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Characterization of biomaterials and their interactions with cells 
using NanoWizard® and CellHesion® technology 
 

Topography, roughness and mechanical properties of 

biomaterials are crucial parameters influencing cell adhe-

sion/motility, morphology and mechanics as well as the 

development of stem/progenitor cells [1-5]. Atomic force 

microscopy (AFM) is a powerful tool not only to study the 

morphology in terms of high resolution imaging and 

roughness measurements, but also to map mechanical 

and adhesive properties of the sample/cells in high reso-

lution. We present a strategy to comprehensively charac-

terize biomaterials as well as their interaction with cells 

and influence on cell behaviour under physiological con-

ditions.  

 

Combining the remarkable abilities of AFM technology 

with advanced optical microscopy allows for complemen-

tary characterization of biomaterials. Optical microscopy 

gives an overview of the sample and helps to find inter-

esting scan regions for more detailed measurements. 

Fluorescence techniques like confocal or spinning disc 

microscopy reveal structures located inside the cell and 

can also be used to follow their movement. AFM imaging 

finally provides high resolution images and quantitative 

information about the sample properties and probe-

sample interaction. 

Extracellular matrix design 
Extracellular matrices provide the basis for cellular growth 

and development. Building such matrices in vitro helps us 

to learn more about the cell-matrix interaction and finally 

promotes the development of tissue engineering in the 

field of regenerative medicine. 

Researchers of the DKMS in Heidelberg used spinning 

disc confocal microscopy combined with AFM to investi-

gate the growth of Melanoma cells on collagen I matrices 

[5]. Using mica as a substrate and particular ion concen-

trations and pH for the buffer solution, collagen matrices 

can be designed to match natural conditions [6]. The 

collagen fibers are aligned in parallel and show the typical 

D-banding pattern in the example shown in figure 2. 

When Melanoma cells were seeded on isotropic, ran-

domly oriented collagen I matrices, they did not show any 

specific alignment with the matrix fibers (figure 3 A). On 

anisotropic, parallel collagen I, the Melanoma cells 

aligned along the fibers taking on a spindle-like shape. 

The special structure of collagen I results in a high tensile 

strength in fiber direction, allowing the cells to orientate 

and stabilize their position by pulling and rearranging the 

fibers to adapt the matrix to their needs (figure 3 B). 

 
 

Fig. 1:  NanoWizard® 3 on a Zeiss LSM 710. The JPK 

NanoWizard® 3 AFM provides advanced imaging and mapping 

modes, which can be combined with inverted as well as upright 

optical microscopy techniques. 
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Fig. 2: Scheme of the collagen I structure – the final fibrils 

show the typical D-banding pattern, a striation with a 67 nm 

periodicity. The AFM height image (AC mode in liquid, 2.5 µm 

x 2.5 µm scan size, 12 nm height range) reveals the striped 

pattern of aligned collagen I prepared in vitro. 
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Melanoma cells expressing matrix metalloproteinase 2 

(MMT1, an enzyme that cleaves proteins) produced 

open-ended and curled up fibers (figure 3 C), while the 

cells had a rather round and non-polarized shape. 

 

 

In this example, fluorescence microscopy was used to 

take large overview images and thus to find a large num-

ber of evaluable cells. AFM imaging provided high resolu-

tion images of the collagen structure and three-

dimensional information on the cell-matrix interface, 

which helped, for instance, to distinguish between cells 

lying on top or in-between the mica support and collagen 

matrix. 

 
Characterization of soft biomaterials 
Due to their high biocompatibility and mechanical proper-

ties similar to organic tissue, hydrogels are used in vari-

ous medical applications (implants, tissue engineering, 

contact lenses etc.). Using lithography or stamping tech-

niques and controlling the cross-linking process during 

hydrogel synthesis, the hydrogel surface topography and 

mechanical properties can be tuned to produce tailor 

made substrates for e.g. regenerative medicine [13-15]. 

Many efforts are made to design and characterize hydro-

gels and to investigate the effect of their modifications on 

cell behavior.  

 

Quantitative Imaging (QI™) combines AFM based imag-

ing and force spectroscopy mode, providing a complete 

force curve for every pixel of the scan region (figure 4). 

This allows for calculating diverse data channels/images, 

like the height, Young’s modulus, contact point and adhe-

sion. Additionally, the unique tip movement algorithm of 

this mode allows for imaging with no lateral force and is 

thus tailor made for the imaging and investigation of very 

soft and delicate samples like hydrogels. More details can 

be found in the technical note “QI™ mode-Quantitative 

Imaging with the NanoWizard® 3 AFM”. 

 

Figure 5 shows different channels of one QI™ image of a 

micro-patterned hydrogel. The height (A, cantilever height 

at setpoint) and contact point images (C) (cantilever 

height at zero force) give information about the hydrogel 

topography/roughness; the adhesion (B) and Young’s 

modulus channels (D) provide adhesive and elastic prop-

Fig. 4: Different channels that can be determined by processing 

the force curves of QI images. In principle, any parameter can be 

calculated and assembled to a corresponding image.
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Fig. 3: Sketches, spinning disc confocal and AFM height images 

(left to right) of Melanoma cells grown on randomly oriented (A) 

and parallel collagen I matrices (B and C)[5]. Collagen shows 

green, melanoma cells red fluorescence. The cells in C express 

matrix metalloproteinase 1. 
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erties at each pixel of the image. Due to the accessibility 

of the raw force curves, any parameter can be calculated 

and composed to a corresponding image. 

Biomaterials like hydrogels are very soft and delicate 

samples that show similar mechanical properties like 

living tissues. By developing tailor-made imaging modes 

like QI™, AFM can be exploited to characterize structure 

and mechanical properties of such samples in one pass.  

 

Cell adhesion to implant materials 
Using the single cell force spectroscopy technique 

(SCFC, figure 6), the cell adhesion process can be quan-

tified [7] and the contribution of different components, e.g. 

from the extracellular matrix, can be assessed [8]. A 

living, suspended cell is chemically bound to a tipless 

cantilever, brought in contact with the substrate (any 

material or adherent cell/tissue) and retracted again. The 

approach part of the resulting force-distance curve pro-

vides mechanical information of the cell (2), the retract 

part (3) reveals the maximum adhesion force (F), single 

unbinding events (J), membrane tethering (T) and the 

work of removal. This is discussed in more depth in the 

technical note “Using the CellHesion® module - a practi-

cal guide”. 

 

The aim of the following study was to find nanostructures 

that influence cell adhesion and which can serve as ma-

terial for cochlear implants. A general problem of such 

implants is the post-operative increasing impedance of 

the electrodes, which is a result of connective tissue 

growing on the implant surface. This strongly affects the 

functionality as the nerve-electrode contact is continu-

ously decreasing. So the adhesion of fibroblasts, which 

are the most common cells in connective tissue, to 

nanostructured cochlear implant material was tested and 

the maximum adhesion force and the number of cell 

substrate bindings were determined (figure 7) [9]. 

Whereas the maximum adhesion force did not show any 

significant difference between the structured and non-

structured surfaces, the number of unbinding events 

revealed statistically relevant differences for the spike 

structured silicon sample, which has been tested as a 

potential electrode material. Application note “Effects of 

micro and nano structured surfaces on the cell adhesion 

using single cell force spectroscopy” discusses the work 

in more detail. 

 

This example shows the impact of nanostructures on 

cellular adhesion and the importance of testing implant 

materials for its suitability. Many efforts have been made 

to study the effect of different coatings and nano-patterns 

of adhesion mediators on cell adhesion [10-12]. But there 

is still a need for research into cell adhesion on com-
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Fig. 5: Height (A, 100 nm height range), adhesion (B, 30 pN

force range), contact point (C, 40 nm height range) and Young’s

modulus (D, 40 kPa elasticity range) images of a hydrogel. The

hydrogel sample was kindly provided by Dr. J. Fitremann,

CNRS, Université de Toulouse. 

Fig. 6: Principle of the AFM based Single Cell Force Spectros-

copy technique. 
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monly used implant materials. The cell- or tissue-implant 

interactions first appear as implants must be removed 

due to loss of functionality or even due to health com-

plaints. AFM based single cell force spectroscopy pro-

vides real quantitative data of cell-substrate interactions 

on the single cell level and represents a powerful tool to 

asses basic effects of surface properties like topography 

or mechanics on the cell adhesion process and finally to 

find and generate optimal structures for the use as im-

plant materials [1]. 

 

 

 

Cell-implant material interface studied by AFM 
and upright microscopy 
Implant materials like titanium or ceramics are often non-

transparent, which makes it difficult to perform the com-

plementary investigation of the cell-substrate interface 

using AFM and light microscopy. The JPK BioMat™ 

Workstation is tailor-made for combining upright optical 

microscopy with AFM (figure 8). The spatial separation of 

AFM and optical microscopy based on the BioMat™ 

shuttle stage makes it possible to investigate opaque 

samples using both techniques. A special calibration 

procedure correlates the sample position between both 

devices, as described in the technical note “Working with 

the Biomaterial workstation BioMAT™”. 

 

Figure 9 shows epifluorescence and AFM height and 

stiffness images of a CHO cell grown on titanium implant 

material. The GFP based fluorescence allowed for the 

optical locating of the cells. The space correlating calibra-

tion procedure allowed investigating the corresponding 

cells using AFM. QI™ mode was selected as imaging 

mode, which provided height as well as stiffness informa-

tion about the cell and the sample. 
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Fig. 7: The cochlear implant is composed of platinum electrodes 

embedded in a silicone carrier (A). The number of single unbind-

ing events (C) as well as the maximum adhesion force (D) were 

determined and compared for three different structures: Silicone 

elastomer, spike structured silicon and silicone mold of the 

structured silicon (B) [9]. Flat surfaces of the corresponding 

material were used for control measurements.  

 
Fig. 8: The JPK BioMat™ Workstation allows for combining 

optical upright with atomic force microscopy to investigate the 

same sample position with both techniques. 
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Fig. 9: Epifluorescence (left), AFM height (middle) and slope 

images (right) of a CHO cell grown on titanium implant material. 

The top row shows an overview, the bottom row a zoom of the 

cell. Maximum height: 4.2 µm, stiffness 0.04 N/m. Titanium 

samples were kindly provided by Prof. M.R. Cimpan and Prof. K. 

Mustafa, Univeristy of Bergen. CHO cells were kindly provided 

by Prof. A. Herrmann and R. Schwarzer, HU Berlin 
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Conclusions 
The benefit of AFM in biomaterial research is wide rang-

ing. High resolution imaging allows for characterizing the 

surface topography, which is a crucial parameter for the 

behavior and development of cells and tissues. The ad-

vancement and combination of AFM imaging and force 

spectroscopy provide a new imaging mode for gentle 

imaging and collecting quantitative data of very soft and 

delicate samples, like hydrogels and living cells. They not 

only enable the characterization of the cell-biomaterial 

interface, but also to image sample properties like the 

Young’s modulus, electrical and adhesive properties. 

Single cell force spectroscopy reveals the interactions 

between a cell and a biomaterial, like the initial adhesion 

force or single unbinding events. Finally, the adaptation of 

basic AFM imaging and force spectroscopy to the needs 

of soft materials and living cells and the true integration 

into high resolution optics make it possible to comple-

mentary and comprehensively characterize biomaterials 

and its interactions with cells. 
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