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Abstract Analytics of single biological cells allows quanti-
tative investigation from a structural, functional and dynam-
ical point of view and opens novel possibilities to an
unamplified subcellular analysis. In this article, we report on
three different experimental methods and their applications to
single cellular systems with a subcellular sensitivity down to
the single molecule level. First, the subcellular surface
structure of living bacteria (Corynebacterium glutamicum)
was investigated with atomic force microscopy (AFM) at the
resolution of individual surface layer (S-layer) proteins;
discrimination of bacterial strains that lack the expression
of hexagonally packed surface layer proteins was possible.
Second, quantitative measurement of individual recognition
events of membrane-bound receptors on living B-cells was
achieved in single cell manipulation and probing experi-
ments with optical tweezers (OT) force spectroscopy. And
third, intracellular dynamics of translocating photoactivatable
GFP in plant protoplasts (Nicotiana tabacum BY-2) was
quantitatively monitored by two-photon laser scanning
microscopy (2PLSM).
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Introduction

Single cell analysis at the subcellular level gives quantitative
information from a structural, functional and dynamical point
of view. The individual cell approach is inherently insensitive
to ensemble-averaging effects and conceptually gives insights
into cell-cycle-dependent states, different and inhomogeneous
cellular responses to external stimuli, or the introduction of
genomic and proteomic variabilities. The detection and
analysis of single biomolecules and of minimal analyte
quantities at the single cell level, requires sensitive and
efficient techniques. Nanotechnology offers novel tools to
detect, image, measure, analyze, steer and manipulate
individual molecules and cells by atomic force microscopy
(AFM) [1-6] and optical tweezers (OT) force spectroscopy
[7-9] and allows more detailed insights into the physical
mechanisms of specific interaction, binding kinetics and the
interplay of genomic information and functional peculiarity
at the single molecule or single cellular level. In recent years,
a number of new single cell manipulation and analysis
technologies like dielectric field cages [10], electron tomog-
raphy [11], microgenomics and single cell gene expression
analysis [12], single cell MALDI [13], laser microdissection
and single cell catapulting [14] and single cell protein
profiling in capillary electrophoresis [15] and microfluidics
[16] have emerged. Some of these technologies rely on a
subsequent amplification by (pre)concentration steps (like
PCR), whereas some of them allow a direct investigation of
the cellular systems at subcellular resolution.

In this article, three different methods, AFM, OT and
two-photon laser scanning microscopy are presented. They
can be applied to subcellular analysis with respect to
structural, functional and dynamic information of living
cells (bacteria and plant protoblasts) and exhibit a subcel-
lular sensitivity down to the single molecule level.
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Experimental
Atomic force microscope (AFM)

A commercial AFM instrument (Bioscope, Veeco, Santa
Barbara) with standard non-contact silicon cantilever
probes (BS-Tap 300Al, Budget Sensors, Sofia) was used
under ambient laboratory conditions and operated in
tapping mode. AFM surface topographs and phase signals
were simultaneously recorded. Living gram-positive bacte-
ria (Corynebacterium glutamicum, strain ATCC 14067 and
strain ATCC 13032) were immobilized on hydrophilic glass
by incubation and kept hydrated during the experiments.
AFM raw data images have been processed only for
background removal (flattening) by using the microscope
manufacturer’s image-processing software. More detailed
preparative instructions for cell cultivation, transfection and
handling have been published recently [17, 18].

Optical tweezers (OT)

A quantitative single-beam OT setup was integrated into an
inverted optical microscope (Axiovert 100, Carl-Zeiss AG,
Jena) with a 1-W, 1,064-nm Nd:YAG laser (Laser 2000,
Wessling). With this setup, manipulation and steering of
micron-sized objects like beads, colloids and cells can be
achieved with a spatial resolution of 1 nm, a force
sensitivity of 0.2 pN up to a maximum force of 380 pN.
Details about the experimental setup have been published
recently [9]. Living chicken DT40 B-cells were cultured in
RPMI 1640 supplemented with 10% heat-inactivated fetal
bovine serum, 1% heat-inactivated chicken serum, 10 units/
mL penicillin, 10 pg/mL streptomycin and 2 mM L-
glutamine at 37 °C and 5% CO,. Before starting the
experiments, the B-cells were washed twice and suspended
in PBS buffer (136 mM NaCl, 2.7 mM KCI, 8.1 mM
Na,HPO, and 1.5 mM KH,PO,). For probing the mem-
brane-bound B-cell receptors (BCR) biotinylated mouse
anti-chicken IgM antibodies (msIgM) were used, that
recognize the BCR (clone M-4; Southern Biotech, Birming-
ham) which were immobilized on streptavidin-coated
polystyrol beads (3,180-nm diameter, binding capacity
60 pmol biotin/l1 mg particle; Spherotec, Illinois).

Two-photon laser scanning microscope
and photoactivatable GFP

In order to measure the intracellular protein dynamics of
proteins that shuttle between the cell nucleus and the
cytoplasm, we used a multifocal 2PLSM that consists of a
mode-locked Tsunami Ti:Sa laser generating 100-fs laser
pulses between 760 nm and 960 nm which is pumped by a
Millenia X solid-state laser (both Spectra-Physics, Darm-
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stadt), a TriM Scope multi focal scanning unit (LaVision
BioTec, Bielefeld) and an inverted microscope (IX 71,
Olympus, Hamburg). A more detailed instrumental descrip-
tion was recently published [19, 20]. As a photoactivatable
protein we chose photoactivatable GFP (pa-GFP) [21] that
allows spectral activation at A<408 nm in the nucleus, which
induces a photoconversion resulting in an absorption
maximum of the fluorescent protein at A~488 nm where it
can be detected at an emission maximum of A=~517 nm [22].
Transient co-transfection of the tobacco BY-2 protoplasts
with pa-GFP and red-fluorescent protein (DsRed)-tagged
prenylated Rab acceptor 1 (Pral; At2g38360), a membrane
protein that localises in speckles around the nuclear
envelope, allows proper cell identification and visualisation
before activation (via Pral-DsRed fluorescence) and activa-
tion and protein dynamics monitoring (via pa-GFP fluores-
cence). Only molecules in the laser focus (activated by a
burst of femtosecond 720- to 840-nm laser light pulses) will
be photo-activated and hence will emit fluorescence at A\~
520 nm when excited with light of A=488 nm by one-photon
laser scanning microscopy (1PLSM) or A>920 nm by
2PLSM, respectively [23]. The use of near-infrared laser
light for activation and detection is reasoned by the specific
cross sections of pa-GFP, but it also provides the advantage
of a higher penetration depth, negligible one-photon cross
sections, and less potential for cellular damage and fluores-
cent background [24].

Results
Subcellular surface structure by AFM

Subcellular surface analysis of living cells like bacteria can
be investigated at the nanometre scale by AFM. Bacterial
strains ATCC 14067 and ATCC 13032 of C. glutamicum
that are known to develop (ATCC 14067) and lack (ATCC
13032) an hexagonally ordered protein surface S-layer have
been investigated in AFM experiments [18]. Under very
humid and adequate imaging conditions these bacteria can
be kept alive when immobilized on a surface under ambient
laboratory conditions, remain in a hydrated state, and allow
investigation with AFM. Figure la shows an AFM surface
topography of several aggregated bacteria (ATCC 14067) in
perspective representation. Already at this magnification
features of the subcellular bacterium surface can be
discerned. An irregular and disordered bacterial surface
with protrusions on a length scale of =50 nm can be
detected. It turned out that AFM imaging of these soft
cellular systems is advantageous in the tapping mode of
AFM operation, simultaneously recording topography and
phase signal. We found that especially for resolving
subcellular surface structures, AFM phase imaging renders
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Fig. 1 AFM tapping mode images of living C. glutamicum ATCC
14067 cells with resolved subcellular surface structure (5-um image).
a AFM surface topograph exhibiting bacterial aggregates. b AFM
phase image of isolated bacteria are visualized during cell divisional
process in topview representation (3.9-pm image)

subtle nanometre-scale information. This finding is illus-
trated in Fig. 1b where the surface structure of an isolated
bacterial cell (ATCC 14067) is shown in an AFM phase
image. The resolved surface structure clearly indicates that
this bacterium currently undergoes a cell division process.
In order to identify and discriminate different bacterial
strains we investigated the surface of the two bacterial
strains ATCC 14067 and ATCC 13032 at higher resolution.
On both bacterial systems we were able to resolve

subcellular surface features that were irregular and disor-
dered like in the AFM phase image of bacterial stain ATCC
13032 (Fig. 2a). Additionally on bacterial strain ATCC
14067, hexagonal surface structures with a periodicity of
~15.4 nm (Fig. 2b,c) could be identified [18]. From earlier
in vitro experiments, where bacterial S-layers were
extracted and prepared on mica surfaces and identical
regular array structures could be identified [17], and earlier
in vivo experiments [25], an assignment of the measured
subcellular array structures to the known 2D protein S-layer
structure was possible. Moreover, the observation of the
hexagonal S-layer array in Fig. 2b,c nicely corresponds to
the fact that the bacterial strain ATCC 14067 is known to
develop this protein surface motif. In contrast, on bacterial
strain ATCC 13032, which lacks the relevant gene coding
sequence for S-layer formation, we never observed subcel-
lular surface features which could be associated with these
surface protein arrays. Interestingly, these experiments were
possible with bacterial strains that were not treated in order
to remove the well-known polysaccharide surface layer
(glycocalix) and nicely prove that AFM is able to resolve
subcellular protein surfaces down to the level of individual
protein monomers on single living cells, giving access to a
direct test of genetic and protein variabilities.

Measuring individual membrane-bound receptors
with photonic forces

In order to probe individual membrane-bound receptors in a
functional way, single B-cells were immobilized on a
surface (Fig. 3a). Alternatively, transfer and immobilisation
of the B-cells to a micropipette held by low suction
pressure is also feasible. For measuring individual mem-
brane-bound B-cell receptors, a ms-IgM-functionalized
microbead was trapped by the optical tweezers and
carefully approached towards the B-cell with a constant
velocity of 450 nm/s. The approach process stopped when a
repulsive force of 5 pN was reached, which can directly be
detected by the lateral displacement of the bead in the
optical trap. Then, the bead was retracted from the cell
without delay at a velocity of 1,000 nm/s. Upon recording
the effective force during this approach-retract cycle
(force—distance curves), the force interaction between
mslgM and the cell-membrane-bound BCR could be
measured, visible as an increasing attractive force during
bead retraction. At a certain force the bond within the
molecular complex dissociates which is indicated by the
steep jump back to the baseline of zero force. A typical
force—distance curve is presented in Fig. 4a (1). Character-
istic dissociation forces in the range of 10 to 40 pN can be
measured. It is worth noting that this dissociation process is
of stochastic nature and statistically groups around a most
probable value [26, 27]. The corresponding molecular
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Fig. 2 AFM phase images of living bacteria (C. glutamicum) with and
devoid of an ordered 2D protein S-layer structure. a Irregular subcellular
surface structure on C. glutamicum strain ATCC 13032. b Hexagonally
packed arrays of surface layer proteins on C. glutamicum strain ATCC
14067. ¢ High-resolution AFM phase image showing the 18-nm lattice
of the S-layer protein monomers on C. glutamicum strain ATCC 14067
(image corresponds to the region marked with a box in Fig. 2b)

loading rate of 45+5 pN/s, which indicates the force
evolution on the complex, was calculated from the
retraction velocity times the slope of the force—distance
curve just before the rupture. About 30% of the force—
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Fig. 3 a Schematic representation of single cell optical tweezer
experiment. b Microscopic top view image of the B-cell, immobilized on
a surface, and the antibody-coated bead that is steered by the optical trap

distance curves exhibit cell tether effects (Fig. 4a (2)) [28]
associated with the binding of the msIgM to the highly
viscous outer cell layer, causing an approximately constant
force effect. This cell-tether phenomenon has already been
observed and discussed in earlier receptor binding studies
with AFM [29]. It is worth noting that in our study these
binding force events were excluded from further data
analysis. In this regard, Fig. 4b shows the histogram
derived from tether-unaffected rupture force measurements.
In order to exclude interactions which are due to non-
specific background, only dissociation events above 6 pN
were considered. In order to check for the specificity of the
interaction, two control experiments have been conducted:
1) the competition with 15 pM free msIgM exhibited a
strongly reduced overall activity, and 2) using beads coated
only with streptavidin instead of msIgM no evidence of
specific binding could be measured. An analysis of the
force histogram in Fig. 4b exhibits individual peaks at ~13,
21, 29 and 39 pN, indicating an integer number of
interactions between msIgM and BCR. A Gaussian distri-
bution to the first peak yields a single bond binding force of
12.5+£0.8 pN for the given loading rate of 45 pN/s. The
probability of observing single, double or multiple unbind-
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Fig. 4 a Typical force—distance curves obtained during retraction of
the bead after forming a bond between the BCR and the msigM
showing distinct curve breakups associated with single bond ruptures.
b Dissociation force histogram of the msIgM-BCR interaction
(loading rate of 45+5 pN/s). Four peaks at 13, 21, 29 and 39 pN
indicate an integer number of bonds forming between msIgM and the
membrane-bound receptors

ing events is in good agreement with Poisson statistics,
confirming the multiple rupturing characteristic of the
investigated msIgM—BCR bonds and reflects the membrane
receptor density of the probed cell within the area of
contact. This experiment demonstrates the application of
OT-based force spectroscopy for the specific measurement
of membrane-bound B-cell receptors at the single molecule
level. Generally, dynamic force spectroscopy experiments
have the potential to measure the kinetics and thermody-
namics of single membrane-bound receptors in vivo and to
investigate structurally hierarchic or even more complex
phenomena like receptor aggregation in biomembranes.

Intracellular protein dynamics

Intracellular protein dynamics of pa-GFP was recorded by
local two-photon activation of pa-GFP in the cell nucleus
and measuring the dynamics of its diffusion within the BY-
2 protoplast from the nucleus into the cytoplasm by

monitoring its temporal fluorescence propagation in the
nucleus. In Fig. 5a,b two images out of a series of
transmission—fluorescence images are shown, taken just at
the start of photo-activation (26 s) and 974 s later. The
nucleus of the protoplast is indicated by a dashed ellipse

Fig. 5 Two 2PLSM transmission fluorescence images of pa-GFP
protein dynamics of diffusional translocation in a live tobacco BY-2
protoplast. The cell nucleus is indicated by the dashed line. a During
2PLSM activation of pa-GFP in the nucleus (26 s). b After 1,000 s
the pa-GFP fluorescence is leaking from the nucleus into the
cytoplasm (for details see text)
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that has been selected as a region of interest (ROI) for the
subsequent temporal analysis of the fluorescence intensity
decay. The decrease in fluorescence intensity within the
ROI over time, directly displays the diffusion of pa-GFP
from the nucleus into the cytoplasm as it gets accompanied
by an increase of fluorescence there. It is noteworthy that
the rectangular shape of strong fluorescence signal in
Fig. 5a reflects the fact that pa-GFP activation was
accomplished by scanning 4 parallel fs-laser foci over 3 s
in the activation area of 7x8 pum?® within the nucleus rather
than point activation only. In order to quantify the kinetics
of the decrease of pa-GFP fluorescence in the nucleus, we
analysed the fluorescence intensity within the chosen ROI
over the whole series of fluorescence images and plotted
the results in Fig. 6. Directly after pa-GFP activation the
ROI averaged fluorescence intensity is about 5 times
greater compared to pre-activation measurements (data not
shown), which essentially documents the great advantage of
selectively “switching on” pa-GFP by light. The following
decay of nuclear fluorescence intensity in time is due to the
diffusion of activated pa-GFP fluorophores out of the
nucleus into the cytoplasm. An analysis and fit of this
temporal fluorescence decay cannot be explained properly
by a single exponential function, indicating that photo-
bleaching effects become important for long exposure
times. This interpretation is supported by the fact that the
fluorescence decay can be fitted in an excellent way by a
bi-exponential decay, as indicated by the overlayed solid
line in Fig. 6. According to this procedure, time constants

for the two processes after pa-GFP photo-activation in the
nucleus can be calculated, yielding 175 s and 2,100 s for
pa-GFP translocation by diffusion and photobleaching,
respectively. These experiments show that protein dynamics
can quantitatively be monitored in living cells at subcellular
resolution with a combination of local two-photon protein
activation and subsequent monitoring of the intracellular
fluorescence diffusion. We are confident that this new
method gives access and insights into the quantitative real-
time observation of intracellular dynamics of regulated
processes like active nucleo-cytoplasmic partitioning of
transcription factors.

Conclusion

A brief overview has been given of three different
analytical methods—atomic force microscopy, optical
tweezers and two-photon laser scanning microscopy—that
allow analysis of individual living cells at subcellular or
molecular resolution with respect of cell surface structure,
membrane-bound receptor function and intracellular dy-
namics. In the future quantitative investigation of single
biological cells at the subcellular level will give access to
an unamplified single cell analysis without being subject to
ensemble-averaging, cell-cycle or cell-population effects.
Such techniques will have a broad spectrum of applications
in systems nanobiology.

Fig. 6 Quantitative analysis of ]
pa-GFP diffusion from the nu- 1800
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