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Chapter 6
The Hyphenated Technique of High Speed 
Atomic Force Microscopy and Super 
Resolution Optical Detection System

Xiao Feng, Yunchang Guo, Hongjie An, and Hongshun Yang

Abstract  The fast scanning AFM combination with super resolution optical tech-
nique allow co-localized imaging and manipulation with sub-diffraction resolution 
in a few seconds. The hybrid technique opens up new fields of in-situ dynamic study 
in living cells, enzymatic reactions, fibril growth and biomedical research.

1  �Introduction

Atomic force microscopy (AFM) is a versatile technology for the study of biologi-
cal samples. A flexible cantilever is used as a force sensor for measuring extremely 
small forces between the AFM tip and sample surfaces. Dynamic mode AFM using 
small imaging forces allows nondestructive measurement. That makes AFM more 
popular in the study of native biomolecules than Scanning Electron Microscopy 
(SEM) and Transmission Electron Microscopy (TEM). However, slow imaging 
speed hinders the use of AFM, comparing to an optical microscope, SEM and 
TEM. Apart from the superb lateral and vertical resolution, researchers expect to 
know sample changes over time during the cellular bioprocess, such as protein fold-
ing and unfolding, DNA assembly, DNA-protein interaction and drug-cell interac-
tion, etc. Most of the reactions are too fast to be recorded by an AFM which usually 
takes more than one minute per frame. The dynamic imaging at single-molecule 
level in a bio-system is difficult to resolve until the invention of high speed AFM 
and super-resolution optical microscopy.
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Many AFM specialists devote considerable efforts in developing new imaging 
systems to increase the scanning rate of AFM. To date, the commercially available 
high speed AFM enables several tens Hertz frame rate [1]. The fast scan techniques 
allow the AFM tip to trace the dynamic bioprocess with a tiny scan force without 
sacrificing the image qualities. The high speed AFM is able to investigate the struc-
ture and dynamics of single molecules, indicating the molecular movement and 
diffusion dynamics. High speed AFM enabled many tremendous discoveries 
recently, such as the nature of myosin V motor mechanism [2], the diffusion dynam-
ics of protein through a membrane [3], and the killing process of an anti-microbial 
peptide towards Escherichia coli (E. coli) [4]. More and more dynamic process at 
the nanoscale have been captured and reported as high scanning speed and the wide 
application in air, vacuum, and liquids [5]. In the life science researches, the optical 
microscopes are widely used and record the images in sub-second. However, the use 
of classical optical microscopy for the single-molecule image is limited by the Abbe 
diffraction of light, which depends on the wavelength of light λ and the numerical 
aperture of the optical system (NA): Resolutionx,y = λ/2NA [6]. To overcome the 
Abbe limit, several advanced fluorescence methods have been developed to obtain 
the super-resolution, either by photo-activation, photo-switching, or by selective 
deactivation of individual fluorophores in fluorescence microscopy. The develop-
ment of stimulated emission depletion (STED) microscopy, photoactivated local-
ization microscopy (PALM) and stochastic optical reconstruction microscopy 
(STORM) allow widespread applications in the study of biological samples with 
sub-Abbe limit, 20–30 nm [6].

Both AFM and optical microscopy provide different information. The AFM 
detect the topology and mechanical properties of the investigated samples. For the 
objects having the similar size and mechanical properties, it is difficult to distin-
guish and specify them simply by AFM images. Moreover, a high-resolution of 
AFM is not enough to detect the binding of very tiny ligands. On the other hand, an 
optical microscope can obtain dynamic bioprocess with the specific fluorescence 
labeling. However, the structure and the mechanical details are missing even at a 
super-resolution and high signal-to-noise ratios. The coupling of AFM and optical 
techniques meet the demands for the achievement of the specification, structure, and 
mechanical information simultaneously. The details of high speed AFM and super-
resolution microscopy can be seen in the literature [7]. In this chapter, we mainly 
focused on the combination of the high speed AFM and super-resolution optical 
techniques, such as AFM-STED, AFM-STORM and AFM-PALM, for imaging of 
living systems, and for precise manipulations for demanding experiments and 
cutting-edge researches fundamentally in situ and in real time.
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2  �High Speed AFM

High speed AFM is scanning faster than normal AFM, and is getting popular in life 
sciences. Commercial available high speed AFM also called as ultra speed AFM 
(JPK) or fast scan AFM (Bruker), all of them comes out with outstanding designs 
for good quality images in short sample acquisition time. The core techniques for 
the new designs is to develop a system which can acquire the data with time resolu-
tion and spatial resolution at the same time. Generally, fast scan always comes at the 
expense of an increase of imaging forces, and thus results in image quality unac-
ceptable and may damage the tip or samples easily.

2.1  �A High Bandwidth Z–Scanner

A high sampling frequency requires a fast scanning control system, including a high 
speed scanner and a big bandwidth for the feedback loop [5]. A high resonant fre-
quency of z-scanner is required because Z-movement needs to be faster than the X 
and Y movement. As Z-response time needs to be less than the pixel time in the X-Y 
movement. Assuming an image is captured in scan size L × L with scan lines N and 
pixels N each scan line in scan time t. The scan rate in X-direction νx = 2LN/t, and a 
pixel time is tp = L/Nνx = t/2 N2. Therefore, the Z-scanner needs to move in Z-direction 
a frequency fz = 2 N2/t to follow the surface up and down to resolve each pixel in 
X-direction. If L = 300 nm, N = 100, and t = 20 ms, then one needs a Z-scanner with 
resonance frequency f > = 1 MHz. The X-Y movement is relatively slow and does 
not require very high resonance frequency. Generally, the resonance frequency of 
the Z-scanner is influenced by the size and shape of a scanner. Usually a sample 
scanner is much bigger and moves slower than a tip scanner. Basically, a smaller 
scanner has a higher resonance frequency than a larger one. This is why most AFM 
use separated X-Y and Z-scanner system, while Z-scanner is fixed at the tip side. 
Some type of AFM fix both the X-Y and a separated Z-scanner on the tip side, also 
called as tip-scan AFM (JPK NanoWizard®). The minimal requirement for 
Z-scanner resonance frequency also defines the minimal feedback bandwidth. The 
shorter acquisition image time, the bigger bandwidth for feedback control system.

2.2  �A Small Cantilever

To improve the time resolution, a delicate detecting system is highly demanded for 
faster information flow from the surface. Obtaining more information per time unit 
needs more interactions from the sample surfaces. A smaller cantilever should 
deliver information faster with similar interactions comparing with a bigger cantile-
ver [8]. A small laser spot and a small spring constant are required to reduce the 
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acquisition time. However, this increases the noise level. In dynamic mode AFM, 
the acquisition time is influenced by the amplitude reading time, the sensor and 
scanner response time, and the error correction time through the feedback control-
ler. The amplitude detector needs to be fast enough to catch several oscillation 
cycles at X and Y pixel to detect the phase delay and get an accurate amplitude 
value. A sensor response time is expressed as Q/πf0 [9]. A cantilever with low Q 
factor and high resonance frequency delivers shorter response time. A cantilever 
with small Q factor is less sensitive to surface interactions and needs less energy to 
restore the dampened oscillations than one with high Q factor. The AFM tip detach-
ing from the surface also delay the sensor response time, called parachuting [10].

High speed AFM is easy for survey scan at single-molecule level. High speed 
AFM can be applied to detect particulate contaminants to reveal contamination dur-
ing DNA purification [11]. The single-molecular sensitivity enables High speed 
AFM to detect DNA molecules without amplification required in PCR, and no 
chemical labels are required in High speed AFM. Using High speed AFM, trace 
levels of filamentous contamination were discovered. High speed AFM provides an 
alternative to characterize and quantify trace contaminants in biomolecular reagents 
and instruments in the cases when other conventional techniques fail. Importantly, 
High speed AFM provides highly accurate information of the dsDNA molecule 
size, which is related to the nature of the contamination sources [11].

For the dynamic study, DNA-protein interactions, such as short-range slide of 
protein along DNA and hop of protein on DNA, can be visualized by high speed 
AFM, which were usually inaccessible by other high resolute microscopies. High 
speed AFM provides nanoscale and sub-second temporal resolution figures of sin-
gle molecules [12]. The individual protein motion was measured using single-
particle tracking mode, and it was observed that the composition of imaging-buffer 
has a significant effect on the random walk of proteins. The non-Brownian diffusion 
was investigated in the absence and in the presence of nucleotide cofactors. It was 
found out that the Brownian motion was hindered and prevented as the double-
stranded DNA was immobilized on the surface of proteins. However, RAD54 
monomers showed a diffusive behavior, which is not related to the motor activity 
[12].

High speed AFM imaged and visualized that M5-HMM was advancing progres-
sively with ∼36 nm steps in Fig. 6.1 [2]. Consecutive high-speed AFM images show 
the progressive movement of M5-HMM in 1  μM ATP solution at 7 fps [13]. 
Molecular motor mechanism is also investigated by high-speed AFM [14], which 
shows that the rotorless F1-ATPase still rotates; the three β subunits cyclically dis-
play conformational changes in the contraclockwise direction in the separated α3/β3 
stator ring, which shows similarity to the rotation of rotary shaft in F1. The stator 
ring showed unidirectional structure basis. These findings suggest and imply the 
cooperative interaction between subunits in other hexameric ATPases.

Figure 6.2 shows the application of high speed AFM for observing the protein 
movement on DNA in 0.5 sec interval (a) [12] and (b) GltPh elevator domain move-
ments in 1 sec interval [15]. The improved speed enables the observation of many 
biological phenomena. Meanwhile, high speed AFM is able to capture images at 1 
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frame per second (fps) for the investigation of cell membrane reconstruction, crystal 
dynamics of purple membrane and annexin V. With the smaller cantilevers, small 
biomolecules such as DNA can be imaged by 1 fps, while larger biomolecules like 
bacteria can be imaged at 10 s for every frame [4]. However, this improved speed is 
used in the scan sizes are up to ~ 400 nm, and it is still not rapid enough to under-
stand the fast large-scale biological phenomenon. A scan of 500  nm  ×  500  nm, 
imaging with 100 × 100 pixel resolution at 10 fps requires a scan rate of 1 mm/s, 
while the line scan rate reaches 1 kHz. For a scan of 10 μm × 10 μm, imaging at 
1 mm/s with 256 × 256 pixel resolution, it takes 5.12 s. This requires the support of 
a scanner with large scan range. The scan rate of 1 mm/s is the standard rate, and to 
pursue a frame rate of 10 Hz is challenging to current techniques.

A force-feedback high speed AFM has been developed using a commercial avail-
able dimensional micro-actuated silicon probe based on a cantilever-based optical 
interfacial microscope, which is shown in Fig. 6.3 [9]. This protocol is successful in 
obtaining large images of E. coli biofilm morphology using zero Newton force as 
feedback at about 1 fps in air. In this method, the removal of bending error of 

Fig. 6.1  High-speed AFM images of walking M5-HMM. (a), AFM images of M5-HMM move-
ment in 1 mM ATP solution. (b), Image of two-headed M5-HMM bound to actin filaments. (c), 
Explanation of (d) and (e). (d) & (e), Time-resolved AFM images of hand over hand movement in 
1 mM ATP solution and in 2 mM ATP. All images were captured at 146.7 ms per frame. Scale bar: 
(a) 30 nm; (d) 50 nm; (e) 30 nm. Reprinted with permission from Kodera et al. [2] © Springer 
Nature (2010)
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cantilever by self-actuating imposes a counter force to the sample, which causes 
sample deformation. Both the AFM tip and the sample may be contaminated or 
damaged during this process. Moreover, the use of sample scanner limits the fast 
scan speed. There is plenty room to improve the scan speed to 30 fps.

3  �Combination of High Speed AFM with Super–Resolution 
Optical Techniques for Imaging

The combined techniques of high speed AFM and high-resolution optical micros-
copy open the door to image the fast-changing biological phenomena, such as DNA 
methylation, protein folding and unfolding, bacteriolysis and so on, which provide 
fundamental experimental data and images for further understanding of the fast-
changing biological phenomena and verifying the hypothesis. Although high speed 
AFM [2] and high speed microscopy [16] have been developed, the correlative real-
time imaging of live cells in situ is still challenging.

A setup of AFM combined with a top view microscope has conflict in acquiring 
high-resolution images of biological samples in liquids. To acquire high-resolution 
optical images, the objective with a high NA is required to be close to the sample, 
while the AFM imaging needs the tip to approach the sample. It is hard to get high-
resolution optical images with an AFM cantilever between the objective and the 

Fig. 6.2  Examples of high speed AFM observations of (a) protein hopping and sliding on DNA 
[12] (Reproduced by permission of The Royal Society of Chemistry) and (b) GltPh elevator 
domain movements (reprinted with permission from Ruan el al [15]. © NAS (2017))
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sample surfaces. The design of inverted optical microscope coupling with high 
speed AFM solved this problem. The AFM scan head rests on the top of an inverted 
microscope providing a platform for any optical access to the sample from below. 
The setup offers the possibility to integrate any type of fluorescence microscopes, 
such as epifluorescence, confocal, total internal reflection fluorescence (TIRF) and 
Fluorescence resonance energy transfer (FRET).

The hybrid high speed AFM/fluorescence microscopy was used to investigate the 
cell surface structural changes of the living HeLa and 3 T3 fibroblast cell [17]; the 
cell response to the tip stimulation with soluble agents [18]; the morphological 
changes of hippocampal neurons at 0.2 fps [19]; the lipid membrane response to 

Fig. 6.3  A schematic diagram of the force-feedback high speed AFM. (a) Conceptual diagrams. 
(Step 1) The tip contacts the surface of sample. (Step 2) The cantilever bending occurs when tip 
encounters the sample. (Step 3) The biological structure was compressed and deformed due to the 
force-feedback. (Step 4) The activation of a feedback loop involving the piezo tube enables the 
sample to move down. (b) Feedback system. The feedback controller 1 is used for the force-
feedback loop involving ZnO stack to obtain force images. The feedback controller 2 is the mor-
phological feedback loop involving the piezo tube. Reprinted with permission from Kim et al. [9] 
© Elsevier (2016)
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charged polymer nanoparticles [20]; the diffusion of lens cell membrane proteins at 
the cell surface [21] and mechanical properties of elastomeric proteins [22]. 
Furthermore, the combination of DNA manipulation and high speed AFM was used 
to image different biochemical reactions, such as enzymatic reaction and DNA 
structural changes [23].

The combination of high speed AFM and TIRF microscopy was used to simulta-
neously image the dynamics of biological samples, such as the effect and mecha-
nism of chitinase A on chitin microfibrils at 3 fps (Fig. 6.4) [19]; rhodamine-labeled 
actin filaments at 8.3 fps [14]; the morphology changes of B. subtilis cell caused by 
lysozyme [24]; eukaryotic COS-7 and HeLa cell response to insulin [25].

A single chitinase A molecule advancing to the top-right was captured by high 
speed AFM images at 3 fps with 150 × 35 pixels. The TIRF images (40 × 15 pixels) 
confirmed the right movement of chitinase A molecule [19]. Several techniques 
have been developed over the past decades for super-resolution fluorescence micros-
copy including STED, PALM, and STOM [26, 27]. All these techniques have shown 
their strength and are promising for biological research. This review demonstrates 
the current state of high speed AFM development combined with these super-
resolution techniques, as well as their application in biomedical research.

3.1  �High Speed AFM with STED

STED microscopy generates images with super-resolution through selective deacti-
vation of the fluorophores. As the illumination area at the focal point was mini-
mized, the resolution of target imaging was improved significantly [28]. A typical 
STED microscope uses a co-aligned scanning pair of laser pulsed beams at the same 
focus position and controls the fluorescence through the overlap of the point spread 
functions (PSF) [29]. STED theory was first proposed in 1994 by Hell [30], while 
the first STED data was published in 2000 [31]. At first, a laser is used to excite the 
fluorescent molecules to emit the spontaneous fluorescence, which occurs at nano-
second time scale. In the process, an electron is excited into an excited electronic 
state from the ground state. Before a photon is released, a second laser pulse 
(STED beam) is introduced to force the excited electron to relax into a dark state, 

Fig. 6.4  Real-time high speed -AFM/TIRFM imaging of chitinase A labeled with Cy3 moving on 
a chitin microfibril. Reprinted with permission from Uchihashi et al. [19] © Elsevier (2016)
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which depletes the excited state at picosecond time scale [30]. The STED laser has 
a phase modulation to control the special intensity distribution, resulting in a donut 
PSF at the focal plane [32]. Overlapping the standard PSF of the first laser and the 
donut depletion of the second laser results in a suppressed outer PSF (Fig. 6.5). 
An effective PSF fluorescence is achieved by using a filter to exclude the red-shift 
fluorescence. Increase the intensity of the STED beam can increase the lateral 
resolution to less than 50 nm.

Integration of AFM with STED enables high-resolution fluorescence, topo-
graphical, and nano-mechanical imaging of biological samples in a physiological 
environment. This protocol provides fundamental understanding of numerous com-
prehensive studies in medicine, biology and material science. Using this method, 
microtubes have been investigated within antibody labeled COS7 cells in PBS solu-
tions [33]. In Fig.6.6, it can be observed that the STED image (Fig. 6.6e), 3D AFM 
height image (Fig. 6.6c) and a Young’s modulus map (Fig. 6.6f) of the same target 
area on a cell is consistent with each other. Microtubules which are visible in the 
STED image can be observed in the 3D AFM height image and traced in the Young’s 
modulus map. The combined technology of the fast speed AFM and a high resolute 
STED can be applied to different kinds of samples and improve the multifunction 
and versatility of high speed AFM.

Fig. 6.5  Scheme of an AFM and STED based system showing the major components. The sketch 
includes the time-shifted pulse of the excitation source and the STED beam, the detector unit, and 
the AFM placed on an inverted microscope. The layout is adapted from JPK Instruments AG 
Technical Note: combining AFM with super-resolution STED microscopy system
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3.2  �High Speed AFM with dSTORM

STORM is a high-resolution imaging technique, which was proposed in 2006 by 
Zhuang’s group to investigate DNA and DNA-protein complexes with a resolution 
of 20-nm [34]. A fluorescence image is re-constructed from high-accuracy localiza-
tion of photoswitchable fluorophores. There are a series of imaging cycles involved 
in the STORM imaging process and system. In each cycle, there are only a small 
fraction of the fluorophores being switched on. Each of the active fluorophores is 
separated by a distance exceeding the Abbe diffraction limit, so that it is optically 
distinguishable from the other fluorophores. This enables the determination of these 
fluorophores’ position with nanometer accuracy. In a repeating imaging cycle, dif-
ferent fluorophores are switched on. The multiple imaging cycles are used to deter-
mine the positions of the fluorophores, and are applied to reconstruct the overall 
image. This method is based on the discovery of the photoactivable molecule (green 
fluorescent protein) that can be activated and relaxed after emission to a stable dark 
state that could be re-activated [35].

Fig. 6.6  Confocal image (a) and STEM image (b) of Atto 647 N labeled microtubules in COS7 
cells in PBS. 3D height image extracted from AFM mapping (c) and calculated elasticity map (f) 
correlated with the STED (e) and confocal image (d) (both linear deconvolved) collected from the 
same area. Scale bars in (a) and (b): 2 μm, axes bars in (c)-(f): 3 μm. Reprinted with permission 
from [33] © Harke et al.; Springer Nature (2012)
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Integration of AFM with direct STORM holds great potential for conducting cor-
related nanoscale biomolecular and structural characterization on living samples 
under physiological conditions [36]. AFM provides exceptional surface resolution, 
while STORM reveals internal cellular structures at single-molecule level. This 
combination is particularly useful for actin filaments and microtubules, which are 
important in intra-cellular transport and cell stability. A hybrid AFM-STORM was 
used to correlate the density of localizations with the 3D topography along (F-)actin 
cytoskeletal filament, which is shown in Fig.  6.7 [36]. The combination of high 
speed AFM and super-resolution optical detection system can provide complemen-
tary information, which enables the structural and functional nanoscale character-
ization of living samples.

Figure 6.7 compared AFM, dSTORM, and total internal reflection fluorescence 
microscope (TIRF) resolution through correlative imaging the same filaments via 
AFM, dSTORM, and TIRF respectively. It was found that dSTORM provided 

Fig. 6.7  Resolution comparison of AFM (a), dSTORM (c), and TIRF (e) images of correlated fila-
ments. (b), (d), and (f) are the cross-sectional profiles for (a), (c) and (e) respectively. (g) Overlap 
of possible dSTORM map in blue and 3D AFM image in yellow−brown. (h) Suggestion of F-actin 
arrangements based on AFM analysis. (i) Maximum height profile of the filament according the 
AFM image showing below. (j) Corresponding AFM/PALM images of E. coli expressing RNA 
polymerase−mEos2. Reprinted with permission from Odermatt et al. [36] © American Chemical 
Society (2015)
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comparable values to AFM when the width of the actin bundles was measured, indi-
cating the comparability of AFM and dSTORM.  However, AFM provides more 
resolute images than dSTORM when the filament diverged (Fig. 6.7a−c).

3.3  �High Speed AFM with PALM

PALM and STORM are based on the same principle, using mathematical models to 
reconstruct a sub-diffraction limit from many sets of images [37]. Numerous sparse 
subsets of protein molecules which are photoactivatable fluorescent with caged syn-
thetic fluorophores were activated, localized, and then bleached. A small fraction of 
particular molecules are photoactivated, while the majority of the population 
remains in the dark state. The new computational algorithm enables fast imaging of 
cellular structures with 20 nm resolution to be in less than 10 s [38], which is useful 
for the dynamic imaging of molecules and cells.

The correlative images of bacteria and mammalian cells in aqueous conditions 
can be obtained through AFM-PALM [36]. Figure 6.8 shows real-time AFM and 
PALM images of live CHO-K1 cells in a physiological environment. The paxillin-
mEos2 cluster changes were monitored by PALM series, while the cell membrane 
dynamics were shown in AFM images. The upper corner of the entire cell was cho-
sen for real-time analysis, as shown in Fig. 6.8a. Figure 6.8b showed that filopodia 
extended gradually followed by the extension of the lamellipodium, as the AFM 
images were obtained every minute. Figure 6.8c shows the PALM images recorded 
after AFM imaging. Figure 6.8d−g zoomed in to show paxillin clusters in certain 
regions. In Fig. 6.8d, there were paxillin clusters on the upper left at 28.2 min, while 
the paxillin clusters disappeared at 31.6 as shown in Fig.  6.8e, while new ones 
appeared at 30.7 and 33.3 min in Fig. 6.8f, g. In (d) and (e), it was observed that 
paxillin clusters disappeared from the top left corner (arrow), and new paxillin clus-
ters were generated within 3 min in (f) and (g) (arrows).

The combination of AFM with dSTORM, PALM and STED was used to give 
complementary information about the same biological sample from different 
aspects. Chemically fixed bacterial cells (Fig. 6.7j) were imaged using AFM and 
dSTORM. E. coli expressing the fusion protein RNP- mEOS2 was firstly measured 
by AFM and followed by PALM. PALM was chosen over dSTORM in this case, 
because PALM can be utilized with lower laser power, which is more suitable for 
living cell imaging. The PALM provided the level of expression, while AFM pro-
vided the 3D bacteria morphology. Interestingly, there was no fusion protein for one 
bacteria in the PALM image (Fig. 6.7j). In the respective AFM image, it is shown 
that the bacterium without fusion protein is situated on the top of two other bacteria. 
This bacterium may be out of the illumination volume, so the respective fusion 
proteins were not found in the PALM image. This example showed the advantage of 
the AFM/PALM combination technique, which produced a better interpretation of 
the microscopy result than AFM or PALM alone.
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The combination of dSTORM, PALM and STED and AFM techniques to image 
biologically relevant phenomenon shows the comparison of the two techniques and 
complement the weaknesses of each technique. In the actin filament imaging and 
measurement, AFM provided the information of dimension and location, which 
could be correlated to the labeling density along the actin filament as imaged by the 
high resolute microscopy.

4  �Hyphenated High Speed AFM and Super–Resolution 
Optical Techniques for Manipulation

4.1  �AFM Nanomanipulation

AFM nanomanipulation is utilizing tips to pull, push, scratch and move the object 
to know the mechanical properties of the targets. Using an AFM tip as a tool, it is 
able to tailor biological samples at the single-molecule level. Figure 6.9 showed 

Fig. 6.8  Real-time AFM/PALM images of live mammalian cells. (a) Paxillin-mEos2 expression 
in CHO-K1 cell under TIRF illumination off-state. Overlap part indicates AFM overview of the 
upper part of CHO-K1 cell. (b) Time-resolved AFM images indicating the filopodia protrusion and 
lamellopodia extension of normal cell at frame rate 1 min−1. (c) The paxillin-mEos2 clusters rec-
ognized in live-cell by PALM real-time images. The measured area is the same as the white square 
shown in (a). (d) and (e) Zoom-in image of the highlighted green square at different time in (c). (f) 
and (g) Zoom-in image of the highlighted red area in (c) at different time. Reprinted with permis-
sion from Odermatt et al. [36] © American Chemical Society (2015)
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some examples of AFM nanomanipulation. Single-stranded or double-stranded 
DNA molecules were immobilized on a substrate and then were precisely cut by an 
AFM tip [39]. The AFM tips are successfully used for DNA pickup from a chromo-
some [40, 41] or from a substrate by kneading, and then subjected to single-molecule 
PCR and sequencing [42–45]. AFM also can be used to move virus or nanoparticles 
to form a pattern on a surface [46]. Cells can be picked up for the study of cell-cell 
interactions with the assistance of an optical microscope [47]. Apart from mechani-
cal scratching, pulling, or pushing the surface molecules, structures decoration can 
be made by a method called dip-pen nanolithography, where the tip is used as a pen 
to directly deposit collections of ink materials onto the substrate [48, 49].

Fig. 6.9  AFM nanomanipulation at the single-molecule level. (a)–(d), DNA dissection and knead-
ing. Reprinted with permission from Hu et  al. [45] © American Chemical Society (2015). (e), 
Dissection of the chromosome. Reprinted with permission from Fotiadis et  al. [41] © Elsevier 
(2002). (f), Dip-pen Nanolithography for positioning scission of single DNA molecules with a 
nonspecific endonuclease. Reprinted with permission from Li et al. [49] © American Chemical 
Society (2015)
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4.2  �Force Spectroscopy

Modification of both the AFM tip and the sample surfaces made AFM very useful 
in biological applications [50]. Single-molecule force spectroscopy techniques have 
been used to study the folding/unfolding of proteins [51], the elasticity of polysac-
charide [52], DNA base pair interactions [53], interactions between proteins, 
between DNA and proteins, and between antibody and antigen. Molecular recogni-
tions can be easily done by tagging a molecule (DNA, RNA, ligand, receptor, pep-
tide, lipids, etc), or virus on the AFM tip for imaging or biosensing (Fig. 6.10).

4.3  �Fast Force Mapping

For a survey study, force mapping, like Force Volume technique (Bruker), at a large 
scale usually takes more than 1 h and comes with low-resolution topology image, 
which presents a big challenge to investigating the short-term changes of living cells 
under physiological conditions. Long time scanning has problems in drift and time-
resolution for in situ reactions. Fortunately, new techniques, Peakforce tapping 
mode AFM (QNM and ScanAsyst, Bruker), QI mode AFM (JPK Instruments AG), 
and Fast Force Mapping mode AFM (Oxford Instruments), can do fast force map-
ping in several minutes. The principles are similar to dynamic AFM, which avoids 
lateral forces by intermittently contacting the sample, and a maximum force is used 
as feedback. They are able to measure the mechanical properties and to image cells 
without changing their surface under liquid conditions. Topology, stiffness, adhe-
sion and Youngs’ modulus of samples are all obtained at one time scan when 

Fig. 6.10  Schematic of AFM resting on an inverted microscope for fast force mapping and force 
spectroscopy
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following the procedure after calibration of the cantilever’s spring constant. QI 
mode AFM is contact mode using contact point to define the height [54]. Small 
cantilevers are reported to increase the speed of force mapping by 10–100 times to 
resolve the dynamic process of embryonic fibroblast. With this technique, it is very 
convenient to study the cell adhesion, dynamics of drug-cell interactions, cell-cell 
interactions [55].

For the mechanical study, a high-resolution optical microscope helps to localize 
the AFM tip on the targets. Height image along with mechanical images are col-
lected by fast force mapping over the desired area and then overlaid with the optical 
image. A modified AFM tip specify the molecules through force mapping to realize 
double localization. Recently, PeakForce mapping was used to measure the binding 
step of single viruses over living animal cells [56]. In this case, the confocal laser 
scanning microscopy was integrated with an AFM to target MDCK cells. The wild-
type cell is nonfluorescent, while the TVA-mCherry labeled cells expressed the 
virus acceptors. The AFM tip was tagged with a single virus and then used to map 
the cell surfaces. Only cells expressing TVA receptors (mCherry fluorescence chan-
nel) were found to interact with the virus, with these binding events appearing as 
bright pixels in the adhesion image (Fig. 6.11). The combination provides a tool to 
quantify how molecules interfere with viral entry, and therefore aid the invention of 
novel drugs against virus infection.

4.4  �AFM Manipulation – STED

With the combination of high resolute microscopies, more detailed properties can 
be discovered. For example, nano-manipulation can be done through combined 
STED and high speed AFM technology. AFM images can be overlaid with STED 

Fig. 6.11  Mapping virus binding to MDCK–TVA cells using correlative confocal microscopy and 
Peak Force Tapping AFM. Reprinted with permission from Alsteens et al. [56] © Springer Nature 
(2010)
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fluorescent image. The STED image can be utilized as a map to target the sample 
precisely with high-resolution [57]. AFM software was applied to control the tip to 
the desired bead according to the information provided by STED image. As a result, 
the AFM tip was manipulated to move a single bead along a designed path and the 
image was obtained through STED before and after dragging. Thereafter, the STED 
images are combined together in green and red for analysis (Fig. 6.12b). The red 
and green colors represent the STED images before and after AFM dragging, 
respectively. Therefore, the yellow beads indicate the stationary status during the 
dragging, and the movement path of the dragged bead was observed as the arrows 

Fig. 6.12  AFM Sub-diffraction Nanomanipulation. STED images show before (c, red channel) 
and after (d, green channel) AFM manipulation of a bead. The overlay of images (b and e) give a 
yellowish color for unmoved beads, and the dislocation of one bead from red to green position. 
This is impossible to be distinguished by confocal images. Reprinted with permission from [57] © 
Chacko et al.; PLOS (2013)

6  The Hyphenated Technique of High Speed Atomic Force Microscopy and Super…



122

shown in Fig. 6.12e. The fast imaging mode of a STED microscope helps in measur-
ing the nano-manipulation with high-resolution. It can be observed that the AFM 
manipulation only moved one selected bead while other beads were stationary.

The integration of high speed AFM with high-resolution as STED provides a 
protocol to study the dynamic process of interactions between a functionalized par-
ticle and a target. A dye-labelled enzyme or drug molecules can be easily localized 
by STED images. Followed by an AFM manipulation push them to a target DNA, 
protein, or cell. Fast scanning further gain more information happened in short 
times.

4.5  �AFM Nano–Manipulation – Optical Spectroscopy

Combining nano-manipulation with super-resolution optics is crucial for demand-
ing experiments at single-molecule scale. The methodologies for achieving mean-
ingful results with high signal-to-noise ratios in the study of individual molecules or 
single nanostructures are challenging. Bringing the AFM tip into a laser focus 
expands the classical spectroscopy to nanoscale with precise location. The integra-
tion enables new discoveries and experimental methods for both characterization 
and fabrication of nanomaterials, such as tip-enhanced near-field optical micros-
copy and tip-enhanced Raman spectroscopy (TERS). A simple application is to 
stretch a protein or DNA molecule which is positioned in the laser focus. Both opti-
cal and mechanical properties are probed simultaneously.

TERS was introduced and applied to achieve Raman spectroscopy with extraor-
dinarily high spatial resolution [58]. The protocol uses metal-coated tips or solid 
metal, or tips attached to nanoparticles such as gold, silver, or platinum. The AFM 
tip is positioned in a laser beam above the sample surface, and manipulated station-
ary at a z-position, for localized nanoscale enhancement of the Raman signals 
(Fig. 6.13). With the help of fast force mapping, the spatial resolution is in the single 
nanometer regime [59]. The experimental and applications can be seen in review 
[58].

The nanoantenna is usually fabricated by complicated protocols, such as electron 
beam lithography to have the shape of a small rod or triangle [60]. Plasmonic nano-
antennas are able to provide controllable and improved light-matter interactions and 
strong coupling between localized sources and far-field radiation at the nanoscale 
[61]. AFM nano-manipulation facilitates the fabrication and the research of nanoan-
tenna. The colloidal nanoparticle can be easily positioned close to another nanopar-
ticle (Fig. 6.13) or coupling to other nanostructures like a waveguide [62]. Bringing 
the newly formed active nanostructures into the laser focus enables the research of 
surface plasmon resonance, such as electrical generation of surface plasmon polari-
tons [63]. The nanoantenna can be used as biosensors for biotechnological applica-
tions, such as label-free estimation of DNA hybridization, dynamic quantification 
of nucleic acid-protein interactions, medical diagnostics, environmental pollution 
control, insecticide, bacteria, and virus detection [60].
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4.6  �AFM Manipulation – TIRF Microscopy

As aforementioned, the integration of AFM with high-resolution optical techniques 
has the advantage of dual localization. The localization of the AFM tip in optical 
microscope view is important for precise specification and controlling the AFM tip 
for dragging, pushing or pressing an object. The optical microscopy records the 
process in video rate. The AFM in return gives more information through imaging 
or fast force mapping. TIRF microscopy enhances image contrast by producing a 
thin evanescent field in the total internal reflection of excitation light at the glass-
sample interface, which has a Z-resolution of 70–200 nm depends on the refractive 
index [64]. TIRF microscopy is usually used to study the dynamic event in an aque-
ous environment that is close to a solid substrate. Selective excitation of the surface-
bound fluorophores allows TIRF Microscopy to detect single molecule 
fluorescence.

A recent application example is that Tan et al. use this hyphenated method to 
resolve the pinning forces of nanobubbles on a substrate [65]. Surface nanobubbles 
were first generated through a microfluidic channel using solvent exchange protocols 
(Fig. 6.14a). Nanobubbles were imaged by AFM and TIRF Microscopy simultane-
ously to assure the location for bubble pulling. After the AFM tip anchored to the 

Fig. 6.13  Schematic of the AFM nanomanipulation for tip-enhanced Raman spectroscopy or 
nanoantenna
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bubble, the bubble-pulling is completed by the stage moving (Fig. 6.14c). Optical 
images were extracted from the video. The pinning forces can be calculated by a 
simple equation: F h = σ ∆A, where F is the pinning force, h is the pulling bubble 
neck, σ is the surface tension, and ∆A is the surface area change due to bubble-
pulling. This method opens a window for the study of microbe film, adhesion of cell 
membrane and biomolecules on the substrates.

5  �Prospect and Outlook

The high speed AFM and super-resolution optics combination systems are the 
experimental setups to fulfil the highest demands on mechanical stability, flexibility, 
and modularity. A tip scan AFM can be easily combined to inverted optical micro-
scopes. The advantage of the integration is superb time and spatial resolution, and 
including, but not limited to the aforementioned optics, there are some techniques 
are under developing and will appeal researchers in the biological research field.

FRET is a highly accurate and sensitive method to determine the nanostructures 
and interactions between molecules, such as lipids, proteins, DNA, sugars, and 
other polymers. For experiments at the single-molecule level, donor with fluorophore 
labelling and acceptor molecules can be bound to a molecular chain. The single 
molecule can be detected and measured, as both substrate and tip are modified with 
suitable chemicals. The intramolecular forces and the changes in fluorescence of 
the donor-acceptor system are measured, when the tip was moved away from the 

Fig. 6.14  AFM manipulation combined with TIRFM for pulling nanobubbles. (a) schematic of 
setup, bubbles formed inside a microfluidic channel and removed for AFM imaging and manipula-
tion. (b) a nanobubble with the stretched neck. (c) schematic of AFM manipulation. (d) dynamic 
bubble motion with a hydrophilic tip. (e) dynamic bubble motion with a hydrophobic tip. Reprinted 
with permission from Tan et al. [65] © American Physical Society (2017)
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surface and the molecule was stretched slowly. This combination provides the 
fundamental information in terms of distance, interactions, structural changes and 
optical spectroscopy. It has been applied to investigate the morphology of carbon 
dots and FRET from carbon dots transferred to riboflavin in the biosensor, respec-
tively [66].

Fluorescence Recovery After Photobleaching (FRAP) is a method to determine 
the diffusion kinetics of a thin molecular film, which contains cells labeled with 
fluorescent probes through tissue and cells. It is useful in biological studies in pro-
tein binding and cell membrane diffusion, and the characterization of surface struc-
ture and free energy. High speed AFM can be combined to examine the phase 
separating structural changes, such as defects, obstructions, lipid condensation and 
collapse structures of lipid bilayers [67].

Fluorescence-lifetime imaging microscopy (FLIM) is an imaging technology, 
which is based on the different fluorescence decay rate of a fluorescent sample. 
Instead of the fluorophore intensity, the lifetime of the signal was used to generate 
images, which minimized the effect of photon scattering in the thick layers of sam-
ples. High speed AFM is combined to obtain the distribution information of biomo-
lecular conformation and structure changes via FRET [68]. For example, FLIM, 
Fluorescence correlation spectroscopy (FCS) and AFM were applied to characterize 
the structure of amyloid β protein (Aβ), which is the possible neurotoxic agent in 
Alzheimer’s disease (AD).

Another setup combines the high-resolution of AFM with confocal two-photon 
fluorescence microscope, which has discriminative power and high sensitivity [69]. 
This scheme provides the capability of obtaining simultaneous morphology and 
optical images with high-resolution and sensitivity, and was successfully tested 
using latex beads loaded with dye. The stacking/unstacking of grana membranes in 
the envelope-free plant chloroplasts was investigated through this scheme. 
Furthermore, the combination of AFM and two-photon fluorescence microscope 
enabled a direct comparison between the signaling protein H-Ras distribution in 
living cells and the cell morphology, which opens up promising applications in the 
various research area, such as material and life science.

The combined AFM and optical tweezers (AFM-OT, JPK instruments AG) have 
high potential in biological studies, molecules manipulation, and nanomechanics. 
The optical tweezers are able to manipulate small dielectric objects and to measure 
the extremely small forces in the AFM scanning area [70]. This needs to consider 
the influence of the AFM laser beam which should be minimized and not affect the 
laser tweezers. AFM-OT techniques allow dual force measurements and provide a 
platform to integrate other super-resolution optics STED/PALM/STORM/TIRF or 
confocal fluorescence microscopy. The new technique achieves more data captured 
simultaneously and opens up new spectrum applications in dynamic studies of sin-
gle molecules and living cells. DNA unzipping can be studied using the laser beam 
to trap a bead attached to DNA hairpin at one end while the AFM tip holding the 
other end of one strand. If a DNA molecule is attached to two beads at both ends, 
which are trapped by the laser beams, and the AFM tip is tagged by a DNA enzyme, 
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the interactions at DNA-enzyme binding can be sensed by both the AFM and the 
optical tweezer. The AFM-OT techniques can extend to signaling studies. The opti-
cal tweezers position a microbead functionalized with signaling molecules close to 
cells, and the dynamic process is imaged by the AFM tip. On the other hand, the 
force can be sensed by the optical tweezers when the cell is stimulated or disturbed 
by the force or temperature from the AFM tip. Using optical tweezers is convenient 
to manipulate the sample and triggering cellular response, immune response, and 
infection process. It is reliable to analyze the resulting changes in cellular structure, 
dynamics, and mechanical properties using fast-scan AFM.

6  �Conclusion

The integration of high speed AFM and super-resolution optics provides super spa-
tial and time resolution simultaneous images for biological studies. The combina-
tion is more than the sum of the two parts. Both provide complementary information 
to each other and time resolution is high enough for recording dynamic processes. 
There is no need to stain, coat, or freeze samples and experiments can be done in 
ambient or liquids environments. The hyphenated techniques allow fast acquisition 
of high-resolution morphology, but also obtaining high-resolution optical spectros-
copy at the same interested area. Tip-scanning is a preferred choice for the hyphen-
ated techniques for acquiring stable optical images without stress by shaking the 
cells. Super-resolution optics provide the specific cellular component with a specific 
individual fluorophore.

Fast force mapping enables probing mechanical properties of cell surfaces and 
molecular recognition, such as stiffness, elasticity, and adhesion. AFM nanoma-
nipulation and nanolithography assists the fabrications, patterning, and detections at 
the single-molecule level. The applications of force spectroscopy range from deter-
mining intra-interactions by unfolding or stretching of DNA, protein, polysaccha-
ride, and polymers, molecular recognition, to the interactions between DNA-protein, 
polymer-substrates, and protein-protein.

With the advantage of the precise positioning, the integration of high perfor-
mance of AFM nanomanipulation and optical spectroscopy pave the way to 
advanced optical spectroscopy with high spatial resolution. This is important for the 
fundamental understanding of the fast-changing biological phenomena. These 
approaches are promising in great applications in a study on a cellular response, 
immune signaling, drug selection and so on, which significantly further the knowl-
edge about molecular interactions and dynamic processes in living cells. Precise 
controlling in positioning, high spatial resolution and super time resolution improve 
the throughput, flexibility, and reproducibility, and attract research interests across 
the world in the multidisciplinary field.
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