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Single Cell Imaging 
What can be learned about the single whole cell using EM? 

Where are we now?  

What are the challenges going forward?
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Quanta0200/3View: 
Serial&Block&Face&SEM

Collabora@on&with&&Susan&Gasser&&&Rainer&Friedrich,&FMI Denk W, Horstmann H (2004) PLoS Biology 11:e329

Saved with isotropic voxel size:  
volume can be observed in all dimensions

Olfactory bulb of zebrafish embryo:
15x15x15 µm: 500 cuts@30nm. 6nm per pixel

RoomDTemperature(
Block(in(SEM

Shaved(with(microtome((
inside(of(the(SEM

Remaining(Block(is((
imaged(with(SEM

Christel&&
Genoud&
(FMI)
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Focussed(Ion(Beam(SEM:(FIB(SEM,(also(called:(DualDbeam

(c) Jarek Sedzicki, C-CINA

HeLa(cell,(72hrs(post(infecGon(with(Brucella'abortus(bacteria  
((with(Christoph(Dehio,(InfectX)
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Focussed&Ion&Beam&
Scanning&Electron&Microscopy&

(Jarek&Sędzicki,&C0CINA)

&(3View)&Serial&Block&Face&&
Scanning&Electron&Microscopy 
(Christel&Genoud,&FMI/C0CINA)

3View SBF-SEM
FIB-SEM

up&to&700µm&diameter&
at&10&nm&resolu4on

up&to&100µm&diameter&
at&3&nm&resolu4on
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Focussed&Ion&Beam&
Scanning&Electron&Microscopy&

(Jarek&Sędzicki,&C0CINA)

&(3View)&Serial&Block&Face&&
Scanning&Electron&Microscopy 
(Christel&Genoud,&FMI/C0CINA)

up&to&700µm&diameter&
at&10&nm&resolu4on

up&to&100µm&diameter&
at&3&nm&resolu4on

3View SBF-SEM
FIB-SEM

• (3View)(SBFDSEM(is(ideal(to(study(the(morphology(of(
biological(Gssue.(

• Currently(only(on(roomDtemperature,(fixed(and(stained(
samples.(

• Can(easily(be(combined(with(thinDsecGoning(TEM.(

• Might(be(extended(to(CLEM,(and(combined(with(EDAX,(
cathodoluminescense(imaging,(ion(mass(spectrometry,(…

• FIBDSEM(is(ideal(to(study(the(morphology(of(one(cell.(

• Mostly(at(roomDtemperature,(difficult(in(cryo.(

• Can(be(combined(with(3View(or(thinDsecGoning(TEM.(

• Might(be(extended(to(CLEM,(and(combined(with(EDAX,(
cathodoluminescense(imaging,(ion(mass(spectrometry,(…
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STEM(Tomography

TEM(Tomography

up&to&1µm&in&diameter&
at&2&nm&resolu4on

up&to&2µm&diameter&
at&3&nm&resolu4on

• Electron(tomography(is(the(best(possible(method(to(study(
thin(cells((<1(µm)(by(EM((thinner(is(be_er).(

• Can(be(applied(to(secGons(of(cells((CETOVIS),(can(be(done(
in(cryo.(

• Can(easily(be(combined(with(LM((CLEM).(

• Can(be(applied(to(serial(secGons((e.g.,(Brad(Marsh’s(work)(

• Can(be(extended(by(subDvolume(averaging.

• STEM(Tomography(allows(to(image(slightly(thicker(
samples(than(TEM(tomography.((

• Only(amplitude(contrast(can(be(recorded.((

• The(resoluGon(is(be_er(in(the(upper(half(of(the(sample.((

• Technically(challenging.
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Prionoid fibril strains and Neurodegeneration

Goedert et al., Trends in Neurosciences 33(7), 317-325 (2010)

Investigations at the level of
- Tissue, 
- Cellular, 
- Membrane, 
- and Fibrils.

Diseases related to tau neurofibrillar tangles
• Alzheimer’s Disease (AD)        
• Agyrophilic Grain Disease       
• Corticobasal Degeneration       
• Frontotemporal Dementia (Pick’s Disease)
• Progressive Supranuclear Palsy  
• Tangle-only Dementia
• White matter tauopathy with globular glial 

inclusions

Diseases related to !-Synuclein fibrils
• Parkinson’s Disease (PD)
• Dementia with Lewy Bodies
• Lewy Body variant of AD
• Multiple System Atrophy
• Neurodegeneration with Brain Iron Accumulation 

(NBIA) Type I
• Parkinson’s Disease with Dementia
• Pure Autonomic Failure (PAF) Disease
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The single-cell visual proteomics platform

Microfluidics-based co-pathological neuronal cell cultures

α-synuclein
(Villars, Stahlberg, et al., PNAS 2008)

Following the Spreading Process at the Single Cell Level

tau     
(Stahlberg lab)

LUHMES cells (Marcel Leist, Konstanz):  
human mesencephalic cells that can be differentiated  

into neuron-like dopaminergic cells

E
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Microfluidics-based co-pathological neuronal cell cultures

The single-cell visual proteomics pipeline

Cell culturing 
Live cell imaging

Cell lysis

Stabilisation 
X-linking

Protein fishing*

Conditioning

Hand-over

E

5 pliter  
200 mg/ml

5-100 nliter 
2 µg/ml

MicroViso

TEM

RPPA

MS
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Kemmerling et al., 2012

“Classical”

Sample 5µl @ 0.1 mg/ml

Selective adsorption. 
Huge protein loss 
during blotting.

Staining with heavy 
metal salt.

Removal of excess 
stain.

Total proteomics

Single cell 5 pl @ 200 mg/ml
Cell lysis, mixing with heavy metal salt

Droplet-deposition/Writing 
(5 to 100nl)

Drying of complete droplet. 
Up-concentration on grid.

100% of proteins on grid. 
No selective adsorption.

Negative stain EM grid preparations

0.1% of proteins on grid. 
Selective adsorption.

Sample preparation in µ-fluidics.
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Set-up
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Set-up
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OpenBEB – LabView-based instrument control  
with database integration
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Pipeline

Cell culturing 
Live cell imaging

Cell lysis

Stabilisation 
X-linking

Protein fishing*

Conditioning

Hand-over

E
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Cell cultures

LUHMES (Lund Human Mesencephalic) cells, can be 
differentiated into dopaminergic, neuron-like cells.  

Cells express α-synuclein and tau, and cytosolic GFP.

E

30µm
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Single cell lysis
E

Electro-lysis & 
aspiration of cytosol

Volume handled: 5-100nl

“Writing” onto  
EM grid or substrate
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were not completely disrupted, and cell fragments stayed in place
if not aspirated (Fig. 2A and Supp. Fig. 2A). Moreover, aspiration
alone was not sufficient to lyse, disrupt or detach cells.

As demonstrated, only the targeted cell is lysed and neighboring
cells remain unaffected, due to the small electrode dimensions and
when conductive buffers are used (Fig. 2A–C and Supp. Fig. 2 A–D).
This findings are supported by finite-element analysis (FEA) re-
sults, which show that a high electric field is only generated in very
close proximity to the cell, between the microcapillary tip and the
ITO support (Fig. 3A). Further, adaptation of the electrical parame-
ters to obtain a higher peak-voltage and longer pulse duration al-
lowed the cells to be lysed in low-conductivity, isotonic sucrose
buffers, but in this case neighboring cells were also affected (Supp.
Fig. 2 E and F).

FEA was also used to estimate the maximal temperature in-
crease by Joule heating due to five 50 ls DC square pulses with
amplitudes of 10 V. This estimation predicts a maximal local tem-
perature of 34 !C for a time span of less than 1 ms (Fig. 3 B and
Supp. Fig. 3 and 4). The average cell temperature stays below
30 !C throughout the overall time span used for simulation. To
experimentally study the effects of the short temperature increase,
the enzymatic activity of horseradish peroxidase (HRP) after apply-
ing electrical pulses was quantified. HRP is known to be irrevers-
ibly impaired by exposition to increased temperatures
((Chattopadhyay and Mazumdar, 2000) and Supp. Fig. 5). Fig. 3C
shows the normalized activity of HRP after exposing 3 ll droplets
to electrical pulses of different voltages. The effect was measured
by quantification of the chemoluminescent reaction catalyzed by
HRP. Our results show, that the activity is not significantly de-
creased below 10 V, but effects are clearly seen around 14 V and
higher. Similar experiments performed with synthetic filamentous
actin did not reveal signs of protein aggregation or structural dam-
age of the filaments below 10 V (Supp. Fig. 6).

Immediately after the applied burst, lysate and surrounding
buffer were aspirated into the microcapillary to prevent diffusion
of the cellular content.

Subsequent to cell lysis and aspiration, the sub-microliter vol-
umes (200–400 nl) were loaded onto EM grids, negatively stained
and inspected by TEM.

TEM images of buffer solution, aspirated from the miniatur-
ized Petri dish in the proximity of a cell after the washing steps,
but before a cell lysis event, showed a background of predomi-
nantly small particles as expected (Fig. 2D); these are most likely
residues from the growth medium that were not removed by the
buffer washes (see Section 2). TEM images of the sample aspi-
rated from the immediate proximity of an individual adherent
BHK cell directly after lysis, reveal cellular content (Fig. 2E–G,
Fig. 4). Membrane patches, filaments and other structures with
distinctive shapes can be recognized and correlated to the spe-
cific cell using the light microscopy information. Further
examples of prominent structures observed in the lysate of single
cells are shown in Fig. 4. Although the control experiments
documented the presence of some (predominantly small) parti-
cles in the bare buffer solution (Fig. 2D), distinctive structures
similar to those found in the lysate (Fig. 2E–G and Fig. 4) were
not detected.

4. Discussion

We present a setup for the controlled lysis of single, adherent
eukaryotic cells and a subsequent visual inspection of cellular com-
ponents by negative-stain TEM. The developed instrument enables
(i) live-cell monitoring before and during cell lysis by optical
microscopy, (ii) precise selection of individual cells, (iii) fast lysis
(<500 ms) without prior disturbance of the cell and (iv) immediate

aspiration of the cellular components into a microcapillary for fur-
ther treatment.

The ITO coating on the glass slide that forms the base of these
dishes, features the required electrical and optical properties and
serves as ground electrode. In contrast to gold, ITO is suitable for
fluorescence microscopy, allows live-cell imaging, and can be com-
bined with various functionalization options to support cell growth
if needed (Luo et al., 2008; Shah et al., 2009). The ability to carry
out live-cell imaging prior to cell lysis, not only allows studying

]
mc/Vk[ dleiF lacirtcelE

5

4

3

2

1

0

A

1.0

0.8

0.6

0.4

0.2

0.0

ytivitcA dezil a
mro

N

0 4 6 8 10 12 14 16 18 22
Applied Voltage [V]

C

]V[ egat loV

Time [ms]

eT
]

C˚[ erutarep
m

10
5
0

2.01.81.61.41.21.00.80.60.40.20.0

35

30

25

20

 Maximum temperature
 Cell average temperature

B

Fig.3. Finite element analysis (FEA) of electroporation characteristics and data on
horseradish peroxidase (HRP) stability. (A) FEA simulation to estimate the electric
field strength (kV/cm); Scale bar: 20 lm. A potential of 10 V was applied to the
microcapillary electrode immersed in PBS buffer; the inter-electrode distance was
20 lm. The profile of a cell (curved black line) placed on the bottom electrode (ITO)
was added to the model for illustration. (B) Estimated temperature changes
predicted by FEA. The solid line (top panel) shows the variation of the maximum
temperature in the solution over time as result of electric pulses (10 V) applied via
the gold-coated microcapillary. The dotted line shows the average temperature
within the cell region, depicted as curved black line in panel A. (C) Voltage
dependence of HRP activity after applying electric pulses. The activity was
normalized to that of the control experiments (0 V).

S. Kemmerling et al. / Journal of Structural Biology 183 (2013) 467–473 471
FEM Simulation of Electrical Field Strength

20µm

Single cell lysate

Arnold SA, et al. Single-cell lysis for visual analysis by electron microscopy. J. Struct.  Biol. 2013; 183(3):467–73. 
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Arnold SA, et al. Single-cell lysis for visual analysis by electron microscopy. J. Struct.  Biol. 2013; 183(3):467–73. 

Single cell lysate

Microganglion cells, collaboration with Petr Broz, Biozentrum Basel
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200nm

Single cell lysate
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biological processes, but also enables lysis to be initiated at a de-
fined time-point by means of an optical feedback; for example, a
target cell in a specific state can be identified and selected by fluo-
rescence signals of genetically labeled proteins.

Microfluidic chips with fixed electrodes often suffer from bub-
ble formation due to electrolysis. In the flexible-electrode setup de-
scribed here, sample aspiration and downstream processing were
not affected by electrolysis, and there were no signs of bubbles in-
side the capillary. Furthermore, microfluidic chips with embedded
electrodes depend on cells being in suspension and are not well
suited to study adherent eukaryotic cells, which must be detached
before lysis.

Biological processes involving proteins elapse within time
frames of milliseconds to days (Souchelnytskyi, 2005). This makes
the total lysis time an important parameter for cellular dynamics
studies. As the method presented here combines fast electrical
lysis (61 ms) with rapid sample loading (6400 ms), the described
technique offers a temporal resolution that is suitable to study dy-
namic processes in protein networks of single cells.

The complete detachment and disruption of the cells, observed
after sample aspiration (Fig. 2B and C and Supp. Fig. 2B–F), was
most likely due to the additional shear forces occurring during
the aspiration process. The combination of electrical pulses and
mechanical forces, allows applying relatively mild conditions for
electrical lysis (low pulse amplitudes and short pulses) in compar-
ison to those reported previously (Han et al., 2003; Nashimoto
et al., 2007).

The preservation of the native protein structure and supramo-
lecular assemblies is crucial for the subsequent visual analysis in
EM. FEA predicts elevated temperatures on time scales 61 ms
(Fig. 3B and supp. Fig. 4) and indicates that thermal protein dena-
turation is unlikely to occur. All our experimental data corroborate
these findings: Quantitative assays using HRP did not show a sig-
nificant degradation of enzyme activity at the conditions used to
lyse individual cells (Fig. 3C). Furthermore, experiments with syn-
thetic actin filaments only showed structural effects at voltages
exceeding the ones used for lysis (Supp. Fig. 6).

Negative-stain TEM revealed a variety of cellular components,
such as membrane patches, filaments and other particles (Figs. 2
and 4), and indicates the structural preservation of the observed
cellular components. No signs of protein aggregation were ob-
served (compare to supp. Fig. 6 D). Due to the unique and distinct
shape of several particles, assumptions about their identity can be
made directly from the raw images, e.g., for the vault organelles
(Kedersha et al., 1990). Future template matching algorithms must
include scoring algorithms for quantitative analysis (Beck et al.,
2009, 2011; Best et al., 2007) or complementary, labeling proce-
dures (Giss et al., manuscript in preparation) can be employed.
Although the aspects of protein structure and protein complex
preservation have to be further consolidated and the recovery of
sample constituents has to be improved in the future, the TEM
images clearly demonstrate the potential of this method to prepare
the lysate of a single cell for a visual analysis in negative-stain TEM.
Furthermore, single cell lysis of adherent eukaryotic cells is also of
great interest for other analysis methods, such as mass spectrom-
etry (Aebersold and Mann, 2003) or reverse-phase protein arrays
(RPPA) (Dernick et al., 2011). The application of our lysis method
for the detection of actin by RPPA is shown in Supplementary
Fig. 7.

The ‘‘lyse and spread’’ approach for visual analysis of eukaryotic
cells presented here is envisaged to complement classical methods,
such as cryo-ET or mass spectroscopy. In comparison to cryo-ET of
whole vitrified cells or cellular sections, the here presented ap-
proach does not provide information about the 3D arrangement
of the proteome. In addition, the excellent preservation capabilities
of vitrification have to be replaced by mild and physiological con-
ditions during sample preparation and eventually supported by
crosslinking procedures. On the other hand, the ‘‘lyse and spread’’
method, focusing particularly on the cytosolic fraction, has several
advantages: (i) Adherent eukaryotic cells can be studied; (ii) the
proteins can be prepared by negative staining to obtain a higher
SNR; and (iii) the physical segmentation renders the cell compo-
nents directly accessible for separation and labeling experiments
(Giss et al., in preparation). In contrast to mass spectroscopy, mass

Fig.4. Examples of distinctive structures observed in negatively stained cell lysates of individual cells. Negative stain: 2% UA. Scale bars 50 nm. (A) Structures that resemble
vault organelles, which are large ribonucleoprotein particles found predominantly in the eukaryotic cytoplasm (Kedersha et al., 1990). (B) Helical structures that have the
shape and dimensions of actin filaments (Aebi et al., 1986). (C) Examples of other less abundant structures observed in the lysate of individual cells. These resemble (top) the
CplXAP complex (Ortega et al., 2004) and (bottom) nucleoprotein filaments (Sehorn et al., 2004). (D) More detailed view of the frequently observed ring-like structures shown
in F. These have variable dimensions and resemble top views of Hsp60 (De Carlo et al., 2008) and the 20s proteasome (Cascio et al., 2002); the rectangular structure in the top
image resembles a side view of one of the latter complexes.
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biological processes, but also enables lysis to be initiated at a de-
fined time-point by means of an optical feedback; for example, a
target cell in a specific state can be identified and selected by fluo-
rescence signals of genetically labeled proteins.

Microfluidic chips with fixed electrodes often suffer from bub-
ble formation due to electrolysis. In the flexible-electrode setup de-
scribed here, sample aspiration and downstream processing were
not affected by electrolysis, and there were no signs of bubbles in-
side the capillary. Furthermore, microfluidic chips with embedded
electrodes depend on cells being in suspension and are not well
suited to study adherent eukaryotic cells, which must be detached
before lysis.

Biological processes involving proteins elapse within time
frames of milliseconds to days (Souchelnytskyi, 2005). This makes
the total lysis time an important parameter for cellular dynamics
studies. As the method presented here combines fast electrical
lysis (61 ms) with rapid sample loading (6400 ms), the described
technique offers a temporal resolution that is suitable to study dy-
namic processes in protein networks of single cells.

The complete detachment and disruption of the cells, observed
after sample aspiration (Fig. 2B and C and Supp. Fig. 2B–F), was
most likely due to the additional shear forces occurring during
the aspiration process. The combination of electrical pulses and
mechanical forces, allows applying relatively mild conditions for
electrical lysis (low pulse amplitudes and short pulses) in compar-
ison to those reported previously (Han et al., 2003; Nashimoto
et al., 2007).

The preservation of the native protein structure and supramo-
lecular assemblies is crucial for the subsequent visual analysis in
EM. FEA predicts elevated temperatures on time scales 61 ms
(Fig. 3B and supp. Fig. 4) and indicates that thermal protein dena-
turation is unlikely to occur. All our experimental data corroborate
these findings: Quantitative assays using HRP did not show a sig-
nificant degradation of enzyme activity at the conditions used to
lyse individual cells (Fig. 3C). Furthermore, experiments with syn-
thetic actin filaments only showed structural effects at voltages
exceeding the ones used for lysis (Supp. Fig. 6).

Negative-stain TEM revealed a variety of cellular components,
such as membrane patches, filaments and other particles (Figs. 2
and 4), and indicates the structural preservation of the observed
cellular components. No signs of protein aggregation were ob-
served (compare to supp. Fig. 6 D). Due to the unique and distinct
shape of several particles, assumptions about their identity can be
made directly from the raw images, e.g., for the vault organelles
(Kedersha et al., 1990). Future template matching algorithms must
include scoring algorithms for quantitative analysis (Beck et al.,
2009, 2011; Best et al., 2007) or complementary, labeling proce-
dures (Giss et al., manuscript in preparation) can be employed.
Although the aspects of protein structure and protein complex
preservation have to be further consolidated and the recovery of
sample constituents has to be improved in the future, the TEM
images clearly demonstrate the potential of this method to prepare
the lysate of a single cell for a visual analysis in negative-stain TEM.
Furthermore, single cell lysis of adherent eukaryotic cells is also of
great interest for other analysis methods, such as mass spectrom-
etry (Aebersold and Mann, 2003) or reverse-phase protein arrays
(RPPA) (Dernick et al., 2011). The application of our lysis method
for the detection of actin by RPPA is shown in Supplementary
Fig. 7.

The ‘‘lyse and spread’’ approach for visual analysis of eukaryotic
cells presented here is envisaged to complement classical methods,
such as cryo-ET or mass spectroscopy. In comparison to cryo-ET of
whole vitrified cells or cellular sections, the here presented ap-
proach does not provide information about the 3D arrangement
of the proteome. In addition, the excellent preservation capabilities
of vitrification have to be replaced by mild and physiological con-
ditions during sample preparation and eventually supported by
crosslinking procedures. On the other hand, the ‘‘lyse and spread’’
method, focusing particularly on the cytosolic fraction, has several
advantages: (i) Adherent eukaryotic cells can be studied; (ii) the
proteins can be prepared by negative staining to obtain a higher
SNR; and (iii) the physical segmentation renders the cell compo-
nents directly accessible for separation and labeling experiments
(Giss et al., in preparation). In contrast to mass spectroscopy, mass

Fig.4. Examples of distinctive structures observed in negatively stained cell lysates of individual cells. Negative stain: 2% UA. Scale bars 50 nm. (A) Structures that resemble
vault organelles, which are large ribonucleoprotein particles found predominantly in the eukaryotic cytoplasm (Kedersha et al., 1990). (B) Helical structures that have the
shape and dimensions of actin filaments (Aebi et al., 1986). (C) Examples of other less abundant structures observed in the lysate of individual cells. These resemble (top) the
CplXAP complex (Ortega et al., 2004) and (bottom) nucleoprotein filaments (Sehorn et al., 2004). (D) More detailed view of the frequently observed ring-like structures shown
in F. These have variable dimensions and resemble top views of Hsp60 (De Carlo et al., 2008) and the 20s proteasome (Cascio et al., 2002); the rectangular structure in the top
image resembles a side view of one of the latter complexes.
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Single Cell Proteomics

Cell culturing 
Live cell imaging

Cell lysis

Stabilisation 
X-linking

Protein fishing*

Conditioning

Hand-over

E

5pl 
200mg/ml

5-100nl 
2*10-3mg/ml

Dissolution 
Variations: Labeling, specific extraction

MicroViso

TEM

RPPA

MS
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Giss, D., et al., Anal. Chem. 86, 4680–4687 (2014).

Microfluidic Protein Purification
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Microfluidic 
Protein 

Purification

Giss, D., et al., Anal. Chem. 86, 4680–4687 (2014).

A: Cytosol 
B: 1st Wash 
C: Last Wash 
D: Photo-Elute

BHK cells,  
expressing  
apoferritin
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20S proteasome fishing

measured. To our knowledge, this is the first time where the
feasibility of single molecule qTEM for protein quantification
has been demonstrated. As shown in Figure 4, the SiTF of
protein is dominated by the antibody-antigen binding curve,

which also allows the apparent binding constant to be
determined. Further, the method provides reproducible results;
the resulting particle concentrations on two TEM grids
prepared with the same sample differ by maximally 15%

Figure 5. Isolation of endogenous protein complexes. HEK293 cell lysate was incubated with biotinylated anti-20S proteasome ABs (A, B, C) or
biotinylated anti-CCT ABs, respectively (D). The lysate of about 40 thousand cells was then passed over trapped streptavidin-coated magnetic beads
to extract target complexes, which were subsequently recovered by photocleavage and transferred onto TEM grids. Left panels: Representative 2D
class averages of isolated target structures (bottom left, number of averaged particles). Scale bar, 10 nm. Right panels: Gallery of negatively stained
particles. Scale bar, 25 nm. (A) 26S proteasomes, composed of two regulatory 19S particles and the 20S core proteasome. In rare cases, we found
complexes linked by ABs (arrowhead). (B) Partially disassembled proteasomes, lacking one of the regulatory 19S particles. (C) Side view of isolated
20S core particles. (D) TRiC. Typical ring-shaped top views, 16 nm in diameter, are visible.

Figure 6. The detection of extracted protein binding partners by interaction labeling. AF in a mixture of cell lysate and biotinylated antiferritin ABs
was immobilized on the streptavidin coated magnetic beads, where it acted as bait protein. In a second step, the capillary was then rinsed with goat
antiferritin ABs (arrow) supplied in cell lysate to mimic potential binding partners. In a third step, the capillary was rinsed with antigoat colloidal gold
(10 nm, arrowhead) to label the fished goat antiferritin ABs and, thus, facilitate the detection of established interactions by TEM. The complexes
were recovered by photocleavage and transferred onto TEM grids. The black spots on the images are gold particles labeling the goat antiferritin ABs.
Scale bars, 50 nm.

Analytical Chemistry Article

dx.doi.org/10.1021/ac4027803 | Anal. Chem. XXXX, XXX, XXX−XXXF

20S 
+2x19S

20S 
+19S

20S

Giss, D., et al., Anal. Chem. 86, 4680–4687 (2014).
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What is the inocculator for fibril formation?

Capillary Zone Electrophoresis

Microcapillary  
Protein 
Crystallization
System
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What is the inocculator for fibril formation?
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What is the inocculator for fibril formation?
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What is the inocculator for fibril formation?
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Single Cell Proteomics

Cell culturing 
Live cell imaging

Cell lysis

Stabilisation 
X-linking

Protein fishing*

Conditioning

Hand-over
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Condition & Handover

Grid activation by a  
Helium plasma beam 

(without vacuum)

Kemmerling et al., J Struct Biol. 177(1):128–134 (2012) 
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Condition & Handover

Writing on an EM grid 
with a microfluidic capillary

Grid activation by a  
Helium plasma beam 

(without vacuum)

Kemmerling et al., J Struct Biol. 177(1):128–134 (2012) 
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Aspiration and Writing 
in the same capillary
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2. Materials and methods

2.1. Stain preparation

The reservoir of the sample-conditioning module (Fig. 2a) was
filled with various commonly used negative stains prepared in
the following way: phosphotungstic acid (PTA7.0): sodium-
phosphotungstate tribasic hydrate (Riedel-de Haen, Switzerland)
was dissolved in double-distilled water (ddH2O) to give a 1% or
2% (w/v) final concentration. The pH of the aqueous solution was
adjusted to 7.0 using 1 M potassium hydroxide; ammonium molyb-
date (AM6.5): ammonium molybdate (Aldrich, Switzerland) was dis-
solved in ddH2O to give an aqueous solution with a final
concentration of 0.5% (w/v) at pH 6.5; NanoVan! (NV8.0): the 2%
ready to use methylamine vanadate (Nanoprobes, USA) solution at
pH 8.0 was diluted with ddH2O to give a final concentration of 1%
(w/v); NanoW! (NW6.8): the 2% ready to use methylamine tungstate
(Nanoprobes, USA) solution at pH 6.8 was diluted with ddH2O to
give a final concentration of 1% (w/v); uranyl acetate (UA4.5): uranyl

acetate was dissolved in ddH20 to give a final concentration of 0.25%
(w/v) at pH 4.5; buffered uranyl acetate (UA7.0): to prepare UA at pH
7, the above 0.25% (w/v) uranyl acetate solution was mixed with an
equal volume of a 20 mM oxalic acid solution. The pH was adjusted
using 3% ammonium hydroxide, added slowly while stirring (Hayat,
2000). This resulted in a 0.12 % UA solution at pH 7.0.

2.2. Test samples

Several samples were used for the initial tests and as a proof of
concept: the chosen test samples apoferritin (AF; from equine
spleen; Sigma, Switzerland) and tobacco mosaic virus (TMV; kindly
supplied by Ruben Diaz-Avalos, New York Structural Biology Cen-
ter, USA) are well characterised, and TMV is used as a standard
for mass calibration in scanning transmission electron microscopy
(STEM). The used test-samples were composed as follows: (1) A
mixture of 0.05 mg/ml AF and 0.1 mg/ml TMV in phosphate buf-
fered saline pH 7.4 (PBS; P4417, Sigma–Aldrich, Switzerland). (2)

Fig.1. Schema of negative staining methods for EM. (a) Classical negative staining by hand: The sample is absorbed to the carbon film of an EM grid and the grid is blotted to
remove excess sample solution. The absorption time and the specific absorption properties of the sample components determine the fraction of the sample that is
immobilised. A wash and blot cycle sometimes follows (not shown). The grid is then incubated with the negative stain solution of choice, followed by another blotting step to
remove excess stain solution. The grid is left to air-dry before investigation in the electron microscope. This method only immobilises a fraction of the sample on the grid. (b)
The here developed microfluidic negative staining approach: A very small amount (0.1–0.3 ll) of stain-mixed sample is applied to the grid via a nozzle of 50 lm inner
diameter. The grid is then air-dried without any blotting. With this method the entire sample is immobilised on the grid. Additionally, the micro-precision of the writing
process allows a meander-type micro-pattern of stained sample to be created on the carbon film.

EM grid
nozzle

xyz-stage

sample conditioning 
modulevalve

pump dialysis fibre

reservoir

a

b c

magnet
sample injection port

written pattern

Fig.2. Sample-conditioning module and micro-patterning device. (a) Schematic representation of the main components and the meander-type writing pattern. (b) Nozzle
positioned above an EM grid on the xyz-stage. Inset: enlarged view; the arrow indicates the nozzle tip. (c) TEM image of a micro-patterned grid showing a section of the six 200–
300-lm-wide lines of a PTA7.0 stained sample (diagonal dark grey lines) written on an EM grid (black) and the empty carbon film in between (light grey). Scale bar: 200 lm.

S. Kemmerling et al. / Journal of Structural Biology 177 (2012) 128–134 129

100nm100nm

200µm

Single cell cytosol 
in the EM
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Cerura Biliprotein 
480 kDa complex 
“written” onto an EM grid.

39-1 NRAMM-2014-Stahlberg-2014-11-10.key - November 10, 2014



Cerura Biliprotein 
480 kDa complex 
“written” onto an EM grid.

“Lyse and Spread” Single Cell Visual Proteomics
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Single Cell  
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Cryo-EM Grid  
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at dew point
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Set-up
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Single Cell EM
What can be learned about the single whole cell using EM? 
• 3D(overview(by(3ViewDSBFDSEM(&(FIBDSEM(

• 3D(structure(by(Electron)Tomography)(of(slices)(

• Proteome(structural(inventory(by(Single)Cell)Visual)Proteomics)

Where are we now? 
• 3ViewDSBFDSEM(&(FIBDSEB:((Fly&brain,&mouse&brain,&intracellular&bacterial&infec@ons,&nanopar@cle&incorpora@on.&&

• 3D(structure(by(Electron)Tomography)(of(slices):((Bacteria&ultrastructure,&NPCs,&intracellular&loca@on&of&larger&complexes& 
(e.g.&ribosomes,&proteasomes)&&

• Proteome(structural(inventory(by(Single)Cell)Visual)Proteomics:))Enables&study&of&spreading&of&fibrils&in&neurodegenera@on.&)

What are the challenges going forward? 
• 3D:(Data&collec@on&speed,&resolu@on,&data&storage,&data&transfer,&segmenta@on,&analysis,&visualiza@on.&

• Single(Cell(Visual(Proteomics:(((

• Minimize(preparaGon(speed(

• Minimize(nonDspecific(loss(due(to(adsorpGon(to(walls(

• (ReD)(Implement(inline(purificaGon(

• Extension(towards(cryo(

Applica9ons:)

• Intracellular&morphological&changes&due&to&Growth,&Development,&Cancer,&Aging,&Neurodegenera4on,&…&

• Impact&of&external&factors&(e.g.,&nanopar4cles,&bacteria,&toxins,&…&)&onto&the&cellular&health&

• *omics&studies&at&the&single&cell:&&Proteomics,&Metabolomics,&&

• Pa4ent8specific&studies&of&diseases&mechanism,&or&of&the&efficacy&of&drugs&on&diversified&pa4ent8derived&stem&cells.&&
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Activities in the lab

Membrane(Protein(  
Structure(&(FuncGon

MloK1(Potassium(Channel

Mechanisms(of(NeurodegeneraGon(  
in(Parkinson’s(Disease

2dx.org

image:&wikipedia.org
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