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Nanoscale imaging with an integrated system combining stimulated
emission depletion microscope and atomic force microscope
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We have built an integrated imaging system by combining stimulated emission depletion (STED) microscope and atomic force
microscope (AFM). The STED microscope was constructed based on the supercontinuum fiber laser and a super lateral resolution of
42 nm was achieved. With this integrated imaging system, morphological features, mechanical parameters and fluorescence super
resolution imaging were obtained simultaneously for both nanobeads and fixed cell samples. This new integrated imaging system
is expected to obtain comprehensive information at the nanoscale for studies in nanobiology and nanomedicine.
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For centuries, optical techniques have been playing an im-
portant role in life sciences, and about 80% of all micros-
copy investigations are carried out with optical microscopes
[1]. Taking advantage of the optical transparency of cells,
optical microscopy provides noninvasive imaging of the
interior of cells in three dimensions. Moreover, it allows the
detection of specific cellular constituents, such as proteins,
through fluorescence tagging, and the monitoring of their
dynamic changes. Recent years have seen increasing efforts
in the integration of optical microscopy with other advanced
microscopic techniques, such as atomic force microscopy
(AFM), to obtain comprehensive information for the char-
acterization of biological samples [2,3]. With its capability
of working in solution, AFM has been widely used as a
multifunctional molecular tool in biological studies. AFM
can not only provide high resolution morphological imaging
at the nanometer scale in biologically relevant aqueous en-
vironments, but also measure mechanical properties of pro-
tein and strength of biomolecular bonds. Furthermore, using
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the AFM tip as a manipulation tool allows the precise and
controllable modification of biological systems from the
level of cells down to individual molecules [4,5]. Combin-
ing optical microscope, especially fluorescence microscope,
with AFM technique is becoming an important tool in the
study of morphological and mechanical changes of the spe-
cifically labeled molecules or cellular components for a
better understanding of biological process.

Several examples of integrating fluorescence microscope
and AFM have been reported over the last few years, such
as, the integration of total internal reflection fluorescence
microscope (TIRFM) with AFM [6], and confocal optical
microscope with AFM [7,8]. However, due to the barrier of
diffraction limit for all lens-based optical microscopes [9],
the incompatible imaging resolution of fluorescence mi-
croscopy (sub micrometer) and AFM (sub nanometer) hin-
dered their wider applications.

In recent years, several strategies have been developed to
overcome the diffraction barrier and preserve the advantages
of far-field fluorescence microscopy [10-13]. Among them,
stimulated emission depletion (STED) microscopy [10,14—17]
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stands out by its ability to instantly provide signal from se-
lected nanosized regions, which makes it particularly suita-
ble for fast imaging. In STED microscope, a laser beam
(STED beam) is required to overlay a regular excitation
beam (Exc beam) to de-excite fluorophores by stimulated
emission. The STED beam produces a doughnut-shaped
focal pattern, featuring a “zero”-intensity point in its center,
thus it inhibits fluorescence emission everywhere except at
the center of the focus. Therefore, the effective fluorescence
volume was confined to subdiffraction size. Scanning the
co-aligned STED beam and Exc beam through the sample,
or vice versa, yields super-resolution images.

Integration of the newly developed STED microscope
with AFM will lead to a promising nanoscope for nanobi-
ology and nanomedicine. Harke et al. [18] recently reported
such an integrated system based on two pulse lasers for ex-
citation and depletion. In this work, we presented a flexible
integration system by combining STED microscope and
AFM with a simpler technique for wavelength selecting and
timing measurement. In the system, a supercontinuum laser
source was used to provide both Exc and STED beams, so
the temporal synchronization is automatically achieved. An-
other advantage of using supercontinuum laser is that it can
generate low average power due to the low pulse repetition
frequency, which could protect the fragile biological speci-
mens from being photodamaged. Moreover, as the optical
image and AFM image were obtained separately in the pre-
vious reported STED/AFM system [18], we have achieved,
for the first time, that the optical signal and force signal are
acquired simultaneously at each pixel during the sample
scanning in our integrated STED/AFM. Super-resolution
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STED imaging and simultaneous AFM imaging of nano-
beads as well as biological samples have been demonstrated.

1 Materials and methods
1.1 Setup of the integrated system

As shown in Figure 1, the integrated system was based on
combining a commercial AFM instrument (BioScope Cata-
lyst, Bruker, USA) with a home-built STED microscope
that was constructed following the basic design in the pre-
vious report [14]. The STED microscope was equipped with
a supercontinuum laser (Fianium, Southampton, UK), which
covers the spectrum region from 500 to 1750 nm, and pro-
vides both excitation and the STED pulses. The fundamen-
tal pulse width of the laser is about 350 ps, and the optical
power at the back aperture of the objective lens can reach
30 uW for the Exc beam and 1.2 mW for the STED beam at
a repetition rate of 1 MHz.

To realize the STED imaging, firstly the infrared region
(A4>842 nm) of the super continuum spectrum was stripped
from the whole spectrum with a short pass filter (Semrock,
New York, USA). Then the two orthogonally polarized
beams were established using a broadband polarizing beam
splitter cube (CVI, Albuquerque, USA). The s-polarized
beam was used for excitation whereas the p-polarized beam
for STED.

According to the absorption and emission spectrum of
the fluorescent dye ATTOS565 (Sigma-Aldrich, Shanghai,
China) used in our experiments, the wavelength of the exci-
tation and STED were determined at 532 and 650 nm
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Figure 1 Schematic diagram of the integrated imaging system. SC, supercontinuum laser; SPF, short pass filter; OD, optical delay; PBS, polarizing beam
splitter; EF, excitation filter; SF, STED filter; BE, beam expander; SBS, STED beam shutter; SMF, single mode fibers; VPP, vortex phase plate; DC, di-
chroic mirrors; FF, fluorescence filter; MMF, multimode fiber; APD, avalanche photodiode detector.
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respectively. Hereby, we used band pass filters to extract
both the Exc beam and the STED beam by use of excitation
filter (FFO1-530, Semrock, New York, USA) and STED
filter (FFO1-650, Semrock, New York, USA). The pulse du-
ration of the excitation and STED was measured to be 351+
60 ps and 312+28 ps respectively, as determined by a high-
speed photoreceiver (New Focus, CA, USA) that was con-
nected to a digital phosphor oscilloscope (Tektronix, Beavern,
USA). The optical delay line was used to adjust the interval
between the excitation pulse and the STED pulse. Based on
our calculation [19], the appropriate interval between the ex-
citation pulse and the STED pulse should be about 100 ps.

To create a focal doughnut, the STED beam passed
through a vortex phase plate (RPC Photonics, Rochester,
NY, USA) with a helical phase ramp of 2n to modulate the
wavefront. Then both the Exc and STED beams passed
through an achromatic quarter wave plate (THORLABS,
New Jersey, USA) to make them polarizing circularly.

Both Exc and STED beams were separately coupled into
polarization-maintaining single mode optical fibers (THOR-
LABS, New Jersey, USA) after they were expanded by the
two beam expanders. The fiber outputs were collimated and
collinearly coupled into an oil immersion objective lens
(UPlanSApo, 100X, Olympus, Japan) using two dichroic
mirrors (Chroma, Vermont, USA), the fluorescence signal
was collected by the same objective lens and separated from
the excitation and STED beams by these two dichroic mir-
rors and an additional fluorescence band pass filter (FFO1-
582, Semrock, New York, USA). A short pass filter (FFO1-
680, Semrock, New York, USA) was used to prevent the
AFM work laser line (850 nm) from interfering the optical
channel.

The collected fluorescence was focused into a multimode
optical fiber (50 pm, THORLABS, New Jersey, USA) which
acted as a confocal pinhole of 1.22 times the size of an Airy
disk. The fluorescence photons were registered with an av-
alanche photodiode module (Perkin Elmer, Vaudreuil,
Quebec, Canada) which was connected to the Digital I/O
port of the AFM controller (NanoScope V, Bruker, USA).
The image acquisition was performed by scanning the sample
with a commercial AFM head (BioScope Catalyst, Bruker,
USA) amounted on a commercial microscopic stand (IX71,
Olympus, Japan). The STED and confocal images were ob-
tained by opening and closing the STED beam shutter. Typ-
ically, images of 10 umx10 pm were acquired with 10 nm
pixel size and 1-2 ms dwell times on each pixel. The STED
and confocal images were displayed and analyzed by using
the counting channel of the Nanoscope software (NanoScope
8.10, Bruker, USA), the restored STED images with blind
deconvolution algorithm were obtained using a self-com-
piling MATLAB program.

1.2 Nanobead immobilization

To prepare the nanobead sample for the integrated STED/
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AFM imaging, the microscope cover slips were firstly
cleaned by sonication in detergent, acetone, and 1 mol/L
KOH for 30 min respectively, rinsed with mini-Q water
three times after each step, and then dried by nitrogen. The
diluted (10~ fold dilution) fluorescent polystyrene nano-
beads (@40 nm FluoSpheres orange, Invitrogen, Paisley,
UK) were dropped onto the cleaned cover slip, and then
dried by nitrogen.

1.3 Cell culture and staining

Human embryonic kidney HEK 293 cells (HEK 293 cells)
and Human cervical carcinoma cells (CaSki cells) were
used in this study. The cells were cultured with Dulbec-
co’s modified Eagle’s medium (DMEM, Gibco, Grand
Island, New York, USA) supplemented with 10% fetal
bovine serum (Hyclone, Omaha, Nebraska, USA) at 37°C
in a 5% CO, incubator. The cells were plated in 30-mm
confocal-specific culture dishes (Corning, Steuben County,
New York, USA) which were previously coated by steri-
lized 0.1 mg/ml poly-D-lysine solution (Sigma-Aldrich).
When the cells grew to 70%—-80% confluence, they were
fixed and stained for actin filament. For actin filament
staining, cells were washed with PBS, permeabilized in
PBS containing 0.5% Triton X-100 for 10 min, fixed with
4% formaldehyde in PBS for 20 min, and then treated
with phalloidin-ATTOS565 (Sigma-Aldrich, Shanghai,
China) for 15 min.

2 Results and discussions

2.1 Super-resolution imaging with STED

A home-built STED microscope was used for the integrated
STED/AFM system. Different from the reported STED/
AFM integrated system, several updating techniques were
applied to make the STED microscope easier to implement
and more stable. The supercontinuum fiber laser was used
as it can supply almost all of wavelengths for the fluores-
cence excitation and STED. The energy of the laser is larger
than 1 nJ/nm, satisfying the power request for STED mi-
croscope. Moreover, the excitation and STED pulses are
inherently synchronous, and thus the timing shift between
the excitation and STED pulse is avoided. To check the
interval between the excitation pulse and STED pulse, a
super-speed digital oscillograph was used, which simplifies
the procedure of timing adjustment.

To validate the super-resolution imaging capability of
our STED microscope, we imaged the samples of 40 nm
fluorescent nanobeads, Figure 2 shows the comparison be-
tween the confocal image and STED image at the same
sample region. The closely spaced nanobeads which are not
resolved in the confocal image (Figure 2(a), insert) are
clearly discernible in the STED image (Figure 2(b), insert)
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Figure 2 Super-resolution imaging of the nanobeads with the STED microscope. The confocal image (a), STED image (b) and deconvolution of the STED
image (c) of nanobeads. (d) Line profiles of the beads (pointed by blue arrowhead in (b)). The confocal image (e), STED image (f) and deconvolution of the
STED image (g) of the actin filaments. (h) Line profiles of the actin filaments (between blue arrowheads in (f)). The insets in (a), (b) and (c) correspond to

the white rectangle regions respectively. Bar, 2 pm.

and the STED image restored with blind deconvolution al-
gorithm (Figure 2(c), insert). The intensity profile of the
nanobeads shows a 42 nm in full width at half maximum
(FWHM). This resolution is even higher than that in the
previously reported STED imaging of the same sample
(50-60 nm) [14].

We further imaged the actin filaments in the filopodium
of the HEK 293 cells (Figure 2(e)—(g)). The five distinct
actin filaments (in the white rectangle regions) are clearly
shown in the STED image (Figure 2(f), insert) and the re-
stored STED image with blind deconvolution algorithm
(Figure 2(g), insert), but they cannot be resolved in the
confocal counterpart (Figure 2(e), insert). Profiles of these
actin filaments (Figure 2(h), insert) indicate that 63 nm
spacing (the narrowest spacing in Figure 2(h)) between the
filaments can be well resolved. Therefore, super-resolution
imaging of the biological sample is also realized in our
STED microscope.

The results demonstrate that a high-quality STED mi-
croscope based on a supercontinuum laser system has been
successfully built, with an all-optical lateral resolution of
better than 40 nm considering the broadening effect by the
bead diameter. Different from confocal fluorescence mi-
croscopy, STED microscopy has a more compatible resolu-
tion with the resolution of AFM for cells, thus is more suit-
able for the integrated imaging by optical microscope and
AFM. Taking the advantage of emitting a whole spectrum
of visible light from the supercontinuum laser source, this
STED microscope can easily be applied to different fluo-
rescent tagged examples by just selecting appropriate dichroic

mirrors and fluorescence filters.

2.2 Imaging of nanobeads with the integrated system

With the home-built STED microscope, we then integrated
it with the commercial AFM to have the fluorescence signal
collection and sample scanning all controlled by the AFM
controller. Two modes of STED/AFM imaging can be
mainly used in our integrated system. In the first mode, so
called simultaneous imaging model, optical signal and force
signal are obtained at each pixel during the sample scanning,
thus the same area of the sample can be imaged by STED
microscope and AFM simultaneously. In the second mode,
which is called targeting imaging mode, a large area of the
sample can be firstly imaged by STED microscope to find a
small region of interest, then the morphological features of
the region of interest is obtained by AFM. As we known, it
is difficult for AFM to get very fine features in a large area,
especially for fluctuant surfaces such as cells, whereas the
STED imaging is advantageous. The targeting mode makes
use of the advantages of both STED microscope and AFM,
and will be a powerful tool in biological studies.

The performance of our integrated STED/AFM system
was checked by imaging the fluorescent nanobeads using
the above-mentioned two modes. As shown in Figure 3, we
firstly scanned a larger area (20 umx20 um) with the STED
microscope to find a region of interest (the white rectangle,
Figure 3(a)). Then, the height (Figure 3(e)) and force vol-
ume (Figure 3(f)) of the region was measured with the AFM.
The STED image (Figure 3(b)) and the confocal image
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Figure 3 Integrated STED/AFM imaging of nanobeads. (a) STED super-resolution imaging in a large area. (b) STED image of the region in the white
rectangle in (a). (c) Deconvolution of the STED image. (d) Confocal image. (¢) AFM morphological image. (f) AFM force volume imaging. (g) AFM force

adhesion mapping.

(Figure 3(d)) were simultaneously acquired too. The force
adhesion (Figure 3(g)) of the same region was obtained by
processing the force volume data at the same time.

Both STED image and its restored image with blind de-
convolution (Figure 3(c)) show fine details of the separated
nanobeads, demonstrating a higher resolution than the con-
focal image where only the rough profile of the area is dis-
played. The AFM images (Figure 3(e)—(g)) show the mor-
phological features which is in agreement with the STED
image. Individual and clustered fluorescent beads can be
identified in the STED and AFM images but not in the con-
focal microscope. More particles could be found in the
AFM images as some non-fluorescent particles in the AFM
image, cannot be discerned in the STED image. The results
demonstrated that simultaneous imaging mode and targeting
imaging mode were both realized. Fluorescence imaging,
morphological features and mechanical parameter of the
fluorescent polystyrene nanobeads can be obtained simul-
taneously. Super-resolution fluorescence imaging can also
guide the AFM tip more precisely to the target parts of the
sample.

2.3 Imaging of the actin filament with the integrated
system

We further applied our integrated system to the imaging of
the actin filaments in the filopodium of CaSki cells. Com-
paring to the confocal image of the actin filaments (Figure
4(a)), the STED image (Figure 4(c)) and its deconvolution
image (Figure 4(d)) show the finer features of the actin fil-
aments in the same area. The morphological image of the
filopodium was obtained by AFM (Figure 4(b)). Some in-
tertwisted structures can be resolved more clearly in STED
images and the AFM image, but cannot be discerned in the
confocal image.

Therefore, the cellular actin filament is imaged with the
integrated STED/AFM system, for the first time, to obtain

Figure 4 Integrated STED/AFM imaging of the filopodium. (a) Confocal
image. (b) AFM morphological image. (¢c) STED image. (d) The deconvo-
lution of the STED image. Bar, 1 pm.

super resolution fluorescence image and morphological
features simultaneously at the nanoscale. The results demon-
strate that the integrated imaging can be realized for cell study.

In summary, an integrated imaging system combining
STED microscope and AFM has been built. The STED mi-
croscope has shown a high lateral resolution which is com-
patible to that of AFM. With the integrated system, super
resolution fluorescence imaging, morphological features
and mechanical parameter of the fluorescently stained sam-
ples can be obtained simultaneously. The integrated STED/
AFM system is expected to offer a new tool in nanobiology
and nanomedicine for the characterization of biological
samples at the nanoscale.
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