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3D ANALYSIS OF THE MICRO- AND NANOSTRUCTURE OF LUNG
TISSUE BY SCANNING PROBE NANOTOMOGRAPHY
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Objective: to analyze the 3D micro- and nanostructure and quantitative morphological parameters of rat lung
tissue. Materials and methods. Wistar rat lung tissue samples were obtained for the study. The 3D structure
of the lung tissue was studied via scanning probe nanotomography using an experimental setup combining an
ultramicrotome and a scanning probe microscope. Results. Nanoscale images and 3D nanotomographic recon-
structions of the interalveolar septal sections of the rat lung were obtained. Morphological parameters (average
roughness and specific effective area) of the interalveolar septal surface were determined. It was found that
the average roughness of the reconstructed septal surface was 345.4 + 24.5 nm, and the specific effective area
was 2.7 + 0.2 units. Conclusions. Results obtained demonstrate that scanning probe nanotomography allows
to quantify lung morphology. The use of scanning probe nanotomography for 3D analysis of the structure and
characteristics of lung tissue will increase the efficiency of future developments on creation of new criteria for

diagnosing pathological conditions.
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INTRODUCTION

The development of methods for microscopic studies
of the three-dimensional nanostructure of cells and tissu-
es is extremely important for understanding the structural
and molecular mechanisms responsible for their functio-
nality and the timely detection of pathological changes.
Thus, modern methods of studying the three-dimensional
micro- and nanostructure of biological objects are of
great importance, in particular, such high-resolution mi-
croscopy methods as scanning probe microscopy (SPM)
and scanning electron microscopy with a focused ion
beam (SEM/FIB) [1, 2].

Studies using SEM/FIP made it possible to recon-
struct the three-dimensional organization of alveoli in
mouse lung tissue [3] and myofibrils, T-tubules, sarco-
plasmic reticulum and mitochondria in myocytes [4, 5].
The recent discovery of interconnected networks of mi-
tochondria in muscle cells [6] convincingly proves that
nanotomography techniques can effectively investigate
three-dimensional relationships between cell organelles,
compartments, and systems. These structures are almost
impossible to fully characterize using conventional mi-
croscopic techniques, which only provide two-dimensi-
onal images and projections of cellular structures. How-
ever, SEM/FIB cannot be called the optimal method for
the analysis of biological objects, since the used electron
and ion beams can cause undesirable damage to the sur-
face structure, and the contrast and resolution on SEM
images of samples after exposure to an ion beam can be
reduced [1, 2, 7, 8].

The physical principles of SPM imaging are funda-
mentally different from the principles of both optical
and electron microscopy [9—-11]. In the case of SPM,
raster images of the topography and distributions of the
physical properties of the sample surface are construc-
ted by analyzing the features of the physical interaction
of the ultra-sharp probe (cantilever) with the scanned
surface. The integration of the technique for obtaining
ultrathin sample sections (ultramicrotomy) with SPM
methods within the framework of a single instrument
complex makes it possible to implement the scanning
probe nanotomography (SPN) technology [2]. Compu-
ter processing of a series of sequential SPM images of
the sample surface obtained immediately after ultrathin
sections makes it possible, using specialized software,
to perform three-dimensional reconstruction of the mic-
ro- and nanostructure of the samples under study, which
makes it possible to apply any SPM techniques for the
tasks of three-dimensional analysis. Thus, the analysis of
three-dimensional structures of tissues of various organs
by the SPN method makes it possible to obtain unique
information about their nanoscale organization, which
is inaccessible to other methods. It is also important that
the analysis of three-dimensional SPN-reconstructions
of biological objects and materials makes it possible to
quantitatively evaluate such important parameters of
their nanomorphology as micro- and nanoporosity [12],
effective surface area and roughness, surface area to
volume ratio [13].
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The progress of SPN technology as applied to the
study of organs and tissues may allow the development
of new methods and criteria for diagnosing the state of
organs of donors and patients for the tasks of modern
transplantology. This paper presents studies of three-
dimensional structures of rat lung tissue using SPN me-
thods.

MATERIALS AND METHODS

Preparation of rat lung tissue samples for scanning
probe nanotomography

Male Wistar rats (250-350 g weight) were used in
the experiments. The operation with the animals was
carried out under inhalation ether anesthesia. The rat was
placed belly up on the operating table and the legs were
straightened. The skin on the abdomen was pulled with
tweezers, and a longitudinal skin incision was made on
the midline of the abdominal side of the body from the
genital opening to the sternum with scissors. The skin
was turned away and secured. Then the chest cavity was
opened, the lungs were taken, cutting off the trachea
and arteries. After sampling, the lungs were placed in a
sodium phosphate buffer solution (pH = 7.4) and washed
from blood.

For preparation for SPN, fragments of lung tissue
3 x 3 mm in size were excised with a scalpel. Then, to
fix the obtained samples, the fragments were placed in
a 2.5% solution of glutaraldehyde in sodium phosphate
buffer (pH = 7.4) and incubated for 2 hours in the dark
at + 4 °C. Then there were three washes of the samples
in sodium phosphate buffer for 10 minutes. After that,
the samples were dehydrated by wiring through alcohols
with increasing concentration by the following pattern:
a) 30% ethanol solution — 10 min;

b) 50% ethanol solution — 10 min;
¢) 70% ethanol solution — 10 min;
d) 80% ethanol solution — 10 min;
e) 96% ethanol solution — 10 min.

Next, the samples were washed three times in pro-
pylene oxide for 10 minutes each, and then incubated
in a mixture of propylene oxide and epoxy resin in a
1:1 ratio for 30 minutes, after which the samples were
transferred into a mixture of propylene oxide and epoxy
resin in a ratio of 1:2 and incubated for 30 minutes. Then
the samples were embedded in epoxy resin, incubated
in a thermostat at 45 °C for 24 hours, after which the
incubation was continued for 48 h at 60 °C.

To fill the samples, an epoxy medium (Epoxy Embed-
ding Medium, Sigma-Aldrich, cat. No. 45345) was used,
mixed with an equal weight of the embedding medium
hardener (dodecenyl succinic anhydride, Sigma-Aldrich,
USA, cat. No. 45346) and 4% by weight DMP-30 (Sig-
ma-Aldrich, USA, cat # 45348).

Scanning probe nanotomography of rat lung
tissue samples

Ntegra Tomo experimental device was used to study
samples of rat lung tissue by SPN methods. This complex
allows for sequential SPM measurements of the sample
surface immediately after cutting with an ultramicroto-
me. Consecutive sections of a 60 nm thick sample were
made using a Diatome Ultra AFM 35 diamond knife
(Diatome AG, Switzerland) with a cutting-edge width
of 2.0 mm.

SPM measurements were performed in the semicon-
tact mode at a scanning speed of 1.0 Hz using NSG10
silicon cantilever probes (NT-MDT, Moscow) with a
resonance frequency of 240 kHz and a tip curvature ra-
dius of <10 nm. Primary image processing was carried
out using the Nova ImageAnalysis 1.0.26.1443 software
(NT-MDT, Moscow), three-dimensional tomographic
reconstructions of the lung structure were obtained using
the ImagePro Plus 6.0 software (Media Cybernetics,
Inc, USA).

Calculation of morphological parameters
of 3D surfaces

Analysis of the surfaces reconstructed by the SPN
method using the ImagePro Plus 6.0 software (Media
Cybernetics, Inc, USA) allows one to determine and ana-
lyze the nanoscale parameters of these surfaces, such as
the average roughness R, and the effective surface area .

To calculate these parameters, the reconstructed
surface is considered as a two-dimensional data array
(values of heights Z) of size N x M, where N and M are
the number of columns and rows, respectively. Before
calculations, a first-order surface (plane) is subtracted
from the surface, which corresponds to the elimination
of the slope.

Average surface roughness R, is calculated as the ave-
rage value of the modulus of the deviation of the height
of the array points from the average height:

{1 N M
Ro= 322> D 12~ (2}, (M)
i=1j=1
where Z, ; — the height value at a point in the array (z, /),
(Z) — average height Z, averaged over the entire array:

1 N M
@)= > 7, @

i=1j=1
Effective surface area o is calculated as the ratio of
the surface area to the area of its two-dimensional projec-
tion onto the plane. This parameter determines the degree
of surface development [ 14]. Reconstructed surface area
S is calculated using the triangulation method as a sum
over an array of elementary areas s, ; of the surfaces of
unit cells between 4 adjacent points of the array (i, ), (i +
1,/), (i, j+1),(+1,j+1). When using the triangulation
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Fig. 1. SPM topography image of surface areas of rat lung tissue after ultramicrotome section: a— SPM image of region of res-
piratory lung area, scan size 65x65 pum, height variation 18 nm, scale bar 10 um; 6 — SPM image of region of alveolar septum,
scan size 15%15 um, height variation 48 nm, scale bar 2 um; 1 — areas of alveolus; 2 — areas of alveolar septum

method to calculate the elementary area, the midpoint
is also entered with height(Z, )= (Z, ,+ Z,., ;+ Z, ;.| +

Z; . ;+1)/4 and effective coordinates i+ 12,5+ 1/2),
and the elementary area is calculated as the area of four
triangles, each of which is formed by adjacent unit cell
vertices and a midpoint. So, for example, the area of a
triangle formed by points (i, j), (i + 1, ) and the midpoint

is given by:

2
d,d, 1+(Z Z]H) N (2(2,-,]) Z; -7 ,+1> ®

4 d, d,

where d, n d, — physical dimensions of pixels along the
corresponding axes. Since we are using a surface re-
constructed by the SPN method, in our case d, will be
determined by the pixel resolution of the SPM measure-
ment, and d, - by the slice thickness between successive
SPM measurements. Accordingly, the effective surface

area will be set as
N M
Zzs,, @

lj=

NdM

—_

RESULTS AND DISCUSSION

Fig. 1, a, shows an example of the obtained SPM
image (65 x 65 um) of a section of the respiratory part
of the lung. In this image, one can distinguish areas of
bubbles with sizes of about 20-30 pm and nanostruc-
tured interalveolar septa with a width of 10-20 um. In
Fig. 2 shows an SPM image (15 x 15 um) of a portion
of the interalveolar septum between two regions of the
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Fig. 2. SPM topography image of surface of alveolar sep-
tum surface folding; scan size 2.5%2.5 um, height variation
13 nm, scale bar 500 nm

bubbles. This image shows that the interalveolar septum
has a complex nanoscale morphology and a pronounced
nanostructure. The topology and morphological parame-
ters of the septa are of great importance for the functio-
nality of the alveoli and the efficiency of gas exchange
processes [15, 16].
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Fig. 3. SPM topography image of the surface of a region of
alveolar septum border with a alveolus; scan size 16x16 pum,
height variation 24 nm, scale bar 2 pm

The SPN technology used makes it possible to study
the nanoscale features of the surface of the interalveolar
septum with high resolution. In Fig. 2 shows an enlarged
image (2.5 x 2.5 um) of a section of the folds of the
surface of the interalveolar septum, characterized by a
complex shape and nanostructure and surrounded by a
surfactant film.

Also, the most important advantage of the SPN me-
thod is the possibility of three-dimensional reconstruc-
tion of tissue structures, in particular, the surface of the
septum. In Fig. 3 shows an SPM image of a fragment
of the region of the interface of the interalveolar septum
with a bubble (16 X 16 um), which has a complex mor-
phology. To assess the three-dimensional morphology
of the interalveolar septum, a three-dimensional recon-
struction of this area was performed using the SPN me-
thod. For this, 10 successive sections of a sample with a
thickness of 120 nm were made, and 10 successive SPM
images of a 16 x 16 um surface area were obtained. The
resulting visualization of the three-dimensional surface
is shown in Fig. 4.

It should be noted that the complex morphology of
the surface of the interalveolar septum is characterized
by a significant increase in the effective area. Specialized
software used for visualization of three-dimensional re-
constructions makes it possible to determine both the
surface roughness of the partition Ra and the specific
effective area of its surface o, calculated as the ratio of
the area of the three-dimensional surface to the area of
its projection onto the plane. For the three-dimensional
reconstruction we have obtained, the value of the specific

Fig. 4. SPNT three-dimensional reconstruction of a fragment
of surface of the alveolar septum: reconstructed volume
16x16x1.2 um, section thickness 120 nm

Fig. 5. SPM topography image of the surface area of an inner
alveolus; scan size 5.5%5.5 pm, height variation 17 nm, scale
bar 500 nm

effective area o is 2.7 + 0.2, which indicates a high de-
gree of surface development. The nanoroughness of the
reconstructed three-dimensional surface Ra is 345.4 +
24.5 nm.

Interestingly, the surface of the interalveolar septum
often forms bends and folds, resulting in the formation
of internal vesicles or sacs several microns in size with
a narrow entrance slit. An example of an image of such
a structure is shown in Fig. 5. Note that the width of the
air “neck” of this inner bubble is about 120 nm, and the
surface of the partition in the inner region thickens and
has a heterogeneous structure. These structures are asso-
ciated with the processes of gas exchange in the alveoli.

The developed technique for studying the nanos-
cale structures of the alveoli with the scanning probe
nanotomography is applicable to solving a number of
problems in structural biology, for example, the urgent
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problem of studying the three-dimensional organization
of interalveolar septa and determining their quantitative
morphological parameters at the nanoscale.

CONCLUSION

In the present work, studies of the nanostructural
features of rat lung tissue were carried out using the
SPN method. 3D reconstruction of the surface of the
interalveolar septum in rat lung tissue was obtained. It is
shown that the complex three-dimensional morphology
of its surface is characterized by a significant increase
in the effective surface area of the partition. The specific
effective surface area ¢ of the reconstructed section of
the interalveolar septum is 2.7 + 0.2, which indicates a
high degree of surface development.

SPN technology allows obtaining unique information
about the relationship between nanoscale features of the
structure and functional activity of cells and tissues.
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