International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

Nanomechanics and Histopathology as Diagnostic
Tools to Characterize Freshly Removed Human

Brain Tumors

Mateusz Ciesluk®'

Katarzyna Pogoda
Piotr Deptuta®'
Paulina Werel
Alina Kutakowska (?
Jan Kochanowicz

2

3

Zenon Mariak ®*
Tomasz tyson ®*
5

Joanna Resze¢
Robert Bucki(®'

'Department of Medical Microbiology
and Nanobiomedical Engineering, Medical
University of Bialystok, Bialystok PL-
15222, Poland; 2Institute of Nuclear
Physics, Polish Academy of Sciences,
Krakow PL-31342, Poland; 3Department
of Neurology, Medical University of
Bialystok, Bialystok PL-15276, Poland;
“Department of Neurosurgery, Medical
University of Bialystok, Bialystok PL-
15276, Poland; 5Department of
Pathology, Medical University of
Bialystok, Bialystok PL-15269, Poland

Correspondence: Robert Bucki
Department of Medical Microbiology and
Nanobiomedical Engineering, Medical
University of Bialystok, Mickiewicza 2C,
Bialystok 15-222, Poland

Tel +48 85 784 5483

Email buckirobert@gmail.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Background: The tissue-mechanics environment plays a crucial role in human brain
physiological development and the pathogenesis of different diseases, especially cancer.
Assessment of alterations in brain

mechanical properties during cancer progression might provide important information about
possible tissue abnormalities with clinical relevance.

Methods: With atomic force microscopy (AFM), the stiffness of freshly removed human
brain tumor tissue was determined on various regions of the sample and compared to the
stiffness of healthy human brain tissue that was removed during neurosurgery to gain access
to tumor mass. An advantage of indentation measurement using AFM is the small volume of
tissue required and high resolution at the single-cell level.

Results: Our results showed great heterogeneity of stiffness within metastatic cancer or
primary high-grade gliomas compared to healthy tissue. That effect was not clearly visible in
lower-grade tumors like meningioma.

Conclusion: Collected data indicate that AFM might serve as a diagnostic tool in the
assessment of human brain tissue stiffness in the process of recognizing tumors.

Keywords: AFM, brain tumors, human tissue rheology, mechanomarkers, glioblastoma

Introduction

Quantification of tissue mechanics and its changes during disease development offer an
opportunity to gain further characterization of tissue abnormalities with clinical rele-
vance. An increasing number of studies have indicated that changes in tissue
mechanics, eg, tissue stiffness, are usually accompanied by histopathological altera-
tions, such as collagen accumulation and/or vascularization of the tissue extracellular
matrix (ECM)." On the other hand, it has also been observed that in the early stages of
disease development, including cancer growth, changes in cell/tissue stiffness might
precede detectable histological changes.** Measurable outcomes that describe altera-
tions in tissue mechanics might serve as novel mechanomarkers that can be used for
diagnostic purposes.®™ Stiffness alterations have been observed during liver fibrosis
development, where an increase in liver stiffness was observed before the appearance
of classical fibrosis markers.'® Changes in tissue stiffness have also been employed in
the development of new diagnostic methods for breast cancer and its malignancy.'!
Brain tissue softening has been recorded in neurodegenerative diseases, such as

12,13

Alzheimer’s and multiple sclerosis, and higher arterial stiffness correlates with
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a higher risk of cardiovascular disease.'* Additionally,
changes in brain tissue stiffness have been proposed as an
acidosis marker."> As a tumor grows, displacement of the
surrounding tissue occurs.'®'” Based on this finding, the
effect of solid stresses and tissue stiffness on brain tumor
growth, invasion, metastatic potential, and treatment have
also been intensively studied.'®'®!'? Indeed, increased com-
pressional stresses could reduce blood flow by squeezing
blood vessels, thereby modifying tumor progression and
lowering the efficacy of chemo- and nanotherapies.'®'®
Interestingly, solid stresses caused by screw implantation in
mouse models have shown that the stress exerted caused
a decrease in local vascular perfusion in the brain, as well
as neurological dysfunction and even neuronal death.'’

To date, most research related to human tissue stiff-
ness, viscosity, intracranial pressure, and other mechan-
ical properties has been based on magnetic resonance
elastography (MRE) and tissue rheology performed
using rheometry.®?*?*> MRE is noninvasive and thus
does not require biopsy or surgery to collect tissue for
measurement. However, technical issues do arise, such as
MRE-frequency dependence, which causes different
mechanical responses of the tissue.”> Also, both rheolo-
gical and MRE measurements provide only average bulk
mechanical properties from the entire volume of cells and
ECM in the sample. To attain nanoscale and single-cell
resolution, atomic force microscopy (AFM) must be
used, and has been reported previously’-**~2° for different
tissue types. Reports have clearly indicated that AFM
might be successfully used in research on brain tumor
tissue to understand the mechanopathology of this deadly
disease.”’ ! Nevertheless, to date mostly frozen or fixed
human brain samples have been used. Considering that
mechanical properties of tissue might be altered due to
sample processing prior to AFM measurements,’*** it is
crucial to use freshly collected tissue with properties as
close as possible to their physiological state.

AFM is suitable for identifying stiffness variations
within tissue samples, and its high resolution at the nanos-
cale level allows examination of cellular and extracellular
components of the tissue that can be compared with his-
topathological staining, fluorescence imaging, or even
Raman spectroscopy analysis.”* >'** AFM has been used
to display the mechanical heterogeneity of the rat brain, as
well as to demonstratemechanical differences in white and
gray matter of the rat cerebellum.>>~°

Obtaining fresh samples of human brain tissue is difficult,
especially for healthy untransformed tissue. Therefore, most

research is carried out on animals or human brain tumors
where normal mouse or rat brain was used as a control.
However, in some situations it might be necessary to remove
healthy brain tissue to gain access to the tumor mass, and
such tissue can be analyzed. Here we present stiffness mea-
surements of not only several types of human brain tumors
but also healthy human brain tissue, allowing for a unique
opportunity to describe and compare the mechanical proper-
ties of healthy and malignant human tissue.

Methods

Tissue Samples

Fourteen brain tissue samples were collected from eleven
patients and divided into seven groups (Table 1). Healthy
tissue samples as determined by histological evaluation were
collected from five patients (one white matter and four gray
matter samples) during surgery as a part of the surgical
manipulations required to remove the malignant tissue and
marked as group I. Within group I, three patients had been
diagnosed with meningioma. Two patients had meningothe-
lial meningioma World Health Organization (WHO) G1 and
were classified as group II. One patient was diagnosed with
fibrous meningioma WHO G1 marked as group III. Group
IV consisted of one patient with hemangiopericytoma WHO
G2. Group V comprised one patient with metastatic adeno-
carcinoma originating from lung cancer. Glioblastoma
WHO G4 was marked as group VI and collected from

Table | Histological and nanomechanical characterization of
tissue samples

Group | Samples Samples, | Force curves
n analyzed, n

| One specimen of white 5 n=1,229
and four of gray matter

Il Meningothelial 2 n=789
meningioma WHO Gl

1] Fibrous meningioma | n=273
WHO Gl

I\ Hemangiopericytoma | n=315
WHO G2

\4 Metastatic | n=123
adenocarcinoma (left lung)

\ Glioblastoma WHO G4 3 n=2,654

Vil Margin tissue adjacent to | n=428
glioblastoma WHO G4
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three patients. Margin tissue adjacent to glioblastoma was
marked as group VIIL.

Additionally, one patient from group VI also had mar-
ginal tissue removed, marked as group VII (adjacent to
glioblastoma). However, it is important to note that tumors
classified as grade IV are generally characterized by a lack of
margin tissue, and in this case an untransformed region that
was similar to the margin was analyzed. All patients were
under the care of the Department of Neurosurgery and the
Department of Interventional Neurology, Medical University
of Bialystok. Tissue acquired during surgery was immedi-
ately placed into tubes filled with MACS tissue storage
solution and transported on ice (~4°C) for an average of 15
minutes before AFM measurements were carried out.
Patients were required to complete the patient-information
and informed-consent forms to participate in the research.
Samples were collected only from material that otherwise
would have been subject to biohazard waste disposal. The
procedure was performed by the surgery team from the
Department of Neurosurgery under the supervision of
Professor Zenon Mariak. The study was performed accord-
ing to a protocol approved by the Bioethics Committee of
Medical University of Bialystok (R-1-002/136/2019) and
complied with the Declaration of Helsinki.

Tissue Sample Preparation

From each material, a thick (~3—5 mm) 5x5 mm piece was
cut with a razor blade under liquid conditions and glued
onto a 35 mm petri dish using a cyanoacrylate bonding

top view

agent. After gluing (~2 minutes), the sample was sub-
merged in fresh DMEM + 10% FBS and AFM measure-
ments carried out at room temperature within 3 hours.
After mechanical testing, tissue samples were gently
detached and fixed in 10% buffered formalin. Fixed sam-

ples were then stained as described in the following.

Atomic Force Microscopy Measurements
AFM measurements were carried out with a Bruker/JPK
Instruments system (NanoWizard 4 Bioscience AFM). To
overcome the possibility of high sample roughness, an addi-
tional piezoelectric actuator (CellHesion module) with
a z-axis range of 100 um was used. Stiffness measurements
of the tissue samples were performed with AFM working in
force spectroscopy mode. PT.PS (Novascan) cantilevers
with glued polystyrene beads @=4.5 um and nominal spring
constant of k=0.6 N/m were used. A scan area of 10x10 um
corresponding to 8x8 points per map and up to 15 maps
spread around the sample were taken. Consequently, up to
960 force-distance curves for each sample were recorded.

AFM Data Collection and Analysis
During AFM mechanical measurement, the sample
was indented with a colloidal tip glued at the end of the
cantilever (Figure 1A). The raw data present the deflection
of the cantilever versus the distance moved on the z-axis
toward the sample’s surface. Force (F) can be acquired
through conversion of the cantilever deflection and the

equation F' = d X k, where k is the spring constant of the

4- glass surface
-1 A

tissue

@ cantilever

-
‘»

tissue

Figure | (A) Schematic representation of the experimental setup for AFM tissue measurements. (B) Force vs displacement curve registered when force is applied to
reference (glass surface) or investigated (tissue) sample. (C) Real (top view) image of the AFM cantilever placed over the tissue sample from the camera (objective 10x).
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cantilever recorded during calibration. Young’s (elastic)
modulus of the sample can be calculated from force—dis-
tance curves using the Hertz model that describes the
relation between applied force and resulting indentation
depth:

4 E 3
F= 31,2 VR& (1)
where F'is force, E the Young’s modulus of the sample, u the
Poisson’s ratio of the sample (assumed to be equal to 0.5 for
an incompressible material), R the radius of the colloidal
probe, and J the indentation depth. Whole analysis was
carried out using JPK data processing software.
Young’s modulus was calculated by analysis of all force
curves recorded for a single sample (at 1 and 2 pum indenta-
tion depth for each curve) and averaged to determine the
mean Young’s modulus or collected in distributions with
subsequent probability density—function fitting, in order to

determine center of mass (x.) values.

Histopathological Analysis

Histopathological mapping of tissue was performed after
AFM measurements. Tissue was marked with tissue
marking dye to ensure analysis of the same area without
interfering with diagnostic interpretation.’’ Subsequently,
samples were fixed in 10% buffered formalin and then
proceeded to paraffin blocks. First, slides of approximately
4 um were cut and stained with H&E. Each slide was
evaluated under light microscopy (Olympus CX45) by one

pathologist.

Statistical Analysis

Statistical significance was determined using two-tailed
Student’s t-tests for overall values and Kolmogorov—
Smirnov test for distributions. Statistical analyses were per-
formed using OriginPro 9.65 (OriginLab, Northampton, MA,
USA). P<0.05 was considered statistically significant.
Results are expressed as the average from all force curves
for each group. Overall average values of Young’s modulus
are presented as mean + SD for all force curves. Histograms
were fitted with log-normal functions to observe changes in
distributions. Distribution values are presented as x. + SE,
where x. represents center of mass.

Results

For each specimen, mechanical testing consisted of obtain-
ing hundreds of force—distance curves (extension and
retraction) with constant 1 nN force. Measurements were

taken at different locations on the tissue. Figure 2 presents
distributions of Young’s modulus for healthy brain tissue
versus each group of pathologically altered tissue. Healthy
brain tissue stiffness was determined to be 61.2+0.4 Pa (five
subjects). Young’s moduli for meningothelial and fibrous
meningioma were 52.7+0.6 Pa (two subjects) and 69.8+1.7
Pa (one subject), respectively (Figure 2A and 2B).
Additionally, in meningothelial meningioma the log-
normal distribution center (x.) shifted to lower values of
Young’s modulus compared to healthy tissue. A different
relationship was observed for hemangiopericytoma (Figure
2C), where Young’s modulus was 95.0+3.1 Pa (one subject)
and log-normal distribution center shifted to higher
Young’s modulus values compared to healthy tissue.
Figure 2D presents the distribution for healthy tissue versus
metastatic adenocarcinoma that originated from lungs. x.
shifted to higher Young’s modulus values compared to
healthy tissue: 242.2+1.1 Pa (one subject). Young’s modu-
lus distributions for healthy tissue and adenocarcinoma
overlapped only at 100200 Pa. Additionally, adenocarci-
noma could not be fitted with a log-normal distribution, so
a Gaussian fit was applied. It is important to note that only
secondary tumors originating from outside the CNS exhib-
ited different distribution shapes than other types of tissue.
Glioblastoma tissue demonstrated higher inhomogeneity of
mechanical properties than healthy tissue (Figure 2E).
Kolmogorov—Smirnov tests revealed a significant differ-
ence (p<0.001) between glioblastoma and healthy tissue
distributions, with x. for glioblastoma tissue almost three-
fold higher: 168.8+£32.8 Pa (three subjects). These data
correlate with previous research findings that showed
mechanical inhomogeneity and higher stiffness for glioblas-
toma compared to healthy tissue.>’

To compare AFM stiffness data two methods can be used.
First, comparing average values of Young’s modulus pro-
vides a representative value for the entire data set. Second,
comparing distributions of Young’s modulus values mea-
sured at multiple locations on the sample, fitted with appro-
priate probability density functions gives deeper information
about sample heterogeneity. In our research, we were able to
acquire uninvolved adjacent brain tissue from patients with
glioblastoma. The center of mass of the Young’s modulus
distribution for healthy and adjacent tissue corresponded to
61.240.4 Pa and 43.5+0.1 Pa, respectively (Figure 3A). The
overall average Young’s modulus from all measured loca-
tions was 66.4+39.2 Pa for healthy tissue (five subjects) and
47.2421.9 Pa for adjacent tissue (one subject, Figure 3B).
Results obtained from three glioblastoma tissue samples
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Figure 2 Distribution of Young’s modulus for healthy (red) versus diseased (gray)
tissue. (A) Meningothelial meningioma; (B) fibrous meningioma; (C) hemangioper-
icytoma; (D) metastatic adenocarcinoma; (E) glioblastoma tissue measured with
atomic force microscopy. The Kolmogorov—Smirnov test, which determines if two
samples (distributions) are significantly different from each other (red vs
gray distribution), was used to confirm statistical differences between healthy and
diseased tissue. ***p<0.001.

demonstrated very high sample heterogeneity and increased
stiffness compared to their healthy counterparts and adjacent
tissue (Figure 3), with glioblastoma being almost three- to
fourfold stiffer than healthy or adjacent tissue.

Figure 4 displays the differences between adjacent
tissue and glioblastoma from one patient, instead of all
the glioblastomas measured, as in Figure 3. This single
case example shows not only that the average Young’s

modulus for glioblastoma was higher than for adjacent
tissue but also that Young’s modulus distribution of glio-
blastoma tissue was characterized by two local maxima
(Figure 4A). As such, log-normal fitting could not be
applied and Gaussian multiple fit peaks were employed.
The first peak x. was 110.5+0.8 Pa and the second 361.1
+2.7 Pa, while the center of mass for adjacent tissue
distribution was 43.5+0.1 Pa. Stiffness of glioblastoma
compared to adjacent tissue was statistically different on
the Kolmogorov—Smirnov test (p<0.001). Even though the
overall average Young’s modulus for glioblastoma was
269.8+133.9 Pa and was over fivefold higher than adjacent
tissue (47.2+£21.9 Pa, Figure 4B), only by presenting local
Young’s modulus distributions for every force curve col-
lected can the coexistence of two regions with different
mechanical properties be observed.

Comparison of the elastic properties of material at
different indentation depths can reveal if the sample stif-
fens or softens when compressive force increases. Figure 5
presents the differences between Young’s modulus of all
studied tissue calculated at two different indentation
depths — 1 pm and 2 pm — corresponding to superficial
and deeper probing of the tissue. Figure SA shows group
I (healthy tissue) stiffness distributions and log-normal
fitting: x.=56.0£0.3 Pa for 1 pm and 61.1+0.4 for 2 um
indentation, meaning that a small degree of compression
stiffening occurred for these tissue samples. In AFM stu-
dies, compression stiffening is not easily observed due to
the small scale of the deformation, which is limited by the
diameter of AFM probe. With larger scale instrumentation,
such as a rheometer or indentation devices, compression
stiffening is more obvious,?' but lacks local AFM sensi-
tivity and depicts the response from the whole volume of
the sample. Two-level compression of meningothelial
meningioma (group II) resulted in a Young’s modulus of
50.0+£0.2 Pa for 1 um and 52.7+0.5 Pa for 2 um with no
compression stiffening (Figure 5B). Fibrous meningioma
(group III) exhibited a shift to higher Young’s modulus
values with, x. of 62.7+1.3 Pa and 69.0+1.6 Pa for 1 and 2
um, respectively (Figure 5C). Young’s modulus for
hemangiopericytoma WHO G2 (group IV) was 90.5+2.5
for 1 pm and 95.0£3.1 for 2 um indentation, demonstrat-
ing small compression stiffening (Figure 5D). Metastatic
adenocarcinoma (group V) resulted in compression soft-
ening, unlike other tissue (Figure SE), with the difference
between 1 and 2 pm compression 256.7+5.7 Pa and 242.2
+1.1 Pa, respectively. However, unlike other types of
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Figure 3 (A) Distribution and (B) average values of Young’s modulus for healthy brain tissue (red) and margin adjacent to glioblastoma (blue), and glioblastoma tissue (gray)
measured with atomic force microscopy. Kolmogorov—-Smirnov test and unpaired Student’s t-test were used to confirm statistical differences between samples. **p<0.001.
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Student’s t-test were used to confirm statistical differences between two sets of data. **p<0.001.

neoplasms, log-normal fitting could not be employed, and
instead, Gaussian fit was applied.

A great difference in x. for 1 um (115.2+7.3 Pa) and 2 pm
(168.8+£32.8 Pa) indentation depths was observed for glio-
blastoma tissue (group VI, Figure 5F), and thus the largest
degree of compression stiffening was observed for this type
of tumor (p<0.01). A similar trend was observed using
a cylindrical probe with a 100 um radius in previous
research,”’ but other types of brain tumors were not tested
for softening or stiffening with increasing compressive force.
Adjacent tissue in Figure 5G also showed little compression

stiffening, but the effect was smaller than for healthy tissue,
and x. values were 41.1+0.2 Pa and 43.540.1 Pa for 1 pm and
2 pm indentations, respectively.

The Kolmogorov—Smirnov test was used to compare
distributions of Young’s modulus, calculated at the two
indentation depths — 1 um and 2 pm — for the same sample
(the same data set) and x. values of these distributions were
compared to show if the sample softened (X¢ipum > Xcoum)s
stiffened (X¢1um < Xc2um), Or did not change (X¢ium = Xc2um)
with increasing compressive force. All groups of tissue
showed different levels of compression stiffening, except
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for group II (meningothelial meningioma) and V (metastatic
adenocarcinoma), the latter of which demonstrated compres-
sion softening. The greatest shift to higher Young’s modulus
with increasing compressive force was observed for glioblas-
toma. A short summary of the observed changes is presented
in Table 2.

After the AFM mechanical testing of fresh tissue, each
tissue sample was marked with tissue marking dye before
formalin fixation, so that the pathologist could focus on the
same area of tissue being measured. Signs of expansive and
infiltrative growth of each tumor, especially glioblastoma,
were observed in fixed samples after standard H&E staining.
Representative images are shown in Figure 6. Further analysis
of adjacent tissue showed infiltration of neoplastic cells into
healthy white matter (black arrow, Figure 6C). In meningothe-
lial meningioma, we also observed infiltration of inflammatory
cells (red arrow, Figure 6D). Metastatic adenocarcinoma was
observed and marked with a blue arrow. Glioblastoma tissue
had typical morphology with palisading necrosis (brown
arrow) and pathological blood vessels (green arrow) with
microthrombi and anaplasia (Figure 6H). Importantly, for
each tissue AFM measurement was performed first, then
blind measurement of freshly resected intact tissue and histo-
pathological analysis of the mechanically tested tissue frag-
ment revealed the type of malignancy afterward.

Discussion

Cancers are generally classified according to the extent to
which the cancer has developed with respect to growth and
World Health Organization
a classification system for tumors of the CNS that scores

metastasis. The created

them based on predicted clinical behavior and morphology,

with grades I-IV.*® Current classification of human CNS

neoplasms in general, does not consider tumor
mechanics and is strictly based on morphology and molecular
evaluation (such as isocitrate dehydrogenase mutations).
However, there is a growing body of evidence showing that
tumor stiffness may affect growth and metastatic potential,
and more importantly changes in tissue stiffness may occur
before histological manifestation of the occurrence,'®'%3%40
Furthermore, CNS tumors are diverse, with more than 100
histologically different types of primary tumors described.
Inclusion of tumor stiffness in grading systems might poten-
tially aid in their classification, differentiation, and clinical
prognosis.*'

In this study, we measured several primary and one
secondary CNS tumor and observed that tissue stiffness
rose with brain tumor grading. AFM is recognized as
a powerful tool that measures the mechanical properties of
biological materials at the level of single cells, and thus can
uncover mechanopathology at nano- and microscale.*** In
previous studies, three lines of glioblastoma cells grown on
polymer-based hydrogels with various stiffness were
mechanically tested with AFM to determine their local elas-
tic properties.”’*® These studies revealed that cells
recognized and responded to substrate stiffness by increasing
their own stiffness and changing their morphology. However,
this adaptive mechanism seems unlikely to be achieved by
cells grown in 3-D tissue models, and when the isolates of
gliomas or astrocytes are grown on glass or tissue culture
plastic, the stiffness of these cells does not correlate with the
stiffness of the tissue from which they originate, and at least
one or two magnitudes of difference is observed.”'***

Interestingly, when single cells isolated from different types

Table 2 Characterization of Young’s modulus changes with increasing compressive force (indentation depth) for all tissue types

Groupl/tissue type Young’s modulus for two Curve shift based on x. values | Significance

indentations (x.),

Pa

Xclpm Xc2pm
Group (1), healthy (A) 56.0 6l.1 H *#p<0.01
Group (Il), meningothelial meningioma (B) 50.0 52.7 — NS (p>0.05)
Group lll, fibrous meningioma (C) 62.7 69.0 H *p=<0.05
Group IV, hemangiopericytoma (D) 90.5 95.0 H *#%p<0.001
Group V, metastatic adenocarcinoma (E) 256.7 2422 L *#%p<0.001
Group VI, glioblastoma (F) 115.2 168.8 H *#p<0.01
Group VII, margin adjacent to glioblastoma (G) | 41.1 43.5 H *p<0.05

Notes: Statistically significant differences between distributions calculated at | ym and 2 ym indentation depths tested using Kolmogorov—Smirnov test. H — compression

stiffening, L — compression softening.
Abbreviations: *p<0.05; **p<0.01; ***p<0.001; ns, p>0.05.
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Figure 6 Histopathological analysis of healthy brain tissue and CNS neoplasms. H&E staining of (A) white matter, (B) gray matter, (C) margin tissue adjacent to glioblastoma
WHO G4, (D) meningothelial meningioma WHO GI with prominent inflammatory cell infiltrate, (E) fibrous meningioma WHO Gl, (F) hemangiopericytoma with
prominent hyalinization WHO G2, (G) metastatic adenocarcinoma (lung), and (H) glioblastoma with typical morphology: palisading necrosis and pathological blood vessels
with microthrombi and anaplasia WHO G4. Arrows: black — multiple neoplastic cells infiltrating the adjacent white matter of CNS, red — infiltration of inflammatory cells,
blue — metastatic adenocarcinoma cells, brown — palisading necrosis, green — proliferation of pathological blood vessels. Results of one representative analysis shown. Bar
500 pm.
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of cancers were measured using AFM, their stiffness was
reported to be lower than healthy cells.** This phenomenon

St and

has been observed for bladder,* breast,® cervix,
lung* cells, with pronounced differences between normal
and cancer cell stiffness.

Based on these results, we can conclude that in
2-D culture cells adapt to the mechanical properties of
their substrate, but the mechanism of stiffness regulation
within the 3-D structure of tissue is very likely more
complex. Potentially, it might involve the ability of cells
to impose mechanical force on the extracellular network,
and this mechanical coupling between active cells and
active biopolymer-based ECM could be one of the reasons
we observed different values of Young’s modulus in our
tissue measurements compared to measurements taken
from individual cells in 2-D culture.*®

Previous work with cells or particles embedded in
3-D matrix systems that were used to approximate native
that
numbers within a biopolymer gel as well as active network

tissue architecture revealed increasing  cell
remodeling are required for stiffening and compression
stiffening, a behavior that is not observed in systems
with low cell density.”® However, this was observed with
the use of shear rheometry, which compresses the sample
up to hundreds of micrometers of its initial height, while
the use of AFM does not allow for sample compression to
this extend. Nonetheless, we observed the different
extent of compression stiffening in most of the tissue
measured when indentation depth of the AFM tip was
increased by a factor of two, except for metastatic adeno-
carcinoma that originated from the lung. Nearly a doubling
increase of Young’s modulus as a result of compression
stiffening was also observed in bovine brain tissue by
Budday et al, but following different measurement meth-
ods, higher indentation depths, and indenter sizes of
0.75-1.5 mm.>* This trend was also observed by another
research group.”® The force applied in the AFM measure-
ments as well as the geometry and size of the indenting
probe allow for nano- and microscale deformations, are on
the scale of single cells, cell clusters or cell-ECM micro-
structures. Bulk rheometry is not affected by these limita-
tions, and samples that are large and have limited
variability in their structure can be easily evaluated. In
order to estimate the contribution of cells and ECM in
overall tissue mechanics, gradual tissue decellularization
and subsequent mechanical measurements can be
performed.”® As shown previously, the shear modulus

(stiffness) of brain tissue does not change during

decellularization when measured without compression.
Nevertheless, a strong reduction in the degree of compres-
sion stiffening was noted when cell numbers decreased.”
Overall, these results are consistent with the hypothesis
that the ECM is the dominant component in the generation
of tissue stiffness, but requires tightly packed cells to
generate compression stiffening.

Our results suggest that tissue stiffness can rise with brain
tumor grading and can be observed when comparing menin-
gioma (WHO Gl1) to hemangiopericytoma (WHO G2), or
glioblastoma (WHO G4). Previous research with MRE scans
has shown that meningioma tissue stiffness is greater than
surrounding healthy tissue, while in the same setting glio-

blastoma stiffness is lower.’®>’ However, brain is
a viscoelastic material and has a large viscous contribution,
and thus its mechanical properties are nonlinear. For this
reason, the direct comparison of MRE to AFM data is not
possible. Moreover, even comparison between different stu-
dies using MRE is challenging, because the frequencies used
during each MRE scan greatly impact the results and usually

vary from 1 Hz up to two kHz>*>

while frequency
modulation of the AFM technique does not allow the reach-
ing of these limits. Additionally, the magnitude difference
might be explained by exclusion of intracranial pressure and
additional pressure gradients applied by the tumors, which is
not observed in ex vivo AFM measurements. Studies of brain
tumors using shear wave elastography have indicated that
increased stiffness may correlate with tumor grading and that
gliomas are the softest and meningiomas the stiffest.*’
However, on MRE healthy tissue is stiffer than glioblastoma,
while in shear wave elastography all grades of tumor are
stiffer than healthy tissue.””-**¢"!

Our research on glioblastoma tissue measured immedi-
ately after excision shows its heterogeneity and increased
stiffness when compared to healthy tissue. On the other
hand, research has shown that glioma tissue is softer than
healthy tissue when measured using a different microinden-
tation device with a larger contact area.”’ Nevertheless, in
our studies the overall AFM tip area in contact with the
sample was around 30 um?, which corresponds to the single
cell level, while the microindentation device used previously
had a >9,000-fold higher contact area, and thus recorded
bulk response from the tissue. Still, tissue stiffness measure-
ments obtained from either method cannot be correlated
with the stiffness of cells seeded onto 2-D gels that are as
soft as brain.*® Due to the study design, groups -V
had only one subject, which is a limitation of our research.
Though one can still observe mechanical differences among

submit your manuscript

7518

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Ciesluk et al

these groups, care needs to be taken before generalizing the
conclusions. Further research with larger samples would be
beneficial for confirmation of the changes and clarifying the
overall mechanical behavior of these tumor types.

Conclusion

Evaluation of tissue mechanics using AFM together with
histopathological observation provides a new setting to
improve characterization of cancer progression at the
nano- and microscale level and could enrich the current
tumor grading system. Collected data indicate that tissue
stiffening might indicate pathological changes in the CNS
even at the nano- and microscale that correlate with
increased malignancy. However, due to our sample size,
further analysis of mechanical differences needs to be
studied with larger samples to generalize our findings.

Data Sharing and Data Accessibility
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are available from the corresponding author upon reason-
able request.
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