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The molecules follow a quarter-staggered fashion packing, which leads to the formation of the so call D-band

periodicity. This D-band periodicity is a repeating banding pattern of about 67 nm (depending on the different

tissue) and includes gap and overlap regions. Collagen fibrils form bundles and fibers by appropriate alignment.
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1. General

Collagens comprise about thirty percent (30%) of the whole protein in mammals and they have been recognized as

very promising substances for complementing the structure of biomaterials so that they can better interact with

biological systems . Among the vertebrate collagen superfamily, which consist of more than 50 collagens

and/or collagen-like proteins , the greatest interest is presented by collagen type I. This fibril-forming collagen is

the most abundant in mammals, including humans, and fulfills unique characteristics, including self-assembly .

In order to enhance the understanding concerning collagen’s role in a wide range of functions or diseases and

collagen possible applications, an extensive investigation at the nanoscale of the surface properties and structure

is demanded. Atomic Force Microscopy (AFM) arises as a novel technique for the nano-characterization of

biological samples and biomaterials . AFM was invented in 1986 by Binning et al. , and the first commercial

AFMs started to appear in the market in the beginning of 1990s . Soon after its development, researchers

worldwide started using it for nano-imaging and mechanical properties characterization of a wide range of

specimens, including biomaterials and biological samples .

2. Collagen

2.1. Collagen Superfamily and Collagen-Related Pathological Conditions

The superfamily of vertebrate collagen includes more than fifty collagen and collagen-like proteins . All the

members of this superfamily are identified by the same structure of the collagen molecule, consisting by a triple-

helix from 3 polypeptide chains . The characteristic of each polypeptide chain is the repeating pattern of amino

acids (Gly-X-Y), where X and Y can be any amino acid. So far, 28 different collagens have been identified in the

human body (a group of the collagen superfamily) with different structures and functions. There are different
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subgroups, such as the fibril-forming collagens, among which the type I collagen is of most interest . Other

members of the fibril-forming collagens are the collagen types II, III, V, XI, XXIV, and XXVII.

Generally, collagen and collagen mutations are related to many diseases, such as osteogenesis imperfecta,

chondrodysplasias, osteoporosis and a number of syndromes (for example, Ehler–Danlos, Alport, Knobloch).

Furthermore, structural variations of collagen at the nanoscale are related to a number of pathological conditions

. In addition, collagen alterations in terms of structure, orientation and mechanical properties have been

shown to have a significant role in desmoplastic solid tumors, such as breast and pancreatic cancers .

2.2. Collagen Type I

Collagen type I is member of the fibril-forming subgroup of the collagen superfamily. Over 90% of the collagen in

humans is type I as it is the major protein in the extracellular matrix (ECM). Collagen type I can be found mainly in

skin, tendon, vascular ligature, organs and it is the main part of the organic part of bone . The molecules of

type I collagen form rod-shaped triple helices that are assembled in order to form fibrils . The molecules follow

a quarter-staggered fashion packing, which leads to the formation of the so call D-band periodicity .

This D-band periodicity is a repeating banding pattern of about 67 nm (depending on the different tissue) and

includes gap and overlap regions. Collagen fibrils form bundles and fibers by appropriate alignment . The

fibrils of collagen type I play the role of the elementary building blocks in a wide range of collagen-rich tissues 

.

Depending on the tissue, collagen type I fibrils present different morphologies, properties, and have a crucial role in

different functions, such as scaffolding and mechanical strength . For example, in the case of tendons,

collagen fibrils have a lateral packing and present a uniform distribution of diameters . On the other hand, in

skin, the collagen type I fibrils are randomly oriented and present the form of loosely interwoven and wavy bundles.

However, one unique characteristic for collagen type I fibrils is the presence of the so-called D-band periodicity.

2.3. Collagen D-Band Periodicity

The packing of collagen type I molecules follow a quarter-staggered fashion that leads to the formation of a unique

banding pattern, the D-band periodicity (also known as D-band, D-periodicity, D-spacing) . Generally, the

collagen D-band periodicity is considered a unique nanocharacteristic of all fibrils-forming collagens. However,

there is a debate whether the length of the D-band periodicity is identical for all fibrillar collagens . For

instance, some researchers state that there is not a common D-band periodicity among fibrillar collagens .

These arguments are based mainly on electron microscopy studies where different D-band patterns were found on

different collagen types (collagen type I, II and III), both on positively  and negatively  stained

specimens. In addition, different patterns have been found in studies that compared native collagen type I with type

II , and reconstructed fibrils type I and V . Furthermore, a D-period of 65 nm has been reported in tissues rich

in collagen type III, such as dermis  and cornea . It must also be noted that for type I collagen, a fibrillar

variant the so-called Fibrous Long Spacing Collagen (FLS) has been reported . These fibrils are

characterized by significant larger values in D-band periodicity, typically 200–300 nm. FLS were first reported in in
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vitro experiments , but subsequently, it was found in a number of pathological and normal tissues .

Nevertheless, it was focused on collagen type I D-band periodicity. The D-band periodicity plays a significant role in

the collagen type I fibrils mechanical properties and the cell-collagen crosstalk, while it has been associated with a

wide range of pathological conditions .

The length of the D-band periodicity is tissue-dependent, but in all cases includes gap and overlapping regions 

. Fibrillar collagens are generally characterized by a D-band periodicity of 64–67 nm depending on the tissue

. A number of the variations of the D-band periodicity that have been reported in the literature is presented in

relevant articles . For example, some of the values that have been reported using different microscopy

techniques are: 64.6 ± 5.3 nm (55–80) for human skin , 67.7 ± 0.9 (central zone) and 71.3 ± 0.4 (distal zone) for

vitrified predentin , and 54–75 nm demineralized dentin  (variations in D-band periodicity are also presented

in the Results). Furthermore, it has been reported that a D-periodicity of 65 nm it can be found in corneal stroma.

One explanation is that the fibrils are more hydrated and, as a result, the molecules are tilted by about 15  to the

fibril axis, leading to a reduced axial periodicity . In addition, as mentioned previously, some researchers state

that tissues that are rich in collagen type III, such as cornea and dermis, present the 65-nm D-band periodicity 

. In the literature, frequently, the D-band periodicity is introduced as a single value of 67 nm, but as it has been

discussed this is not true . Both the collagen type and the tissue play a role. So, it can be said that collagen D-

band periodicity is collagen-type and tissue-dependent.

Collagen D-band periodicity has been correlated with fibrils’ mechanical properties, collagen–cell interactions and a

number of pathological conditions . It has been shown that cells respond to this periodic pattern and, for

example, cell elongation along collagen fibrils/fibers major axis has been correlated with the D-band periodicity

orientation . In general, the so called “contact guidance mechanism” has been associated with the motion of the

cell along the axis of fibrous features, such as the fibrous proteins (including collagen) of the ECM  and the cells’

morphodynamics respond to both surface characteristics and mechanical properties of the surrounding

environment . According to the literature, there is a limiting threshold regarding the response of the cells on the

contact mechanism, while it has been shown that, at least for fibroblasts, this threshold is ~35 nm . However, the

exact mechanism of cell-collagen and/or cell-collagen-based biomaterials is not yet fully clarified.

2.4. Collagen-Based Biomaterials

Since collagen possesses unique properties, such as non-toxicity, bio-compatibility, bio-degradability and the ability

for self-assembly , it has been identified as unique biomaterial for the development of novel biomaterials .

For example, controlling the self-assembly process of collagen can lead to the development of collagen-based

biomaterials that can be used as in vitro models of collagen-rich tissues. In addition, it has been demonstrated that

collagen-based surfaces with well-organized geometrical features, such as aligned fibers and or porous structures,

can guide cell behavior towards a better performance . The control of cells movement has attracted

significant research interest as it has been associated with specific biological processes, such as wound-healing

and metastasis.
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Although the process of collagen self-assembly is entropy-driven and the basic principles are known , the exact

mechanism is not well defined  and the development of collagen-based biomaterials with tunable and/or pre-

determined characteristics and properties remains a challenging task. The formation of the D-band periodicity is a

consequence of the self-assembly process. In vivo, the cells’ (mainly fibroblasts) membrane includes recesses,

which appropriately arrange thin collagen fibrils. In the case of the in vitro formation of collagen fibers with D-band

periodicity, the mechanism is modified as the self-assembly occurs in the absence of cellular control and a number

of growth steps, both linear and lateral, take place .

As the majority of the biological reactions occur on interfaces and/or surfaces and specific biological processes,

including cells’ proliferation and adhesion, are influenced by the nano-characteristics of the biomaterials, the

features of the biomaterials’ surface are of pivotal importance in bioengineering and biomedicine .

Consequently, the nano-characterization of the surface properties of collagen and collagen-based biomaterials is of

crucial importance. What is more, the formation of collagen-based biomaterials is not straightforward and that is

why novel techniques are required for evaluating and studying the properties of the final material. One of the major

tools for these purposes (the characterization of collagen and collagen-based biomaterials), is Atomic Force

Microscopy (Figure 1) . However, a number of other techniques can be used for characterizing and

imaging collagen and collagen-based biomaterials.

Figure 1. An illustration of an Atomic Force Microscopy scanning a collagen fiber.

2.5. Imaging Collagen and Collagen-Based Biomaterials

Collagen and collagen-based samples can be imaged with a variety of imaging techniques, including optical and

electron microscopy techniques and Atomic Force Microscopy (AFM). Optical microscopy possesses the

advantages of the non-invasiveness and the minimum sample destruction due to light–collagen interactions. It
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must be noted that there are some specific types of optical microscopy that present selectivity on collagen, such as

second harmonic generation (SHG)  and polarized microscopy, especially when combined with

picrosirius red staining . SHG is a nonlinear optical microscopy technique and no staining is demanded,

while for picrosirius red staining polarization microscopy, fixation and staining is demanded. However, for all the

light microscopy techniques, it must be taken into account that the size of the collagen fibrils is smaller or at the

limit of optical microscopy. Of course, the D-band periodicity is much smaller of the resolution of optical microscopy.

Furthermore, in tissues, fibrils are assembled into bundles and sheets and the imaging of individual fibrils is

impossible with a light microscope. However, in cases that high resolution is demanded, optical microscopy

techniques are used. In addition, in many cases, correlative microscopy or different microscopy techniques are

combined, such as AFM and SHG . Concerning, electron microscopy techniques, transmission electron

microscopy (TEM) and scanning electron microscopy (SEM) were for many years the major imaging techniques of

collagen and collagen-based biomaterials, especially TEM that presents higher resolution . Electron

microscopy techniques enable also the measurement of the fibrils’ length, the fibril volume fraction (FVF) and the

3D organization of the fibrils . The D-band periodicity was originally observed in the early 1960s on electron

micrographs that led the introduction of the D-band periodicity (D-stagger), and subsequently, the model that

describe it with the gap and overlap regions . Studies with TEM showed that the average D-band periodicity is in

the range of 64–70 nm . Unfortunately, electron microscopy techniques present some significant limitations. First

of all, during sample preparation biomolecules such as collagen irreversibly denature as a consequence of the

harsh chemical fixation and the staining procedure . In addition, the specimen–electron beam interaction may

destroy collagen ultrastructure. Some of these drawbacks may be overcome with cryo-electron microscopy

techniques that protect biomolecules’ native ultrastructure and have the advantages of electron microscopy .

However, the fact that these techniques require a highly specialized equipment, complicated analysis strategies,

complicated preparation protocols (for example, freezing tissues) and are characterized by poor signal-noise ratio

that minimize their applications. Finally, AFM is a high-resolution surface technique that can combine both imaging

and mechanical properties characterization of biological samples. Minimum sample preparation is demanded and it

can be performed under different environmental conditions. As the focuses is the characterization of collagen D-

band periodicity with AFM, detailed information about AFM and its applications concerning collagen are presented

in the next sections.

3. Atomic Force Microscopy

3.1. General

Atomic Force Microscopy (AFM) was developed in 1980s  and is member of the scanning probe microscopies

family. AFM measures the probe (a tip mounted on a cantilever) surface interactions in order to assess information

concerning the topography and the mechanical properties of the sample at the nanoscale. Since its invention, AFM

has arisen as a fundamental nano- and microscopy technique, as it possesses a number of advantages compared

to other microscopes (such as optical microscopy, Scanning and Transmission Electron Microscopy). AFM can

operate in different environmental conditions, with different modes, that can offer a wide range of information from
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surface topography to mechanical characterization of specimens that require minimum preparation . These

features make it very attractive for biological samples, including collagen- based tissues and biomaterials.

3.2. AFM Basic Principles

AFM is very different than conventional microscopes as it has no lenses of any kind. Actually, AFM “feels” rather

than “looks” at the sample surface . An AFM system uses a probe in order to collect the specimen information.

The AFM probe is a tip (with different shapes depending on the application) mounted on a cantilever, which are

attached on a chip. Piezoelectric elements are used for the accurate scanning of the tip over the sample. The

movement of the tip is being monitored by using a laser beam. A laser source emits a laser beam in the backside of

the cantilever. The deflection beam is then detected by a photodiode (a photodetector). During the scanning

procedure the cantilever bends, due to the tip-sample forces, and the photodetector monitors the movement of the

tip by the changes of the laser spot position. The photodetector, which is a position-sensitive detector, translates

the laser deflection into an electric signal that is used for the formation of a 3-D image of the surface  or it is used

for force spectroscopy purposes depending on the used mode.

3.3. AFM Modes

One of the more significant characteristics of AFM is that it can operate in a wide range of different modes, and as

a result, it can offer both qualitative and quantitative information concerning bio-samples , such as nano-

topography and mechanical properties characterization . The most widely used AFM modes are the

contact mode, the tapping mode, and the non-contact mode (where the tip does not come in contact with the

sample surface). In contact mode, the tip is always in contact with the sample surface and topographical maps are

provided. In addition, during contact mode, Lateral Force Microscopy (LFM) imaging can be performed. LFM offers

information relevant to the surface friction which is a consequence of the material’s surface inhomogeneities. In

tapping mode (also known as intermittent mode, dynamic contact mode and AC mode), the cantilever oscillates at

its resonance frequency. Tapping mode can be used for acquiring topographical images, while it can

simultaneously capture phase images . Phase imaging use as contrast the phase lag between the cantilever’s

driving signal and its output signal. Phase images are useful in order to understand variations in composition,

friction, adhesion and viscoelastic properties of heterogeneous specimens . The information from phase

imaging goes beyond topographical features . Tapping mode is preferred in the case of the biological

specimens as they are quite soft, and this mode is less destructive as lateral and frictional forces are minimized 

. Finally, AFM can also operate in non-contact mode. This mode is not frequently used in biological samples as it

is quite difficult to perform. During this mode, the AFM tip does not come in contact with the sample surface and

uses only attractive forces.

AFM can also be used for nanomechanical properties characterization of the samples with force spectroscopy. In

this experimental procedure, the AFM probe acts as a force sensor  for assessing the mechanical properties of

the sample with different modes . For instance, the AFM nanoindentation procedure (where indentation–force

curves are formed)  or the force scanning mode  can be used for acquiring information regarding the

samples stiffness (in terms of Young’s modulus values or stiffness maps) . For acquiring the specific
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values, mechanical models are used, such as the Hertz model, which is the most widely used, while commercial or

home-built software are used for the fitting the mathematical expressions .

3.4. AFM Limitations

It must be noted that AFM, as the majority of the microscopes, is also characterized by a number of drawbacks

. First of all, AFM is a surface imaging and mechanical properties characterization technique. Although AFM

can provide information concerning the z axis (is one of the few microscopes that provide 3D maps of the surface),

this ability is limited to the length of the tip. So, it provides only characterization of the surface and not the whole

specimen in the z axis. In the case of the collagen-based materials, AFM cannot measure the organization of the

fibrils in the three dimensions or the fibril volume fraction (FMV) . Furthermore, in the cases of the biological

derived collagen-based specimens (such as tissue sections), the characterization of the surface is very challenging

as the specimen collection procedure or preparation methodology (for example, needle biopsy collection, section

with surgical blades) may destroy the collagen ultrastructure. However, the combination with cryosectioning

techniques enables the visualization of the ultrastructure of unstained specimens , while more complicated

specimen preparation techniques have been proposed in the literature . One more limitation is that AFM

systems can image a single nano-sized image at a time. The size of the maximum size of the image depends on

the different AFM scanners, which are different depending on the manufacturer. As a result, information, such as

the collagen fibril length, cannot be assessed, but it does not affect features such as the D-band periodicity.

Furthermore, AFM imaging is characterized by low scanning time, which can cause thermal drift on the sample.

This limitation is overcome by novel developments in AFM modes and techniques, such as the fast/high-speed

scanning . One more limitation, concerning collagen characterization is related to the sample preparation and

the need for the specimen to be firmly attached to a substrate. As the AFM tip exerts forces on the specimens,

loosely attached samples cannot be characterized. In the case of tissue specimens, biocompatible glues are used,

but careful handling is demanded so as to protect the surface. On the other hand, for in vitro self-assembled

collagen fibrils, physical adsorption of the collagen solutions on a flat substrate, such as mica, is usually used.

Another source of drawback arises when collagen characterization is performed in air as a layer of water

condensation and other contamination often covers both probe and sample. This leads to attractive forces that

affect imaging. In order to overcome this limitation, AFM characterization under liquid conditions (for example,

saline buffers) is usually used. Finally, a source of possible limitation arises from the size and shape of the AFM tip.

Inappropriate, damaged or contaminated tips may influence topographical characteristics, such as the D-band

periodicity and the relevant measurements. Currently, a number of manufactures offers a wide range of AFM tips,

with different shapes, sizes and for different environmental conditions and modes, so as the appropriate ones to be

selected. In addition, calibration gratings can be used for assessing tips’ performance. Overall, as the AFM

technology matures, new advances and developments help researchers to overcome the majority of the limitations

of this technique.

3.5. AFM and Collagen
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One of the major advantages of AFM in biology and bioengineering ones is the fact that it does not demand

significant sample preparation. For example, for the AFM characterization, it is not necessary to coat or label the

specimen with dyes/antibodies, while depending on the sample, dehydration is not mandatory .

Furthermore, AFM can operate both in air and liquid , while also experiments under vacuum conditions have

been performed. Concerning the application of AFM on collagen-based samples both imaging and mechanical

properties characterization have been applied in a wide range of samples, from pure collagen to collagen rich-

tissues and biomaterials. AFM scanning does not affect or destroy the collagen structure, while AFM resolution can

provide information from molecules to individual fibrils/fibers . AFM has been applied for investigating different

properties of collagen, including collagen structure, the role of collagen in a number of pathological conditions and

collagen–cell interactions. 
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