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Abstract
Background. The growth of a human embryo is a very sophisticated process. Understanding the way it proceeds is 
a key factor in pathology preventing and treating diseases. Therefore one needs to use advanced to tools and meth-
ods to investigate various aspects of the anatomy and physiology of humans during the first months of growth. 
Objectives. This work is focused on the structure of dura mater tissue, one of the membranes protecting the 
brain, which can be responsible for a number of health issues if it develops abnormally. The aim of the work was 
to observe dura mater tissue structure with atomic force microscopy and to provide a quantitative method of dis-
crimination of both the periosteal and meningeal layers in a 6-month-old human embryo. 
Material and Methods. The measurements were performed with atomic force microscopy, in air, using tapping 
mode. The sample was stored in formaldehyde and dried prior to the measurements.
Results. The results obtained permitted observation of the structure of the tissue, in particular the presence of 
collagen fibers. By applying various image analysis tools, quantitative descriptions of both layers were created in 
order to distinguish them. 
Conclusions. The experiment proved that atomic force microscopy can be a useful tool in the investigation of the 
development process of the dura mater tissue in terms of the appearance of differences related to various functions 
of the periosteal and meningeal layers (Adv Clin Exp Med 2012, 21, 4, 487–493).
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Streszczenie
Wprowadzenie. Proces wzrostu ludzkiego płodu jest bardzo złożony. Jego zrozumienie jest kluczowe w zapobiega-
niu stanom patologicznym i leczeniu schorzeń. Dlatego też konieczne jest zastosowanie zaawansowanych narzędzi 
oraz metod w różnego rodzaju badaniach anatomii i fizjologii człowieka podczas pierwszych miesięcy rozwoju.
Cel pracy. W pracy skoncentrowano się na strukturze tkanki opony twardej jako jednej z warstw chroniących 
mózg, mogącej mieć wpływ na stan zdrowia w przypadku zaistnienia jego wad rozwojowych. Celem pracy była 
obserwacja struktury tkanki opony twardej z wykorzystaniem mikroskopii sił atomowych oraz zapewnienie meto-
dy ilościowego opisu różnicującego obie warstwy: okostnowej i oponowej dla przypadku 6-miesięcznego płodu 
ludzkiego.
Materiał i metody. Pomiary wykonano z wykorzystaniem mikroskopu sił atomowych, w powietrzu, w trybie przery-
wanego kontaktu (tapping mode). Próbka była przechowywana w formaldehydzie i wysuszona tuż przed pomiarami.
Wyniki. Uzyskane wyniki pozwoliły zaobserwować strukturę tkanki, a w szczególności obecność włókien kolage-
nowych. Zastosowanie narzędzi analizy obrazu umożliwiło stworzenie ilościowego opisu obu warstw pozwalające-
go na ich rozróżnienie.
Wnioski. W niniejszym eksperymencie wykazano, że mikroskopia sił atomowych może być użytecznym narzę-
dziem w badaniach procesu rozwoju opony twardej w kontekście powstawania różnic między warstwami okostno-
wej i oponowej wynikających z pełnionych przez nie funkcji (Adv Clin Exp Med 2012, 21, 4, 487–493).

Słowa kluczowe: mikroskopia sił atomowych, obrazowanie diagnostyczne, kolagen, anatomia, neurologia, opona 
twarda.
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Medicine is a constantly evolving science. In 
order to develop new treatment methods and drug 
therapies, new research and clinical experience are 
required. Progress in gathering knowledge about 
human anatomy and physiology can be continued 
thanks to the availability of advanced diagnostic 
methods. During the last two decades, a group of 
sophisticated measuring tools has contributed si-
gnificantly to broadening the horizons of know-
ledge in the fields of biology and medicine. one 
of those tools is atomic force microscopy (AFM), 
which can perform measurements at a wide range 
of temperatures, in both air and liquid. Due to di-
rect tip-sample interaction, it permits certain phe-
nomena to be observed on the scale of single cells 
or even smaller particles, such as DNA [1, 2] and 
rNA [3], lipids [4], proteins [5, 6] and membranes 
[7]. Also, rather large object as fibrils [8] and col-
lagen fibers [9] or even certain tissue samples [10] 
have been successfully investigated.

For centuries the human brain was considered 
an organ that should not be subjected to surgical 
procedures. But since major breakthroughs that 
happened in 19th century, when anesthetic and 
aseptic procedures were developed, knowledge 
started to evolve significantly, and “forbidden” ar-
eas were investigated.

The brain is protected by a few layers of tissue. 
one of them is the meninges – a system of mem-
branes which envelopes the whole central nervous 
system. The meninges consist of the dura mater (Fig. 
1), the arachnoid mater and the pia mater. The dura 
mater is the thickest and outermost of these mem-
branes, and it has a protective function. The por-
tion of the dura mater overlying the cerebral hemi-
spheres (the cerebral dura) and brain stem contains 
two separate layers: an outer periosteal layer and an 

inner meningeal layer, which split to form sinuses. 
The periosteal layer is adherent to the inner surface 
of the skull (no epidural space). Two important par-
titions arise from the meningeal layer and separate 
different components of the cerebral hemispheres 
and brain stem: The falx cerebri separates the two 
cerebral hemispheres, and the tentorium cerebelli 
separates the cerebellum from the cerebral hemi-
spheres. The dura mater that covers the spinal cord 
(the spinal dura) is separated from the vertebrae by 
epidural space and is composed of one layer (spinal 
dura only; vertebrae have their own periosteum). 
Moreover, it is continuous with both the meningeal 
layer of the cranial dura and the epineurium of pe-
ripheral nerves. 

It should be mentioned that the function of 
the meningeal layer of the dura is very complex: It 

Fig. 1. A view of the brain of a 6-month-old human 
embryo. The arrow points to the dura mater tissue 
(grey color)

Ryc. 1. Widok mózgu 6-miesięcznego płodu ludzkiego. 
Strzałka wskazuje tkankę opony twardej (szarego koloru)

Fig. 2. The surface of the periosteal layer of dura mater tissue imaged with AFM. From left: topography, inclination 
transformation of the topography and phase imaging picture. The collagen fibers can be seen

Ryc. 2. Powierzchnia warstwy okostnowej opony twardej zmierzonej z wykorzystaniem AFM. od lewej są widoczne: 
topografia, transformata Inclitation topografii oraz obrazowanie fazowe. Widoczne są włókna kolagenowe
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protects the brain and supports the arteries, veins 
and sinuses as well as confines the space filled with 
cerebrospinal fluid. Dura also contains osteoblast 
cells [10–13].

This complex and fragile tissue changes signifi-
cantly during the first months of human growth. 
Therefore, interest in investigating possible tran-
sitions of the morphology and functions of dura 
was the motivation for undertaking analysis of the 
structural differences in the periosteal and menin-
geal layers. Although scanning electron microscopy 
became a popular instrument in medical science 
and a number of analyses based on data obtained 
with this instrument have been performed [13], the 
extreme fragility of the dura tissue was the reason 
the current authors decided to use atomic force mi-
croscopy (AFM), in order to provide reliable imag-
ing of the features present on the scanned surface. 

Material and Methods
In the experiment the authors have used the 

complete dura mater of 6-month human embryo 

that had been stored in 10% formaldehyde (meth-
anal) for several years, as access to new samples is 
currently almost impossible. Small pieces (about 
1 cm × 1 cm) were cut by scissors directly before 
the preparation and measurement. Before extract-
ing pieces, the arachnoid mater was separated. It 
should be emphasized that in the case of an em-
bryo those fragile tissue layers can be separated 
relatively easily without causing any visible dam-
age. The specimens were extracted from the convex-
ity area, near the superior sagittal sinus. After plac-
ing the specimens on a microscope slide, they were 
dried in ambient conditions for about 30 minutes. 
The measurements were performed in air with an 
Innove atomic force microscope from Bruker (for-
merly Veeco). In order to use a low level of tip-sam-
ple interaction force and reduce the impact of the 
measurement tool on the sample, tapping mode was 
used. Because large adhesion forces and the possible 
creation of capillary bridges were anticipated, an ap-
proximately 40 N/m spring constant (producer’s da-
ta) silicon cantilever from Bruker was used in order 
to prevent the tip from sticking to the surface.

Fig. 3. A 3D view of the periosteal 
(left) and meningeal (right) layers 
of the dura mater imaged with 
AFM. Complex structures created 
by collagen fibers are visible

Ryc. 3. Trójwymiarowy widok 
blaszki okostnowej i oponowej 
opony twardej obrazowa-
nej z wykorzystaniem AFM. 
Widoczne są złożone struktury 
kolagenowe
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During the measurements, drift of the surface 
was observed, caused by the continuous evapo-
rating of the formaldehyde; but using a relatively 
high scan rate (about 1 Hz) allowed this issue to 
be minimized. An example of the results obtained 
is shown in Fig. 2. Since a topography picture 
sometimes cannot provide satisfying contrast, the 
inclination transformation of the topography data 
is also shown in order to increase the readability 
of the picture [15, 16]. The inclination transfor-
mation visualizes the angle of local plane inclina-
tion and allows for easy visual comparison of dif-
ferent slopes present in the image [17]. Also, the 
so-called phase imaging mode, which reveals tip-
sample energy dissipation nonhomogeneities [18] 
and the topographical features, allowed interesting 
structures to be seen: the mutual orientation of the 
fibers and the stripes on the collagen fibers.

Further measurements permitted verification 
that after few hours of continuous measurements 
in that same area, the shape and orientation of 
collagen fibers did not change. Therefore it was 
possible to continue the scanning process without 
concern about possible deformation of the features 
caused by further drying of the sample. After scan-
ning relatively large areas (tens of micrometers), 
interesting structures containing ordered bundles 
of collagen fibers could be observed (Fig. 3). There-
fore, a number of scans were performed in order 
to compare results and to find regularities in those 
structures. Both the periosteal and meningeal lay-
ers were scanned, and examples are shown in Fig. 4.  
Three different scans and the analysis results are 
presented for each layer.

A visual comparison of the data leads to the 
conclusion that there are distinct differences be-
tween the periosteal and meningeal layers. The 
periosteal layer, due to its function, contains fewer 
irregularities and grainy structures. The bundles 
made of collagen fibers are braided, creating a me-
chanically stable and relatively rigid structure. The 
meningeal layer is much more complex and rough. 
The objects present on the surface may be nuclei of 
arachnoid granulations that stuck to the dura dur-
ing the separation process. In order to compare 
quantitatively the structural ordering of the colla-
gen fibers on both layers of the dura mater, a “slope 
statistics” data processing tool was used [17], which 
delivers 360-degree direction-correlated calcula-

tion of the slopes of the structures (fibers). This 
feature calculates the distribution of derivatives of 
the topography, providing information about the 
presence of privileged directions of orientation of 
the morphological objects. The information can be 
obtained in two formats: a two-dimensional distri-
bution showing the color-related density of direc-
tion and angle of the slopes; or a graph present-
ing the amount of slopes versus the theta angle. 
The generated data permitted to determine of the 
minimum-maximum values of the graphs and the 
full width at half maximum (FWHM) of the peaks 
indicating the privileged direction of the collagen 
fibers’ mutual orientation.

The average value and standard deviation of 
the peaks’ amount and FWHM of the structures’ 
orientation/direction statistics from more than ten 
topography data sets were calculated and are sum-
marized in Table 1. Moreover, selected roughness 
parameters were calculated in order to find differ-
ences allowing the two layers to be distinguished. 
The valued calculated and summarized in Table 1 
values were as follows [19]: The surface area ratio 
(Sdr) expresses the increment of the interfacial sur-
face area relative to the area of the projected (flat) 
plane. The fractal dimension (Sfd) is a 360-degree 
direction-correlated analysis of the Fourier ampli-
tude spectrum (Fig. 5, left). The amplitude Fourier 
profile is extracted and the logarithm of the fre-
quency and amplitude coordinates is calculated. 
The direction containing the highest amount of 
high-order frequencies is marked with the highest 
peak. The texture aspect ratio parameters (Str 20 
and Str 37) are used to identify texture strength 
(the uniformity of the texture aspect), defined as 
the ratio of the fastest to slowest decay to correla-
tion 20% and 37% of the autocorrelation function 
respectively. The texture direction index (Stdi) is 
a measure of how prevailing the dominating di-
rection is, and is defined as the average amplitude 
sum divided by the amplitude sum of the domi-
nating direction (Fig. 5, right). This factor is in 
the range of 0 to 1; surfaces with very dominant 
directions will have Stdi values close to zero, and if 
the amplitude sum of all direction are similar, the 
Stdi is close to 1. By calculating the unpaired two-
sample t-Student test with 0.05 of the statistical 
significance level, it could be confirmed that the 
utilized quantitative descriptions of the periosteal 

Fig. 4. Examples of the scans of the periosteal (1) and meningeal (2) layers of the dura mater and the image analysis 
results. Topography (a), inclination of the topography (b), slope analysis of the topography as two-dimensional distri-
bution (c) and linear graph (d) respectively

Ryc. 4. Przykłady pomiarów blaszek okostnowej (1) i oponowej (2) opony twardej oraz wyniki analizy obrazu. 
Widoczne są: topografia (a), transformata Inclitation topografii (b), dwuwymiarowy rozkład (c) i wykres liniowy ana-
lizy nachylenia struktur na powierzchni (d)
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and meningeal layers are different, and therefore 
allow them to be distinguished.

The obtained results show differences in the 
topographical properties of the investigated sur-
faces of the dura mater. one can clearly see that 
the regular structures of collagen fiber bundles 
on the periosteal layer generated fewer but wider 
peaks in the slope analysis, as well as a higher frac-
tal dimension value. However, the texture aspect 
ratio and texture direction index showed lower 
values (it must be emphasized that those values 
are averaged for all directions, therefore a com-
parison of maximum values calculated for certain 
directions could obtain higher values and indicate 
the presence of strongly ordered structures on the 
periosteal layer). 

Although the surfaces presented within every 
group of scans (the periosteal and meningeal lay-
ers) can appear to differ significantly in terms of 
qualitative description, the tested roughness pa-
rameters allowed them to be distinguished without 

overlapping results, which means the presented 
methods of quantifying surface morphology ap-
pear to be effective in terms of distinguishing the 
two layers. This particular tool can be utilized in 
further research, as the study of the embryo’s dura 
mater development could be a source of knowl-
edge about central nervous system pathology.

The authors concluded that the measurements 
performed provided interesting results regarding 
the periosteal and meningeal layers of dura mater 
tissue on the micrometer and submicrometer scale. 
The procedure developed and described is an effec-
tive way to prepare and scan very fragile specimens 
with AFM in air using the tapping mode. The visu-
alization of the collagen fiber structures was of sat-
isfactory quality and allowed for a complex analy-
sis of the morphology of the surface, including the 
utilization of advanced processing functions, pro-
viding a quantitative description of the samples. 
The utilized quantification method based on vari-
ous roughness measurement parameters appeared 

Fig. 5. results of determination of roughness parameters: mean fractal dimension (left) and texture direction (right)

Ryc. 5. Wyniki oceny parametrów chropowatości: średni wymiar fraktalny (po lewej) oraz ukierunkowanie tekstury 
(po prawej)

Table 1. Statistical analysis of roughness parameters calculated from a group of topographic measurements of the periosteal 
and meningeal layers of dura mater

Tabela 1. Analiza statystyczna parametrów chropowatości powierzchni obliczona na podstawie grupy pomiarów blaszki 
okostnowej i oponowej opony twardej

Peaks FWHM Sdr Sfd Str 20 Str 37 Stdi

Periosteal 
layer
(Blaszka  
okostnowa)

average 2.5 26.0 22.96 2.068 0.568 0.605 0.607

standard deviation 1.1 12.7 13.21 0.012 0.116 0.073 0.027

Meningeal 
layer
(Blaszka
oponowa)

average 6.6 6.2 43.16 2.047 0.729 0.793 0.695

standard deviation 1.9 6.2 12.42 0.011 0.024 0.027 0.015

t-Student test for α = 0.05
(Test t-Studenta dla α = 0,05)

4E-14 6E-4 8.6E-5 1.5E-5 4E-5 3E-10 2E-12
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to be useful. The comparison of the results showed 
distinct differences between the two layers. There-
fore it can be expected that the approach presented 
can be effective in further experiments. Continued 
study of the structural ordering of embryonic dura 

mater tissue can provide interesting information 
about the growth process of certain organs. Such 
knowledge can be used to identify the sources of 
human development pathologies and may lead to 
the development of effective treatment methods.
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