damage, the electron dose tolerance of GFP

was studied in ESEM at 30 kV for varying electron fluxes and electron doses. In

addition, the difference between a parallel electron beam as used in TEM and a

focused electron beam as used in SEM was compared. GFP on SiN microchips

was prepared and investigated under fluorescence microscopy before and after each

electron beam exposure. Figure 4.14 shows exemplary fluorescence images of a ra-

diation series in ESEM at 30 kV with a constant electron flux of 0.1 e−/Å2s. DIC,

fluorescence (L5) and the combined overlay channels are shown before and after

each exposure. The first row (Figure 4.14a - c) shows the reference images before

electron beam exposure. Rows 2 - 5 (Figure 4.14d - o) show the sample after elec-

tron beam exposure. Red rectangles in L5 show the ROIs exposed in ESEM and

yellow rectangles show the unexposed region. The electron dose increased logarith-

mically from 0.1 e−/Å2 for the first exposure to 100 e−/Å2 for the last exposure.

With increasing electron dose, exposed areas showed reduced fluorescence intensity.

However, the fluorescence in unexposed regions decreased as well.

Figure 4.15a shows the RFI of exposed ROIs over the electron dose for electron

fluxes ranging from 0.001 to 10 e−/Å2s. The lowest electron flux of 0.001 e−/Å2s

showedDc < 0.001 e−/Å2. Dc < 0.1 e−/Å2 for electron fluxes of 0.01 and 0.1 e−/Å2s.

For 1 and 10 e−/Å2s, Dc < 1 e−/Å2, which, however, was the smallest possible dose

for such high fluxes. No significant difference in the electron dose tolerance was

observed for different electron fluxes. Figure 4.15b shows the RFI over the electron

dose of unexposed regions of the same samples as in a). For electron fluxes of 0.01

to 1 e−/Å2s, unexposed regions showed higher RFI compared to exposed ROIs for

electron dose up to 1 e−/Å2. From electron doses of 10 e−/Å2, RFI of unexposed

areas was similar to exposed ROIs for electron fluxes of 0.1, 1 and 10 e−/Å2s. Dc

≈ 0.1 e−/Å2 for 0.1 e−/Å2s, Dc < 1 for 10 e−/Å2s and Dc < 10 e−/Å2 for 1 e−/Å2s.

Table 8 summarizes the findings for GFP on SiN microchips exposed in ESEM.

Next, the impact of the electron dose per pixel on the electron dose tolerance
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Figure 4.14: Fluorescence images of green fluorescent protein (GFP) after
each electron beam exposure in environmental scanning electron microscopy
(ESEM) at 30 kV. Images of differential interference contrast (DIC), fluorescence (L5)
and the combined overlay for GFP exposure in ESEM are shown. The first row (a-c)
shows the images prior to electron beam exposure. Rows 2 - 5 (d-o) show the images after
electron beam exposure with a constant electron flux of 0.1 e−/Å2s and electron doses
of 0.1 e−/Å2 for 1st (d-f), 1 e−/Å2 for 2nd (g-i), 10 e−/Å2 for 3rd (j-l) and 100 e−/Å2 for
4th (m-o) exposure. Red rectangles show the exposed region of interests (ROIs). Yellow
rectangles show the unexposed region. Scale bars are 100 µm.

of GFP was investigated. For the same total electron dose, a focused probe has

higher intensity per pixel than a broader electron beam. Therefore, a broader

electron beam (’defocused’, change in working distance of 2 mm) was compared to

the focused electron beam (’focused’) that was used for the experiments in Fig-

ure 4.15. Figure 4.16 shows the comparison of GFP exposed with focused and

defocused electron beam for the three intermediate electron fluxes of 0.01, 0.1, and

1 e−/Å2s. Dc < 0.1 e−/Å2 for electron fluxes of 0.1 and 1 e−/Å2s for both, focused

and defocused electron beams. For an electron flux of 0.01 e−/Å2s, Dc < 1 e−/Å2

for the focused electron beam and Dc < 10 e−/Å2 for the defocused electron beam.

No significant effect of the electron dose per pixel on the electron dose tolerance

of GFP was observed. The electron dose tolerance of GFP was investigated in

LP-EM. RFI was analyzed to study the damage of GFP caused by electron beam

exposure. The influence of electron flux and electron dose was investigated. The
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(a) (b)

Figure 4.15: Relative fluorescence intensity (RFI) of green fluorescent protein
(GFP) during electron beam exposure in environmental scanning electron
microscopy (ESEM) at 30 kV. a) RFI of exposed regions and b) RFI of unexposed
regions without electron beam exposure. GFP on silicon nitrite (SiN) microchips was
exposed in ESEM at 30 kV with electron fluxes of 0.001 to 10 e−/Å2s and accumulative
electron doses of 0.001 to 100 e−/Å2. RFI = 0 indicates background level and the dotted
line indicates 1/e. Data points are connected for better visualization.

Figure 4.16: Comparison of electron beam exposure with a defocused and a fo-
cused electron beam in environmental scanning electron microscopy (ESEM)
at 30 kV. The relative fluorescence intensity (RFI) of green fluorescent protein (GFP)
over the electron dose is shown. Dots depict the electron beam exposure using a focused
electron beam for electron fluxes of 0.01, 0.1 and 1 e−/Å2. Squares show the electron beam
exposure using a defocused electron beam of about 2 mm for the same fluxes. RFI = 0
indicates background level and the dotted line indicates 1/e. Data points are connected
for better visualization.

65



4.1 Results Electron Beam Damage of GFP in LPEM

Table 8: Critical electron doses of green fluorescent protein on silicon nitrite in environ-
mental scanning electron microscopy.

electron flux
[e−/Å2s]

Dc exposed regions [e−/Å2] Dc unexposed regions [e−/Å2]

0.001 < 0.001 -

0.01 < 0.1 -

0.1 < 0.1 < 0.1

1 < 1 < 10

10 < 1 < 1

electron dose had a major impact on the electron dose tolerance of GFP, while

no significant influence of the electron flux was observed. In liquid-phase TEM,

GFP was exposed in SiN liquid cells and in GLCs. Using GLCs, Dc increased to

10 e−/Å2 compared to Dc < 0.01 e−/Å2 in SiN liquid cells. In ESEM, GFP on SiN

was investigated and Dc was < 0.1 e−/Å2 for most electron fluxes. The size of the

electron probe did not have a major impact on the dose tolerance of GFP. The

results of this chapter are summarized in Table 9.

Table 9: Results for the dose tolerance in liquid-phase electron microscopy.

Research question SiN liquid cells GLCs ESEM

Critical electron dose Dc 0.01 e−/Å2 10 e−/Å2 0.1 e−/Å2

Dependence on the electron flux

Fluorescence degradation in
unexposed regions

Impact of beam energy - -

Impact of beam size - -
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4.2 Discussion

Radiation damage of hydrated GFP during electron beam exposure was investi-

gated in ESEM and liquid-phase TEM. Protein damage was analyzed by measur-

ing fluorescence intensities upon each electron beam exposure. However, reduction

of fluorescence could also result from photobleaching upon multiple exposures in

fluorescence microscopy, rupture of the structure upon drying, and exposure to con-

ditions in ESEM and TEM. Therefore, some control experiments were performed.

For SiN, RFI decreased to 75 % for PBS and 60 % for HPLC-grade H2O after 30

exposures of 500 ms. In GLCs, no photobleaching was observed before and after

introduction to vacuum (Figure 4.2). For radiation experiments, photobleaching

was neglected on SiN microchips as well as in GLCs since GFP samples were only

exposed 4 - 5 times under the fluorescence microscope and RFI remained above 90 %

for this period. Mean grey values were about three times higher for GFP in PBS

than in HPLC-grade H2O (Figure 4.1b). This is most likely caused by sensitivity

of the fluorescence emission efficiency to conformational changes and protonation

that can occur for example with changing pH, temperature and ionic strength.155–159

The absence of ions in HPLC-grade H2O changes the ionic strength and the pH

of the solution. The pH of HPLC-grade H2O (pH ≈ 7) is a little lower than of

PBS (pH ≈ 7.4, see Figure A.1). However, the ionic strengths of the solutions are

different. HPLC-grade H2O is deionized and most of its ions have been removed

(ionic strength ≈ 0).160,161 PBS has higher ionic strength than HPLC-grade H2O

(169 mol/L, see appendix Section A.4). The difference in ionic strength can alter

the fluorescence and causes increased fluorescence of GFP in PBS. For this reason,

radiation experiments were performed in PBS. Another advantage of using PBS is

the formation of salt crystals when PBS is dry. The absence of salt crystals during

experiments indicated that GFP was still in liquid environment. In liquid phase

experiments, it was essential to ensure that GFP remained hydrated. The fluo-

rescence intensity decreased to background level upon drying (Figure 4.3). After

placing dried GFP back in PBS, the fluorescence did not recover, indicating non-

reversible damage of GFP. Since GFP is mostly used for processes in liquid, only

few studies on dehydrated GFP exist. It was shown that the exposure of GFP to

dehydration agents such as ethanol caused fluorescence quenching.162 Proteins were
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shown to denaturate after dehydration.163,164 Drying most probably caused denat-

uration of GFP resulting in decreased fluorescence intensity. In the experiments

shown here, damage of GFP seemed to be irreversible. However, a few studies

reported fluorescence recovery after restoring the conformation of GFP.165,166

4.2.1 Electron Beam Damage of Green Fluorescent Protein in Liquid-

Phase Electron Microscopy

The finding that GFP is intact when it fluoresces is important for analyzing the

effects of electron beam irradiation on GFP. Fluorescence images of GFP exposed in

TEM and ESEM were shown (Figure 4.5 and 4.14). Evaluation of both methods

showed that the exposed ROIs at the edges of the SiN window were distinguishable

from unexposed regions. The more pronounced decrease of RFI in exposed ROIs

indicates damage of GFP due to electron beam exposure. As the electron dose

increased, unexposed regions started to show decreased fluorescence intensity as

well. No crystals were formed during radiation experiments, so it can be concluded

that GFP was still in liquid. Hence, the decrease of RFI can only be explained with

the electron beam exposure. Here, multiple processes are possible:

� Protein detachment. GFP was covalently bound to the surface of SiN

microchips. These bonds can be disrupted by electron beam irradiation or

bulging of the SiN membrane which occurs due to the pressure difference

between the microscope and the liquid cell.40,41 Bond rupture would cause

GFP to detach from the surface and result in lower fluorescence intensity due

to decreasing number of proteins on the surface.

� Structural damage of GFP. The structure of the protein itself can be

disrupted by electron beam exposure. In particular, SE with low energy

(≤ 50 eV) propagate through the specimen and cause damage. Although the

protein is still attached to the surface, this results in decreased fluorescence

intensity due to damaged GFP. Additionally, SE potentially also damage

regions, that have not directly been exposed.

� Changing liquid conditions. Changing conditions in the liquid environ-

ment, such as a change in pH, can cause damage to GFP.24 Radiolysis in
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liquid cells creates ions, which in turn alter the pH.37,167 Furthermore, rad-

icals are created in the solvent during electron beam irradiation and cause

damage to the specimen. Radical formation in solvents during EM has pre-

viously been studied in literature and scavenging properties of solvents like

isopropanol were shown.168 However, the effect of biocompatible solvents such

as PBS has not been studied and requires further investigation.

4.2.1.1 Liquid-Phase Transmission Electron Microscopy

In liquid cell experiments in TEM, RFI overlapped for different electron fluxes

at most electron doses (Figure 4.6). Even though bulging occurs when introduc-

ing the liquid cell to vacuum, the liquid thickness is more stable among different

samples compared to ESEM. The exposure to TEM conditions did not lead to a

decrease in RFI (Figure 4.4) The electron flux did not have a major impact on

the radiation sensitivity of GFP. For an electron dose of 0.001 e−/Å2, RFI was

still above 1/e, but was close to background level for 0.01 e−/Å2. However, in the

experiments presented here, GFP was directly exposed to the electron beam. No

surrounding materials covered GFP to protect it from the electron beam and the

changing environment within the liquid cell.

It has been reported previously that graphene can scavenge radicals and conse-

quently reduce radiation damage.44,79 For this reason, graphene was introduced as

support material. The liquid thickness of GLCs with GFP in PBS, PBS without

GFP and GFP in HPLC-grade H2O was examined using EELS (Figure 4.7). The

liquid thickness of PBS was 40 ± 8 nm, which is consistent with literature.169,170

Adding GFP to PBS increased the liquid thickness by one order of magnitude (380

± 110 nm). For GFP in HPLC-grade H2O, the liquid thickness increased similarly

to 230 ± 140 nm. The concentration of GFP in PBS was 1 mg/mL and 0.5 mg/mL

for HPLC-grade H2O. Such high concentration of protein likely results in gel-like

structures with increased viscosity and density, explaining the thicker liquid films

compared to PBS.171 However, the high liquid thickness presumably causes the pro-

tein to be distributed over the entire GLC rather than being enclosed in graphene

pockets.

Despite the controlled thickness of the liquid films, radiation experiments of GFP

in GLCs presented several other challenges:
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� Dark spots. After the first electron beam exposure, dark spots were found

in each exposed region of the GLCs. From EELS data, it was suggested that

gel structures were formed in GLCs. Bubble formation in liquid upon electron

beam exposure has been reported previously.37,169,172,173 Bubbles result from

radiolytically produced H· or gas dissolved in the liquid.37,169 In gels, bubbles

are more stable and can appear as dark spots in the fluorescence images. With

increasing electron dose, these dark spots grew, resulting in decreased fluo-

rescence intensity. The material, that is displaced by bubble formation may

not evaporate due to the graphene layers and therefore, displaced GFP can

move to surrounding places. This results in increased fluorescence intensity

for areas surrounding exposed ROIs.

� Determination of the exposed area. In GLCs it was more challenging to

analyze the exact area that was exposed. Due to the high liquid thickness,

not a lot of electrons were transmitted and the area was very dim in TEM.

Therefore, the exposed area could only be determined by the orientation of a

standard grid. The position of exposed ROIs was identical, but since the ori-

entation of the rectangles can change, this was only an indication of the area.

In addition, the stage of the microscope may move when repeatedly removing

and inserting the specimen, even though the position has been marked in the

microscope software. Appendix A.2 shows a stage shift of around 3.5 µm

after moving to the same position 10x. This shift is negligible compared to

the size of the grids (∼ 50 µm). In fluorescence microscopy, exposed areas

were distinguishable from unexposed areas.

RFI of GFP in GLCs in TEM at 200 kV decreased over increasing electron dose, but

remained above 1/e up to an accumulative electron dose of 1 e−/Å2 (Figure 4.10a).

Compared to SiN liquid cells, the dose tolerance of GFP was increased to 10 e−/Å2

using GLCs. SiN membranes are insulating which results in charging and en-

hanced electron dose at the liquid-solid interface when irradiated with an electron

beam.24,174 SiN membranes are then source of SE with energies ≤ 50 eV.8,174 These

electrons interact with the sample since the energy is too low to exit the specimen

and create more SE leading to a cascade of SE. Creation of SE can be reduced

by using less insulating membrane materials such as graphene. Graphene reduces
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charge which results in less SE.24 Furthermore, it can scavenge radicals and hence

controls the chemical environment of the sample.44,79 This reduces the electron

beam damage of GFP on graphene substrate compared to SiN.

However, in addition to the previously mentioned factors, higher dose tolerance of

GFP in GLCs compared to SiN liquid cells may as well be due to other aspects:

� Liquid thickness. The liquid layer in GLCs with GFP is quite thick com-

pared to thicknesses reported in literature and with PBS alone (compare

Figure 4.7). This might cause beam spreading at the surface of the GLC,

so that the beam does not completely encounter the specimen. This would

cause less electron dose on the sample than calculated. If the liquid layer is

thinner, the beam can fully encounter the sample, which can reduce the dose

tolerance compared to the dose tolerance shown here.

� GFP binding. GFP was not bound to the surface of graphene, so it could

potentially move within the GLC. Consequently, the proteins irradiated were

not necessarily the same in each exposure. Future studies should include

binding of GFP to graphene to ensure exposure of the same proteins.

� Protein detachment. As mentioned above, SiN membranes are flexible and

can bulge when exposed to vacuum, which could cause GFP to detach from

the surface. This would result in lower RFI for exposed samples, but due to

protein detachment rather than GFP damage. The actual dose tolerance of

GFP might therefore be higher than shown in this study.

Electron dose tolerance of GFP has rarely been studied in literature before. Cathodo-

luminescence of GFP was used to study the electron dose tolerance.175,176 However,

GFP was air-dried on TEM grids in these studies. In the present study, GFP flu-

orescence degraded upon drying and could not be restored. Only a few radiation

experiments in LP-EM were reported so far. The electron dose thresholds for bio-

logical samples reported in literature are mainly based on cryo-EM and vary widely.

Some reports show radiation damage of biological samples at an electron dose of

1 e−/Å2.177 Others report Dc = 100 e−/Å2 for proteins in cryo-EM, while enzymes

become inactive at 10 e−/Å2.20 Different studies show dose tolerances for macro-

molecular complexes around 5-20 e−/Å2 and a dose tolerance of 50 -200 e−/Å2 for
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whole cells in cryo-EM.178 In LP-EM, the electron dose threshold of microtubules

was increased to 700 e−/Å2 using GLCs, which is one order of magnitude higher

than in amorphous ice.26 In comparison to literature, the electron dose tolerance

for GFP in this study was very low.

GLCs with GFP were also investigated at lower beam energy of 30 kV and compared

to GFP exposed at 200 kV (Figure 4.12). No dependence of the dose tolerance of

GFP on the beam energy was observed, indicating no significant impact of elastic

scattering events on the dose tolerance of GFP.

Unexposed areas in GLCs showed a decrease in RFI of up to 30 % while unexposed

areas in SiN liquid cells decreased below background level (Figure 4.13b). Exposed

regions seemed to expand into the center of the SiN membrane (Figure 4.5). The

expansion indicates that electrons encountering the specimens further propagated

through the liquid and damaged molecules outside exposed ROIs. In SiN liquid

cells, the area suitable for analysis was limited to the size of the transparent SiN

window. Thus, unexposed areas were within a few hundred micrometers from ex-

posed ROIs. In GLCs, unexposed regions were analyzed in the center of the GLCs.

This results in larger distances between exposed ROIs and unexposed regions (com-

pare Figure 4.8). Therefore, unexposed regions in GLCs were not as affected by

electron beam irradiation compared to unexposed regions in SiN liquid cells.

4.2.1.2 Environmental Scanning Electron Microscopy

GFP in ESEM showed decreasing RFI as well. However, explanations of radiation

effects in ESEM are more complex and need to consider aspects such as:

� Liquid thickness variations. In the ESEM setup used in this study, the

liquid thickness cannot be controlled quantitatively. To be able to detect the

SiN window, the pressure required in the sample chamber varied between sam-

ples and therefore, the liquid thickness for each sample was different. If the

liquid layer is too thick, electrons spread more widely so that unexposed areas

can also be affected (compare with Figure 2.2). The liquid film covering the

samples absorbs electrons, which effectively reduces the calculated electron

dose. In addition, the primary electron beam can scatter at gas molecules,

which further reduces the effective electron dose and affects unexposed areas
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(see Figure 2.5b). A system with controlled liquid thickness is necessary to

ensure the same liquid thickness for all samples.

� Chamber pressure variations. As mentioned above, the chamber pressure

that was required to visualize the SiN window varied between samples. The

control in ESEM (Figure 4.4) showed that exposure to ESEM conditions can

cause a decrease of RFI. Some samples required higher vacuum than others,

which can potentially result in lower RFI for those samples.

For these reasons, it is difficult to compare the electron dose of different samples

even if exposed with the same electron flux and electron dose. As shown in Fig-

ure 4.15a an electron flux of 0.001 e−/Å2s showed higher radiation sensitivity com-

pared to 0.01, 0.1 and 1 e−/Å2s for higher electron dose. However, due to changing

liquid thickness, it was not possible to ensure that the electron beam irradiated

all samples with the same intensity. Therefore, the flux dependence might be an

artifact arising from varying liquid thickness. Considering that all electron fluxes

showed RFI below 1/e at an accumulative electron dose of 0.1 e−/Å2, it can still be

concluded that Dc < 0.1 e−/Å2.

4.3 Conclusion

In this chapter, electron beam damage of GFP was investigated in LP-EM. The

following conclusions can be drawn:

1. GFP in ESEM (Dc < 0.1 e−/Å2) showed higher dose tolerance than in SiN

liquid cells in liquid-phase TEM (Dc < 0.01 e−/Å2). This was mainly asso-

ciated with beam spreading due to uncontrollable liquid thickness in ESEM

and the uncertainty that the calculated electron dose actually encountered

the specimen.

2. Encapsulation of GFP in GLCs increased the dose tolerance in TEM com-

pared to SiN liquid cells. RFI did not decrease below 1/e up to an accumu-

lated electron dose of 10 e−/Å2.

3. The dose tolerance of GFP was only dependent on the accumulative electron

dose and independent of the electron flux. This implies that the electrons
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passing the sample per unit area per unit time did not have a major impact

on the electron dose tolerance.

4. The dose tolerance was independent of the beam energy. This indicates that

elastic scattering events were not the main cause for radiation damage of GFP

in LP-EM.
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5 Electron Beam Damage of SKBR3 Cells La-

beled with Green Fluorescent Protein in Liquid-

Phase Electron Microscopy

In this chapter, the electron dose tolerance of GFP in fixed SKBR3 cells was inves-

tigated. GFP was bound to actin filaments of SKBR3 cells for labeling. Radiation

damage was investigated using RFI of GFP and the area of SKBR3 cells. For all

experiments in this chapter, SKBR3 cells were chemically fixed with PFA. The

following questions will be addressed:

� Can electron dose thresholds for single proteins be applied to more complex

systems such as cells?

� Do SKBR3 cells remain hydrated in liquid cells during electron beam irradi-

ation?

Electron beam damage of SKBR3 cells labeled with GFP was examined in ESEM

and liquid-phase TEM. Protein damage was studied using the fluorescence of GFP

as a marker. Fluorescent SKBR3 cells indicated intact GFP and degradation of

the fluorescence was correlated with protein damage. Damage of GFP can indicate

damage of other cellular proteins. To study beam damage, fluorescence intensities

of GFP upon electron beam irradiation were analyzed. Reference images were

acquired with fluorescence microscopy prior to electron beam exposure showing the

fluorescence intensities of GFP in SKBR3 cells under native conditions. SKBR3

cells were exposed with the electron beam and after each exposure, the specimen

was removed from the electron microscope to record fluorescence images. The

electron dose was logarithmically increased from one exposure to the next. The

fluorescence intensity relative to the fluorescence intensity of the reference was

evaluated (relative fluorescence intensity, RFI). Each data point represents the

analysis of one fluorescence image. For analysis, SKBR3 cells were divided in

different categories which were defined as follows:

� expressing: SKBR3 cells were fixed with PFA, incubated with CellLightTM

Actin-GFP as described in Section 3.3.3 and expressed GFP.
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� non-expressing: SKBR3 cells were fixed with PFA and incubated with

CellLightTM Actin-GFP as described in Section 3.3.3 but did not express

GFP.

� unlabeled: SKBR3 cells were fixed with PFA but not incubated with

CellLightTM Actin-GFP.

� exposed: SKBR3 cells were directly exposed to the electron beam.

� unexposed: SKBR3 cells were located on the same SiN microchip as exposed

cells but were not directly exposed to the electron beam.

Figure 5.1 shows DIC and fluorescence images of GFP labeled and fixed SKBR3

cells in a SiN liquid cell. The cell categories are marked in color. Non-expressing

SKBR3 cells are shown in the DIC channel in Figure 5.1a. The yellow box shows

exposed cells and the purple box marks unexposed cells. The fluorescence chan-

nel in Figure 5.1b shows GFP expressing SKBR3 cells. Expressing and exposed

SKBR3 cells are marked with a blue box and expressing but unexposed cells are

marked with a white box. The overlay in Figure 5.1c depicts all cell categories.

As in Chapter 4, electron doses and electron fluxes were chosen in the range of

0.001 - 100 e−/Å2 and 0.001 - 100 e−/Å2s, respectively. Degradation of RFI was

shown for GFP expressing SKBR3 cells with increasing electron dose. However,

after decreasing, RFI increased for all cells in TEM. In ESEM, RFI decreased over

the electron dose. Control experiments including photobleaching, drying, auto-

fluorescence and exposure to ESEM and TEM conditions were performed before

electron beam irradiation experiments to distinguish between these effects and elec-

tron beam effects.

5.1 Results

5.1.1 Controls

As mentioned in Chapter 4, photobleaching is an important aspect to consider

when working with fluorescent proteins. Photobleaching was investigated in GFP

expressing SKBR3 cells. In addition, cellular components and aldehyde fixatives
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Figure 5.1: Overview of fixed SKBR3 cells labeled with green fluorescent
protein (GFP) in a silicon nitrite (SiN) liquid cell. a) Differential interference
contrast (DIC) shows non-expressing SKBR3 cells exposed to the electron beam marked
in yellow. Unexposed and non-expressing cells are marked in purple. b) Fluorescence
channel (L5). Exposed and expressing SKBR3 cells are marked in blue. Unexposed
and expressing SKBR3 cells are marked in white. c) Combined overlay of DIC and L5.
Different categories of SKBR3 cells are shown. Scale bars are 50 µm.

may autofluoresce.179,180 Autofluorescence was investigated in unlabeled SKBR3

cells. Image series were acquired with one image per minute over 30 min. An expo-

sure time of 500 ms was chosen so that GFP fluorescence was detected, but did not

over-saturate. For autofluorescence, the same exposure time was chosen. For both,

photobleaching and autofluorescence, stable RFI around 100 % is desired. Decreas-

ing RFI would indicate photobleaching during exposure to light and increasing RFI

of unlabeled cells would indicate autofluorescence upon light exposure. Note that

SKBR3 cells were washed before fixation, so the CellLightTM Actin-GFP construct

did not contribute to the fluorescence.

Figure 5.2a shows the RFI of expressing and unlabeled SKBR3 cells. Express-
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(a) (b)

Figure 5.2: Photobleaching and autofluorescence of green fluorescent protein
(GFP) expressing and unlabeled SKBR3 cells. a) Relative fluorescence intensity
(RFI) and b) mean grey value over time. GFP expressing (black dots) and unlabeled
(green squares) SKBR3 cells on silicon nitrite (SiN) microchips were exposed in phosphate
buffered saline (PBS) under fluorescence microscopy for 30 min with 1 image/min and an
exposure time of 500 ms per image. RFI = 0 indicates background level and the dotted
line indicates 1/e. Data points are connected for better visualization.

ing cells show photobleaching of GFP and unlabeled cells show autofluorescence

of cellular components or PFA. RFI remained stable around 100 % over time and

no photobleaching and autofluorescence increase was observed. Figure 5.2b shows

mean grey values of GFP expressing and unlabeled SKBR3 cells. Mean grey values

of the silicon microchip were subtracted as background. Mean grey values for ex-

pressing cells were 60x higher than for unlabeled cells. This indicates that PFA and

cellular components did not contribute to the fluorescence of GFP when exposed

to light.

The effect of drying was investigated in GFP expressing and unlabeled SKBR3

cells. 1 µL H2O was added on top of the microchip and imaged during drying.

Image series were acquired with one image per minute over 30 min. An exposure

time of 900 ms for expressing and 500 ms for unlabeled cells was chosen so that

GFP fluorescence was detected, but did not over-saturate. The autofluorescence

upon drying was investigated using unlabeled SKBR3 cells. Figure 5.3a shows

the RFI and Figure 5.3b shows mean grey values for expressing and unlabeled

SKBR3 cells over time. The points of drying are marked in blue (4 min) and
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(a) (b)

Figure 5.3: Drying of green fluorescent protein (GFP) expressing and unla-
beled SKBR3 cells. a) Relative fluorescence intensity (RFI) and b) Mean grey values
of GFP in SKBR3 cells upon drying. GFP expressing (black dots) and unlabeled (green
squares) SKBR3 cells are shown. RFI = 0 and mean grey values = 0 indicate background
level. The dotted line indicates 1/e. The blue dashed line indicates the point of drying
after 4 min for expressing SKBR3 cells and the yellow line indicates drying after 6 min
for unlabeled SKBR3 cells. Data points are connected for better visualization.

yellow (6 min) for expressing and unlabeled cells, respectively. GFP expressing

cells showed decreasing RFI over time, with a decrease of 50 % after drying. After

7 min, RFI of GFP expressing cells decreased below 1/e. Unlabeled cells showed a

5-fold increase in RFI upon drying (after 6 min) and decreased to 400 % over time.

Figure 5.3b depicts the mean grey values of GFP in SKBR3 cells. Expressing cells

showed mean grey values around 1000 before drying and decreased to around 500

after drying. Unlabeled cells showed mean grey values close to background level

(mean grey value = 0) and increased upon drying to about 15 mean grey values.

The resistance of GFP in SKBR3 cells to the imaging conditions of ESEM and

TEM was investigated. Samples were introduced to ESEM at 4◦C and 750 Pa for

5 min and a total of 4 times, resulting in 20 min of ESEM exposure. SKBR3 cells

prepared in a SiN liquid cell were introduced to TEM conditions at 1.5 × 10−5 Pa

for 5 min for a total of 5 times resulting in 25 min of TEM exposure. Figure 5.4a

shows the RFI and Figure 5.4b shows the relative area for GFP expressing SKBR3

cells in ESEM and TEM over time. RFI decreased to 50 % of its initial fluorescence

intensity after 20 min in ESEM. Cells contracted to 80 % of their initial area after
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(a) (b)

Figure 5.4: Exposure of green fluorescent protein (GFP) expressing SKBR3
cells to electron microscopy conditions. a) Relative fluorescence intensity (RFI)
and b) Relative area in environmental scanning electron microscopy (ESEM) conditions
at 750 Pa and 4◦C (black dots) and transmission electron microscopy (TEM) conditions
at 1.5 × 10−5 Pa (green squares) over time. RFI = 0 and the dotted line indicates 1/e.
Data points are connected for better visualization.

20 min in ESEM. In TEM, RFI decreased to about 80 % of the initial fluorescence

intensity and the area of the cells remained stable around 100 %. The changes in

cell area were analyzed as described in Section 3.3.9. Decreasing area might indi-

cate cell contraction due to drying and will be discussed in Section 5.2.

Autofluorescence can also be induced by irradiation with an electron beam.181 For

this reason, unlabeled SKBR3 cells were exposed in TEM and ESEM. Figure 5.5

shows unlabeled SKBR3 cells exposed in TEM at 200 kV and ESEM at 30 kV.

Samples were exposed at a constant electron flux of 1 e−/Å2s and increasing elec-

tron doses ranging from 0.1 to 100 e−/Å2. Figure 5.5a shows the RFI over the

electron dose. For both, TEM and ESEM, RFI increased over electron dose. For

cells exposed in TEM, RFI increased 50-fold at an accumulated electron dose of

100 e−/Å2. In ESEM, RFI showed 10-fold increase at an accumulated electron dose

of 100 e−/Å2. This implies that electron beam exposure causes increasing autoflu-

orescence in unlabeled SKBR3 cells with increasing electron dose. Figure 5.5b

shows the relative area of the cells. For both, TEM and ESEM, the area of the

cells remained stable up to an accumulative electron dose of 100 e−/Å2.

In conclusion, no photobleaching was observed for GFP expressing SKBR3 cells
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(a) (b)

Figure 5.5: Unlabeled SKBR3 cells exposed in transmission electron mi-
croscopy (TEM) and environmental scanning electron microscopy (ESEM)
a) Relative fluorescence intensity (RFI) and b) Relative area of unlabeled SKBR3 cells
over the electron dose exposed in TEM at 200 kV and ESEM at 30 kV. Black dots de-
pict cells exposed in TEM and green squares depict cells exposed in ESEM. Cells were
exposed with a constant electron flux of 1 e−/Å2s and logarithmically increasing electron
doses from 0.001 - 100 e−/Å2. RFI = 0 indicates background level and an electron dose
of 0 e−/Å2 indicates the reference values after vacuum (9.3 Pa for 30 s). Data points are
connected for better visualization.

in fluorescence microscopy. With the exposure to light, RFI of unlabeled SKBR3

cells remained stable and no increasing autofluorescence was observed. Mean grey

values for unlabeled cells were close to background level, which indicates, that PFA

and cellular components did not contribute to the fluorescence of SKBR3 cells.

Upon drying, RFI of GFP expressing cells decreased, while RFI of unlabeled cells

increased. This indicates, that autofluorescence contribution was more pronounced

if cells were dry. However, GFP fluorescence of expressing SKBR3 cells degraded

when the cells were dry. After exposure to ESEM conditions, RFI of GFP express-

ing SKBR3 cells decreased. This means, that the exposure to ESEM conditions

affects the fluorescence and needs to be considered in the radiation experiments.

Under TEM conditions, RFI decreased about 20 % over time, indicating that TEM

conditions contributed to the decrease in RFI, however, less than ESEM condi-

tions. In addition, it was observed that unlabeled SKBR3 cells showed increasing

RFI when exposed to the electron beam in TEM and ESEM. This implies, that

electron beam exposure induced autofluorescence and will be discussed in Sec-
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tion 5.2.

5.1.2 Labeled SKBR3 Cells in Liquid-Phase Transmission Electron Mi-

croscopy

The dose tolerance of GFP bound to actin-filaments of SKBR3 cells was inves-

tigated in liquid-phase TEM with varying electron dose and electron flux. The

changes in RFI were measured by comparing the fluorescence intensities after each

electron beam exposure to the reference in vacuum. Figure 5.6 depicts DIC, fluo-

rescence (L5) and combined overlay images of SKBR3 cells labeled with GFP and

prepared in a SiN liquid cell for TEM. Figure 5.6a - c depicts the reference images

after introduction to vacuum (9.3 Pa for 30 s). Figure 5.6d - l show images after

each electron beam exposure and the last row shows images after disassembly of

the liquid cell and placing the sample in PBS. GFP expressing SKBR3 cells are

marked in blue and cells that did not express GFP before electron beam exposure

are marked in yellow. The left part of the microchip was exposed to the electron

beam in TEM at 200 kV with a constant electron flux of 0.01 e−/Å2s and logarith-

mically increasing electron dose ranging from 0.01 e−/Å2 for the first exposure to

1 e−/Å2 for the last exposure. GFP expressing cells showed decreasing fluorescence

upon electron beam irradiation up to an accumulated electron dose of 0.1 e−/Å2

(Figure 5.6 blue rectangles). Cells that did not express GFP before electron beam

exposure started to fluoresce after the first electron beam exposure at 0.01 e−/Å2

(Figure 5.6 yellow rectangles). With increasing electron dose the fluorescence of

those cells increased. At an accumulative electron dose of 1 e−/Å2, the fluorescence

intensity of all exposed SKBR3 cells increased (Figure 5.6k, l). After disassembly

of the SiN liquid cell, liquid repellency of the sample is visible in the DIC channel

(Figure 5.6m).

Figure 5.7a shows the RFI over the electron dose for GFP expressing SKBR3 cells

exposed in TEM at 200 kV with electron fluxes ranging from 0.001 to 10 e−/Å2s

(cells marked in blue in Figure 5.1). Electron doses increased logarithmically from

0.001 e−/Å2 for the first exposure to 10 e−/Å2 for the last exposure. RFI decreased

for electron fluxes of 0.001 and 0.01 e−/Å2s up to an accumulated electron dose of

0.1 e−/Å2. RFI decreased for an electron flux of 1 e−/Å2s up to an accumulated
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Figure 5.6: Fluorescence images of SKBR3 cells labeled with green fluorescent
protein (GFP) in transmission electron microscopy (TEM) at 200 kV. Images
of differential interference contrast (DIC), fluorescence (L5) and the combined overlay
during electron beam exposure are shown. The first row depicts the reference images
after exposure to vacuum (9.3 Pa for 30 s). Rows 2 - 4 show the images after electron beam
exposure with a constant electron flux of 0.01 e−/Å2s and electron doses of 0.01 e−/Å2

for 1st, 0.1 e−/Å2 for 2nd and 1 e−/Å2 for 3rd exposure. The last row shows images after
disassembly of the liquid cell and placing the sample back in phosphate buffered saline
(PBS). Blue rectangles show exposed and GFP expressing SKBR3 cells. Yellow rectangles
show exposed cells that did not express GFP before electron beam exposure. Scale bars
are 50 µm.

electron dose of 10 e−/Å2. For electron fluxes of 0.01 and 0.1 e−/Å2s, RFI increased

at electron doses of 1 and 10 e−/Å2, respectively. For 10 e−/Å2s, RFI increased

12-fold at an electron dose of 10 e−/Å2. Dc < 0.1 e−/Å2 for electron fluxes of 0.001

and 0.1 e−/Å2s. However, RFI increased after Dc for an electron flux of 0.1 e−/Å2s.

Figure 5.7b shows the area of the SKBR3 cells over the electron dose. The area

of the cells decreased over the electron dose for all electron fluxes. The largest

decrease occurred for an electron flux of 1 e−/Å2s, where the area reduced to 50 %

of the initial area.

Figure 5.8 shows the RFI (Figure 5.8a) and relative area (Figure 5.8b) over the

electron dose of non-expressing SKBR3 cells exposed to the electron beam (cells

marked in yellow in Figure 5.1). For all electron fluxes, RFI increased with increas-

ing electron dose and did not decrease below 1/e. The area of the cells decreased

to a maximum of 60 % of their initial area.

Figure 5.9a shows the RFI over the electron dose for expressing and unexposed
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(a) (b)

Figure 5.7: Green fluorescent protein (GFP) expressing SKBR3 cells exposed
in transmission electron microscopy (TEM) at 200 kV. a) Relative fluorescence
intensity (RFI) and b) Relative area of GFP expressing SKBR3 cells over the electron
dose. RFI = 0 indicates background level and the dotted line indicates 1/e. An electron
dose of 0 e−/Å2 depicts the reference values after introduction to vacuum (9.3 Pa for 30 s).
Data points are connected for better visualization.

(a) (b)

Figure 5.8: Non-expressing SKBR3 cells exposed in transmission electron
microscopy (TEM) at 200 kV. a) Relative fluorescence intensity (RFI) and b) Relative
area of non-expressing SKBR3 cells over the electron dose. RFI = 0 indicates background
level and the dotted line indicates 1/e. An electron dose of 0 e−/Å2 depicts the reference
values after introduction to vacuum (9.3 Pa for 30 s). Data points are connected for better
visualization.
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(a) (b)

Figure 5.9: Green fluorescent protein (GFP) expressing and unexposed
SKBR3 cells in transmission electron microscopy (TEM). a) Relative fluores-
cence intensity (RFI) and b) Relative area of GFP expressing and unexposed SKBR3
cells over the electron dose. RFI = 0 indicates background level and the dotted line indi-
cates 1/e. An electron dose of 0 e−/Å2 depicts the reference values after introduction to
vacuum (9.3 Pa for 30 s). Data points are connected for better visualization.

SKBR3 cells (cells marked in white in Figure 5.1). RFI decreased for an electron

flux of 0.001 e−/Å2s over the electron dose. RFI remained stable for electron fluxes

of 0.01 and 0.1 e−/Å2s up to an accumulative electron dose of 1 e−/Å2. RFI in-

creased for an electron flux of 0.1 e−/Å2s at an electron dose of 1 e−/Å2. For an

electron flux of 1 e−/Å2s, RFI increased over the electron dose. For an electron

flux of 10 e−/Å2s, RFI remained stable. RFI remained above 1/e for all electron

fluxes. Figure 5.9b shows the area for expressing and unexposed SKBR3 cells.

The area remained stable around 100 % for electron fluxes of 0.01 - 10 e−/Å2s. For

an electron flux of 0.001 e−/Å2s, the area decreased to 60 %.

Figure 5.10 shows the RFI (Figure 5.10a) and relative area (Figure 5.10b) over

the electron dose for unexposed and non-expressing SKBR3 cells (cells marked

in purple in Figure 5.1). RFI increased over the electron dose for all electron

fluxes. The area of the cells decreased over the electron dose for an electron flux of

0.001 e−/Å2s to 65 % of the initial area. For electron fluxes of 0.01 and 1 e−/Å2s,

the area decreased to 80 % of the initial area with increasing electron dose. For an

electron flux of 10 e−/Å2s, the area remained stable.

In conclusion, RFI increased for all SKBR3 cells in TEM. Only for exposed and
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(a) (b)

Figure 5.10: Non-expressing and unexposed SKBR3 cells in transmission elec-
tron microscopy (TEM). a) Relative fluorescence intensity (RFI) and b) Relative area
of non-expressing and unexposed SKBR3 cells over the electron dose. RFI = 0 indicates
background level and the dotted line indicates 1/e. An electron dose of 0 e−/Å2 depicts
the reference values after introduction to vacuum (9.3 Pa for 30 s). Data points are con-
nected for better visualization.

expressing cells, RFI decreased before it increased. However, Dc < 0.1 e−/Å2 was

observed from the RFI for these cells. The control experiments showed that RFI

increased for dry SKBR3 cells. The fluorescence images showed that liquid re-

pellency was observed after radiation experiments. The liquid repellency and the

increasing RFI for dry cells indicated that drying can be a reason for increasing RFI

of exposed SKBR3 cells. Additionally, increasing autofluorescence caused either by

the electron beam or by drying can result in increasing RFI. All exposed cells

showed decreasing area with increasing electron dose while the area of unexposed

cells remained stable.

5.1.3 Labeled SKBR3 Cells in Environmental Scanning Electron Mi-

croscopy

GFP bound to actin-filaments in SKBR3 cells was also investigated in ESEM at

30 kV and varying electron fluxes and electron doses to study the effect of an open,

charge compensating system. Figure 5.11 depicts DIC, fluorescence (L5) and com-

bined overlay images of GFP labeled SKBR3 cells on a SiN microchip exposed in

ESEM at 30 kV. The first row shows reference images before electron beam expo-

86



5.1 Results Electron Beam Damage of GFP in SKBR3 Cells

Figure 5.11: Fluorescence images of green fluorescent protein (GFP) labeled
SKBR3 cells in environmental scanning electron microscopy (ESEM) at 30 kV.
Images of differential interference contrast (DIC), fluorescence (L5) and the combined
overlay during electron beam exposure in ESEM are shown. The first row depicts the
reference images prior to electron beam exposure. Rows 2 - 5 show the images after
electron beam exposure with a constant electron flux of 0.1 e−/Å2s and electron doses
of 0.01 e−/Å2 for 1st, 0.1 e−/Å2 for 2nd, 1 e−/Å2 for 3rd and 10 e−/Å2 for 4th exposure.
Blue rectangles show exposed and GFP expressing SKBR3 cells. Scale bars are 100 µm.

sure. Rows 2 - 5 show images after each electron beam exposure. Exposed cells are

marked in blue. Cells were irradiated with a constant electron flux of 0.1 e−/Å2s

and logarithmically increasing electron dose ranging from 0.01 e−/Å2 for the first

exposure to 10 e−/Å2 for the last exposure. Exposed cells showed decreased fluo-

rescence intensity with increasing electron dose.

RFI and relative area of GFP expressing SKBR3 cells exposed in ESEM at 30 kV

over the electron dose are shown in Figure 5.12a and b, respectively (cells marked

in blue in Figure 5.1). SKBR3 cells were exposed with electron fluxes of 0.001,

0.01, 0.1 and 10 e−/Å2s and electron doses ranging from 0.001 to 100 e−/Å2. RFI

decreased for all electron fluxes up to an accumulated electron dose of 1 e−/Å2.

For an electron flux of 10 e−/Å2s, RFI increased at an electron dose of 1 e−/Å2
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(a) (b)

Figure 5.12: Green fluorescent protein (GFP) expressing SKBR3 cells ex-
posed in environmental scanning electron microscopy (ESEM) at 30 kV. a)
Relative fluorescence intensity (RFI) and b) Relative area of GFP expressing SKBR3
cells over the electron dose. RFI = 0 indicates background level and the dotted line in-
dicates 1/e. An electron dose of 0 e−/Å2 depicts the reference values prior to electron
beam exposure. Data points are connected for better visualization.

and remained above 1/e up to an accumulated electron dose of 100 e−/Å2. Dc <

0.1 e−/Å2 for an electron fluxes of 0.001 e−/Å2s. Dc < 1 e−/Å2 for an electron flux

of 0.1 e−/Å2s and Dc < 0.01 e−/Å2 for an electron flux of 0.01 e−/Å2s. The area

remained stable at 100% for electron fluxes of 0.001, 0.01 and 0.1 e−/Å2s. For

an electron flux of 10 e−/Å2s, the area decreased to 65 % of the initial area at an

electron dose of 10 e−/Å2.

Figure 5.13a shows the RFI of expressing and unexposed SKBR3 cells (cells

marked in white in Figure 5.1). RFI decreased with increasing electron dose for

all electron fluxes. Dc < 0.1 e−/Å2 for an electron flux of 0.1 e−/Å2s, Dc < 1 e−/Å2

for an electron flux of 0.001 e−/Å2s and Dc < 100 e−/Å2 for an electron flux of

10 e−/Å2s. For an electron flux of 0.01 e−/Å2s, RFI remained above 1/e up to an

accumulated electron dose of 1 e−/Å2. Figure 5.13a shows the area of expressing

and unexposed SKBR3 cells. The area remained stable around 100 % over the elec-

tron dose for electron fluxes of 0.001, 0.01 and 10 e−/Å2s. For an electron flux of

0.1 e−/Å2s, the area showed an increase of 20 % up to an accumulated electron dose

of 1 e−/Å2 and decreased to 100 % at an electron dose of 10 e−/Å2.

In conclusion, exposed cells showed decreasing RFI for all electron fluxes and an
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(a) (b)

Figure 5.13: Green fluorescent protein (GFP) expressing and unexposed
SKBR3 cells in environmental scanning electron microscopy (ESEM). a) Rel-
ative fluorescence intensity (RFI) and b) Relative area of GFP expressing SKBR3 cells
over the electron dose without electron beam exposure. RFI = 0 indicates background
level and the dotted line indicates 1/e. An electron dose of 0 e−/Å2 depicts the reference
values before electron beam exposure. Data points are connected for better visualization.

increase in RFI was observed for high electron flux only (10 e−/Å2s). Unexposed

cells still showed a decrease in RFI, however less than exposed cells. Compared to

TEM, SKBR3 cells did not show liquid repellency after electron beam exposure.

No changes in area were observed for exposed and unexposed cells for most electron

fluxes when exposed in ESEM at 30 kV.

5.2 Discussion

Radiation damage of GFP labeled SKBR3 cells was investigated in LP-EM. GFP

was bound to actin filaments of SKBR3 cells for labeling. Electron beam damage

was investigated by measuring the fluorescence intensities of GFP and the changes

in cell area upon electron irradiation.

Control experiments were performed to distinguish various effects from electron

beam exposure. Autofluorescence is an intrinsic fluorescence property of cells.180

Among others, cellular compounds such as NAD(P)H, aromatic amino acids, lipopig-

ments and flavins are capable of autofluorescence in a wide range of wavelengths.180

Of the many autofluorescent compounds, the fluorescence of falvins is close to the

fluorescence of GFP (ex.: 360 nm and 450 nm; em.: 520 nm).180,182,183 Furthermore,
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aldehyde fixatives such as PFA and GA can exhibit autofluorescence.179 However,

PFA, which was used as a fixative here, previously showed low autofluorescence

similar to buffer solutions.184 The control experiments confirmed that autofluores-

cence, from PFA or from cellular components, did not contribute to the fluorescence

of the cells if exposed under fluorescence microscopy (Figure 5.2). Mean grey val-

ues were close to background level for unlabeled cells while mean grey values for

GFP expressing SKBR3 cells were 60x higher. RFI of unlabeled SKBR3 cells did

not increase over time, demonstrating that autofluorescence did not increase upon

light exposure. However, unlabeled cells showed increased RFI upon drying and

upon electron beam exposure (Figure 5.3 and Figure 5.5). This may be due to in-

creasing autofluorescence of the PFA fixative or cellular components. It has already

been reported that the luminescence of aldehyde fixatives increases with increasing

electron dose.181 Control experiments with dried cells were performed to confirm

the liquid state of the cells during the radiation experiments. It was observed that

RFI of unlabeled cells increased upon drying (Figure 5.3). Consequently, if RFI

in SKBR3 increased cells during electron beam irradiation, there were two possible

explanations: Autofluorescence increased due to electron beam exposure or due to

drying.

Labeled SKBR3 cells were exposed to ESEM and TEM conditions without electron

beam irradiation. RFI decreased when exposed to ESEM conditions, but remained

stable around 80 % when exposed to TEM (Figure 5.4a). As mentioned in Chap-

ter 4, chamber pressure variations in ESEM can cause varying RFI. In TEM,

however, the SiN liquid cell provides a sealed, atmospheric pressure environment

resulting in natural pressure conditions for SKBR3 cells and stable RFI.38,39

5.2.1 Liquid-Phase Transmission Electron Microscopy

As for surface-bound GFP, RFI for GFP expressing and exposed cells in liquid-

phase TEM decreased and Dc < 0.1 e−/Å2 for most electron fluxes (Figure 5.7).

Explanations for the degradation of fluorescence are similar to those mentioned

in Chapter 4 for surface-bound GFP: structural damage of the protein, protein

detachment and changing liquid environment caused by electron beam exposure.

However, actin-bound GFP in SKBR3 cells showed one order of magnitude higher
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dose tolerance compared to surface-bound GFP. This may be due to the loca-

tion of GFP inside cells, where it is protected by cellular components such as the

plasma membrane. These components might be damaged at lower electron doses,

presumably comparable to surface-bound GFP. The dose tolerance for SKBR3

cells in LP-EM were around three orders of magnitude lower than previous studies

of whole cells in cryo-EM (50 - 200 e−/Å2).178,185

After RFI decreased, it increased again for exposed cells as shown in Figures 5.7

and 5.8. This could be caused by the following factors:

� Dry cells. In the DIC images after opening the SiN liquid cell and placing

the sample back in PBS (Figure 5.6m), SKBR3 cells, or the SiN membrane,

appear to repel liquid after electron beam exposure. The control experiment

of dry SKBR3 cells reveals that autofluorescence increased if samples were

dry (Figure 5.3). The repellency might indicate, that cells were dry after a

certain electron dose and hence, autofluorescence of all SKBR3 cells in TEM

increased. Unexposed cells still showed increased RFI but less compared to

exposed cells.

Fabricated microchip surfaces are generally hydrophobic and more hydrophilic

surfaces can be achieved by plasma treatment which removes hydrophobic

hydrocarbon contaminations.38,41,186 Hydrocarbons were shown to cause hy-

drophobicity e.g. in rare earth oxide ceramics.187 To keep SiN membranes

hydrophilic for a longer period of time, and to improved cell attachment, mi-

crochips were coated with PLL.38,39 However, hydrocarbons can redeposit

on the surface during electron beam irradiation.70 In the past, hydrocarbon

contaminations were more problematic because electron microscopes were op-

erated at lower vacuum. Nowadays, the higher vacuum in the microscopes

reduces hydrocarbons in the microscope originating from e.g. pump oils or

vacuum grease.70 However, specimens themselves can be a source of hydro-

carbons so that complete elimination of hydrocarbon contaminations has not

yet been achieved.70

Most probably, hydrocarbons originated from the cells and resulted in hy-

drocarbon deposition on the surface in the experiments presented here. This

increased hydrophobicity of the surface and caused dewetting. As a result,
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cells dried after a certain electron dose and the autofluorescence signal in-

creased. Other causes of dewetting behavior after electron beam irradiation

were previously demonstrated on metallic nanoparticles on non- and semi-

conducting surfaces, hydrogen titanate nanowires, and ZnO powder under

low energy irradiation.188–190 Dewetting of metallic nanoparticles was mainly

associated with mobile charges in the nanoparticles that are trapped at the

interface between the nonconducting surface and the nanoparticles.188 In hy-

drogen titanate nanowires, hydrophobicity was associated with the removal

of hydroxyl groups upon electron beam irradiation.189 Investigation of hy-

drophobicity of hydroxyapatite films showed disruption of the polarity of OH

ions resulting in dewetting behavior with increasing electron dose.191

� Cathodoluminescence. During electron beam irradiation, some substances

may exhibit cathodoluminescence, which has previously been shown for air-

dried GFP.175,176 Photoluminescence was shown to decrease upon irradiation

while cathodoluminescence increased in these studies. However, simultane-

ous illumination of light and electron beam is required for the detection of

cathodoluminescence.37 Therefore, special cathodoluminescence microscopes,

or electron microscopes equipped with spectrometers or in-built fluorescence

microscopes are necessary.32 Additionally, increasing RFI was not observed

for surface-bound GFP (see Chapter 4), suggesting that increasing fluores-

cence is due to cellular or PFA autofluorescence rather than GFP itself.

In Chapter 4 it was shown, that the use of GLCs increased the dose tolerance of

GFP compared to SiN liquid cells. SKBR3 cells could also be seeded on graphene

grids and enclosed in GLCs to mitigate beam damage. However, TEM grids used

in this study are fragile and bend easily during handling which potentially causes

leaking of the GLCs. An experimental setup is required which prevents bending and

folding of the grids. In addition, graphene could potentially increase hydrophobic-

ity. Incomplete wetting of graphene-coated SiN microchips due to hydrophobicity

has been shown previously.44

The area changed for all exposed cells in TEM. For unexposed cells, the area re-

mained stable over the electron dose. Changes in area can be caused by shrinkage

of the cells. The fact that only exposed cells show decreasing area indicates, that
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these cells shrink more. Together with the liquid repellency of exposed cells this

strengthens the argument that cells were dry.

Unexposed SKBR3 cells with actin-bound GFP showed less decrease in RFI com-

pared to unexposed surface-bound GFP. SE created in the liquid cell still propagate

through the liquid and cause damage. However, GFP was bound to actin filaments

inside the cells. The plasma membrane presumably protected GFP from damage

caused by SE.

5.2.2 Environmental Scanning Electron Microscopy

In ESEM, GFP expressing SKBR3 cells exposed with a flux of 10 e−/Å2s showed

increasing RFI but other fluxes showed decreasing RFI over the electron dose

(Figure 5.12). In addition, SiN membranes were still wetting after electron beam

exposure (Figure 5.11m-o). As mentioned in Chapter 4, the liquid thickness in

ESEM could not be determined quantitatively and varied between samples. There-

fore, the electron beam may not fully encounter the sample, which would keep the

SiN membrane more hydrophilic. Cells would be wet and less autofluorescence

would occur. In addition, positive ions in the gas environment of ESEM neutralize

charge and mitigate charging effects (see Section 2.1.2).29,47

RFI of unexposed cells decreased below 1/e for all electron fluxes in ESEM

(Figure 5.13). This decrease can as well be caused by the exposure to ESEM

conditions as shown in the control experiments (Figure 5.4). RFI did not increase

in unexposed cells, supporting the argument that SiN microchips were still wet-

ting after electron beam exposure (Figure 5.13). The area for all cells in ESEM

remained stable. This indicates, that cells were still hydrated and liquid did not

evaporate in vacuum. For an electron flux of 10 e−/Å2s, the area decreased over

increasing electron dose. Together with the fact that RFI increased in this sample,

there might have been more drying in this sample although samples still appeared

hydrated in ESEM as well as under fluorescence microscopy. Another option is that

the electron dose tolerance was dependent on the electron flux.

It has been reported that cells are stable up to an electron dose of 0.01 e−/Å2.20 In

the experiments shown here, the electron dose threshold was one order of magnitude
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higher (0.1 e−/Å2). However, GFP bound to actin filaments inside the cells and

protected from the electron beam by surrounding proteins, i.e. the plasma mem-

brane, was investigated here. Proteins in the plasma membrane could be damaged

before GFP. It has been reported previously that 50 % of bacteria showed damage

in the cytoplasm at an electron dose of 0.1 e−/Å2 while the plasma membranes re-

mained intact.192 Moreover, the absence of other functions such as reproducibility

and enzyme function was observed at this electron dose.192 Enzyme inactivation

was observed at electron doses around 0.01 e−/Å2.193

Another aspect that must be considered for cells in SiN liquid cells is the com-

pression between the two microchips. Bacterial damage from compression has been

reported previously.192 In the study presented in this thesis, spacers of 5µm were

used per microchip, resulting in 10 µm spacer thickness. However, SKBR3 cells can

be thicker than 10 µm and this would cause compression to be a damaging factor.194

In addition, 10µm thickness will result in low electron transmission. Therefore, the

use of this setup for further investigations of cells in LP-EM should be addressed

in future studies.

5.3 Conclusion

In this chapter, electron beam damage of GFP labeled SKBR3 cells was investigated

in LP-EM. The following conclusions can be drawn:

1. Dc < 0.1 e−/Å2 for some electron fluxes in TEM before RFI increased. This

dose tolerance was one order of magnitude higher compared to surface-bound

GFP (see Chapter 4).

2. Dc < 0.1 e−/Å2 in ESEM which was consistent with experiments in Chap-

ter 4.

3. The dose tolerance for GFP in SKBR3 cells in LP-EM was three orders of

magnitude lower than previously described for whole cells in cryo-EM.178,185

4. After the decrease, RFI increased again. This was associated with dried cells

resulting from increased hydrophobicity and dewetting upon electron beam

irradiation.
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5. The area of SKBR3 cells remained stable in ESEM. In TEM, all exposed

cells showed decreasing area and unexposed cells showed stable area, possibly

due to dewetting and drying in TEM.
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Analysis of membrane protein function is essential for cell biological research, and

for drug development. A class of important experiments involves the examination

of membrane protein positions in cells. This information can be used to deduce

conclusions about the assembly of proteins in protein complexes and their specific

locations in the plasma membrane, which, via dynamic assembly and disassem-

bly, drives a wide variety of cellular functions. Among other techniques, light mi-

croscopy (LM) and EM are used to study protein functions in cells. LM allows the

analysis of whole cells in liquid; however, the resolution is restricted to 200 - 300 nm

for conventional and up to 20 nm for super resolution fluorescence microscopy under

practical conditions.195,196 EM provides around 1 Å resolutions,8 but conventional

sample preparation requires dehydration, metal staining to enhance image contrast,

and embedding in a mounting substance, such as resin, for TEM.2 To preserve bi-

ological samples in a more native-like environment, cryo-EM techniques can be

used.197,198 The samples are rapidly frozen into amorphous ice, and, if needed,

sectioned. Another option is freeze-fracturing EM.199 EM techniques for studying

membrane proteins within intact cells in their native, liquid state have emerged in

the past decade.200–203 A spatial resolution of 2 nm was achieved on QDs labeled

membrane proteins in whole cells grown on a SiN membrane and enclosed by a

layer of graphene.201

Here, details of a protocol for protein labeling and graphene coating are

described.45,201 The goal of this protocol is to analyze the spatial distribution

of HER2 in the membrane of whole, fixed cells, while preserving the cells in a

hydrated state. Coating with graphene prevents drying of the cells in vacuum, and
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also reduces radiation damage.44 This method provides information about labeled

membrane proteins within the intact plasma membrane, but the method is not

useful for studying cellular ultrastructure as is usually done with EM.

Graphene is the thinnest nanomaterial known, and consists of a single carbon atom

thick crystalline sheet arranged in a honeycomb lattice.85 It has unique properties

including high flexibility and mechanical strength. Recent research has shown that

defect-free graphene is impermeable to gases and liquids, but defects allow hydro-

gen permeation.101 This leakage can be reduced by using multilayer graphene as

used a support for cryo-EM samples, improving the homogeneity of the thin ice

layer compared to graphene oxide, where only nonuniform layers can be formed.204

Graphene was also shown to reduce beam damage of biological samples during

liquid-phase transmission electron microscopy.26,44 As an exemplary experiment,

HER2 expressed in the mammalian breast cancer cell line SKBR3 was labeled with

QDs205 and its spatial distribution recorded using STEM. Cells were seeded on a

Si microchip with an electron transparent SiN membrane.38 The microchips were

chosen as a support as they are robust, compatible with LM and EM, and the

entire labeling procedure can be performed directly on the microchip.38 After cell

attachment, HER2 was labeled with a two-step protocol.206 First, a biotinylated

anti-HER2 antibody mimetic compound207 was attached to HER2. The cells were

then chemically fixed to prevent label-induced receptor clustering. Streptavidin-

coated QDs were subsequently linked to the HER2-antibody mimetic complex. The

bright fluorescence signal and the electron-dense core of the QDs allowed correla-

tive fluorescence- and electron microscopy (CLEM).206 CLEM is especially useful

because cellular regions of interest for STEM analysis can be selected from the

overview fluorescence microscopy images highlighting the localization of HER2 on

the cells. Cells were analyzed by fluorescence microscopy to identify cellular regions

with high HER2 levels. Thereafter, a 3-5 layer thick sheet of graphene was trans-

ferred onto the cells for coating.201,208 Subsequently, the sample was mounted in an

EM specimen holder. STEM data was acquired using the ADF detector, providing

information about the spatial distribution of HER2 on the cell surface location,

but giving no information about the ultrastructure of the cell. To determine the

stability of the sample under electron beam irradiation, the samples were examined

at increasing dose (D) in an image series. The difference between graphene-coated
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and non-coated samples was investigated. Several kinds of radiation damage were

evaluated.

6.1 Results

Representative STEM data is shown in Figure 6.1. Graphene-coated (left column)

and non-coated (right column) SKBR3 cells were investigated. Figure 6.1A and

Figure 6.1B show M = 800x overview images of the cells on the window. The

areas shown as insets were imaged at M = 80,000x during the dose series, see Fig-

ure 6.1C and Figure 6.1D. The QDs are visible as bright spots here. Figure 6.1E

and Figure 6.1F show M = 50,000x magnified images acquired at the locations of

the rectangles in Figure 6.1C and Figure 6.1D. Both images were recorded after

the acquisition of a dose series with D = (7.8±0.4)·103 e−/Å2. The dose series

was recorded at M = 80,000x. The exposed areas can be recognized as rectangles,

whereby the rectangle is clearest visible for the non-coated sample (Figure 6.1F).

To verify the presence of graphene, diffraction patterns of areas without cells, but

with or without graphene on the SiN window were acquired. The hexagonal struc-

ture of the graphene was observed in the diffraction pattern of the graphene-coated

sample (Figure 6.1G), while it was absent for the non-coated sample (Figure 6.1H).

The diffraction pattern of single crystal graphene will have six-fold symmetry due

to highly ordered hexagonal structure of graphene. So, the hexagonal structure

indicates the presence of graphene on the samples.

To investigate the effect of electron beam illumination on the sample, STEM images

were acquired in an image series with an accumulating electron dose. Representative

results for non-coated and graphene-coated samples are shown in Figure 6.2A - D

and Figure 6.2E - G, respectively. All data was acquired at the edge of the cell,

where the cell is the flattest, and the observed structure is thus the closest to the

SiN membrane. The exposure of a non-coated samples led to bright structures

appearing on the cell surfaces at D = (1.9±0.1)·103 e−/Å2 (Figure 6.2B). These

structures became larger with higher doses, so they were clearly visible in the last

image of the series at D = (7.8±0.4)·103 e−/Å2 (Figure 6.2C and D). These spots

did not appear on any of the graphene-coated samples (Figure 6.2E - G).

Six coated and seven non-coated samples were investigated in total. Two out
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Figure 6.1: Scanning transmission electron microscopy (STEM) of graphene
coated and non-coated SKBR3 cells on silicon nitrite (SiN) window. (A) STEM
of a graphene coated sample acquired at M = 800x. (B) STEM image of a non-coated
sample acquired at M = 800x. (C) M = 80,000x image recorded at the position of the
blue rectangle in A. Yellow lines represents examples distances measured within particle.
(D) M = 80,000x image recorded at the position of the blue rectangle in B. Yellow line
represents examples distances measured within particles. (E) M = 50,000x image of the
same region as C exposed to D = (7.8±0.4)·103 e−/Å2. (F) M = 50,000x image of the
same region as D and exposed to D = (7.8±0.4)·103 e−/Å2. The exposed areas were
clearly seen. (G) Diffraction pattern of a graphene-coated sample from an area without
cells. The six-fold symmetry of the graphene is visible as bright spots. (H) Diffraction
pattern of a sample without graphene showing no 6-fold bright spots. This is adapted
from .154
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Figure 6.2: Artifacts arising on samples without graphene coating. (A)
First images of regions on samples without graphene coating acquired at M = 80,000x,
and exposed to D = (0.39±0.02)·102 e−/Å2. (B) Images with the first artifacts aris-
ing at D = (1.94±0.1)·103 e−/Å2 (yellow arrows). (C,D) Last image of the series ac-
quired with D = (7.8±0.4)·103 e−/Å2. Artifacts are visible as bright spots. (E-G)
Graphene coated samples without arising artifacts. (E) D = (0.39±0.02)·102 e−/Å2 (F)
D = (1.94±0.1)·103 e−/Å2 (G) D = (7.8±0.4)·103 e−/Å2. (H) Relative change in particle
distances for graphene coated and non-coated samples. Two of the non-coated samples
showing artifacts, one of which shown in (A-C), and the last image of the second sample
in D, as well as three coated samples were analyzed (one is shown in E-G). In total,
ten quantum dot (QD) pairs were examined per sample with distances ranging between
250 nm and 3 µm. The relative change reflects the average of all measurements in one
group. This is adapted from .154

of seven non-coated samples showed these artifacts. None of the coated samples

showed any additional bright spots. As another measure of radiation damage, the

distance between QDs was examined. If structural damage were to occur, one

would expect distances between QDs to change. Changes in distances were mea-

sured for different pairs of QDs with accumulating D for a range of pair distances.

Figure 6.2H shows that the relative change of the particles for non-coated samples

stayed below 1.3 % on average, while the average relative distance remained below

0.8 % for the coated samples. One can, therefore, conclude that the graphene coat-

ing stabilized the sample but the dried-in samples without graphene coating were

also remarkably stable.
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6.2 Discussion

To better understand protein function, it is important to obtain information about

protein locations in the plasma membrane of intact cells. Methods for obtaining

this information include super-resolution fluorescence microscopy.195,196 Although

super-resolution microscopy has further developed over the past years, its resolu-

tion is still limited to about 20 nm for practical conditions of cell experiments, while

typical receptor proteins have sizes in the range of 1-10 nm. The imaging of pro-

teins on single cell and single molecule level with sufficient resolution to visualize

proteins is possible with EM. But due to sectioning, conventional EM methods

typically do not leave the cell intact,27 which leads to the loss of important infor-

mation about the context and the spatial distribution of proteins in the plasma

membrane. Methods for whole cells with cryo-TEM have been developed,198 it is

feasible to combine protein labeling with cryo-EM,209 also cryo-STEM has been

demonstrated.210 However, cryo-EM workflows are optimized for studying the cel-

lular ultrastructure and protein structure, and not so much for analyzing membrane

protein spatial distributions. Critical point drying is another whole cell preparation

method but the samples are subjected to several drying steps, and the technique is

highly time-consuming.211 Membrane proteins have also been examined via freeze

fracture.199 In this method, cells are fixed, frozen, and fractured. The fractured

parts are replicated by carbon and platinum layers, and the biological sample is

removed. The replicas can then be analyzed with EM.212 Whole cell analysis is

impossible with freeze fraction, because information about the distribution of pro-

teins in the membrane within context of the whole cell is lost.

The method presented here allows the cell membrane to be studied without needing

to thin-slice the specimen.201,213 The cells are kept intact so that the localization of

the membrane proteins is visible from the fluorescence images, which are correlated

with the EM images. Studying proteins at the single cell and single molecule level

within intact cells in hydrated state has shown to be possible with a resolution of

2 nm using STEM of QD labeled proteins using this graphene enclosure method.201

Keeping cells in their native state is crucial, as it preserves the spatial distribution

of membrane proteins such that analyses are possible at the single cell and single

molecule level, which is important for understanding protein functions, and devel-

101



6.2 Discussion Graphene Liquid Enclosure of SKBR3 Cells

oping new drugs for therapy approaches.

Another critical aspect of imaging biological samples with EM is the radiation

damage of the samples caused by the electron beam. Solutions often include the

reduction of the electron dose as much as possible or various coating methods, such

as encapsulating the specimen between thin layers of carbon.74 Our method shows

that graphene coating reduces beam-induced artifacts that emerge on the cell sur-

face for non-coated samples. Examination of the chemically fixed, and graphene

coated biological samples is possible under electron beam irradiation at 200 kV

beam energy up to D = (7.8±0.4)·103 e−/Å2 without radiation damage, such as

bright spots, appearing on the sample.

Graphene coating prevented artifacts from appearing on the sample. But for D <

4·102 e−/Å2 also no artifacts emerged for the non-coated sample, and artifacts ap-

peared for 2 non-coated samples only. Thus, examinations of non-coated cells also

seem possible, although it would be better to use graphene and avoid the risk of

artifact formation. The composition of those artifacts can be analyzed in the future

to give hints about how to prevent their formation. Regarding the structural sta-

bility of the cells only a minor improvement of the graphene coating was observed.

The fixed cells were apparently stabilized in the examined thin areas, where their

structure was in close proximity of the SiN membrane. What we did not examine

here, however, were drying artifacts that are known to occur for cellular samples

when exposed to vacuum.2 Drying of the cells would lead to shrinkage of the cells

so that also the QD distances would change as a consequence. For the electron

dose used here, the distance of QDs of graphene-coated and non-coated samples

remained stable. Further studies are needed to examine the effect of graphene coat-

ing on the cells for EM.

One limitation of this method is that the chemical fixation of the cells is necessary;

therefore, no life cell experiments can be performed. But in case the labeling is not

needed and cells with a higher structural stability are used, for example bacteria,

then unfixed cells can be enclosed in graphene for EM214 albeit with a different

electron dose tolerance. Also, the proteins are not directly detectable, so QDs are

needed to visualize the proteins. The method would benefit from smaller labels. A

point of discussion is whether it is good or bad that the ultrastructure is not clearly

visible. Our method is similar to that of fluorescence microscopy where only se-
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lected proteins are visible.215 Increasing the visibility of the ultrastructure would

also add much more information to the image, and then at some point prevent de-

tection of the individual label positions. Furthermore, the method described here

is for one protein species, and additions of the protocol are needed to be able to

label multiple proteins. Last, the method works when a small high affinity specif-

ically binding molecule such as antibody mimetic207 or nanobody216 is available.

Commonly used antibodies are much larger and would prevent the detection of the

functional state of the protein subunits into oligomers.

Our method is useful for studying protein function on whole cells using EM while

keeping the cells in hydrated state. It is readily possible to examine series of cells.

Other type of cells and proteins can be studied as well. If protein labeling is not

needed, a subset of the protocol can be used for graphene coating of wide variety of

biological specimens. The ability to study whole cells is relevant in cellular research

for understanding correlations of membrane protein function at the molecular level.
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Observation of native biological materials in conventional EM is usually hindered by

sample preparation procedures such as dehydration, freezing, staining, and section-

ing. In addition, the electron beam can cause damage, such as bond rupture, which

in particular complicates the examination of radiation-sensitive materials such as

biological samples. LP-EM allows the observation of biological materials in liq-

uid environments without conventional sample preparation procedures. However,

electron beam damage also occurs in LP-EM, and can result in loss of information

about the samples. Electron dose thresholds for biological samples in LP-EM are

not yet fully explored.

In this thesis, the electron dose tolerance of biological samples in LP-EM was in-

vestigated. GFP was used as a model protein and studied in SiN liquid cells and

in GLCs. In addition, GFP was bound to actin filaments in fixed SKBR3 cells

to determine the dose tolerance in more complex systems. In fixed SKBR3 cells,

radiation damage was also analyzed by the displacement of QD-labeled membrane

receptor HER2. Here, the difference between graphene coated and non-coated sam-

ples was analyzed.

The first approach was to study the electron dose tolerance of GFP in LP-EM. GFP

was either bound to SiN surfaces and studied in SiN liquid cells or encapsulated

in GLCs. Samples were exposed in TEM and ESEM with electron doses ranging

from 0.001 - 100 e−/Å2 and electron fluxes ranging from 0.001 - 10 e−/Å2s. For GFP

in SiN liquid cells Dc < 0.01 e−/Å2 in TEM. To investigate whether electron beam

damage can be mitigated, graphene was used as a sample support instead of SiN.

GFP was encapsulated in GLCs and exposed with the same electron doses and

fluxes in TEM. The dose tolerance could be increased to Dc < 10 e−/Å2. This was

mainly associated with the radical scavenging property of graphene. However, the

setup of GLC experiments could also contribute to the large increase in dose toler-

ance compared to SiN. The liquid thickness in GLCs with GFP was 380± 110 nm

which possibly caused beam spreading when the electron beam encountered the

specimen, so that the specimen was not fully exposed. Additionally, electron beam

exposure and bulging can cause protein detachment in SiN liquid cells which may

artificially decrease the fluorescence intensity. Therefore, the actual electron dose
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tolerance of GFP in GLCs might be lower, and the dose tolerance of surface-bound

GFP in SiN liquid cells might be higher. GFP encapsulated in GLCs was studied at

a beam energy of 30 kV in TEM to find an indication for the damage mechanism.

From theory it is well known that damage caused by elastic scattering increases

with lower beam energy. No significant difference in the electron dose tolerance of

GFP at beam energies of 30 kV and 200 kV could be observed. This indicated that

damage caused by elastic scattering did not have a major impact on these samples.

Surface-bound GFP exposed in ESEM showed one order of magnitude higher dose

tolerance compared to TEM (Dc < 0.1 e−/Å2). The higher dose tolerance was

mainly associated with the experimental setup in ESEM. Beam spreading can be

caused by irregular liquid thickness and scattering of the primary electron beam

at gas molecules. This possibly decreased the electron dose that encountered the

specimen. A controlled liquid system could be beneficial in ESEM to ensure that

the specimen was fully exposed.

GFP bound to actin filaments in SKBR3 cells showed one order of magnitude higher

electron dose tolerance compared to surface-bound GFP in SiN liquid cells when

exposed in TEM (Dc < 0.1 e−/Å2). In ESEM, Dc < 0.1 e−/Å2 which was consistent

with the electron dose thresholds of surface-bound GFP. However, RFI of samples

exposed in TEM increased when the electron dose increased above Dc. Fluores-

cence increase was associated with dewetting behavior which was also observed

under fluorescence microscopy. One explanation for dewetting was increased hy-

drophobicity upon electron beam irradiation due to hydrocarbon contaminations.

Another indication of dry cells upon electron beam irradiation was decreasing area

of all exposed SKBR3 cells in TEM, whereas the area of unexposed cells remained

stable. In ESEM, RFI did not increase for most electron fluxes. This indicated that

the samples remained hydrated in ESEM. In addition, large spacers (10 µm) were

used for liquid cell preparation in TEM to minimize compression of SKBR3 cells.

However, the high thickness resulted in lower electron transmission and uncertain-

ties in the effective electron dose. Due to dewetting and the high liquid thickness,

the liquid cell system in TEM requires improvement or other systems must be used

to study whole cells in LP-EM. For example, since cells appear to remain hydrated

in ESEM, this method would be well suited to image whole cells if a controlled

liquid system could be established.
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GFP bound to actin filaments showed higher dose tolerance compared to surface-

bound GFP in TEM. However, the protein was protected inside the cells by other

cellular components such as the plasma membrane. Although the fluorescence of

GFP was preserved, the proteins in the plasma membrane could be damaged at

lower electron dose. The electron deposition per unit area per unit time, i.e., elec-

tron flux, did not affect the electron dose tolerance of GFP, either for surface-bound

or actin-bound GFP.

Radiation damage was also investigated by analyzing the displacement of the mem-

brane receptor HER2. HER2 was labeled with QDs on fixed SKBR3 cells. Graphene

coated and non-coated samples were studied. At D = (7.8±0.4) ·103 e−/Å2 the dis-

placement of coated samples was below 0.8 %. Non-coated samples remained stable

with a relative change of 1.3 %. However, samples formed artifacts in the form

of bright spots on some uncoated samples. The electron doses used in this study

were quite high compared to the dose tolerances for surface-bound and actin-bound

GFP. Imaging of QD labels was possible, and SKBR3 cells appeared to be stable

in this environment; however, proteins were likely damaged at such high electron

doses.

This thesis provides information about the electron dose thresholds of biological

specimens in LP-EM. However, further investigations on the nature of electron

beam damage can be performed in the future. For example, photoconversion of

GFP has been reported previously.122,175,217 This would result in a decrease in

intensity at the natural emission wavelength, but an increase in intensity at other

wavelengths. To investigate whether photoconversion also occurs after electron

beam exposure, structural changes in the chromophore of GFP could be assessed

using NMR spectroscopy.218 However, an experimental setup is required to detach

the exposed proteins from the SiN surface after electron beam irradiation without

changing their structure.

A pressure control system as reported previously is required to reduce bulging and

the possible accompanying protein detachment.40 A pressure control system is also

required in ESEM to ensure comparable liquid thickness for all samples. In addi-

tion, results can be compared more reliably to TEM if a controlled liquid system is
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present.

Further damage mitigation can be achieved by reducing the electron dose in EM.

Methods such as sparse imaging and electron beam image shift can be used.83 An-

other option for mitigating radiation damage is reduction of the beam energy. No

significant difference was found between 30 kV and 200 kV for GLCs in the ex-

periments presented in this thesis. However, it has previously been reported that

radiation damage in graphene increased above 80 kV.219 Below 80 kV, knock-on

damage in graphene can be reduced.20,112,219 Furthermore, 13C graphene showed

less damage than 12C graphene which is usually used for graphene preparation.

Substitution with 13C graphene can further mitigate beam damage.219

To mitigate radiation damage in cells, they can be investigated in GLCs. If cells

remain hydrated in GLCs, this could be a viable system for studying radiation dam-

age in whole cells. The high flexibility of graphene could also decrease compression

of cells. In SiN liquid cells, a constant flow in the liquid holder could increase the

wettability of cells. In addition, constantly changing the liquid can contribute to a

stable chemical environment and reduce radicals.

In summary, this thesis provides information about electron dose thresholds for

biological materials such as proteins and fixed cells in liquid environment using

LP-EM. The findings of this work provide a guideline for electron dose measure-

ments in LP-EM. Damage mitigation was achieved by encapsulating proteins in

GLCs. The reported electron dose tolerances for GFP and fixed cells can be applied

to further studies of proteins and cells in LP-EM.
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A.3 pH Measurements for PBS and HPLC-grade H2O

The pH of PBS and HPLC-grade H2O was measued. Figure A.1 shows pH mea-

surements using pH test stripes. Both, PBS (a) and HPLC-grade H2O (b) show a

pH around 7.5.
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Figure A.1: PH measurements for PBS and HPLC-grade H2O a) PBS b) HPLC-
grade H2O. Both solutions show a pH around 7.5.

A.4 Calculation of the Ionic Strength

The ionic strength is calculated by

ionic strength =
1

2

n∑
i=1

ciz
2
i (19)

PBS used in this work contains the following components:

� 154 mM NaCl −→ Na+ + Cl−

� 5.6 mM Na2HPO4 −→ 2Na+ + HPO2−
4

� 1 mM KH2PO4 −→ K+ + H2PO−4

with these components, the calculated ionic strength is 169 mol/L.

A.5 Stage Shift

The position of the stage was marked in the TEM center software to be able to

expose the same region for all exposures. However, the stage can shift between

multiple removals of the holder. This shift was evaluated as shown in Figure A.2.

The shift was found around 3µm after 5 removals of the holder and 3.5 µm after 10

removals.
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Figure A.2: Stage shift after multiple removals of the sample holder.
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