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Abstract

Radiation therapy, widely used in the treatment of a variety of malignancies in the pelvic area, is associated with inevitable damage to the
surrounding healthy tissues. We have applied atomic force microscopy (AFM) to track the early damaging effects of ionizing radiation on
the collagen structures in the experimental animals’ bladder and rectum. The first signs of the low-dose radiation (2Gy) effect were
detected by AFM as early as 1 week postirradiation. The observed changes were consistent with initial radiation destruction of the protein
matrix. The alterations in the collagen fibers’ packing 1 month postirradiation were indicative of the onset of fibrotic processes. The
destructive effect of higher radiation doses was probed 1 day posttreatment. The severity of the radiation damage was proportional to the
dose, from relatively minor changes in the collagen packing at 8Gy to the growing collagen matrix destruction at higher doses and
complete three-dimensional collagen network restructuring towards fibrotic-type architecture at the dose of 22Gy. The AFM study
appeared superior to the optical microscopy-based studies in its sensitivity to early radiation damage of tissues, providing valuable
additional information on the onset and development of the collagen matrix destruction and remodeling.
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Introduction

In spite of the developing techniques of conformal radiation
therapy, its adverse effects on the normal tissues within the
irradiated volume during the treatment of malignant neoplasms
still present an important problem of the modern clinical
oncology (National Institutes of Health, 2010). The effects are of
particular importance for patients with a long-life expectancy, for
whom the quality of life plays a no less crucial role than the cure
from the oncological disease does.

The main cause of the late complications, arising more than
3 months after the completion of the irradiation course, is
radiation-induced fibrosis, which appears as a result of neo-
collagenesis in the radiation-damaged tissues (Trott et al., 2012).

One of the key mechanisms for the development of normal
tissues’ radiation damage is degradation and subsequent remo-
deling of the connective tissue matrix. The collagen synthesis
activation in irradiated tissues leads to the radiation-induced

fibrosis, which is accompanied by the corresponding organs’
dysfunction, that is typical of the second grade of radiation
changes. The main manifestation of complications of the third
and fourth grades is the degradation of extracellular matrix
(ECM) components, which leads to the subsequent appearance of
necrosis, bleeding, and fistula. (Trott et al., 2012). The molecular
and genetic mechanisms of the development of radiation damage
have been studied in detail (Denham & Hauer-Jensen, 2002;
Yarnold & Brotons, 2010). However, only scarce information is
available on the processes of damage and subsequent remodeling
of the ECM which occur early (in <3 months term) after the
action of ionizing radiation. Studies on the structural alterations
of collagen after irradiation in lower doses revealed changes in its
physico-chemical properties, indicating formation of a more
“rigid” biopolymer structure, violation of the parallel packing, and
reduction of the collagen fibers’ thickness (Tzaphlidou et al.,
1997) and increase in the malonic dialdehyde concentration (Balli
et al., 2009). The most recent laser scanning microscopy and
differential scanning calorimetry (DSC) studies using a model
medium have demonstrated that the basic mechanism of collagen
radiation damage at the molecular and fibrillar (i.e. nano
structural) level involves formation of tears and cross-links
(proven by DSC), whereas at the level of bundles it involves their
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dissection with the following “healing” of the gaps (demonstrated
by laser scanning microscopy). No changes in the collagen fibers
have been found (Maslennikova et al., 2015). These findings are
in accord with the directly visualized radiation damage of collagen
fibrils in the electron microscope, in particular, the progressive
destruction of fibrils with increasing dose (Grant et al., 1973). The
recent multiphoton microscopy study of the bladder ECM
(Kuznetsov et al., 2016) has shown that, following the ionizing
radiation treatment, a reduction of the second harmonic
generation signal is observed for the irradiated specimens, which
indicates a disorder of the anisotropic pseudo-crystalline packing
of collagen.

In the last two decades, atomic force microscopy (AFM) has
found a plethora of biomedical applications due to a growing
interest towards the nanoscale changes taking place in the living
tissue (see, e.g., a recent review by Maver et al., 2016). In particular,
AFM has been extensively used in the studies of the ECM complex
architecture, which is mainly constructed of a fibrous collagen
network both at the nanoscale and microscale. These studies have
shown that the collagen matrix morphology at different scales, as
well as its elastic properties, are not only crucial for the functioning
of various types of connective tissue, but may also reflect patho-
logical processes occurring in the connective tissue (Sivasankar &
Ivanisevic, 2007; Stolz et al., 2009; Graham et al., 2010; Wallace,
2012; Wen et al., 2012; Zhu & Fang, 2012; Kwok et al., 2014;
Thomasy et al., 2014; Kim et al., 2016; Jorba et al., 2017).

In our previous studies (Kotova et al., 2015; Timashev et al.,
2016), we have developed an AFM-based approach to tracking
pathological alterations of the collagen hierarchical structure in
ECM of various tissues, which may be used as a complimentary
technique to the traditional histological clinical assessment. In
this study, we apply the same approach to probe early negative
effects of ionizing radiation on the healthy tissue of pelvic organs
(bladder and rectum). As these effects are hardly (if at all)
detectable by traditional biomedical optical microscopy methods,
we expect that AFM modalities might provide a new insight into
the problem of early damage in the collagen-containing tissues
following radiation therapy.

Materials and methods

Preparation of Samples

The studies were performed on white outbred rats (20 animals in
total) homed in standard vivarium conditions in accordance with
the requirements of the legal acts regulating research on the safety
and efficacy of pharmaceutical substances in the Russian Feder-
ation (The Order No. 267 of the Ministry of Healthcare of the
Russian Federation of June 06, 2003) and the international laws
on the legal and ethical norms of animal studies. Before irradia-
tion, the experimental animals were anesthetized (Zoletil 50mg/
kg of weight). Then the animals were fixed on a special plate, and
irradiation was performed by a local pelvic field that included
bladder and rectum by a single dose of 2Gy up to total doses of
2Gy (one fraction, four animals), 8Gy (four fractions, four ani-
mals), 10Gy (five fractions, four animals), and 22Gy (11 fractions,
four animals). The exposure time was calculated in accordance
with the size of the irradiation field, the depth, and the single dose.
Irradiation was carried out in vivo using the Co60 unit “Terabalt”
(UJP Praha-Zbraslav, Czech Republic, beam energy 1.25MeV).

For the low-dose irradiation of 2Gy, the animals were sacrificed
with ether narcosis in 1 day, 1 week, and 1 month postirradiation,

and the bladder, rectum, and a fragment of skin within the irra-
diation projection were harvested. For the higher doses, the tissues’
harvesting was performed 1 day postirradiation. Four intact
(nonirradiated) rats were used as a control group. The harvested
tissues were dissected, the samples for the histology study were
fixed for 24 h in a 10% neutral formalin solution. Then, the samples
were embedded in paraffin wax (“Histomix-extra”; Biovitrum,
St. Petersburg, Russia) with subsequent paraffin block mounting.
Slices, 0.3 µm and 10µm thick, were prepared with a Leica 450RM
rotary microtome (Leica Microsystems, Wetzlar, Germany). The
0.3 µm-thick sections were stained with van Gieson’s picrofuchsin.
The 10µm-thick sections from the same blocks were thoroughly
deparaffinized and left unstained for the AFM study. The
bladder, rectum, and skin of intact animals were used as control
samples.

The protocol of preparation was reproduced in detail for all
the samples, to eliminate the effects of samples’ processing
(e.g., Choy et al., 2005, Dorph-Petersen et al., 2001).

AFM Imaging Study

AFM images of the fixed tissue slices on glass slides were acquired
with a Solver P47 AFM instrument (NT-MDT, Zelenograd,
Russia), in the semi-contact mode, using a precision scanner
(14 × 14 × 2 µm, Solver, NT-MDT) and silicon TESP probes
(Bruker, Santa Barbara, CA, USA). General-view 14 × 14 µm
images and detailed 6 × 6 µm and 3 × 3 µm topography and phase
images were obtained at a scan rate of 1Hz and a 512 × 512 pixels
resolution.

The regions of interest (ROI) for scanning were selected in
accordance with the histological assignments for the same
sample, based on the view of a sample in the built-in optical
microscope of the AFM instrument setup (Fig. 1). The submucosal
layer rich with collagen fibers was studied for all the samples. At
least ten images from different regions of each section were
acquired. For visualization, AFM images underwent standard
processing (flattening and cleaning) with the image processing
software Nova (NT-MDT, version 1.0.26.1443). Raw images
without any processing were used in the flicker-noise spectroscopy
(FNS) computations.

FNS for AFM Images

For the quantitative assessment of the changes in the ECM
morphology visualized by AFM imaging, we applied a FNS

Figure 1. Optical microscopy image of a rat bladder section with the atomic force
microscopy tip in contact.
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parameterization technique (Mirsaidov et al., 2011). In the FNS
approach, the roughness profiles h(x) in every y-line in an AFM
image is considered as a series of chaotic signals (dynamic vari-
ables), and the FNS technique seeks correlations in these series. The
derived surface FNS nanometrology parameters are related to the
autocorrelation function for every profile. The FNS power spectra
allow selection of different ranges of spatial frequencies in the
h(x,y) profiles. The low-frequency (resonant) range (which mostly
reflects major bends of the surface originating from the macro-
manipulations such as sample positioning) is disregarded. The
high-frequency range is described in the terms of two basic types of
sharp irregularities. The first type—“jumps”—represent relatively
moderate-height steps against the low-frequency baseline. The
second type—“spikes”—are single intense bursts of the signal. Each
of these two types of irregularities is ascribed a corresponding FNS
parameter: a “stepwiseness factor” σ (nm) for the jump-like irre-
gularities and a “spikiness factor” S(L0

-1) (nm2µm) for the spike-like
irregularities (where L0 is the length of correlation for the nanoscale
high-frequency irregularities in the profile). There exist also other
FNS parameters, which are of a relatively minor importance for
AFM images. The entire FNS procedure, including the derivation
and calculation of the “stepwiseness factor” σ and the “spikiness
factor” S(L0

-1) is presented in (Mirsaidov et al., 2011).
We used the two above FNS parameters—“stepwiseness

factor” σ and the “spikiness factor” S(L0
-1)—to quantitatively

characterize the visualized surface morphology of the ECM before
and after irradiation. The rationale behind our choice of the FNS
parameterization instead of a standard metrological roughness
(ISO 4287) lies in the fact that the surface of tissue slices has
considerable height heterogeneity and, besides, the features
determined by the inner structure of a sample, reflect also the
entire sample history from pretreatment to drying to microtome
sectioning. For such surfaces, the standard metrological para-
meters are generally not informative. In contrast, the FNS para-
meterization, via a careful analysis of frequencies in the power
spectra, along with the visual assessment of the corresponding
images, allows elimination of the systematic artifacts and
extraction of the sample’s intrinsic structure parameters.

The FNS computations were performed according to the
algorithm described in Mirsaidov et al. (2011) using custom-
coded software.

Histological Study

The histological study was performed as a standard technique for
assessment of the collagen structures’ damage and also for the
correct assignment of the ROI in the AFM study. We used a
standard van Gieson’s staining protocol to distinguish between
collagen fibers and other components of the tissue. Stained
sections, 0.3 µm thick, were studied with a Leica DM2500 micro-
scope (Leica Microsystems) equipped with a DFC 245C digital
camera. The digital micrographs were obtained at an original
magnification of 20× and presented as 370× 370 µm images.

Results

Early Effects of Low-Dose Irradiation on the Bladder and
Rectum: Effect of the Time Elapsed After the Radiation Treatment

The AFM studies of the bladder and rectum (submucosal region)
were conducted 1 day, 1 week and 1 month following the
irradiation of the animals from the experimental group with a

low-radiation dose of 2Gy. The tissues harvested from the intact
rats (control group) were studied as a reference.

The Low-Dose Radiation Effects on the Bladder
Collagen fibers of the normal bladder ECM form a characteristic
wavy pattern, in which the bundles of fibers are densely interlaced
(Fig. 2, 1A), similar to the “basket-weave” packing of collagen
fibers in ECM of other connective tissue, such as skin or arterial
walls (Graham et al., 2010; Timashev et al., 2016). The collagen
fibrils inside the fibers are partially covered with an unstructured
proteinaceous material and partially are naked (Fig. 2, 1B and
1C), the packing pattern of fibrils at the nanoscale (visible in
the naked regions) generally resembles that of collagen fibers
observed at the microscale.

One day postirradiation, no visible changes were observed
both in the collagen fibers and collagen fibrils packing, as
compared with the intact tissue ECM. 1 week after the radiation
treatment, we detected an essential decrease in the fraction
of uncovered regions and appearance of regions entirely covered
with a thick layer of an unstructured material (Fig. 2, 2B and 2C),
so that even the contours of collagen fibrils were no longer
distinguishable. These changes still did not affect the packing
of collagen fibers and their bundles (Fig. 2, 2A). However,
in a month after the irradiation, drastic changes occurred at
all the levels of collagen organization in the bladder ECM.
In contrast to the intact tissue, 1 month postirradiation collagen
fibers tended to conglomerate into thick locally oriented
bundles (Fig. 2, 3A) of a significant width. The high-resolution
AFM images revealed densely packed fibrils with a predominantly
parallel packing inside such fibers (Fig. 2, 3B and 3C). In
some regions, collagen fibrils retained their initial three-
dimensional (3D) network, in other regions spherical
proteinaceous particles covered the fibrils. No changes in the
D-period of collagen and in the thickness of collagen fibrils
were detected for any samples at the different time points after
the irradiation.

The Low-Dose Radiation Effects on the Rectum
The overview AFM images (Fig. 3, 1A) visualize a 3D network of
collagen fibers in the submucosal region of the rectum. In the
intact tissue, this structure has a mesh-like appearance, with the
1–2 µm average thickness of fibers. These fibers are formed by a
finely interlaced 3D network of thin collagen fibrils (Fig. 3, 1B and
1C). Similar to the case of the bladder, the fibrils are partly naked,
partly covered with spherical proteinaceous particles. Besides the
collagen network, thick fibers without an inner fibrillar structure
are observed, presumably elastin fibers. One day after the
irradiation, no visible ECM changes were found both at the level
of collagen fibers and fibrils.

In the samples harvested 1 week after the irradiation, the 3D
structure of the intact tissue was generally preserved, however, the
regions started to appear in which collagen fibers were essentially
thicker and denser (Fig. 3, 2A). The packing of collagen fibrils
remained mostly unchanged (Fig. 3, 2B and 2C). One month
posttreatment, we observed rather notable morphological altera-
tions for all the collagen structures. The collagen fibers in the
rectum samples 1 month postirradiation formed dense oriented
structures of a significant thickness (3–7 µm), as opposed to the
initial meshwork of fibers. Thus, the collagen structures in both
organs—bladder and rectum—underwent similar alterations
in a 1-month period. Inside the thick oriented collagen fibers,
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high-resolution imaging reveals a very dense fine-meshed net-
work of collagen fibrils (partially covered with a continuous layer
of an unstructured material). The characteristic D-period of
collagen, as well as the average thickness of fibrils, did not change
after the irradiation at any studied time point.

FNS Characterization of the Low-Dose Radiation Effects on the
Bladder and Rectum
To quantify the changes in the collagenous network morphology
caused by the low-dose radiation, we applied the FNS technique
for parameterizing the 3D images obtained by AFM. Figure 4
displays the results of the FNS image analysis for the bladder and
rectum ECM at different time points. For the bladder, both FNS
parameters (“stepwiseness factor” σ and the “spikiness factor” S
(L0

-1)) experienced a slight decrease 1 day postirradiation, after
which they tended to return to the initial (or slightly above initial)
values observed for the intact tissue. For the rectum, the FNS
parameters, as well, slightly decreased 1 day postirradiation, but
they remained slightly decreased at all the following time points,
as compared with the initial values. In general, the FNS para-
meterization did not reveal significant differences between the
studied samples which could be ascribed to the observed visual
distinctions.

Histological Assessment of the Low-Dose Radiation Effects on
the Bladder and Rectum
The histological study showed that the basic localizations of
fibrous (collagen and elastin) structures in the rat bladder were
the urothelial basal membrane, lamina propria, submucosa, walls
of the blood vessels and the stromal backbone of the muscular
layer (Fig. 5, b1, b3). The collagen/elastin ratio differed between
the layers, with elastin fibers dominating in the basal membrane
and collagen fibers dominating in the lamina propria and the
submucosal region. No differences were found in the ECM of the
bladder harvested 1 day postirradiation at the dose of 2Gy, as
compared with the control tissue ECM. One week postirradiation,
slight alterations in the contour of the urothelial basal membrane
were found, whereas the submucosa showed no difference with
the intact tissue. One month after the irradiation, no signs of the
collagen/elastin elements’ alteration were detected in any regions
of the bladder wall.

According to the histological study, the intact rectum wall has
a layered structure with the clearly visible epithelium, basal
membrane, lamina propria and the submucosal region. The basal
membrane has an ordered fibrous structure with predominating
elastin fibers. The lamina propria and submucosa consist mainly
of a network of collagen fibers with a minor addition of elastin
and muscular fibers (Fig. 5, R1, R3). In general, the basic

Figure 2. The bladder extracellular matrix changes with the time elapsed from the low-dose (2 Gy) treatment. a: Topography images, the scan size is 14 × 14 µm, (b) topography
and (c) corresponding phase images, the scan size is 6 × 6 µm. 1, сontrol group; 2, 1 week postirradiation; 3, 1 month postirradiation.
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localizations of collagen and elastin fibers in the intact rat rectum
are basal membrane, lamina propria, submucosa, walls of blood
vessels and the stromal backbone of the muscular layer. After the
low-dose irradiation of 2Gy, no visible changes in the rectum
connective tissue were revealed, independently of the time elapsed
after the treatment.

Early Manifestations of the Radiation Damage of Pelvic
Organs: Effects of the Radiation Dose

The earliest changes of the bladder and rectum connective tissue
were captured with AFM imaging 1 day after the irradiation in
the increasing doses of 2, 8, 10, 12, and 22Gy. The intact tissues
from the control group were used as a reference.

The Radiation Dose Effects on the Pelvic Organs’ ECM
Microstructure: Packing of Collagen Fibers
As was mentioned above, the low-dose radiation (2Gy) treatment
had no immediate effect on the ECM of the bladder and rectum.
However, the higher doses of radiation resulted in visible changes
in both organs, from relatively minor alterations of the collagen
fiber packing at the 8Gy dose to a very pronounced effect at the
22Gy dose. As seen from Fig. 6, B2, 1 day after the irradiation at
the dose of 8Gy, the initial rather dense and isotropic 3D
network of collagen fibers in the bladder becomes looser, and

thick (several microns across) fibers appear against the finely
meshed network background. After the 12Gy treatment, the loose
network of thick fibers prevails over the initial pattern. 1 day
postirradiation in the dose of 22Gy, the loose thick collagen fibers
are mostly covered with a thick layer of an unstructured material
(Fig. 6, B3). A similar trend was observed for the rectum samples
harvested 1 day after the irradiation in different doses, but the
collagen disorganization appeared even more pronounced than that
in the bladder ECM (Fig. 6, R1, R3). At the 8Gy dose (Fig. 6, R2),
the loosening of the collagen fibers 3D network (compared with the
intact ECM) was notable, at the 12Gy point the thick disorganized
fibers were covered with a continuous layer of globules. 1 day after
the 22Gy radiation treatment (Fig. 6, R3), the entire pattern of the
collagen fibers packing was dramatically altered, as compared with
the control tissue: collagen fibers formed wide oriented bundles,
coated with thick layers of globules or solid unstructured material.

As both organs (bladder and rectum) experienced similar
alterations of the collagen structures under the same irradiation
regimes, we additionally studied the abdominal skin samples
harvested from the irradiated spots, to compare the observed
changes with those for a different type of connective tissue (Fig. 6,
S1–S3). The AFM imaging study showed drastic effects of
radiation on the skin ECM already at a rather low dose of 8Gy—
loosening and thickening of collagen fibers and production of a
great amount of nonfibrous components of the ECM covering the

Figure 3. The rectum extracellular matrix changes with the time elapsed from the low-dose (2 Gy) treatment. a: Topography images, the scan size is 14 × 14 µm, (b) topography
and (c) corresponding phase images, the scan size is 6 × 6 µm. 1, сontrol group; 2, 1 week postirradiation; 3, 1 month postirradiation.
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fibers (Fig. 6, S2). These effects advanced with the dose (Fig. 6, S3),
completely destroying the initial characteristic basket-weave pattern
of the skin in this area (Kotova et al., 2015).

The Radiation Dose Effects on the Pelvic Organs’ ECM Nanos-
tructure: Packing of Collagen Fibrils
The high-resolution AFM imaging revealed that the radiation-
induced changes in the pelvic organs occurred not only in the
packing of collagen fibers, but also in the organization of fibrils
inside the fibers.

The low dose of 2Gy had no effect on the packing of collagen
fibrils the next day after the treatment for all the tissues under
study (Figs. 2, 3). With the radiation dose increase, the bladder
collagen fibrils tended to thicken (Fig. 7, B2) and finally lose
their local tight quasi-parallel arrangement, forming a rather
disordered structure (Fig. 7, B3), partially covered with a non-
fibrous ECM material. For the rectum, the loss of tight fibrils
packing and a thick coating with unstructured proteinaceous
substance was observed already at 8Gy (Fig. 7, R2). For the
higher doses, the AFM imaging demonstrated complete coverage
of collagen fibrils with a thick continuous layer of this substance
(Fig. 7, R3).

The collagen fibrils in the skin ECM also underwent changes
with the increase of radiation dose. The initial network of fibrils
in the skin has a basket-weave appearance with chaotic interlacing
of fibrils (Graham et al, 2010; Kotova et al., 2015). After the
radiation treatment (Fig. 7, S1–S3), collagen fibrils in the skin
acquired a tendency to quasi-parallel packing (unlike the bladder
and rectum ECM fibrils) with an increase in the fibrils’ thickness
(similar to the bladder fibrils). The growth in the amount of
nonfibrous ECM material covering the fibrils with the radiation
dose appeared characteristic for all the irradiated tissues.

No changes in the characteristic D-period of collagen were
found in this study.

FNS Characterization of the Dose Radiation Effects on the ECM of
the Pelvic Organs
The changes in the collagen structures of the pelvic tissues irra-
diated in different doses, visualized with AFM imaging, were
summarized in a numerical form using the FNS parameterization.

Figure 5. The bladder (B) and rectum (R) cross-sections 1 day (1), 1 week (2), and 1 month (3) after the 2 Gy treatment, histological study. Van Gieson’s stain, original
magnification: 20 × . Black squares mark the regions of interest for the atomic force microscopy study. Bar= 100 µm.

Figure 4. Flicker-noise spectroscopy parameterization of the atomic force micro-
scopy (AFM) images of the pelvic organs extracellular matrix, at different time points
after the low-dose (2 Gy) irradiation. The sizes of the processed AFM images are
6 × 6 µm. B, bladder; R, rectum.
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The results of the FNS image analysis for the bladder, rectum, and
skin ECM 1 day postirradiation in different doses are presented in
Fig. 8. In contrast to the absence of significant changes of the FNS
parameters related to the visualized differences in the bladder and
rectum morphology at different time elapsed after the treatment
(1.3), the dose dependence of the FNS parameters not only was
quite pronounced, but also showed a striking similarity between
the bladder, rectum, and skin. The FNS parameters (“stepwiseness
factor” σ and the “spikiness factor” S(L0

-1)) demonstrated almost
the same character of dependencies on the radiation dose. In
general, the increase of the radiation dose resulted in the increase
of the FNS parameters, which, in terms of the FNS theory
(Mirsaidov et al., 2011) corresponds to the growth of disorder in
the system and thus well correlates with the visually observed
morphological changes in the collagen structures. At the highest
dose of 22Gy, the values of the FNS parameters dropped, which is
obviously related to the smoothening of the surface due to the
thick coating of collagen fibers with an unstructured material.

Histological Assessment of the Radiation Dose Effects on the
Bladder and Rectum
The radiation of the bladder, rectum, and skin in the higher doses
resulted in the interstitial edema of the submucosal region, which,
in Van Gieson-stained sections, presented itself as insignificant
thickening of collagen fibers and increase in the distances between

the structural elements of the ECM in all the organs under study
(Fig. 9). The degree of these alterations grew proportionally to the
radiation dose.

Discussion

The radiation damage of bladder and rectum is of primary con-
cern in the radiotherapy of pelvic tumors, as these organs are
located within the treatment field volume of a large number of
malignancies, such as tumors of uterus and cervix, prostate, etc.
The connective tissue of these organs, including the submucosa,
which provides easy displacement and expansion of the mucosa,
undergo damage and the subsequent remodeling after irradiation.
According to the modern view of the radiation damage
mechanisms (Atkinson, 2013), during the acute phase of the ECM
damage, both the direct destruction of collagen molecules by
highly reactive species appearing along the radiation track (Reisz
et al., 2014) and over-expression of proteolytic enzymes towards
the ECM components are related to the initial ECM lysis after
irradiation. This initial activation of the ECM destruction is
believed to give rise to the following over-production of the ECM
components which leads to postradiation fibrosis. The later stages
of the ECM postirradiation alterations, which appear days to
months after the treatment, include activation of fibroblasts at the
irradiated site and hyperproduction of collagen, as well as

Figure 6. The changes of collagen fibers’ packing with the radiation dosage for pelvic tissues. Control samples (1) and samples 1 day after the irradiation in the dosage of 8 Gy
(2) and 22 Gy (3). B, bladder; R, rectum; S, skin. The scan sizes are 14 × 14 µm.
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fibronectin and laminin, which may or may not return to the
normal levels.

Our AFM study suggests that collagen fibers in the submucosa
of intact rat bladder are packed in densely interlaced bundles
forming a wavy pattern. The same pattern is maintained at the
nanoscale in the packing of collagen fibrils. The microstructure of
the collagen backbone of the rectal submucosa is formed by a 3D
meshwork of fibers, which consist of a smaller-scale finely
interlaced network of thin collagen fibrils.

The low-dose (2Gy) radiation treatment had no immediate
effect on the hierarchical collagen structures in the bladder
and rectum, as was shown for the tissue samples harvested
1 day postirradiation. 1 week after the treatment, the first changes
at the level of fibrils were detected in the bladder, in which
we observed a visible decrease in the fraction of naked collagen
fibrils and appearance of regions entirely covered with a thick
layer of unstructured material. The rectum collagen fibrils also
underwent changes, but the character of these changes was dif-
ferent from the bladder—in the rectum, we observed appearance
of regions with essentially thicker and denser fibrils. The packing
of collagen fibers remained intact in both tissues at this time
point. The revealed effects may reflect the initial matrix protein
destruction processes which take place early in the course of
radiation damage development, as well as the processes of
inflammation (Atkinson, 2013). Both types of postradiation
changes have been observed earlier for other types of connective
tissue. In articular cartilage (Lindburg et al., 2013), a disruption in
the binding between the collagen structures and glycosami-
noglycans (GAG) was found after a radiation treatment with the
2Gy dose, leading to the GAG release. In the case of irradiated
bladder, the released nonfibrous components of ECM, including
GAG, may form the continuous layer of unstructured material
covering the collagen fibrils. Thickening of collagen fibrils

after a 5Gy treatment was detected in the skin ECM (Leontiou
et al., 1993) and assigned to the disrupted collagen biosynthesis
and binding.

Drastic alterations of the ECM structure were observed
1 month after the low-dose (2Gy) irradiation. In the bladder,
AFM imaging visualized thick bundles of collagen fibers with a
pronounced unidirectional orientation. The fibrils inside the
fibers were tightly packed in a quasi-parallel manner. Similar
thick cords of collagen fibers were found in the rectal samples
1 month postirradiation. These findings may indicate the onset of
postradiation fibrotic changes in both the bladder and rectum
samples (Atkinson, 2013).

In the study of the low-radiation effects, the FNS procedure
did not provide any additional information, as it showed no clear
correlations between the time elapsed after the treatment and the
FNS parameters extracted from the AFM images. It should be
noted that, while FNS power spectra do demonstrate the intrinsic
periodicity of collagenous structures (D-period), in general,
FNS parameters have no direct reference to the measurable
characteristics of ECM, such as the collagen content or fibrils’
dimensions. However, correlations in the chaotic surface profiles
(revealed by the FNS analysis) frequently appear rather sensitive
to the structure ordering/disordering due to various processes
(Kotova et al., 2015; Timashev et al., 2016), and thus the FNS
parameters derived from such correlations may be used as
markers for a comparative analysis of the ECM structure. The
absence of such sensitivity in the case of the studied time
dependencies may be related to the interplay of different
processes which affect the order of the surface structure in the
opposite manner: disordering of the collagen structure due to the
radiation damage to the ECM versus the surface smoothening
with the unstructured nonfibrous material and ordering due to
the beginning fibrotic changes.

Figure 7. Reorganization of collagen fibrils with the radiation dosage increase for pelvic tissues. Control samples (1) and samples 1 day after the irradiation in the dosage of
8 Gy (2) and 22 Gy (3). B, bladder; R, rectum; S, skin. The scan sizes are 3 × 3 µm, three-dimensional images.
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With the dose increase, the negative effects of irradiation on
the ECM became more evident. We studied a series of samples
harvested 1 day postirradiation with the doses of 2, 8, 10, 12, and
22Gy. Although no changes were observed at the low dose of
2Gy, the higher doses caused a visible radiation damage in the
bladder and rectum ECM, ranging from relatively minor changes
at the 8Gy dose up to severe destructive effects at the dose of
22Gy. The signs of the ECM destruction included loosening
of the network of collagen fibers and release of a great amount of
nonfibrous ECM material covering the collagen fibers, as well as
thickening and disordering of collagen fibrils inside the fibers.
The radiation effect on the rectum appeared more pronounced
than that on the bladder, with the similar changes taking place at
a lower dose. At the highest studied dose of 22Gy, the entire

collagen hierarchical structure in the submucosa of the bladder
and rectum underwent major changes with collagen fibers stick-
ing together to form thick oriented bundles continuously covered
with the nonfibrous matrix elements. The observed visual changes
in the ECM morphology with the dose increase were well cor-
related with the findings of the FNS analysis. Indeed, the growth
of the FNS parameters with the radiation dose reflected the
growing disorder in the structure due to the destruction process,
whereas the decrease of the FNS parameters at the highest dose of
22Gy was obviously related to formation of the thick oriented
bundles coated with the released unstructured ECM material such
as GAG. The FNS sensitivity to the changes occurring with the
increase of the radiation dose (as opposed to the lack of sensitivity
in the time dependence) may be explained by the fact that all the
samples were studied at the very early time after the irradiation
(1 day), when the initial processes of ECM destruction dominate
over all the other related processes.

The identical dose-dependent changes in the bladder and
rectum observed both visually and via the FNS study were
compared with the dose dependence for a different type of
connective tissue—abdominal skin, to reveal whether the observed
changes have a general character. Indeed, a striking similarity was
found between all the three tissues—bladder, rectum, and skin—in
both the results of AFM imaging study and the FNS

Figure 8. Flicker-noise spectroscopy parameterization of the atomic force microscopy
(AFM) images of the pelvic organs extracellular matrix, different radiation doses. The
sizes of the processed AFM images are 6 × 6 µm. B, bladder; R, rectum; S, skin.

Figure 9. The bladder (B), rectum (R), and skin (S) cross-sections, control samples (1)
and samples 1 day after the 22 Gy treatment (2), histological study. Van Gieson’s
stain, original magnification: 20 × . Black squares mark the regions of interest for the
atomic force microscopy study. Bar= 100 µm.
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parameterization, which points to the same mechanisms of the
collagen matrix alteration taking place early after the irradiation.

The success of radiotherapy in eradicating a tumor depends
principally on the total radiation dose given, but the tolerance of
the normal tissues surrounding the tumor limits this dose.
Radiation dose–response relationships for the normal tissues have
a threshold at low doses (which produce no reaction) and saturate
at high doses (Barnett et al., 2009). There is evidence that the
normal tissue radiation dose–response relationships are steep; this
means that small changes in the dose result in relatively large
differences in toxicity (Turesson, 1990; Bentzen et al., 2008). In
our study with the use of the FNS analysis, we have not reliably
detected any jump-like changes in the collagen state of the
irradiated organs with the dose increase in the range of 2–12Gy
(Fig. 8). The observed decrease of the FNS parameters at 22Gy is
more probably related to the above-mentioned reasons than to
the growth of the order at the level of collagen fibers.

Although AFM imaging showed the first signs of the low-dose
radiation damage of the bladder and rectum ECM already in a
week after the treatment and dramatic changes 1 month post-
irradiation, the parallel histological study using the standard Van
Gieson’s stain did not reveal any significant alterations indicating
the radiation damage. In the case of the dose dependence, the
AFM study along with the FNS parameterization provided more
details in the description of the samples’ changing morphology
than the corresponding histological study. This ability of the
nanoscale ECM structure (collagen fibrils) to respond early to the
radiation damage has been previously shown in electron micro-
scopy (Leontiou et al., 1993) and nanoindentation (Lindburg
et al., 2013) studies. Our AFM results on the time and dose
dependence of the radiation damage of bladder and rectum also
appear in a good agreement with the previously obtained
microscale data of second harmonics generation and multiphoton
microscopy (Kochueva et al., 2014; Kuznetsov et al., 2016). Thus,
the techniques for studying the collagen packing in the ECM of
irradiated tissues appear more sensitive to the early radiation
damage in the bladder and rectum than conventional histology
methods, providing valuable additional information on the onset
and development of the ECM destruction and remodeling.

Conclusions

In this study, we have tracked the early negative effects of ionizing
radiation on the submucosal region of the pelvic organs—bladder
and rectum, which appear the primary targets for the healthy
tissue damage in the radiation therapy of pelvic tumors. Our
study consisted of two parts, one of which was dedicated to the
effects of low-dose (2Gy) radiation on a time scale after the
treatment (1 day, 1 week, and 1 month), whereas the other
part was related to the very early (1 day postirradiation) effects of
increasing radiation doses (2, 8, 10, 12, 22Gy).

According to our AFM findings, the low-dose (2Gy) radiation
had no immediate (1 day posttreatment) effect on the collagen
structures in the bladder and rectum. The first changes were
observed 1 week after the radiation treatment at the level of
collagen fibrils. In the bladder, we observed a release of the
nonfibrous ECM material covering the fibrils and in the rectum
the fibrils tended to become thicker and denser packed. No
alterations were found at the level of the ECM microstructure
(collagen fibers and their bundles). We assign these initial
alterations in the morphology of collagen fibrils to the protein

matrix destruction which is known to occur as the first stage of
the radiation damage development in the ECM.

1 month postirradiation in the dose of 2Gy, AFM imaging
detected thick bundles of oriented collagen fibers with the quasi-
parallel fibrils inside the fibers both in the bladder and rectum.
These findings evidently indicated the onset of postradiation
fibrotic changes, in accordance with the previously reported data
of multiphoton and second harmonics microscopy studies.

The traditional histological study using Van Gieson picro-
fuchsin stain has not found any significant changes in the ECM
of the bladder and rectum, even 1 month postirradiation, thus
demonstrating that AFM is a more sensitive technique in tracking
the low-dose radiation damage.

Although no effect was observed 1 day after the irradiation in
the low dose (2Gy), the higher doses caused noticeable radiation
damage, its severity growing proportionally with the radiation dose.
The signs of the ECM destruction visualized by AFM imaging
involved: loosening of the packing of collagen fibers, thickening
and disordering of fibrils’ assembly inside the fibers, and release of
unstructured nonfibrous ECM material (such as GAG) covering
the collagen backbone in a thick layer. The destructive effect of
ionizing radiation appeared more severe in the rectum than that in
the bladder. At the 22Gy dose, the entire collagen hierarchical 3D
network of the normal bladder and rectal ECM was restructured
into the fibrotic-type collagen architecture (thick oriented bundles
of fibers covered with the unstructured ECM material). The visual
findings of AFM imaging on the growing degree of the ECM
damage with the radiation dose correlated well with the findings of
the quantitative FNS analysis of AFM images. For comparison, we
also studied the dose dependence for a different type of connective
tissue—abdominal skin from within the irradiated area. We found
a striking similarity between the bladder, rectum, and skin both in
the results of AFM imaging and in the dose dependencies of the
FNS parameters, which pointed out to a generalized character of
the collagen matrix alterations occurring very early after
the radiation treatment.

The previous studies have shown that techniques capable of
detecting changes in the collagen structure at the micron and
submicron level appear superior in the detection of early radiation
damage to the standard histological assessment. Our study
suggests that AFM, as a high-resolution micro- and nanoscale
modality, along with the FNS technique of AFM image proces-
sing, may provide new valuable information on the onset and
early course of the radiation-induced damaging processes
in the collagen structures of the pelvic organs subjected to
radiation therapy.
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