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a b s t r a c t

The stochastic nature of biological systems makes the study of individual cells a necessity in systems
biology. Yet, handling and disruption of single cells and the analysis of the relatively low concentrations
of their protein components still challenges available techniques. Transmission electron microscopy
(TEM) allows for the analysis of proteins at the single-molecule level. Here, we present a system for sin-
gle-cell lysis under light microscopy observation, followed by rapid uptake of the cell lysate. Eukaryotic
cells were grown on conductively coated glass slides and observed by light microscopy. A custom-
designed microcapillary electrode was used to target and lyse individual cells with electrical pulses.
Nanoliter volumes were subsequently aspirated into the microcapillary and dispensed onto an electron
microscopy grid for TEM inspection. We show, that the cell lysis and preparation method conserves
protein structures well and is suitable for visual analysis by TEM.

� 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license.
1. Introduction

The aim of systems biology is to understand the emergence of
biological functions from interaction networks (Westerhoff,
2011). This requires knowledge of the intracellular players and
their interconnections, for which an inventory of the individual
components of the system, i.e. the transcriptome, the proteome,
the metabolome and, finally, the interactome, has to be assembled.
Such an inventory will strongly vary from cell to cell, as the sto-
chastic nature of biological processes leads to ‘‘biological noise’’
(Eldar and Elowitz, 2010; Raj and van Oudenaarden, 2008). This
makes the study of individual systems, e.g., single cells, a necessity
(Wang and Bodovitz, 2010).

Genome sequencing (Zong et al., 2012) and expression profiling
(Flatz et al., 2011) are far advanced, and amplification techniques
are ready to be applied to single cells (Kalisky et al., 2011). The
analysis of the metabolism of a biological system profits from the
experience and advances of analytical chemistry (Fiehn, 2001);
for example, mass spectrometry (MS) can be used to identify
metabolites with single-cell sensitivity (Amantonico et al., 2008).
Moreover, excellent imaging techniques, such as light- and elec-
tron microscopy (EM) or X-ray diffraction imaging, are available
for structural analyses.

However, proteomic studies at the single-cell level are ham-
pered by the low expression level of many proteins and the lack
of amplification techniques. Although powerful and valuable tech-
niques, such as MS (Picotti et al., 2009) and cryo-electron tomogra-
phy (cryo-ET) (Henderson et al., 2007; Medalia et al., 2002; Nickell
et al., 2006), are applied for single-cell proteomic studies, such
studies still remain a challenging task, especially for eukaryotic
cells (Bantscheff et al., 2007; Diebolder et al., 2012; Mader et al.,
2010). Thus, adjuvant techniques utilizing novel or hybrid
approaches are beneficial to further untangle the complexity of
single-cell protein networks.

A combination of microfluidics and TEM was suggested as an
alternative and complementary approach to investigate the protein
content of single eukaryotic cells (Engel, 2009, 2010). The idea is to
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physically lyse single cells and spread the entire sample onto EM
grids for structural analysis by transmission electron microscopy
(TEM), or mass measurements by scanning TEM (STEM). This ‘‘lyse
and spread’’ approach provides access to EM imaging at a higher
signal-to-noise ratio (SNR) than when in the cellular background,
and enables a more straightforward correlation of structural infor-
mation with mass data. A prerequisite of this envisaged approach
is a targeted lysis of individual cells and an efficient preparation
of their lysate for TEM analysis.

A variety of different techniques for single-cell lysis exists to-
day, and most of them have been implemented in microfluidic sys-
tems (Brown and Audet, 2008). Many of these systems utilize the
principle of electroporation (Fox et al., 2006; Movahed and Li,
2011) to lyse detached or suspended cells in flow-through config-
urations, whereas only a few report on electrical lysis of ‘‘standard’’
adherent eukaryotic cells in cultures (Han et al., 2003; Nashimoto
et al., 2007). However, despite their popularity none of these sys-
tems has been utilized to prepare samples of a single-cell lysate
for electron microscopy.

Here, we present a system for the electrical lysis of individual
adherent eukaryotic cells and subsequent preparation of minute
sample volumes for negative-stain TEM. The setup includes a cus-
tom-designed microcapillary electrode (Fig. 1), which targets and
lyses individual cells observed in a light microscope. Immediately
after lysis, the cell-fragments are aspirated into the microcapillary,
deposited on an EM grid and negatively stained. This method offers
the potential for an alternative approach to analyze proteins and
protein complexes from individual eukaryotic cells.

2. Materials and methods

2.1. Instrument setup

The principle and basic design of the system developed for the
electrical lysis of single cells is shown in Fig. 1 A. The system is
Fig.1. Single-cell lysis instrumentation. (A) Schematic representation of the single-cell ly
live-cell imaging. The stepper motor approaches the gold-coated microcapillary to the IT
sends a voltage pulse to the capillary tip to lyse the cell. Meanwhile, the pressure contro
valve is opened for a defined period of time, and the cell lysate is aspirated into the capil
microcapillary is inserted into a steel adapter and electrically connected with silver pa
connects the microcapillary to the pressure controller via a pressure reservoir. The microc
its surface. Slide and ring form a mini Petri dish that can be filled with cell culture med
designed for use with an inverted optical microscope (OM; Zeiss
Axiovert 40C). The microscope is equipped with a custom-built
stage that has a customized mounting frame on the objective
guide. The latter accommodates an indium tin oxide (ITO)-coated
glass slide (ground electrode and sample platform) and can be
moved manually in the xy-plane. Miniaturized Petri dishes on
the surface of the glass slide (see below) allow cell cultures to
be grown. A tapered gold-coated microcapillary that serves as
second electrode can be positioned in close proximity above the
glass slide. The upper un-tapered end of the microcapillary is in-
serted in a steel adapter and electrically connected with silver
paint (Fig. 1B). The insulating holder of the adapter is attached
to a stepper motor (PI M-126.PD2, Physik Instrumente, Germany)
mounted on top of an xy-platform on the microscope stage. This
platform allows the microcapillary tip to be centered above the
objective lens of the OM. The stepper motor moves the capillary
in the z-direction. The other end of the steel adapter holding
the capillary is connected via a PEEK (poly(ether–ether–ketone))
tube (inner diameter (ID) 250 lm) to a pressure reservoir
(Fig. 1). The tube is intercepted by a solenoid valve
(LVFA0550310H, The Lee Company, USA) that is controlled by
the computer through an NI USB-6009 module. A pressure con-
troller (PCNC-0001-00, Seyonic, Switzerland) is used to apply po-
sitive or negative pressure to the system via the pressure
reservoir. A function generator (33220A, Agilent, Switzerland)
delivers a voltage signal, which is amplified 20 times by a linear
voltage amplifier (F20A, FLC Electronic AB, Sweden). The output
of the linear amplifier is electrically connected to the capillary,
and the conductive glass slide is grounded. All electronic compo-
nents of the system are controlled by a LabVIEW-based, custom-
made software (Supp. Fig. 1). A camera (GC750 GigE, Prosilica,
USA), mounted on the microscope, enables live-cell imaging and
video recording. The next version of the control software will
be available as an open-source plug-in for the openBEB (open bio-
logical experiment browser) system (www.openBEB.org).
sis setup, which is mounted on an inverted optical microscope. A camera allows for
O-coated glass slide, where individual cells can be targeted. The function generator
ller builds up a negative pressure on the closed solenoid valve. Upon cell lysis, the

lary. (B) Lysis microcapillary and cell culture slide. The upper end of the gold-coated
ste. The other end of the steel adapter is attached to a piece of PEEK tubing that
apillary is positioned above a grounded, ITO-coated, glass slide with a PDMS ring on
ium (red).

http://www.openBEB.org
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2.2. Microcapillaries

Fused-silica (FS) microcapillaries (outer diameter (OD) 350 lm,
ID 250 lm, Polymicro) were cut to a length of 10–15 cm. The poly-
mer coating in the middle was removed over a length of 1–2 cm,
using hot chromic-sulfuric acid (102499, Merck, Switzerland).
Afterwards, the microcapillaries were rinsed thoroughly with dou-
ble distilled H2O (ddH2O), followed by isopropanol and subse-
quently pulled with a laser-based micropipette puller (Sutter
Instruments, P2000) to obtain a taper with a 30–50 lm ID at the
tip. The tapered microcapillaries were plasma-cleaned before the
sputter-deposition of a 2 nm Ti adhesive layer, followed by a 50–
100 nm Au layer on their outer surface to increase conductivity.
Coating was successively performed from two opposite sides at
an angle of 45 degrees to obtain a closed conductive layer around
the microcapillaries.

2.3. Miniaturized Petri dishes on conducting glass slides

Commercially available ITO-coated glass slides (Diamond Coat-
ings UK, 8–12 X/square) were used as a conductive substrate for
cell culturing. These slides have a silver electrode at each end for
electrical connections. They were washed and sonicated in deter-
gent solution (1% Alconox, Alconox Inc., USA), rinsed with ddH2O
and stored in ethanol until use.

PDMS (poly(dimethylsiloxane), Dow Corning SYLGARD 184)
rings with an ID of 1 cm and a height of 2–3 mm, were fabricated
and reversibly bonded onto glass slides to form sample wells with
a volume of about 250 ll. These miniaturized Petri dishes allowed
cells to be grown and kept in a physiological buffer solution during
the experiment. An ITO glass slide with a PDMS ring filled with cell
culture medium is shown in Fig. 1B.

2.4. Cell culture

Adherent baby hamster kidney fibroblasts (BHK21; ECACC
85011433) were cultured in polystyrene T75-flasks containing
30 ml DHI-5 medium (see below) at 37 �C and 5% carbon dioxide.
To split the cells, the medium was removed, and the flask was
washed with 10 ml of 37 �C warm PBS w/o calcium and magne-
sium (Dulbecco’s Phosphate Buffered Saline, D8537, Sigma, Swit-
zerland). To detach the cells, 3 ml of trypsin–EDTA solution
(0.05% Trypsin, 0.53 mM EDTA; 25300-054, Invitrogen, Switzer-
land) were added, and the cells were incubated at 37 �C for
5 min. The detached cells were diluted with 7 ml of 37 �C warm
DHI-5 medium and homogenized using a pipette. 0.5 ml of the
homogenized cell suspension and 30 ml of fresh media were re-
turned to the flask for further cultivation. The rest of the cell sus-
pension was used for experiments or disposed. A miniaturized
Petri dish was filled with approximately 250 ll of medium, and
1–2 ll of cell suspension were added. The cells were incubated
on the glass slide base of this dish for 1–2 days at 37 �C and 5% CO2.

DHI-5 medium is a 1:1:2 mixture of DME (Dulbecco’s Modified
Eagles Medium; D6171, Sigma, Switzerland), HamF12 (Nutrient
Mixture F-12Ham; N8641, Sigma, Switzerland), and IMDM
(Iscove’s Modified Dulbecco’s Medium; I3390, Sigma, Switzerland)
media, supplemented with 5% FCS (Fetal Bovine Serum; E7524, Sig-
ma, Switzerland) and complemented with non-essential amino
acids (MEM non-essential amino acid solution; M7145, Sigma,
Switzerland), L-glutamine (L-glutamine solution; G7513, Sigma,
Switzerland), and vitamins (RPMI1640 vitamins solution; R7256,
Sigma, Switzerland).

For the single-cell lysis experiments, the medium was removed
from the sample well, and the cells were washed twice with 37 �C
warm PBS (Dulbecco’s Phosphate Buffered Saline; D8662, Sigma,
Switzerland), ISB (isotonic sucrose buffer: 0.25 M sucrose, Bio-
Rad, 161–0720; 5 mM HEPES pH 7.4, AppliChem A3724) or HEPES
buffer (0.15 M NaCl; 20 mM HEPES pH 7.4; 5.5 mM KCl; 2 mM
CaCl2; 1 mM MgCl2). The cells remained in the wash buffer solu-
tion during the experiment.

2.5. Cell lysis

Live BHK21 cells were lysed in situ in PBS, HEPES or ISB buffer.
During the experiments, the conductive glass slide hosting the cell
culture was electrically grounded, and the microcapillary was con-
nected to a function generator. The miniaturized Petri dish, formed
by a PDMS ring and the glass slide, was positioned on the OM
stage. An individual cell was then selected and centered in the field
of view with the help of the microscope. Next, the tip of the gold-
coated microcapillary was immersed in the buffer solution,
brought in close proximity to the conductive surface of the glass
slide (distance �20 lm) using the stepper motor and aligned di-
rectly above the targeted cell by moving the microscope stage. A
camera mounted on the microscope allowed for live-imaging of
the individual cells and their surroundings during the following ly-
sis procedure. After aligning the microcapillary tip above a targeted
cell, a burst of five to ten DC square pulses with amplitudes of 6–
10 V and a frequency of 10 kHz (pulse duration: 50 ls) was applied
to the gold-coated microcapillary using the function generator.
This generated a strong electric field (3–5 kV/cm) across the se-
lected cell and resulted in cell lysis. Note, for the compensation
of electrode aging, higher voltages were applied in rare cases (max-
imally 20 V). Right after the burst, the solenoid valve was opened
toward the partially evacuated pressure reservoir (Fig. 1A) and re-
mained open for a defined period of time, aspirating sub-microliter
volumes (200–400 nl) of lysate and buffer into the microcapillary.
The amount of sample aspirated was controlled by the pressure
difference (�50 to �600 mbar) and the opening time of the sole-
noid valve (50–400 ms). To transfer the sample, an EM grid was
clamped by tweezers and centered under the microcapillary. The
tip of the microcapillary was approached close to the surface of
the grid by the stepper motor. The aspirated sample was then dis-
pensed directly onto the carbon film of the grid by applying a po-
sitive pressure to the microcapillary.

Single-cell lysis and aspiration experiments were also per-
formed with fluorescently stained HEK293 cells (see Supplemen-
tary material and Supplementary movie 1 and 2).

2.6. Electron microscopy

Loaded sample grids were incubated for 60 s–20 min in a
humidity chamber to prevent desiccation. Grids with adsorption
times of longer than 3 min were washed on four drops of ddH2O
and blotted once at the end and air-dried. All samples were nega-
tively stained with two 5 ll drops of 2% uranyl acetate (UA) or 2%
ammonium molybdate (AM) and imaged in a Phillips CM10 elec-
tron microscope operated at 80 kV. The images were recorded on
a 2 k � 2 k CCD camera (Olympus SIS, Münster, Germany).

2.7. Enzyme activity assay

Horseradish peroxidase (HRP) conjugated goat anti-mouse IgG
(8.5 mg/ml, A2554, Sigma, Switzerland) was diluted to a concen-
tration of 4.25 lg/ml in PBS. 3 ll of the sample was placed onto
an ITO coated glass slide, and the microcapillary electrode was
placed in the drop, about 20 lm above the glass slide. Different
voltages (0 V, 4–18 V in 2 V steps and 22 V), each with a burst
count of 5 and a single pulse length of 50 ls were applied. 2 ll
were removed from the treated sample droplet, diluted to 8.5 ng/
ml in PBS, and the enzymatic activity of HRP was analyzed by en-
hanced chemiluminescence (ECL) on a dot plot (Amersham ECL
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Prime Western Blotting Detection Reagent; RPN2232, GE Health-
care, UK).
3. Results

The single-cell lysis setup (Fig. 1) allows for live-cell imaging,
lysis of single adherent eukaryotic cells, rapid aspiration of the ly-
sate, and transfer of the sample onto EM grids. This is demon-
strated using adherent BHK21 cells.

The adherent cells were individually lysed in situ in buffer solu-
tion, while the process was monitored by means of optical micros-
Fig.2. Single-cell lysis and lysate analysis. (A–C) Phase contrast light microscopy images
and after (bottom row) different procedures. Scale bars: 50 lm. (A) After applying electri
shows necrotic morphology. (B and C) After applying electrical pulses (B: 10 � 50 ls, 6 V
remains; the surrounding cells are not affected (bottom row). (D) Overview TEM image
lysis event. Such control experiments showed predominantly small particles, but distin
200 nm. (E) TEM image of the aspirated lysate of a single cell showing some lm-long fi
image of the aspirated lysate of a single cell showing some membrane structures, helical
proteasome. Negative stain: 2% UA. Scale bar: 200 nm. (G) TEM image of the aspirated ly
200 nm.
copy. To achieve lysis, a gold-coated microcapillary tip was
positioned in close proximity to and directly above the selected
BHK21 cell growing on the ITO coated glass slide inside of a minia-
turized Petri dish (Fig. 1B). The distance between the capillary tip
and the conductive surface of the glass slide was approximately
20 lm; there was no direct cell contact. As documented by light
microscopy, the electric field, generated across the cell by a burst
of five to ten 50 ls DC square pulses with amplitudes of 6–10 V ap-
plied to the microcapillary electrode, was sufficient to reproducibly
and efficiently lyse the BHK21 cells in PBS or HEPES buffer (Fig. 2A–C).
Electrical pulses alone were sufficient to achieve lysis as indicated
by a necrotic morphology of the targeted cells, nevertheless, cells
of individual adherent BHK21 cells in PBS (A and B) and HEPES (C) before (top row)
cal pulses (5 � 50 ls, 10 V DC), the targeted cell is not completely disintegrated but
DC; C: 5 � 50 ls, 10 V DC) with aspiration, only a ghost imprint of the targeted cell

of PBS aspirated from the cell culture well after the washing steps but before a cell
ctive particles and structures were not detected. Negative stain: 2% UA, Scale bar:
lament and membrane patches. Negative stain: 2% AM. Scale bar: 500 nm. (F) TEM
filaments and particles resembling the shape and dimensions of Hsp60 and the 20s

sate of a single cell showing membrane structures. Negative stain: 2% UA. Scale bar:
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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).
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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



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
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determination by STEM is less accurate and the visual analysis by
TEM is less high-throughput amenable. However, the single mole-
cule detection limit of the EM allows low-abundance proteins and
protein complexes to be studied. Moreover, EM provides additional
structural information and facilitates the study of large protein
assemblies.

The presented single cell lysis method is only a first step toward
the global approach described above as ‘‘lyse and spread visual
proteomics’’. Currently, a limiting step is the low transfer efficiency
of the cell lysate onto the EM grid, involving several blotting and
washing steps. Therefore, the combination with methods exhibit-
ing higher transfer efficiency will be beneficial in order to obtain
a more complete access to the proteome. For example, the use of
a microfluidic sample-conditioning device, combined with lossless
micropatterning of the sample onto an EM grid, could be a suitable
solution as shown by Kemmerling et al. (2012).

5. Conclusion and outlook

The system presented here allows single-cell lysis to be per-
formed in less than a millisecond and to aspirate the cellular com-
ponents into a microcapillary within a few hundred milliseconds
for further preparation and subsequent analysis. The combination
of this setup with an optical system facilitates live imaging and
the evaluation of lysis and sample loading. The system is compat-
ible with standard adherent-cell culturing methods and tools, and
can potentially also be applied to biological tissues. Moreover, the
system can be easily adapted to different sample carriers, which
facilitates the use with additional or alternative analysis tech-
niques such as reverse-phase protein arrays (Supp. Fig. 7).

In combination with a lossless sample deposition onto the EM
grids and optional procedures for crosslinking, protein separation
and labeling this method for single cell lysis offers the potential
for targeted and quantitative visual proteomics studies on eukary-
otic single cells.
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