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Preface

The aim of the doctoral thesis is to present the reader with the research
of clubfoot deformity, specifically the relapsed clubfoot, and establish clubfoot
fibrotic tissue in the biomechanical context. The thesis is organized in a book
format, and each chapter is dedicated to a coherent topic. The topic of each chapter
is consequently specified for the relapsed clubfoot and the researched fibrotic
tissue. The final chapter discusses and concludes on the conducted research
described in the thesis and specifies the limitations of the research and possibilities
for future research.

Chapter I is an introductory chapter and specifies the initial clinical sample.
The chapter introduces the clubfoot deformity. Macro-morphology, phenotype
and aetiology of clubfoot are briefly described. The clubfoot is established
in the context of fibroproliferative disorders. A conservative approach to treatment
is described for clubfoot with specifications about the severity classification
of the deformity. In severe cases of relapsed clubfoot, surgery is adopted
as an approach to treatment, and the identified fibrotic tissue is the studied material
presented in the thesis research.

Chapter II is dedicated to the researched sample material and the related
sample preparation techniques. The chapter navigates the sample preparation
techniques and presents several limitations of the preparation of the sample in terms
of altering mechanical properties. The chapter introduces an overview of the sample
manipulation techniques, including fixation, sectioning, labelling, ablation,
and (de)hydration. The chapter includes a brief visual overview of the sample
manipulation, which includes temperature, transport and measured modalities,
and provides a number of samples used in each analysis. The chapter specifies
the selected sample preparation techniques for relapsed clubfoot tissue and provides
reasoning for the selected techniques. The relapsed clubfoot sample preparation
includes a description of identifying the identical tissue structures for correlative
microscopy.

Chapter III is a methodological section dedicated to the morphological
characterization of the relapsed clubfoot tissue and includes the results
and a conclusion on the morphological characterization. The chapter advances

the description of the clubfoot fibrotic tissue, its morphology and visualization.



The chapter describes the visualization techniques used in visualizing the relapsed
clubfoot tissue. The visualization techniques are compatible with the mechanical
testing of the tissue without introducing artefacts. Each visualization technique
for characterizing the relapsed clubfoot tissue’s morphology is followed
by the results of the specific modality used. The chapter also identifies a relationship
between clubfoot morphology and the mechanical properties of fibrotic tissue.

Chapter IV is a methodological chapter dedicated to the problems
of viscoelastic materials and establishes the clubfoot fibrotic tissue in the context
of biomechanics. The chapter includes the results of the biomechanical
characterization of the relapsed clubfoot tissue. Atomic force microscopy (AFM)
is the biomechanical test of choice for characterizing the mechanical properties
of the relapsed clubfoot tissue. The reasoning for selecting the AFM is clarified
by the physical size of the samples, which are small for conventional tensile testing.
The chapter expands on the crucial sample preparation previously described
in Chapter II, as improper sample preparation can influence the result
of the mechanical characterization. The section is followed by the limitations
and effects of the AFM theoretical models and compares the relapsed clubfoot
tissue to other tissue measured with AFM. The chapter finishes with the results
of the AFM indentation of the tissue.

Chapter V brings the measured morphological data from Chapter III
and data on the mechanical properties from Chapter IV together in multimodal
analysis. The chapter presents the data processing automation and summarizes
the morphological and mechanical characterization. The relapsed clubfoot fibrotic
tissue of the medial side is compared with the connective tissue of the lateral side
clubfoot in terms of mechanical properties, collagen and adipose tissue content,
and fibre orientation. The chapter is a highlight of the methodological importance
of correlative microscopy in evaluating the relapsed clubfoot tissue.

Chapter VI focused on the limitations of the study, and the results are
discussed in terms of the methodology and statistics. The chapter concludes
on the results presented in the thesis. The chapter is followed by the list of

publications that resulted from the biomechanics research.
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Chapter I
1. Clubfoot — The Fibroproliferative Disorder

Talipes equinovarus congenitus, i.e. clubfoot, is an orthopaedic deformity
of lower limbs, an idiopathic congenital defect primarily characterized
by malformations in the area of talus, calcaneus and the tissue surrounding these
bones (Kyzer & Stark, 1995; Siapkara & Duncan, 2007; Ostadal et al., 2017;
Novotny et al., 2022). The phenotype of the clubfoot deformity is mainly
characterized by a club-like appearance of one foot or both feet; hence, the term
clubfoot is used (Figure 1)(Kyzer & Stark, 1995; Pandey & Pandey, 2003; Anand
& Sala, 2008; Cooke et al., 2008; Bridgens & Kiely, 2010; Ost'adal et al., 2017).
The club-like appearance is described by anatomical nomenclature
with the following terms: plantar flexion, adduction, supination of the foot or feet,
and a combination of medial rotation, flexion and inversion of the hindfoot, also
known as varus. Additionally, the deformity is recognized to affect other areas
of lower limbs besides the foot, for instance, torsional deformity of the tibia,
shortening of the affected lower limb, or atrophy of calf muscles, though some
of these can develop as secondary symptoms of the clubfoot deformity

(Pandey & Pandey, 2003; Fulton et al., 2015).
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Figure 1. Illustrative image of clubfoot deformity. Medial side (Green) and lateral
side (Red) of the deformity, where biopsies are obtained during the surgery

of relapsed clubfoot.



1.1 Development of Clubfoot

According to Ponseti, 2002, clubfoot develops during the fetal stage
of ontogenesis in the third month of intrauterine development. Both feet
are in equinovarus during ontogenesis and assume a pronated position of the foot
at birth. However, during pathological ontogenesis of the clubfoot, a foot or feet
remain arrested in the equinovarus after birth and require medical correction into
physiological position (Anand & Sala, 2008). Clubfoot occurs in approximately
1 birth out of 1000 live births (Cooke et al., 2008; Kadhum et al., 2019), although
the incidence can vary between different populations (Mkandawire & Kaunda,
2004; Wallander et al., 2006; Mathias et al., 2010; Ost’adal et al., 2017; Dibello
et al., 2022). The deformity can develop as unilateral or bilateral with a ratio of 1:1.
Boys are affected with either unilateral or bilateral clubfoot up to three times more
than girls (Mkandawire & Kaunda, 2004; Wallander et al., 2006; Mathias et al.,
2010). Untreated clubfoot deformity hinders physiological mobility of the foot
and ankle joint (Owen et al., 2018). Some corrective methods have been proposed,
such as the Ponseti casting method (Ponseti, 2002) or the French functional physical
therapy method (Dimeglio & Canavese, 2012).

1.2 Treatment of the Deformity

The Ponseti casting method treats clubfoot in a series of gentle force
manipulations of the foot, with each manipulation set followed by plaster casting
to secure the foot in the new position. Casts are changed every 14 days, and the foot
may reach the physiological position within 6 weeks (Figure 2). A percutaneous
tenotomy of the Achilles tendon can be performed to release the tension preventing
the foot from reaching the physiological position. The patient wears the last plaster
cast for up to 4 weeks. Patients are required to wear orthosis after casting
to maintain the physiological position of the foot until about the age of four
(Ponseti, 2002).

The French functional physical therapy method treats clubfoot in a series
of gentle force manipulations of the foot on a daily basis while stimulating
the muscles around the foot. The correction is maintained with adhesive tapes that
immobilize the foot. The treatment is applied during the first 4 months

of the newborn child. During the third month of the treatment, the foot
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normalization is assessed. If the correction produces insufficient results
in normalizing the foot position, the surgical release is performed (Dimeglio
& Canavese, 2012).

Regardless of the correction method of the clubfoot, orthopaedic
practitioners and surgeons always assess the severity of clubfoot before they correct
the deformity. The severity of the clubfoot cases varies, ranging from mild
to severe, based on the score assigned to the deformity according
to the classification systems. Two classification systems can be applied to assess
the severity of the clubfoot: the Pirani score or the Dimeglio score (Goriainov et al.,

2010; Cosma & Vasilescu, 2015).

Figure 2. Illustration of the Ponseti casting method. The figure depicts a gradual

correction of the position of the deformed foot over several weeks.

The Pirani classification system examines the clubfoot at two locations
of the foot — midfoot and hindfoot. At each location, three observation parameters
are examined. The three parameters at midfoot are the curvature of the lateral
border, medial crease and talar head reducibility. The three parameters
at the hindfoot are the posterior crease, empty heel and rigid equinus. Each observed
parameter is scored O for no abnormality, 0.5 for moderate abnormality
and 1 for severe abnormality. The total Pirani score ranges from 0.0 to 6.0

(Goriainov et al., 2010; Cosma & Vasilescu, 2015).



The Dimeglio classification system is a four-grade system that evaluates
the force required for correcting the clubfoot into a physiological position.
The orthopaedic practitioner applies force until the stiff foot resists the deformation
and measures an angle from a sagittal, frontal and horizontal plane. The angle
is measured for four parameters in the Dimeglio classification system (Figure 3):
equinus deviation in the sagittal plane, varus deviation in the frontal plane,
de-rotation of the calcaneal-forefoot block and forefoot adduction
in the horizontal plane. The ranges of the measured angles are scored as follows:
0 (-20°), 1 (-20° to 0°), 2 (0° to 20°), 3 (20° to 45°), 4 (45° to 90°). In addition,
the orthopaedic practitioner scores four possible deformity characteristics with one
point each. The four deformity characteristics are posterior crease, medial crease,
cavus and fibrous musculature. The total score of the Dimeglio classification
system ranges from 0 to 20 points (Cosma & Vasilescu, 2015).

In our research, orthopaedic practitioners from the Department
of Orthopaedics at Hospital Bulovka used the Dimeglio classification system when
correcting the foot position using the Ponseti method. Patients evaluated as grade
IIT and IV, i.e. severe and very severe, experienced relapses and had to undergo

corrective surgery (Table 1).



Grade

Type Frequency, % Score

I Benign ym [0, 5]
II Moderate 21,10 [5, 10]
I Severe 52, 56 [10, 15]
Y Very severe 27,34 [15, 20]
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Figure 3. The Dimeglio classification, adopted from Fernandes et al., 2016.

The frequency of cases of different severity is expressed with data from Chotel
etal., 2011.



1.3 Clubfoot Relapse and Fibrosis

Corrective treatments and the severity assessment of clubfoot deformity
by orthopaedic practitioners and surgeons aim to correct the deformed foot.
The available corrective methods often provide positive results, and the initial
treatment is successful. However, in some cases of clubfoot, the position of the foot
relapses back to the clubfoot position. The severity of the relapses varies,
as well as the area of the foot that fails to retain the corrected position, and more
severe cases of clubfoot are more likely to relapse. It has been suggested
that the cause of clubfoot relapse is the same as the initial causal mechanism behind
the development of clubfoot. However, the exact causal mechanisms for clubfoot
and its relapses remain unknown (Ponseti, 2002).

Some potential causal mechanisms of clubfoot and its relapses have been
proposed (Siapkara & Duncan, 2007). Among the proposed causal mechanisms
are both genetic (Lin, 2020; Quiggle et al., 2022) and environmental factors.
Among environmental factors, there are multiple aetiological candidates, including
hypoxia (Novotny et al., 2020, 2022), neuromuscular factors (Handelsman
& Badalamente, 2008); and fibrosis — an excessive collagen synthesis (Kerling
et al.,, 2018), which is important from a biomechanical standpoint (Nelson
& Bissell, 2006; Wells, 2013; Matera et al., 2021). However, the mechanical effect
of fibrosis is different from mechanical factors such as the position of fetus
in the uterus, which was considered among the first aetiological clubfoot theories
that found little support as clubfoot was not present in cases such as twins, large
babies and hydramnios, where the uterus was constraining the fetal development
(Anand & Sala, 2008).

Orthopaedic practitioners observe fibrosis both in clubfoot and its relapses
(Ponseti, 2002). The majority of clubfoot characterizations attempt to classify
the resistance to correction methods. Resistance to correction is characterized
by terms such as stiff, rigid or contracted (Pandey & Pandey, 2003; Poon et al.,
2009; Kerling et al., 2018; Pavone et al., 2018; Quiggle et al., 2022) that are vaguely
referring to the viscoelastic properties of the clubfoot tissue. Several studies suggest
that the underlying factor for the tissue’s rigidity is within its extracellular matrix
(ECM) composition (OSstadal et al., 2017; Eckhardt et al., 2019; Knitlova et al.,
2020, 2021; Novotny et al., 2020, 2022). Clubfoot cases, especially those



that experience relapses, are showing clear signs of fibrosis. Fibrosis
can be observed in the medial and posterior side of the clubfoot, the tarsal ligaments,
the deep fascia, the Achilles and the posterior tibial tendon (Ponseti, 2002; Sano
et al., 1998). Specifically, the medial side of the clubfoot between the medial
malleolus, sustentaculum tali, and the navicular bone contains a bulk of fibrotic
tissue (Sano et al., 1998; Eckhardt et al., 2019; Knitlova et al., 2020). Fibrosis
contributes to altering the structure of the tissue and its ECM
and is the characteristic process in fibroproliferative disorders, such as Dupuytren’s
contracture (Li et al., 2001; Poon et al., 2009; Kerling et al., 2018) and Peyronie’s
Disease (Patel et al., 2020) as well as for clubfoot (Eckhardt et al., 2019).
The pathological accumulation of collagen might even be a key element
in the aetiology of clubfoot and is likely one of the main factors contributing

to relapses of clubfoot (Ponseti, 2002; Kerling et al., 2018; Eckhardt et al., 2019).

1.3.1 Surgery of Relapsed Clubfoot

According to the collaborative hospital Bulovka, failure of casting using
the Ponseti method leaves limited treatment possibilities for the patients whose foot
or feet relapsed into the club-like phenotype or for the patients who neglected
the conservative treatment of the Ponseti method. Continuous lack of treatment
leaves affected children walking on the sides of their feet instead of the soles.
The changes in force distribution during gait lead to permanent morphological
changes, so invasive treatment can prevent mobility impairment and return
the ability of the plantigrade locomotion to individuals with the idiopathic
congenital deformity (Ost’adal et al., 2015; Ost'adal et al., 2017).

Orthopaedic practitioners treated several young patients with the Ponseti
method, but after the failure of the casting therapy, surgery on the relapsed clubfoot
was performed to normalize the foot. The severity of the patients’ clubfoot was
classified according to Dimeglio classification as grade III or IV. Thirteen randomly
selected patients operated for the relapsed clubfoot were included in this study.
The selected biopsies were from nine males and four females with a mean age
of 51 months (SD = 29 months). The anonymized patient information is stated

in Table 1.



Two types of biopsies were dissected during surgery. The first type
represents the fibrotic tissue, and the biopsy was dissected from the contracted
tissue, specifically from the region of the medial malleolus, sustentaculum tali,
and the navicular bone (length =9.79 £ 5.29 mm [mean + standard deviation (SD)],
width =5.42 + 2.29 mm [mean + SD]). The second type represents a control sample,
and the biopsy was extracted from the lateral surface of the calcaneocuboid joint
(n = 13, length = 6.16 = 2.72 mm [mean = SD], width = 4.11 + 1.97 mm
[mean = SD]). The approximate location of the biopsy extraction site is depicted
in Figure 1.

Orthopaedic practitioners subjectively classified the tissue and the extracted
biopsy as stiff and contracted. Our research group further investigated the biopsies.
The group investigated the biopsies in several characteristics, comparing the biopsy
of the medial side with the biopsy of the lateral side. Lateral side biopsy functioned
as a control group.

The lateral side is not a proper control because the samples do not originate
from a medial side of healthy participants of the same age group with the same diet
or similar physical history. Attempts to obtain a sufficient number of proper
controls would be unethical and unrealistic. Therefore, the lateral side biopsy
functions as a relative comparison for the medial side biopsy since both tissues
come from the affected limb, and orthopaedic surgeons refer to both sides
of the clubfoot when concluding on the characteristics of the relapsed clubfoot
tissue.

The investigated characteristics of the relapsed clubfoot were protein
composition (Ost’adal et al., 2015; Eckhardt et al., 2019; Novotny et al., 2022),
vasculature (Novotny et al., 2020), fibrosis modulation and inhibition (Knitlova
et al., 2020), crosslinks (Knitlova et al, 2021), tissue morphology
and biomechanics. Our research group investigated the tissue, and early findings
support the presence of fibrosis but also the possible presence
of hypoxia. From a biomechanical standpoint, the most relevant findings
are the difference in protein composition, increased collagen type I content
and collagen crosslinking in the tissue from the medial side clubfoot (OSt’adal
et al., 2015; Eckhardt et al., 2019; Knitlova et al., 2021; Novotny et al., 2022).
The task of characterizing the tissue in the morphological

and biomechanical context is the central part of the thesis.
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1.3.2 Ethics Committee Approval

All procedures were performed in accordance with the ethical standards
of the 1964 Declaration of Helsinki. Institutional approval for our study was
obtained from the Ethics Committee of the Institute of Physiology of the Czech
Academy of Sciences (project No. 17 31564A, 14 June 2016). The parents or legal

guardians of all the patients provided written, informed consent to participate.
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Table 1. Detailed data of 13 patients with idiopathic congenital clubfoot.

. . Patient's age  Ponseti
Patient DAL at the time treatment Foot . . Clul?foot
Gender clubfoot . Previous surgeries family
No. . . of surgery (Number of (left/right) .
classification anamnesis
(months) plasters)

1 Male I 38 10 Left Tenotomy of Achilles tendon 0

2 Male v 68 6 Right Tenotomy of Achilles tendon 0

3 Male I 84 5 Right Tenotomy of Achilles tendon 0

4 Female I 16 5 Left Tenotomy of Achilles tendon 0

5 Male I 124 5 Right Tenotomy of Achilles tendon 0

6 Male v 31.5 unknown Left None 0

7 Male I 44 10 Left Tenotomy of Achilles tendon 0

8 Male 11 53.5 5 Right, None Mother

Left
9 Female v 39.5 6 Right Tenotomy of Achilles tendon 0
10 Female v 215 10 i Tenotomy of Achilles tendon 0
+ re-tenotomy

11 Male I 66 15 unknown unknown 0

12 Female I 32 5 Right Tenotomy of Achilles tendon 0

13 Male III 48 5 unknown unknown Father




Chapter 11

2. Preparations of Clubfoot Tissue

In order to characterize the morphology and mechanical properties
of the tissue biopsy, sample preservation, visualization and mechanical testing
are required. Biomechanical characterization of the tissue does not permit specific
sample preparation procedures of fixation, staining and other sample preparation
methods, which could alter the mechanical response of the tissue. The chapter will
investigate the possible alternation of the tissue and present the least-altering

approach chosen to characterize the tissue in a biomechanical context.

2.1 Overview of the Sample Manipulation

In this study, the devices used to prepare and analyse the sample included
a cryostat for cutting the samples (Institute of Physiology, CAS, Prague)
and an optical microscope for morphological analysis (Bioimaging Facility,
Institute of Physiology, CAS, Prague). The microscope site is referred
to as the primary microscopy site throughout the text. Additional devices included
an atomic force microscope with an optical microscope for micromechanical
and morphological analysis (Nanobiotechnology Core Facility, CEITEC, Brno).
The microscope site is referred to as the secondary microscopy site throughout
the text. The samples were maintained under cooled conditions during transport
between the facilities. The sample preparation and the data acquisition
for multimodal analysis were completed in five days after removing the samples
from —80 °C storage, and the prepared sections went through rehydration twice
(Figure 4).

On the first day, the samples were prepared at cryostat. The sample sections
were dehydrated by adhering to the microscope slide during cryostat preparation.
The sample sections were stored at +4 °C. On the second day, the sections were
rehydrated for the morphological analysis conducted at the primary microscopy site
(Chapter III). After the morphological analysis, the sections were dehydrated
and stored at +4 °C. The sections were transported to the secondary microscopy site
using dry ice. The sections were rehydrated before acquiring the morphological

(Chapter III) and micromechanical properties (Chapter 1V) at the secondary
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microscopy site during the third, fourth and fifth days. The data acquisition was
performed at the identical locations of the sections to those acquired

at the morphological analysis of the primary microscopy site.

/ University Hospital Bulovka \
Orthopaedics department

Surgical extraction
of relapsed clubfoot samples

(nmed = 13-, Npat = 13)

= o /

Primary microscopy site

Institute of Physiology c of P olog
3 Ore
Sample storage g0 °C Rehydration
(Nmed = 26, nja = 26) O

Sample sectioning

(nmed = 26, Njat = 26)

+21 °C

Sample storage 14 oC

AT

+4 °C

(Nmed = 57, nigt = 44)
(Nmed = 26, Nijat = 26)

Dehydration

Secondary microscopy site

Nanobiotechnology

CEITEC Core Facility force maps AFM | 53 o

Rehy o (Nmea = 73, N1at = 47)

FOV PLM 423 °C Young’s moduli

k (nmed =60, Njat = 45) (nmed = 916, Niat = 485) /

Figure 4. Overview of the sample manipulation. The figure shows sample

manipulation and a number of tissue samples used in data analysis for the medial
(nmed) and lateral (nia) sides of the relapsed clubfoot. Fields of view (FOV)
of second harmonic generation (SHG), third harmonic generation (THG)
and polarization microscopy (PLM) are discussed in Chapter III. Force maps

acquired with atomic force microscopy (AFM) are discussed in Chapter I'V.
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2.2 Fixation of the Clubfoot Biopsy

Naturally, the tissue biopsy decays over time and some form of prevention
from the tissue degradation is required (Taqi et al., 2018; Layton et al., 2019).
The tissue processing method that preserves the micro-architecture and structural
integrity of the tissue and cells is known as tissue fixation (Layton et al., 2019).
Tissue fixation methodology aims to stop the decay processes such as autolysis
(Taqi et al., 2018) and infectious agents (Layton et al., 2019). Two approaches
of tissue fixation are commonly used — chemical fixation and heat fixation
(Sosinsky et al., 2008; Layton et al., 2019) or their combination (Sosinsky et al.,
2008). Each approach to tissue fixation is a potential source of artefacts — structural
anomalies in tissue structure and composition created during tissue handling,
including the fixation (Taqi et al., 2018). Only some examples will be made
to demonstrate the possible effects of the fixation that relate to an alternation
of the biomechanical properties of the biological tissue. Because of these

alternations, fixation by freezing was applied to the relapsed clubfoot samples.

2.2.1 Chemical fixation

Chemical fixatives preserve the tissue in one of three possibilities:
coagulation, cross-linking and covalent bonding. When proteins coagulate,
they become insoluble in water (Layton et al., 2019). In a native state of the tissue,
proteins are organized in higher structural orders, such as tertiary structure.
The native tertiary structure is water soluble, i.e. free water molecules surround
exposed hydrophilic areas and form hydrogen bonds together, while hydrophobic
areas tend to interact with each other as they are repulsed from water and the surface
of the protein’s tertiary structure. Hydrophilic and hydrophobic interactions
in water stabilize the protein structure (Willingham, 1999; Layton et al., 2019).
The application of alcohol fixes the tissue by removing free water from the tissue,
i.e. the tissue 1s dehydrated. The protein coagulation occurs when the concentration
reaches around 50 % for ethanol and 80 % for methanol. Consequently, hydrogen
bonds are diminished, while hydrophobic areas of the protein become exposed
at the protein surface, leading to denaturation, a disruption of the protein’s tertiary

structure, and coagulation of proteins (Layton et al., 2019). Both changes
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in the protein structure and the tissue’s dehydration alternate the mechanical
response of biological tissue (Wilke et al., 1996; Azril et al., 2023).

Other chemical fixatives, such as formaldehyde or glutaraldehyde, mediate
covalent bonding and cross-linking between side chains of peptides and proteins
(Layton et al., 2019; Musilkova et al., 2019; Adamiak & Sionkowska, 2020),
in naked and free DNA, and also in unsaturated lipids (Layton et al., 2019).
The formaldehyde fixation also mediates the formation of hydroxymethyl groups,
leading to denaturation and rendering the macromolecules insoluble. The advantage
of formaldehyde fixation is in preserving peptide-protein bonds and cellular
organelles. With the addition of calcium, lipids are preserved as well (Layton et al.,
2019). Cross-links formation is a time-dependent process, and the longer time
the proteins like collagen are exposed to the cross-linking media,
such as formaldehyde, glutaraldehyde and genipin, the more cross-links between
individual collagen molecules are formed (Sundararaghavan et al., 2008; Layton
et al., 2019). Cross-links support the preservation of tissue by stabilizing the tissue
during fixation (Layton et al., 2019); however, they also affect the mechanical
properties of tissue, stiffening the collagen network (Sundararaghavan et al., 2008;
Richoz et al., 2013) and some cross-linkers increase an autofluorescence signal
(Jastrzebska et al., 2003), which poses problem for morphological characterization
of the tissue as well. Therefore, chemically fixed tissue is not representative
of in vivo mechanical properties and other means of preserving the tissue were

chosen for morphological and mechanical characterization of the clubfoot tissue.

2.2.2 Physical Fixation using Temperature Change

An alternative method of fixation to chemical fixatives is the application
of temperature change to alter the properties of free water in the tissue together
with inducing changes to the tissue structures (Sosinsky et al., 2008; Taqi et al.,
2018; Layton et al., 2019). Fixation through temperature change can be as simple
as heating, microwave heating or freezing the tissue sample (Layton et al., 2019).
As surgeons proceed to extract biopsies during surgery, their primary focus
is preserving the patient’s health and not preserving the biopsy. Therefore,

it is convenient to preserve the samples rapidly.
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Out of the fixations through temperature change, freezing the tissue samples
offers a rapid intra-operative fixation of biological samples (Steu et al., 2008).
However, the freezing method can induce artefacts in the sample. The most
common artefact of the freezing method is ice crystal formation. Ice crystals
are formed when the temperature declines slowly and gradually, leaving enough
time for the ice crystals to expand, eventually leading to structural damage
to the tissue (Steu et al., 2008; Taqi et al., 2018). One way to prevent the ice crystal
formation is the addition of cryoprotective agents. Cryoprotectants limit the ice
crystal formation but may lead to other artefacts, e.g. cryoprotectant aggregation
and toxicity (Bachmann & Schmitt, 1971; Sosinsky et al., 2008).

Another way of preventing the deformation of the tissue by ice crystals
is to increase the freezing rate so there is no time for ice crystal formation. This can
be achieved by adding the biopsy into liquid nitrogen or carbon dioxide dry ice
(Steu et al., 2008; Taqi et al., 2018), both having low temperatures of =196 °C
(Pogrel et al., 1990) and —78.5 °C (Gorecki et al., 2016), respectively. Rapid
freezing immobilizes all cellular and intracellular content almost instantly
(Sosinsky et al., 2008). However, it is unsuitable for all tissue types as extremely
soft tissue, e.g. brain, spleen and lymph node, becomes brittle (Steu et al., 2008).
Rapid freezing is used to preserve fresh tissue prior to cryostat sectioning (Taqi
etal., 2018),

The biopsies of relapsed clubfoot were preserved by freezing method
immediately after the surgical extraction. The tissue was placed into a coolant
with dry ice for transport in order to prevent the decay and formation of the ice
crystals. Once the biopsies were transported, they were stored at —80 °C before

further processing.

2.3 Clubfoot Sample Preparation for Optical Microscopy
and AFM

Sample preparation methodology offers many approaches to visualize
the relapsed clubfoot tissue with an optical microscope. However, the aim
of the thesis is to characterize not only the tissue morphology but also
the mechanical properties of the tissue. As such, the sample preparation methods

for visualizing are limited to those that do not alter mechanical properties.
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The preparation methodology considers the optical properties of the clubfoot tissue,
both general and molecule specific, and considers limits of the micro-indentation

by AFM.

2.3.1 Accessing Deep Layers of the Tissue

The first problem to consider when planning the sample preparation
for the morphological characterization of the tissue is that the majority of biological
samples are opaque on the macroscopic level (Schega et al., 2020), and the light
that enters the sample is quickly absorbed or scattered (Welch et al., 1989; Pellicer
& Bravo, 2011). Several biological molecules, such as lipids, various fibrillar
proteins and other proteins, and also water, contribute significantly to light
attenuation (Pellicer & Bravo, 2011). If some of these molecular components were
removed from the tissue without significant disruption to the tissue morphology,
light would penetrate deep into the sample, and the architecture of the whole
clubfoot sample would be resolved. This reduction of the opacity of the biological
tissue is achieved by clearing methods. Clearing methods either involve the removal
of lipid molecules of the biological tissue using a clearing solution or involve
replacing water with clearing media of a higher refractive index, which dehydrates
the tissue. A combination of lipid removal and impregnation of the tissue
with clearing media is also possible. Both clearing media and structures of interest
maintain similar refractive indices, and the sample becomes transparent (Schega
etal., 2020). However, the clearing methods present an apparent problem for testing
mechanical properties as both lipids and water have an important role
in the mechanical properties of the tissue. Additionally, the clearing method does
not open access to the characterization of biomechanical properties of deep layers,
as AFM is limited only to the surface or near-surface layers of the tissue. Therefore,
a different methodological approach was selected for overcoming the opacity of the
relapsed clubfoot biopsies.

A straightforward method for identifying deep structures within the biopsy,
both its morphology and biomechanics, is tissue sectioning. A whole organ
or a biopsy can be sectioned into thin slices, each containing a single focal plane
of cells and tissue to be visualized. Consequently, a whole organ can

be reconstructed during image data analysis (Braak & Braak, 1991). The thin slices
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of the tissue often offer little contrast, and samples require staining with contrasting
agents or fluorescent labels (Kasten, 2002; Lee et al., 2020; Balaur et al., 2021).
A robust method for producing thin sections while maintaining tissue integrity
is cryostat sectioning.

Cryostat sectioning is complementary to heat fixation, specifically freezing
(Taqi et al., 2018). Therefore, we have selected cryostat sectioning to process
the frozen biopsies of the relapsed clubfoot tissue for consequent imaging with light
microscopy and biomechanical tests with atomic force microscopy. Biopsies
are typically embedded into an Optimal Cutting Temperature (OCT) compound
and positioned into the desired orientation before freezing (Pearse & Gardner, 1972;
Cui et al., 2007). It is unclear how OCT affects local micromechanical properties
and consequent AFM measurements. In order to preserve in situ mechanical
properties, the biopsies were placed into cube-shaped moulds and immersed
in phosphate-buffered saline (PBS).

From the perspective of biomechanical analysis, tissue sectioning presents
a potential source of disruption of the tissue structures (Aitken et al., 1995; Taqi
et al., 2018). Collagen fibres are anisotropic, and the directionality of the applied
load yields different biomechanical responses (Wenger et al., 2007; McKee et al.,
2011). Therefore, sectioning requires caution so that individual fibres
are not perpendicular to the direction of the cut. We identified the collagen fibre
orientation in the biopsies and aligned the tissue inside the mould parallel
with the cutting axis of the cryostat. The moulds were placed into Leica CM 1850
UV cryostat (Leica Biosystems Nussloch, GmbH, Germany), where the tissue
embedded in PBS formed a frozen block at —26 °C. The operating temperature
range of the cryostat is tissue-specific and ranges between —20 °C to —30 °C (Pearse
& Gardner, 1972). We empirically determined the cutting temperature empirically,
as the tissue was being torn outside of —25 °C to —27 °C.

Aligned frozen blocks were cut into tissue sections with a thickness
of approximately 120um. Sections from the upper layers of the biopsies were
discarded as they were presumably damaged during surgical extraction.
The discarding of upper layers was also motivated by a requirement for atomic force
microscopy, as the technique requires minimal surface roughness
due to the technical limit of the motion range of the indenter, i.e. the cantilever.

The vertical operating motion range of the cantilever is only 15 pm. The AFM
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indentation also requires the sample to be stationary, and the typical immobilization
medium used to adhere the sample to a microscope slide or petri dish is glue
(Morriss et al., 2008; Shirmohammadi et al., 2011). In order to avoid the usage
of glue to fix the sample to the substrate and potentially modify the mechanical
properties of the tissue with glue penetration, we utilized the phenomena of heat
fixation. When frozen sections are pressed against a warm microscope slide,
the temperature difference leads to the sections’ attachment to the glass, partially
fixing the sample to the glass substrate by heat and dehydration (Layton et al.,
2019). Consequently, the adhered cryostat sections were dehydrated
for approximately 24 hours, guaranteeing an intact adhesion to the microscope
slide. Samples were rehydrated before the visualization by optical microscope
and before the AFM measurement.

Cryostat sections are sufficiently thin for the light to pass through; however,
not all the light is absorbed by biological tissue in the same magnitude (Pellicer
& Bravo, 2011; Guosong et al., 2017). Terrestrial biological organisms
had to evolve in the close presence of light radiation (Johnsen, 2001; Guosong
et al., 2017) and cope with the mutagenic effects of ultraviolet (UV) light radiation
(Sage et al., 2012), highly bioactive free oxygen radical (Lim et al., 2022)
and utilize visible light for their biochemical processes (Edwards & Silva, 2001).
As a result, the biological tissue extensively absorbs UV and visible light,
but the light absorption capability decreases with the higher wavelengths.
The absorption and scattering of light are tissue-dependent (Sandell & Zhu, 2011).
However, the decrease in light absorption and scattering capability generally creates
an optical window in a small range of near-infrared (NIR) light spectra. The optical
window ranges from 600 to 1300 nm (Pellicer & Bravo, 2011; Guosong et al.,
2017). Tuning the excitation laser to the frequency of NIR light allows for deeper
tissue penetration (Welch et al., 1989). The NIR light is also used together
with the molecule-specific optical properties to visualize connective tissue (Cicchi
et al., 2013; Hadraba et al., 2017; Williams et al., 2020) or adipose tissue (Débarre
etal., 2006; Weigelin et al., 2016). We utilized the non-linear effect of a high-power
pulsed NIR laser with the relapsed clubfoot tissue to visualize the collagen fibres

and adipose structures under the optical microscope.
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2.3.2 Identifying Structures of the Tissue

The second problem to consider when planning the sample preparation
for the morphological characterization of the tissue is that most mammalian
biological samples lack colour and contrast, making structures of interest nearly
indistinguishable. The tissue from clubfoot biopsy offers little contrast
in transmitted light, and specific structures elude visualization (Figure 5). In order
to visualize specific structures with either visible or NIR light, the sample is often
stained with contrasting agents or fluorescent labels (Kasten, 2002; Lee et al., 2020;

Balaur et al., 2021).

Figure 5. Brightfield image of connective tissue (A) and adipose tissue (B) of

relapsed clubfoot. The image was acquired with NIR light transmitted through the

sample.

The common method is to stain samples with a suitable dye. Dye staining
faces two main challenges: transporting the dye to the target site and bonding
the dye to the target (Dapson, 2005). One of the basic staining methods
for enhancing contrast in tissue sections is the application of hematoxylin and eosin.
Hematoxylin stains nuclei violet, while eosin stains the cytoplasm together
with fibres and various proteins of the tissue in shades of pink, orange and red
(Horobin, 2002; Kasten, 2002; Bancroft & Layton, 2019). Eosin is a suitable dye
to stain connective tissue and identify primarily elastin but also collagen (Goldstein,
1969). Eosin is soluble in water or alcohol and diffuses into the tissue
from the water or alcohol solution. The binding process to the target site is based

on a strong affinity through electrostatic charges of anionic groups, a dipole
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induction through van der Waals forces, and covalent bonds with amines (Horobin,
2002; Stochert, 2002; Dapson, 2005). Therefore, eosin staining is non-specific,
and the resulting colour variation of eosin staining depends on the local variations
in the density of stained structures, mainly proteins (Stochert, 2002; Bancroft
& Layton, 2019).

Alternatively, specific fluorescent labels, based on the antigen-antibody
interactions, are applied to the samples to achieve greater specificity of the staining
to identify collagen (Zhu et al., 1995). Similar to immune reaction, the principles
of antigen-antibody interaction is utilized in immunohistochemistry to stain specific
target (Coons et al., 1941; Sanderson et al., 2019). An antibody carries a fluorescent
label and can be attached directly to the target location — direct immunofluorescence
(Coons et al., 1941; Burry, 2011) — or indirectly by marking target locations
with a primary antibody, which itself acts as an antigen for a secondary antibody
carrying the fluorescent label — indirect immunofluorescence (Weller & Coons,
1954; Burry, 2011). Applying a secondary antibody increases the binding
specificity as the primary antibody carries an antigen of another animal species
different from the investigated species. However, both direct and indirect
immunofluorescence can produce errors in binding the antigen labels
to an undesired antigen, introducing the uncertainty of proper label binding
in antigen-antibody interactions (Saper, 2009; Burry, 2011).

Both staining methods alternate the native structures of the sample
and introduce artifacts to the sample’s morphology and mechanical properties.
Fortunately, exogenous labels and chemical fixatives can be entirely omitted
with a possible label-free approach. Biological samples can be excited by visible
and NIR light radiation in the same manner as fluorescence labels to produce
an endogenous autofluorescence without the addition of any fluorescent labels
(Kingsley et al., 2001). Endogenous autofluorescence with a distinct contrast
essentially fulfils the function of a specific label. In connective tissue, elastin fibres
offer good contrast when imaged by two-photon microscopes.(Sutcliffe et al., 2017;
Li et al, 2020). The intensity of the autofluorescence signal depends
on the freshness of the sample (EIMasry et al., 2015), and the intensity decreases
with  the storage time (Croce et al, 2005). It is unclear
how long-term storage of the clubfoot biopsies, i.e. several months, affects

the autofluorescence. Of the thirteen patients, only one biopsy specimen had
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a distinct autofluorescence signal of elastic fibres. Moreover, only the lateral side
biopsy showed signs of elastin autofluorescence, while the same autofluorescence
signal was barely detectable in the medial side biopsy (Figure 6). The experimental
design did not allow immediate imaging of the biopsies under the two-photon
microscope after surgery, and samples remained stored for an extended period
at —80 °C before imaging.

Even with the lack of specific endogenous autofluorescence, clubfoot
samples can be visualized in a label-free manner using unique optical properties
specific to certain molecules, particularly collagen type I of connective tissue
(Cicchi et al., 2013; Hadraba et al., 2017; Williams et al., 2020) and lipid-water
interface of adipose tissue (Weigelin et al., 2016). The label-free visualization
techniques are described in detail in the next chapter. The visualization
of the collagen and adipose tissue is compatible with NIR light; therefore, it was
possible to address the morphology of the relapsed clubfoot tissue without
any added labels in a label-free manner. In summary, the samples were prepared
in a way that avoids modifying the sample with any additives, such as fixatives
or added fluorescence labels, which guarantees that no exogenous molecule will
modify the micromechanical environment of the sample, making the sample

suitable for both morphological and biomechanical investigation.

2.3.3 Identifying Position of the Structures using Coordinate system

Another problem of identifying tissue structures arises in correlative
microscopy and multimodal analysis. The characterization of the tissue
in multimodal analysis is often achieved by correlative microscopy, where various
analytical and imaging devices are used to acquire data (Caplan et al., 2011).
The relapsed clubfoot sections were imaged under two microscopes located
at different microscopy facilities (primary and secondary microscopy sites).

The course and fine position identifiers were used to localize the same
position in the sample for imaging between the primary and secondary microscopy
sites. The course position identifier was created by marking each microscope slide
with an asymmetrical red cross to indicate the zero XY position. The XY positions
of the sample imaged at the primary microscopy site were found with respect

to the zero at the secondary microscopy site.
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The fine position identifier was made by ablating a rectangular mark
in the sample (Figure 6). The ablation was done at the primary microscopy site
with the upright optical microscope Bruker Ultima (Bruker Corporation, Billerica,
USA) using a 1040 nm fixed output of Chameleon Discovery TPC pulsed laser
(Coherent, Santa Clara, USA). The laser power of approximately 1.5 W
was focused on the sample with objective CFI75 Apo 25XC W 1300 (1.1 NA)
at each scanned focal plane during optical sectioning. The ablated rectangular mark
helped to precisely localize the XY position in the sample at the secondary
microscopy site. The ablated rectangular mark was also indispensable in the precise

registration of images acquired with different modalities.

2.3.4 Rehydration of the Tissue

The characterization of the tissue in correlative microscopy and multimodal
analysis requires the samples to be preserved for data acquisition and transport
between the microscopy facilities, which are located at different locations (Caplan
et al, 2011). The sample preparation is affected by the requirements
of all the microscopes. Regarding the morphological and mechanical
characterization of the clubfoot tissue, the AFM mechanical test required
the samples to be adhered to the substrate (Kasas et al., 1997). The decision
was made to avoid using glue for adhesion, and instead, the adhesion to the substrate
was achieved by heat and dehydration. Several issues arise as both morphological
characterization and mechanical testing of biological tissue are highly sensitive
to the hydration level. First, the hydration level is closely linked to the ion
concentration of the solution in which the tissue resides during the experiment.
The (de)hydration induces osmotic pressure on the tissue structures,
and the tissue shrinks or swells, altering both the morphology and mechanical
properties of the tissue (Grant et al., 2009; Feher, 2017). Second, the tissue
undergoing dehydration will transition from less stiff and fluid-like behaviour
to more stiff and solid-like behaviour (Grant et al., 2008, 2009; Lefévre et al., 2013;
Munder et al., 2016). The (de)hydration of the tissue can make as much as three

orders of magnitude difference between elastic modulus measurement between dry
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Figure 6. Autofluorescence signal excited by 810 nm femtosecond pulsed laser and detected in the visible region of the electromagnetic
spectra (SP680 and BP595/50, Chroma, Vermont, USA). Medial side biopsy (A) shows sporadically fibrillar structures of low signal intensity.
Lateral side biopsy (B) shows clear fibrillar structures, most likely elastic fibres. Rectangular signal in both images is autofluorescence released

by ablation of the spot for co-registration of the images for multimodal analysis.



and hydrated tissue (Grant et al., 2008; Lefévre et al., 2013). The change
in mechanical properties identical to the hydration level happens by lowering
the pH of the solution that defuses into the tissue (Grant et al., 2009; Munder et al.,
2016). In order to achieve reproducible measurements of the mechanical properties
of biological samples, the samples have to be in mechanical equilibrium in terms
of osmotic pressure and pH of the solution. Hydration time for probing
the mechanical properties of the surface is relatively quick and acquired Young’s
modulus is similar between different hydration times ranging from 3 to 60 minutes
(Lefévre et al., 2013).

In addition to the rehydration time from the literature, the rehydration time
was established empirically by detecting the reflection of a 488 nm laser

from the surface of the tissue (Figure 7). The reflection was detected under
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Figure 7. Volume change with hydration of the sample scanned in longitudinal
plane (XZ). The reflection of the 488 nm laser from the relapsed clubfoot tissue
surface is depicted for three time intervals. The sample changes its volume as water

enters the sample. Glass reflection is used as a control of position.
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the upright microscope Leica SPE using the Z-galvo stage, and XZ scans were
collected over the span of 60 minutes. The rehydration process was stabilized
after approximately 30 minutes. PBS was used to maintain the ion concentration
of the sample to prevent shrinking and swelling of the sample. In the following
experiments, all rehydrated samples were considered sufficiently hydrated

after 30 minutes and were left hydrated for the duration of the experiment.
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Chapter 111

3. Visualization of Clubfoot Tissue

Clubfoot tissue from relapsed clubfoot biopsies is a composite material
and consists of multiple functionally different tissue types. In situ, the tissue
contains four tissue subtypes, particularly connective fibrotic tissue, providing
structural integrity and cell signalling scaffold (Knitlova et al., 2021); blood vessels
providing nutrition and thermoregulation (Merrill et al., 2011; Ost’adal et al., 2017,
Novotny et al., 2020, 2022); neural bodies that provide innervation (Handelsman
& Badalamente, 2008); and adipose tissue (Duce et al., 2013) providing nutrition
storage, thermoregulation and endocrine signalling (Anderson, 1999; Walker et al.,
2007). Each of the four tissue subtypes was reported to have pathological
morphology or increased allocation of the tissue compared to controls (Handelsman
& Badalamente, 2008; Merrill et al., 2011; Duce et al., 2013; Novotny et al., 2020;
Knitlova et al., 2021).

The clubfoot has an apparent macroscopic morphology; however,
the tissue’s morphology is not immediately apparent. Several approaches exist
to visualize the pathology using the same methods used in visualizing healthy
tissue, such as electron microscopy, magnetic resonance imaging (MRI), light
microscopy using immunohistochemistry or fluorescent labels, and label-free
optical microscopy. The visualization of the morphology of the biopsies
is not a straightforward process, and appropriate steps must be taken with both
the biopsy sample preparation and the imaging itself. Electron microscopy
can be used only on metal-coated samples and has nanoscale resolution (Malick
et al., 1975; Sano et al., 1998). MRI is suitable for visualizing intact living patients
and is resolution limited to millimetres (Hays et al., 2010; McDonald et al., 2017).

For imaging of tissue micromorphology, light microscopy is the closest
approximation of in situ conditions (Hiraoka et al., 1990). We used NIR light
to visualize the connective tissue and the adipose tissue of relapsed clubfoot

biopsies in a label-free manner.
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3.1 Label-Free Microscopy of Collagen

Label-free visualization methods can be used to visualize the collagen
of fibrotic tissue (Ranjit et al., 2016). ECM of fibrotic tissue is abundant
with collagen (Strupler et al., 2007). The collagen molecule is essential
in the mechanical response of the tissue (Wells, 2013) and has anisotropic optical
properties that allow the molecule and its hierarchical organization
in the architecture of the tissue to be visualized in a label-free manner (Brasselet
et al., 2010; Cicchi et al., 2013; Jan et al., 2015; Hadraba et al., 2017; Williams
et al., 2020).

The visualization of collagen in fibrotic tissue is accomplished
by generating a second harmonic (SHG) signal using NIR light. SHG signal
is generated if the molecule has a non-centrosymmetric structure and structural
organization at the focal volume. Collagen molecules meet both criteria
for generating the SHG signal (Cicchi et al., 2013; Hadraba et al., 2017; Williams
et al., 2020). The collagen fibres are also birefringent, which is an optical property
required for generating extraordinary waves of light in polarization light

microscopy (PLM)(Brasselet et al., 2010; Jan et al., 2015).

3.1.1 Second Harmonic Generation

The SHG signal is highly specific for collagen visualization. When
the sample is stained with fluorescent labels for collagen type I molecules, the SHG
signal co-localizes with the fluorescence of the labels (Strupler et al., 2007).
The physical origins of the fluorescence label signal and SHG signal are different.
Unlike fluorescent labels, which require a specific antigen (typically an amino acid
sequence) of collagen for binding, an SHG signal requires a whole 3D structure
of the molecule, together with the specific orientation of the molecule towards
the incident light at the focal volume. SHG microscopy reveals both morphological
and functional relations of collagen and its higher hierarchical organizations,
such as fibrils and fibres. The SHG signal is sensitive to both the density of collagen
and collagen orientation and distribution. Both information can be analysed
quantitatively (Cicchi et al., 2013; Hadraba et al., 2017).

Out of the collagen types, only types I and II generate SHG signal (Cicchi
et al., 2013). Other collagen types, such as type IV, would require staining

27



for visualization (Strupler et al., 2007). Since collagen type I, together with collagen
type II and III, represent up to 90 % of all collagen types composition in a body,
it is possible to use SHG microscopy for indications of disease state, disease
progression and remodelling of collagen without the need for any additional
labelling (Cicchi et al., 2013). Furthermore, SHG microscopy is based
on multiphoton microscopy, where utilization of pulsed NIR laser light is highly
favourable (Williams et al., 2005). As such, the SHG allows for depth imaging
of collagen within the tissue biopsy (Welch et al., 1989). Therefore, visualizing
the collagen of fibrotic tissue is possible without altering the mechanical properties
of the tissue, making the SHG microscopy a suitable technique for multimodal
analysis of the tissue and maintaining essentially the same condition of the tissue
for other analytical instruments, such as atomic force microscopy.

Clubfoot deformity and its relapses have been identified to have fibrotic
elements present in affected regions of the extremity (Sano et al., 1998; Ponseti,
2002; Eckhardt et al., 2019; Knitlova et al., 2020), thus an increase of collagen
type I is expected in the relapsed clubfoot tissue. A hypothesis was postulated:
the medial side of the affected limb is highly contracted, appears stiff, and fibrosis
is present, which should result in an increase of the collagen type I content, unlike
the lateral side of the affected limb. A comparison between the medial and lateral
sides is made regarding collagen type 1 content. What is the difference
in the quantity of collagen fibres in relapsed clubfoot tissue between the medial
and lateral sides?

In order to identify the content of collagen in the relapsed clubfoot tissue,
the 120pm sections of relapsed clubfoot biopsies were taken from cryostat
to the upright optical microscope Bruker Ultima (Bruker Corporation, Billerica,
USA), where the tissue was rehydrated for 30 minutes. Type I collagen was
identified in the clubfoot tissue using an SHG signal (Figure 8) generated
with Chameleon Discovery TPC pulsed laser (Coherent, Santa Clara, USA) tuned
to 810 nm. The SHG signal was collected with high numerical aperture objective
CFI75 Apo 25XC W 1300 (1.1 NA), passing through optical fibre into a detector
housing with 2-inch filters (SP680, Chroma, Vermont, USA; and BP405/10,
Edmund Optics, Barrington, USA). The SHG signal was converted into an image
using non-descanned GaAsP photomultiplier tubes (type H11706-40, Hamamatsu,

Japan). The voxel size was 0.51 x 0.51 x 3 pm’.
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Figure 8. SHG signal of collagen fibres of fibrotic tissue in medial side biopsy (A) and lateral side biopsy (B). SHG signal

of collagen in adipose tissue in lateral side biopsy (C). Rectangular signal in both images is left by ablation of the spot for co-registration

of the images for multimodal analysis.



The morphology of collagen within cryostat sections was assessed in terms
of the quality, cut damage and tissue type (Figure 8). The SHG images of collagen
fibres with no apparent signs of damage and morphologically resembling
connective tissue were used for further evaluation of the collagen content.
The collagen of the adipose tissue was excluded from the evaluation (Figure 8, C).

The SHG z-stack images were first processed by filtering the noise
from the SHG signal. The filtered images were projected using the maximum
intensity projection. The collagen content was evaluated for the percentage
of collagen within the field of view (FOV) for both the medial and lateral sides
of relapsed clubfoot. The evaluation included 64 FOV from the medial side
and 44 FOV from the lateral side of 10 individuals. The data were tested
for normality by Shapiro-Wilk’s parametric hypothesis test of composite normality
in Matlab R2018b (MathWorks, Inc., Massachusetts, USA). Statistical differences
between the medial and lateral side FOV were evaluated by the two-sample t-test
in Matlab R2018b.

Statistical analysis of SHG images indicates a significant difference
in the collagen amount between the medial and lateral sides of the relapsed clubfoot
(p = 0.035). The results are stated as means + SD. The medial side tissue contains
a greater amount of the SHG signal per FOV (umed = 37.18 = 6.54 [%])
than the lateral side tissue (pax = 34.27 = 7.56 [%], Figure 9). The result
is in compliance with the expected result that fibrosis is present, leading
to an increase of the collagen type I content in the medial contracted side

and not in the lateral side of the affected limb of the relapsed clubfoot tissue.
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Figure 9. SHG signal representing the percentage of collagen content in FOV of

medial and lateral relapsed clubfoot tissue.

3.1.2 Top-down Projection for AFM indentation

Besides evaluating the amount of collagen within the tissue, the SHG signal
is an excellent indicator for localizing positions for AFM mechanical tests. There
are two requirements for the positions in the tissue sections. One requirement
is related to the quality of the collagen. The collagen fibres respond differently
to mechanical tests based on their orientation to the indenter due to their anisotropy
(van der Rijt et al., 2006; Strasser et al., 2007); therefore, it is crucial to avoid
indenting loose fibres that result from cutting the sample into sections. The second
requirement concerns the 15 um vertical range limit of AFM cantilever indentation.
For the second requirement, the SHG z-stack images were processed as a top-down
projection (TDP) (Figure 10). The TDP is used in the multimodal analysis
to indicate the surface roughness of each section and quality for AFM mechanical

testing. The TDP images were used in the multimodal analysis.
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Figure 10. Top-down projection (TDP) of relapsed clubfoot tissue. The image
appears rotated compared to the original acquisition, but the image actually
underwent geometrical transformation according to the deformation induced
by rehydration. The geometrical transformation is depicted in the deformation

of the shape of an ablation rectangle.

3.1.3 Polarization Light Microscopy

Other means of visualizing collagen without staining come
from the collagen’s birefringence using PLM. Birefringence is another anisotropic
optical property of collagen, which alters the polarization state of the incident light
(Jan et al., 2015). Under bright-field illumination, the non-polarized light
propagates through the sample as an ordinary wave (Simon & Gottschalk, 2007).
Using a polarization filter in the illumination path of the microscope system, only
the incident light with a polarization direction parallel to the main axis of the filter

will reach the sample (Vidal, 2010). The electromagnetic field of the polarized
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ordinary wave interacts with the birefringent sample, giving rise to an extraordinary
wave. The extraordinary wave has a polarization direction perpendicular
to the polarization direction of the ordinary wave (Simon & Gottschalk, 2007).
When a second polarization filter, i.e. an analyser, is placed in the detection path
of the microscope system with a polarization axis perpendicular to the polarization
axis of the polarizer of the illumination path, the ordinary wave of light is rejected.
Only extraordinary wave propagates to the detection unit (Vidal, 2010).
The intensity of the extraordinary wave depends on the relative orientation between
the sample and the crossed polarization axes of the polarization filters. When
the sample is rotated, or the crossed polarization axes of the polarization filters
are rotated, the intensity of the detected signal will change, with each iteration
of the rotation visualizing a different orientation of the collagen fibres (Vidal, 2010;
Jan et al., 2015). The PLM isolates the visualization of collagen only within
a composite tissue. Therefore, the collagen within heterogeneous material
can be precisely localized (Arun Gopinathan et al., 2015; Jan et al., 2015).

The application of both label-free techniques is frequently used
to investigate collagen networks of biological tissue since the SHG and PLM
signals of collagen carry information about the number of molecules, the fibre
orientation (Stoller et al., 2002; Williams et al., 2005; Vidal, 2010), and molecular
angular distribution (Brasselet et al., 2010). The techniques are suitable
for both fixed and fresh samples (Williams et al., 2005; Vidal, 2010; Hutson et al.,
2019), but fixation may change the morphology of the specimen, including the SHG
signal or birefringence signal (Hutson et al., 2019).

Additionally, an important morphological feature of collagen fibres related
to the mechanical properties of the tissue can be recognized in the SHG
and birefringence signal. This morphological feature manifests in a load-free tissue
as a periodic waveform pattern of collagen fibres, i.e. crimps or crimp pattern.
It is believed that the crimps allow the fibrils to resist large tensile deformations,
and the crimps gradually disappear as the fibres are straightened (Liu et al., 2014;
Hamilton et al., 2021). The polarization sensitivity of both SHG and PLM opens
the possibility of investigating the crimp pattern propagation and its dominant
direction (Diamant et al., 1972; Hadraba et al., 2017; Hutson et al., 2019; Hamilton
et al., 2021). The spatial period of crimp pattern propagation indicates the status
of the tissue strain under applied stress (Hansen et al., 2002; Buckley et al., 2013)
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and residual stress (Duclos & Michalek, 2017). A hypothesis was formed: since
crimp pattern and orientation of fibres affect the resulting mechanical response
of the tissue, does relapsed clubfoot tissue have a preferential directionality
in the orientation of collagen fibres that could contribute to the rigid nature
of the medial side of relapsed clubfoot tissue in comparison with the lateral side?
In order to test the hypothesis, the morphology of collagen fibres and crimp
pattern must be visualized. Both SHG and PLM are label-free methods suitable
for visualizing the collagen network morphology of fibrotic tissue
and for the assessment of treatment effects on the morphology of the collagen
network (Strupler et al., 2007; Arun Gopinathan et al., 2015), including the clubfoot
deformity (Knitlova et al., 2020, 2021). The PLM was used to identify the positions
at the secondary microscopy site. The dehydrated relapsed clubfoot sections were
rehydrated in PBS for 30 minutes before the PLM image acquisition at an Olympus
IX-81 microscope (LUCPlanFL N 20x objective, 0.45 NA; Olympus, Tokyo,
Japan). The positions previously imaged by SHG at the primary microscopy site
were localized at the secondary microscopy site according to the coordinate system

(Chapter 2.3.3). The precise location of the FOV was identified according

to the presence of the ablated rectangle in the bright-field imaging mode.
Once the location was established, two polarizers with crossed polarization axes
were inserted into the optical path. The two polarizers were sequentially rotated
with a 10-degree step while the crossed axes were maintained. Ten images were
acquired in the range from 0 to 90 degrees.

The sequence of polarization angles provided information about the local
orientation of the collagen fibres at each pixel. Each polarization angle was assigned
a colour (hue), and an overlay was reconstructed from the maximum intensity pixels
(Figure 11). The polarization angles associated with the maximum intensity
for each pixel were grouped and plotted in a histogram. The histogram was fitted
with the von Mises probability density function (Gatto & Jammalamadaka, 2007)
modified for a 90-degree interval. The fit provided the concentration parameter «,
which represents the orientation distribution of the collagen fibres. When « = 0,
the distribution of the collagen fibres is uniform.

Additionally, the PLM images were used to identify the crimp pattern
and the orientation of the collagen fibres. First, the PLM images were transformed

to the frequency domain using the 2D Fast Fourier Transform (FFT, Figure 12)
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(Chaudhuri et al., 1987; Fung et al., 2010). The 2D FFT images were evaluated
by central moments. The predominant orientation of the crimp pattern was
determined by constructing the covariance matrix and calculating the eigenvectors
of the matrix. The eigenvectors represent the semi-major and semi-minor axes
of an ellipse, which are used to fit the covariance matrix and calculate
the eccentricity € of the ellipse. The eccentricity indicates the strength

of the predominant orientation of the crimp pattern (Lo et al., 2012; Malacrida

etal., 2017).
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Figure 11. Distribution of individual polarization angles within a representative
sample image (A). Polarization image of the medial side with HSV colour-code

(B, each colour-angle pair represents the same colour-angle pair in A).

Statistical analysis of the concentration parameter k and eccentricity € was
performed in Matlab R2018b (MathWorks, Inc., Massachusetts, USA). The data
were tested for normality using Shapiro-Wilk’s parametric hypothesis test
of composite normality. Statistical differences were evaluated in Matlab R2018b
using the two-sample t-test. The results are stated as means + SD. No significant
difference was observed between the medial and lateral side tissue when comparing
the concentration parameter K (Umed = 1.84 £ 1.58, piae = 1.60 = 1.51, p = 0.27,
Figure 8). In contrast, the relapsed clubfoot tissue of the medial side exhibited
a more pronounced crimp pattern when compared with the lateral side tissue

(p < 0.001). The FFT analysis of the crimp pattern shows an eccentricity
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of 0.61 £ 0.16 [-] in the medial side tissue, while the tissue from the lateral side
of the relapsed clubfoot exhibited an eccentricity of 0.48 + 0.18 [-].

In conclusion, the analysis of the birefringence of the collagen fibres
revealed that the crimp pattern of the fibres of the medial side tissue propagates
at a higher frequency than the fibres of the lateral side tissue. The collagen crimp
pattern was reported to function in force transduction in tendons during the initial
elongation of the tendon. The functionality is observed as straightening
of the crimps (Diamant et al., 1972; Hansen et al., 2002). The higher frequency
of the crimp pattern propagation, i.e. more wavy fibres observed in the medial side
tissue, could be a manifestation of released internal stresses after the surgical
removal of the tissue from the body. The observed result suggests that greater
tension is present in the medial side than in the lateral side tissue of the affected
limb before the tissue is removed from the body, which corresponds
to the deformity description of being contracted. However, the increased frequency
of the crimp pattern could be related to clubfoot relapse or even to corrective
treatment, as all the patients in the study had undergone the conservative,
well-established Ponseti method of deformity correction before the surgical

intervention.
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Figure 12. An overall directionality of collagen fibres of medial (green) and lateral
(red) relapsed clubfoot tissue expressed as eccentricity € (C). A single PLM image
with one polarization angle (A) and its FFT image (B) is presented to illustrate
the process of the analysis of crimp pattern propagation. When € = 0, the collagen

fibres are isotropic with no major orientation.
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3.2 Label-Free Microscopy of Adipose Tissue

The biopsy from the surgery of relapsed clubfoot does not contain solely
collagenous connective tissue but also adipose tissue, so it is meaningful
to understand the role of the adjacent adipose tissue. The extremities affected
with clubfoot deformity were reported to have a higher content of adipose tissue
in comparison with an unaffected leg (Ippolito et al., 2009; Duce et al., 2013).
It is highly probable that clubfoot biopsies contain adipose tissue, collagen
and other extracellular matrix proteins. Adipose tissue has mechanical properties
different from connective tissue and appears softer (Wenderott et al., 2020).
Therefore, it is important to distinguish the adipose tissue from connective tissue.
If the adipose tissue is measured together with the collagenous extracellular matrix,
Young’s modulus of the tissue would be lower overall, essentially contradicting
the expected stiffening of the fibrotic tissue. A hypothesis was formed: relapsed
clubfoot tissue biopsies from both medial and lateral side tissue contain adipose
tissue adjacent to the fibrotic tissue. Is there any difference in the amount of adipose
tissue between the medial and lateral side biopsies of the relapsed clubfoot tissue?

In order to answer the question, first, the adipose tissue has to be identified
and quantified. The adipose tissue has a high lipid content (Weigelin et al., 2016).
Lipids are a source of contrast for visualization in a label-free manner (Débarre
et al., 2006; Weigelin et al., 2016) because of a higher refractive index compared
to water (Schega et al., 2020). A transition between different refractive indices
is observed at structural interfaces, such as the lipid-water interface, resulting
in a label-free contrast with the application of pulsed laser. The laser’s interaction
with the structural interfaces results in a nonlinear coherent scattering process,
termed third harmonic generation (THG). THG signal is generated from phase
matching and interaction of waves in the sample with heterogeneous refractive
indices, resulting in a signal with tripled energy compared to the incident light
(Weigelin et al., 2016).

During the label-free investigation of the SHG signal from collagen type I
at the primary microscopy site, the lipid-water interface was identified using THG
microscopy (Figure 13). The tissue sections were under the same conditions as they
were during the SHG imaging. The Chameleon Discovery TPC pulse laser

(Coherent, Santa Clara, USA) was tuned to 1215 nm to visualize the adipose tissue
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(THG), and the NIR light was focused through the CFI75 Apo 25XC W 1300
objective (1.1 NA). The generated THG signal was filtered with band-pass filter
BP405/10 (Edmund Optics, Barrington, USA) and detected at the GaAsP detector.
The voxel size for THG images was 0.51 x 0.51 x 3 pm?, the same as the SHG

images.

Figure 13. THG signal of adipose tissue. The THG signal on the left side
of the image has a typical morphology of the adipose tissue. The FOV is the same
as in Figure 8, C depicting SHG.

The medial and lateral side tissue were compared for the presence of adipose
tissue using the THG signal. The background of THG z-stack images was filtered
from the THG signal. The filtered THG signal was segmented for adipose features
and was projected using the maximum projection. The percentage of FOV covered
with THG signal was evaluated in the processed images (Nmediat = 57

from 10 individuals, niaeral = 44 from 9 individuals). The normality of the data
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and statistical differences were evaluated in Matlab R2018b (MathWorks, Inc.,
Massachusetts, USA). The statistical difference was evaluated with the Wilcoxon

rank sum test (Figure 14).
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Figure 14. THG signal represents the percentage of adipose tissue content

in the FOV of medial and lateral relapsed clubfoot tissue.

According to the Wilcoxon rank sum test, the THG signal coverage of FOV
was found to be significantly different between the medial side and the lateral side
biopsy sections of relapsed clubfoot (umed = 0.82 [%] (median; interquartile range
(IQR) 6.89 [%]), wiat = 4.06 [%] (median; IQR 12.40 [%]), p = 0.037). Medial side
tissue appears to contain a lower amount of THG signal per FOV overall compared
to the lateral side tissue (Figure 14).

In summary, the lateral side of the clubfoot contains more adipose tissue.
The adipose tissue is known to be less stiff (Wenderott et al., 2020) compared
to the fibrous tissue (Grant et al., 2008) when responding to mechanical loading
(Comley & Fleck, 2010). The softer nature of the adipose tissue could be why
the lateral region of the relapsed clubfoot and the biopsy from the lateral side appear
less stiff than the medial contracted side to the surgeons and orthopaedic

practitioners. It is important to emphasize that the THG signal only approximates
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the lipid content and is not an actual signal origination from lipids. For the scope
of this study, the THG signal is a sufficient approximation of the adipose tissue.
The THG signal is suitable for locating the regions without the adipose tissue
for AFM mechanical testing. Additionally, the adipose tissue is accompanied
by collagen (Comley & Fleck, 2010), and the presence of the THG signal among
SHG signal reflects the composite nature of the tissue and highlights the interaction
between adipose tissue and collagen tissue (SHG, Figure 8, C; THG, Figure 13).
The level of adipose and collagen tissue interaction together with other proteins,

e.g., GAGs, GP, have a significant impact on mechanical properties.
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Chapter IV
4. Mechanical Properties of Clubfoot Tissue

When characterizing clubfoot deformity, the medial side of the affected
foot, or feet, is characterized either as contracted or stiff and rigid across many
publications describing clubfoot deformity (Ponseti, 2002; Pandey & Pandey, 2003;
Poon et al., 2009; Kerling et al., 2018; Pavone et al., 2018; Quiggle et al., 2022).
The collaborative orthopaedic practitioners also observe the same characterization
in the relapsed clubfoot and the surgically extracted biopsy. The term stiffness used
for characterizing the medial side clubfoot tissue is not well defined, nor is the force
applied to the tissue. The observations of the orthopaedic practitioners are made
during palpation of the affected foot or on the tissue after surgical excision.
The tissue is obviously stiff to the medical professionals; however, the underlying
reasons for the stiffness of the tissue are unclear. In this chapter, the stiffness used
in clubfoot literature is explained in a broader context from the perspective
of material sciences, followed by specifying the forces applied to the tissue used
to characterize the biomechanical properties of the relapsed clubfoot tissue

in the thesis. The biomechanical characterization was conducted using AFM.

4.1 Defining the Stiffness in Clubfoot Biopsies

The relapsed clubfoot tissue is a composite material. In the previous chapter,
the tissue was shown to contain various tissue types that contribute to the overall
macro-mechanical response of the tissue. The literature suggests that the underlying
factor behind the rigidity of the tissue is linked to fibrosis. Fibrosis happens
on the ECM level, where excess of collagen is observed (Eckhardt et al., 2019;
Knitlova et al., 2020). The direct assumption would be that the increased amount
of collagen through fibrosis is the source of the observed rigidity of the tissue.
The material becomes more rigid as long as the amount of material increases
and as a result, a greater force is required to deform the material (Namoco Jr., 2010).
However, the material can also undergo changes in the internal organization
resulting in an increased rigidity without an increase in size and geometry (Rader
et al., 2002). In both instances, the material would be stiff and rigid. In biomedical

field, the term stiffness is frequently used as a relative term for comparing
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mechanical properties of the tissue based on the common sense with no regard
for the engineering definition. The following section introduces the conventional
biomechanical characterization that can be used in differentiating the increase
of the amount of material, i.e. collagen, from the internal reorganization.
The stiffness is defined in the broader context of geometry. The mechanical
properties of clubfoot biopsies are introduced in the context of other biological
tissue research in order to introduce a sense of scale for quantifying
the biomechanical properties of the relapsed clubfoot tissue.

In classical mechanics and material sciences, rigidity or stiffness
is a parameter that characterizes a relation between the resistance of the material
and the force required to achieve a certain elongation of a sample or object
with a specific geometry (Baumgart, 2000). Stiffness changes with the geometry
and thus is sensitive to the variation in the amount of the extracellular matrix
in the case of clubfoot. In the biomechanical investigation of tissue, the normalized
sample geometry is unrealistic; therefore, Young’s modulus is often used instead
of stiffness. Unlike stiffness, Young’s modulus is an intrinsic material property
that is not dependent on the geometry of the tissue. The relation between
the stiffness and Young’s moduli is best described by the series of equations (Roark

et al., 2002; Chen et al., 2010):
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where k is the stiffness, and F' is the force required to achieve elongation AL
of the material in the direction of applied force (Baumgart, 2000; Wells, 2013).
The normalized force measurement to the area A4, where force is exerted,
or to the cross-section of the material 4, is called stress ¢ (Roark et al., 2002).
The normalized measure of elongation is strain (deformation) &, which compares
the elongation of the material AL to its original size Lo (Baumgart, 2000; Roark
et al., 2002). The last equation shows that stress and strain are generally linearly
proportional to each other in homogeneous and isotropic materials, and the slope
of the relation is Young’s modulus of elasticity £. Young’s modulus is a material
property, and it is unique for each material (Roark et al., 2002; Zaitsev et al., 2017).
The four equations show the relation between the stiffness and Young’s modulus

and can be written as:
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making it clear that Young’s modulus, unlike stiffness, is an intrinsic property
of the material and will be the same for a given material regardless of its geometry.
The literal meaning of the equation is that stiffness is Young’s modulus scaled
by the ratio of the area (cross-section) and the initial length (Roark et al., 2002;
Zaitsev et al., 2017).

In biological materials, the mechanical response to force is rarely purely
elastic, but for instance, viscosity also contributes to the overall mechanical
properties of the tissue. Due to the viscosity and composite nature of the soft
biological tissue, the overall Young’s modulus depends on the speed of the applied
stress as well as the prior stress history and the type of loading. The composite
nature of the soft biological tissue is exhibited in non-linear stress-strain relation
composed of elastic, viscous, plastic and inelastic responses as multiple
components of the tissue participate in the stress-strain response (Gralka & Kroy,
2015). Since the soft tissue contains a considerable amount of fluids, the viscous
response, in particular, significantly impacts measured Young’s modulus.
Due to the effect of viscosity, the soft tissue responds not only as a solid-state
material to the magnitude of applied forces in an elastic response but also exhibits
a fluid-like behaviour by resisting the applied forces as the strain rate changes
(Humphrey, 2003; Pal, 2014). If the tissue were purely elastic, the mechanical
response is immediate, but the viscous component delays the response,
and the speed rates increase or decrease the mechanical properties of the tissue
(Nicolle et al., 2010; Wu et al., 2018). It is possible to assume that the biological
tissue behaves as an elastic material in an initial linear region of the stress-strain
relationship under the slow stress rate. The slow rate of stress results in an elastic
response, where the contribution of the viscous component is minimal and mimics
the purely elastic response (Carniel et al., 2013). For this linear region, Young’s
modulus is estimated in biological tissue (Dastjerdi & Mahloojifar, 2008; McKee
et al.,, 2011). The characterization of the mechanical properties of the relapsed
clubfoot tissue is conducted with the use of AFM, and Young’s modulus
is estimated for the initial elastic response under a quasi-static rate of AFM

cantilever approach and retraction.
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4.2 Mechanical Testing of Clubfoot Tissue by AFM

Mechanical measurements of biological tissue are sensitive to the type
of mechanical test used (Baumgart, 2000; Grant et al., 2008; Chen et al., 2010;
McKee et al., 2011; Wells, 2013). Each type of mechanical test applies forces with
spatial and temporal variability to introduce stress or strain to the biological sample.
Biological tissue is often anisotropic; therefore, the amount of the sample
deformation depends on the directionality of applied force (Humphrey, 2003; Grant
etal., 2008; Chen et al., 2010; McKee et al., 2011). Depending on the applied force,
the biological sample is tested in tension, compression, shear (Wells, 2013),
bending and torsion (Baumgart, 2000). Conventional mechanical tests investigate
the macro-mechanical properties of the tissue, and the scale of measurement
includes the biomechanical properties of multiple tissue components.
In order to separate the individual components and achieve higher resolution
of the biomechanical contribution of individual components, the biologists adopted
AFM to measure local micromechanical properties of the tissue (Loparic et al.,
2010; Akhtar et al.,, 2011; Grant & Twigg, 2013; Jorba et al., 2017). Since
the relapsed clubfoot tissue is a composite material and the fibrous tissue
is considered to be associated with the etiopathology of the tissue, the AFM
is a suitable technique to determine Young’s modulus of fibrous tissue of relapsed
clubfoot.

An atomic force microscope is a force-scanning device initially developed
to measure interatomic interactions, and a force-sensing cantilever equipped
with a probe is the central detection piece of the microscope (Figure 15). The AFM
technique was first presented in 1986 as a tool capable of studying interaction forces
between a sharp tip and the surface of the sample (Binnig et al., 1986). The AFM
technique was quickly adopted in biology to investigate biological structures
at atomic resolution (Worcester et al., 1988). Later, the AFM technique was used
for investigating various scales of biological structures, such as mechanisms
of protein folding (Best et al., 2003), surface topography of molecules, including
collagen type I (Bozec & Horton, 2005) and mechanical properties of individual
molecules (Grant et al., 2009) and tissue (Lewis et al., 2008). The biological

samples can be measured in liquid solutions, allowing for a better approximation
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of physiological conditions (Worcester et al., 1988; Grant et al., 2008; Lefévre
et al., 2013).

The AFM can be operated as an indenter or a tensile device (Andriotis
et al., 2018). The AFM operates in various scanning modes that rely either
on the direct physical contact between the probe and the sample
or on attractive/repulsive forces between the probe and the sample (Kasas et al.,
1997; Santos & Castanho, 2004). A probe of a particular shape is mounted
at the end of a cantilever (Kasas et al., 1997; Vinckier & Semenza, 1998).
The cantilever is usually constructed as a single string or a triangle and is rigid
in the X and Y axis while being relatively soft in the vertical Z axis (Kasas et al.,
1997; Giessibl, 2003; Santos & Castanho, 2004). The length of the cantilevers
should be as small as possible to avoid low-frequency resonance (Kasas et al.,
1997).
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Figure 15. Cantilever imaged over relapsed clubfoot section. The ablated
rectangular mark is visible in the field of view on the right side. The brightfield

image was calibrated to the AFM tip position for later multimodal analysis.

The cantilever approaches the sample (or 1is being retracted
from the sample), and the interaction between the probe and the sample causes
the cantilever to bend. The bending of the cantilever, also known as the cantilever’s

deflection, is monitored by a laser, which points to the area on the cantilever located
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opposite to the tip of the probe. Laser is then reflected onto a photodiode (Kasas
et al., 1997, Giessibl, 2003; Santos & Castanho, 2004). The deflection
of the cantilever is dependent on the resistance of the material being indented
(or pulled in tension) and on the spring constant of the cantilever (Giessibl, 2003;
Santos & Castanho, 2004), which can range from 0.01 to 100 N/m (Kasas et al.,
1997; Santos & Castanho, 2004). The detected deflection of the cantilever
is not immediately returned as a force [N], and cantilever deflection needs
to be calibrated by either indenting a hard surface or by the thermal noise method.
Once the deflection is converted to the force, the data from different measurements
can be compared (Slattery et al., 2013).

The interaction forces between the probe and the sample are used
to reconstruct the topography of samples (Kasas et al., 1997) and are also used
in estimating the local mechanical properties of the sample, expressed as Young’s
modulus (Radmacher, 1997; Vinckier & Semenza, 1998; Heim et al., 2006; Matyka
et al,, 2007; Thomasy et al., 2014). Conventionally, the indentation force
and the indentation depth are plotted in the force-distance curves (Figure 16). The
force-distance curves are recorded during the approach and the retraction
of the cantilever from the sample. The retraction force-distance curve carries
information about adhesion forces (Kasas et al., 1997; Vinckier & Semenza, 1998).
The theoretical model is used, and the force-distance curves are fitted to estimate
the elastic modulus. The approach force-distance curve is used to estimate
the elastic modulus of the sample without the effect of the adhesion (Vinckier
& Semenza, 1998; Roduit et al., 2009).

The final result of the AFM measurement is also dependent
on the indentation of the probe, which is limited by the force response
from the sample and by the maximum vertical position of the probe (Kasas et al.,
1997). The maximum range of the probe’s indentation is 15 pum, so the surface
needs to be smooth and levelled in the case of a biological sample with a rough
surface (Kasas et al., 1997; Santos & Castanho, 2004). However, sample
preparation is not standardized (Kasas et al., 1997), and several difficulties
and obstacles related to sample preparation need to be overcome (Santos
& Castanho, 2004). Fortunately, some AFM modes deal with obstacles like surface

roughness (Santos & Castanho, 2004). Unlike contact mode, force mode
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Figure 16. Force-distance curve. The force is represented by the vertical
deflection of the probe, and the distance is represented by the vertical tip position
from the sample. Both axes were zeroed to demonstrate the contact point (black
dot). The full lines show the approach of the cantilever, and the dashed lines show
the retraction of the cantilever. The position of the probe relative to the sample
is depicted with numbers: 1. (no contact), 2. (contact), 3a. (stiff sample indentation),

3b. (compliant sample indentation), 4. (adhesion).

and tapping modes used in topography imaging provide a full range
of the movement of the probe (15 um). Therefore, samples do not need
to be perfectly smooth, and samples with surface roughness within the range
of the probe’s movement are measurable (Kasas et al., 1997; Santos & Castanho,
2004; Matyka et al., 2007). The tapping mode seems to alter the sample the least
(Santos & Castanho, 2004) and also increases the resolution when applied in liquids
(Radmacher, 1997). Therefore, AFM is readily used for testing micromechanical
properties of smoothed biological samples and can be paired with an inverted
optical microscope (Kasas et al., 1997; Radmacher, 1997). The possibility
of pairing the AFM with an optical microscope makes the AFM technique suitable
for correlative microscopy and multimodal analysis of the relapsed clubfoot tissue,

providing mechanical and morphological characterization. However, for proper
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AFM measurements, several key steps need to be addressed, particularly
the immobilization of the sample, the selection of the theoretical model, which leads
to the selection of the shape of the probe, and last, the estimation of Young’s

modulus of the relapsed clubfoot tissue to select cantilever of similar stiffness.

4.2.1 Sample Immobilization for AFM

In order to use the AFM in the investigation of the mechanical properties
of the clubfoot tissue, the tissue must be immobilized. The immobilization
of the sample is important for both the topographical characterization
and the biomechanical characterization of the tissue. The sample is conventionally
glued or adhered to the substrate (Morgan et al., 2014). The glue can penetrate
into the sample, increasing the stiffness of the sample (Chaurasia et al., 2012).
Alternatively, the tissue can be clamped to the surface by applying glass
with a punctuated hole in the middle over the sample and gluing the glass
to the substrate. The punctuated glass holds the sample stationary, allowing
the AFM probe to approach the sample through the hole in the glass (Morgan et al.,
2014). However, when we applied the clamping method to the relapsed clubfoot
tissue, the adhesive forces pulled the sample through the hole, rendering
the measurement useless. Therefore, the immobilization of the sample was done

by adhesion of the sample to the substrate through heat fixation, described in detail

in Chapter 2.3.1.

4.2.2 Theoretical Model

Multiple theoretical models estimate the elastic modulus (Hermanowicz
et al., 2014), for example, Hertz’s or Sneddon’s model (Vinckier & Semenza,
1998). Hertz’s model describes the deformation of an elastic sphere against a rigid
flat surface through an external load (Vinckier & Semenza, 1998; Garcia, 2002;
Heim et al., 2006), while Sneddon’s model describes an infinitely hard indenter
with a specific geometry deforming a flat substrate (Vinckier & Semenza, 1998).
Some models consider adhesion forces with the spherical probe and are applicable
to the retraction curve, such as Johnson-Kendall-Roberts’s (JKR) model, which
utilizes a parabolic approximation of the shape of the probe (Johnson et al., 1997)

or Maugis’s model, which uses precise dimensions of the spherical probe (Maugis,
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1995). Therefore, selecting the theoretical model is just as critical as the selection
of the probe for the proper AFM measurement.

The theoretical model that was decided to be wused for (fitting
the force-distance curves from the measurement of relapsed clubfoot sections was
the Hertzian-Sneddon model for the spherical indenter, which is available in JPK
Data Processing software (JPK, Berlin, Germany):
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where F'is the measured force, £ is Young’s modulus that represents the mechanical
properties of the fibrous tissue of the relapsed clubfoot, v is the Poisson’s ratio,
a is the radius of the contact circle, R is the radius of the indentation sphere,
and ¢ is the indentation depth (Neumann, 2008). In the equations 3 and 4, there
are measured parameters, constants and calculated parameters. The measured
parameters are the indentation force F, based on the cantilever calibration,
and the indentation depth 0. Constant parameters are Poisson’s ratio v and sphere
probe radius R. The Poisson’s ratio varies for different tissue types, and the value
0.5 is reported for incompressible biological samples (Liu et al., 2006). Dermis
is reported to have Poisson’s ratio in the range of 0.38 to 0.63 (Shah et al., 2017).
In skeletal muscle, the measured Poisson’s ratio was reported to be 0.28, 0.47
and 0.74 for different directions of applied stress (Takaza et al., 2013). Finally,
the calculated parameter is Young’s modulus, which describes the mechanical

response of the relapsed clubfoot tissue.

4.2.3 AFM probe and Estimate of Elastic Modulus of Clubfoot

Tissue

The AFM probe is carried at the tip of the cantilever. The available probes
for AFM have various shapes and sizes. The size can be as small as a single atom

at the tip of the probe. The shape of the probe tip determines the resolution of AFM.
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In general, sharper tips are better for resolving the structures as the contact area
is relatively small (Figure 17), making the sharp tips more suitable for topography
measurement. Round tips, such as spherical tips, will include more structures during
the indentation, thus functioning as a micro-indenter (Kasas et al., 1997; Stolz
et al., 2004). The final image is a convolution of the tip’s shape and the sample
(Kasas et al., 1997).

While the tip shape is important in resolving the structures of the sample,
the resolution is affected mainly by the softness of the sample and the loading force
applied (Radmacher, 1997). Selecting a cantilever with a spring constant that
is too high compared to the sample will result in barely any deflection while having
a spring constant too low will result in almost no indentation in the sample (Thomas
et al., 2013). Therefore, for accurate AFM measurements, the cantilever deflection
must be significantly larger than the deformation of the probe and the sample
(Giessibl, 2003). In addition, the probe parameters, such as tip radius, cone angle
and force constant, must be known to calculate elastic modulus accurately (Vinckier
& Semenza, 1998).

The biomechanical characterization of the relapsed clubfoot tissue does not
require sharp tips, as the intention is to measure the mechanical properties
of the tissue and not the mechanical properties of the individual collagen molecules
and fibres. The size of individual molecules, namely tropocollagen, is around
287 nm (Bozec & Horton, 2005), while the size of the fibrils is around 1 pm
and 10 um for fibres (Cicchi et al., 2013). Therefore, the spherical shape probe
with a micrometre size is optimal for characterizing biomechanical properties
of fibrous tissue of relapsed clubfoot.

The optimal shape of the probe is known; however, it remains to determine
the optimal stiffness of the cantilever, i.e. the spring constant. Biological tissue
is considerably softer in comparison with engineering materials. When measured
with AFM, the mechanical response of engineering materials is typically observed
in hundreds of GPa, such as stainless steel with 259 GPa or titanium carbonitride
with 510 GPa (Miller et al., 2012). In contrast, Young’s modulus of biological tissue
measured with AFM is considerably smaller, ranging from units of Pa to GPa
(Weisenhorn et al., 1993; Radmacher, 1997; Vinckier & Semenza, 1998; Jorba
et al., 2017; Wenderott et al., 2020). The range varies for a single type of tissue

based on the probe used, as different structures contribute to the measured
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biomechanical response (Stolz et al., 2004). In order to optimize the AFM
measurement in the face of the large variability of biological samples, it is essential
to estimate an approximate stiffness of relapsed clubfoot tissue. The cantilever used
to measure the biological sample should have a similar stiffness to the biological

sample (Gavara, 2017).

Figure 17. Topography AFM scan of relapsed clubfoot tissue. The image

was acquired using a sharp pyramidal tip.

In order to create a sense of scale for understanding how the relapsed
clubfoot biopsy fits in the range of various biological tissue types, several examples
of Young’s modulus measured by AFM are made. Rabbit lamellar bone exhibited
Young’s modulus of 26.6 GPa when measured in dry conditions (Donnelly et al.,
2006). In liquid conditions, the bone, specifically bovine osteonal lamellae,
exhibited lower values ranging from 0.7 to 0.9 GPa (Tao et al., 1992). When AFM
was used to measure sheep Achilles tendons, which partake in the locomotion,
with a cantilever of 17.5 N/m spring constant, the elastic modulus measured in dry
air peaked in the 4.0 £ 2.3 GPa range. In contrast, the range measured

was 290 = 100 MPa with humidified airflow (Magerle et al., 2020). Tendons
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participating in the eye movement were reported to have a smaller elastic modulus
of 60.127 MPa. The cantilever used to measure the tendons had a spring constant
of 0.02 N/m (Yoo et al., 2014). Another type of tissue associated with locomotion
is cartilage. Porcine cartilage measured with a 13 N/m cantilever was reported
to have an elastic modulus of 2.6 MPa (Stolz et al., 2004), and an elastic modulus
of bovine cartilage measured with a 0.37 N/m cantilever ranged from 0.16
to 0.60 MPa (Weisenhorn et al., 1993).

Examples of measurement on tissue with AFM, which are not expected
to withstand large force load associated with locomotion, would be the cornea,
myocardium and lungs. Porcine cornea measured with a 4.01 N/m cantilever was
reported to exhibit Young’s modulus of 49 kPa (Seifert et al., 2014), while Young’s
modulus of the human cornea was measured in a range of 1.14 to 2.63 MPa,
measured with 25 and 33 N/m cantilevers (Lombardo et al., 2012). Elastic moduli
of both the myocardium and lungs of mice were measured in comparison
with fibrotic changes observed in clubfoot tissue as well. The elastic modulus
of an approximate native myocardium tissue was measured to be 109 kPa compared
to 804 kPa for myocardial scar tissue (Hiesinger et al., 2012). Native lungs
exhibited an elastic modulus of 1.96 kPa, while the elastic modulus of lungs
with induced fibrosis was increased tenfold to 17.29 kPa, measured with 0.06
to 0.08 N/m cantilever (Brown et al., 2013).

The above examples provide a good sense of scale; however, a better
approximation of an expected stiffness exists for clubfoot tissue. Some orthopaedic
practitioners and surgeons described the presence of fibrous mass in the medial side
of the clubfoot and relapsed clubfoot tissue as “disc-like”. The term is used
as the fibrous structure appears to be analogous to the annulus fibrosus
of intervertebral discs (Hersh, 1967; Ost’adal et al., 2015). The Young’s modulus
of rabbit annulus fibrosus was measured with AFM (cantilever spring constant
was 0.12 N/m) by Lewis et al., 2008, and varied by the region measured. The elastic
modulus ranged from 0.63 to 1.08 MPa (Lewis et al., 2008).

A few conclusions important for the biomechanical characterization
of relapsed clubfoot tissue can be made from the AFM measurement of the various
types of biological tissue found in the literature. First, the tissue that withstands
higher force loads generally exhibits higher values of Young’s modulus.

Furthermore, an interspecies variability exists in the biomechanical properties
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of the tissue of the same functionality. This conclusion is more interesting
for possible animal models of clubfoot deformity rather than the research performed
in the thesis. In addition, the fibrotic tissue exhibits higher values of Young’s
modulus in comparison with native tissue or with approximation of the native
tissue. Last, the AFM indentation of biological tissue is sensitive to measurement
conditions, such as hydration level.

With the knowledge of the approximate elastic modulus range of fibrous
tissue, the optimal spring constant of the cantilever suitable for soft collagenous
tissue was selected to characterize the micromechanical properties of relapsed
clubfoot tissue. A cantilever with a micrometre-sized probe suitable for soft
collagenous tissue was used in the AFM measurement of relapsed clubfoot tissue
(CONT-Silicon-SPM-Sensor, NanoAndMore GmbH, Wetzlar, Germany).
The spherical probe, made from silicon dioxide, had a diameter of 6.62 pm.
According to the manufacturer, the spring constant ranged from 0.02 to 0.77 N/m.
The resonance frequency of the cantilever was 6 to 21 kHz. The thickness
of the cantilever was 2.0 + 1 pum, length was 450 + 10 pm and width
was 50 £ 7.5 um. The sensitivity and the precise spring constant of the cantilever
were calibrated using the thermal drift approach in PBS at 23 °C. The average

spring constant was determined to be approximately 0.34 N/m.

4.2.4 Young’s modulus of Relapsed Clubfoot Tissue

The fibrous tissue that was localized during the morphological analysis
(Chapter 3.1.2) was identified under an inverted microscope Olympus IX-81
(LUCPlanFL N 20x objective, 0.45 NA; Olympus, Tokyo, Japan) according
to the XY coordinate system established during the sample preparation
(Chapter 2.3.3). The Olympus IX-81 was equipped with a JPK NanoWizard 3 AFM
microscope setup (JPK, Berlin, Germany) for biomechanical characterization
of the relapsed clubfoot tissue. The precise location for AFM indentation
was identified according to the ablated rectangular mark (Chapter 2.3.3, Figure 6,
Figure 15).

The AFM indentation was conducted in a force mode with a calibrated
cantilever over an area of 20 pm x 20 um with a resolution of 8 x 8 pixels according

to the Nyquist sampling theorem. The sampling rate was 5 kHz. The indentation
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speed was quasi-static (6 um/s) in order to limit the manifestation of viscosity.
The indentation depth was kept in a range of 0.662 pm and 0.105 pm, according
to the Brinell Ball model (Darvell, 2018). Five positions of 20 um x 20 um were
indented with the probe in each section of the relapsed clubfoot. Force-distance
curves containing the approach and retraction of the cantilever were acquired
at each pixel. The data were acquired for the medial and lateral sides of the relapsed
clubfoot.

The curves were evaluated using JPK Data Processing software, version
6.1.74 (JPK, Berlin, Germany). The processing tools of the software were used
to identify the contact point of the probe with the sample and the correct height
for cantilever bending (vertical tip position). The approach force-distance curves
were fitted with the Hertzian-Sneddon model with a Poisson ratio set to 0.5.
Force-distance curves with an atypical baseline, low model accuracy or without
a linear region were excluded from the evaluation. The values of Young’s modulus
were exported as TSV files and imported in Matlab R2018b (MathWorks, Inc.,
Natick, Massachusetts, USA) for further analysis.

The imported Young’s moduli values were reconstructed as 8 x 8 maps
in Matlab. Even though the maps were acquired over fibrous tissue, the possible
presence of adipose tissue was not altogether excluded. In order to separate
the Young’s moduli of fibrous tissue comprising collagen from the Young’s moduli
of the residual adipose tissue, a threshold of 30 kPa was established based
on the literature dealing with the AFM research of the adipose tissue (Wenderott
et al., 2020). The threshold was used to filter the maps of Young’s moduli.
The resulting maps were split into four quadrants and evaluated for spatial
dependence using 2D autocorrelation (Bramowicz et al., 2014). The below equation

for 2D autocorrelation was translated into Matlab code:
1 min(nn-1) min(nn-k)

(n—[kD(n—|l])o? I, y) —wU(x+ky+1D)

y=max(1,1-1) x=max(1,1-k)

R(k,D) =

D,
(%),
where 7 is the number of points in one dimension, x and y are the coordinates
of the Young’s moduli (x, y = 1 ... n), k£ and / are the coordinates’ shifts

(k, =n+1 ... n-1), p is the mean value of the Young’s moduli in the AFM map,
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and o? is the variance of the Young’s moduli in the AFM map. When Young’s
moduli were evaluated as independent, one average value per quadrant was used
in statistical analysis. When Young’s moduli were evaluated as dependent, a single
average value per AFM map was used in statistical analysis.

Statistical analysis was conducted in Matlab. The data of Young’s moduli
were tested for normality by Shapiro-Wilk’s parametric hypothesis test
of composite normality. Statistical differences between Young’s moduli of medial
and lateral side tissue were evaluated using the Wilcoxon rank sum test at alpha
level 0.01 (p < 0.001, Figure 18). The results are stated in the following format:
median; interquartile range (IQR). A significant difference was observed between
the elastic moduli of the medial side tissue (Emea = 186 kPa; 90 — 458 kPa)
and the lateral side tissue (Eiac = 130 kPa; 62 — 350 kPa) of the relapsed clubfoot.
In summary, Young’s moduli of collagenous tissue of the relapsed clubfoot
are comparable to Young’s moduli of -cartilage and annulus fibrosus
of intervertebral discs (Weisenhorn et al., 1993; Lewis et al., 2008). The tissue
of the medial side, designated as fibrotic and stiff by orthopaedic practitioners,
appears to be more rigid than the equivalent tissue from the lateral side
of the relapsed clubfoot. While the assumption of excessive collagen production
through fibrosis stands with the current data and is supported by SHG data,
additional information is present in the AFM data. The AFM investigates
micromechanical properties, and the difference between Young’s moduli
of the medial and the lateral side tissue suggests that structural change contributes
to macro-mechanical stiffness observed by orthopaedic practitioners. However,
this work only evaluated material properties expressed by Young’s modulus.
From the biomechanical perspective, Young’s moduli oscillate at the same range
of hundreds of kPa, and therefore, the clinical significance needs to be further
investigated. It is highly possible that the increase in stiffness described
by the orthopaedic practitioners is due to the local extensive growth, which would

affect the parameters 4 and Ly in equation 2.
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Figure 18. Mechanical properties of fibrous tissue from the medial

and lateral sides of relapsed clubfoot tissue. The mechanical properties

are represented by Young’s moduli.
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Chapter V
5. Multimodal Analysis of Relapsed Clubfoot

In the thesis, the relapsed clubfoot tissue was characterized morphologically
and mechanically by different microscopy methods — optical microscopy and AFM.
Each of the microscopy methods used has its advantages and limitations; however,
the combination of the methods can reveal additional information. There are two
approaches to combining the methods: one is through correlative microscopy,
and the other is through multimodal microscopy. Generally, correlative microscopy
combines methodological approaches of multiple microscopy devices to investigate
a complex issue from different perspectives, with different scales and details
(Caplan et al., 2011). An example of using correlative microscopy is the use
of Bruker Ultima and Olympus IX-81 microscopes in the thesis. The workflow
of correlative microscopy involves locating a specific target, e.g., the structure
of a tissue or a cell type; identifying the target in a larger region; identifying unique
information from different stains; and lastly, enhancing the information
from a previous instrument at the secondary microscopy site (Caplan et al., 2011).
The last step is usually a resolution enhancement through electron microscopy
(Caplanetal., 2011); however, it can be done utilizing AFM (Odermatt et al., 2015).

Multimodal microscopy utilizes the same device but uses different
modalities for visualizing different tissue structures, such as Coherent Raman
Scattering to visualize molecular bonds and SHG to visualize non-centrosymmetric
molecules (Yue et al., 2011). The example of multimodal microscopy in the thesis
is the use of SHG and THG at Bruker Ultima microscope or AFM and PLM
at Olympus IX-81 microscope.

Correlative microscopy and multimodal analysis were combined to identify
additional information about the relapsed clubfoot tissue that individual modalities
would not otherwise reveal. The workflow of combining the individual modalities

is described in this chapter, followed by a summary and conclusion of the results.

5.1 Co-registration of the Individual Modalities

The clubfoot tissue was investigated both with different microscopes

and with different modalities, all while maintaining the position information
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of the first investigated FOV from the primary microscopy site. The workflow
of the correlative microscopy for the clubfoot tissue was described in Chapter 11,
specifically Chapter 2.1, where the two microscopy sites are described in temporal
succession, and Chapter 2.3.3, where the identification of the structure and position
on the microscopy slide is described in detail. It was possible to identify
the identical position at the secondary microscopy site with the use of the relative
slide coordinate system and the ablation of the rectangular mark,

Matlab R2018b (MathWorks, Inc., Natick, Massachusetts, USA) was used
to co-register individual modalities related to the collagen tissue (Figure 19, Figure
20). The modalities included a brightfield image calibrated to the position
of the AFM probe (AFM image), PLM images, TDP image and Young’s moduli
maps. The images of the individual modalities had to be rotated, as the optical path
between the AFM image and PLM images utilized different cameras, each of which

had a slightly different rotation angle in the camera mounting.

Zoom same structures in each image

Figure 19. Matlab figure of scripted to overlay individual modalities. The first
image is a PLM brightfield image (ordinary and extraordinary waves). The second
image is the brightfield image from AFM. The third image is the SHG image.

The fourth image is the PLM image (extraordinary waves).

In order to co-register the individual modalities, the individual images had
to be transformed in accordance with the ablated rectangular mark. The template
for the transformation was the AFM image since the calibrated data of the AFM
probe allows for precise co-registration of the Young’s moduli maps (Figure 20).

Therefore, the first transformation was the rotation of the PLM images. Since
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the PLM images never revealed the intact ablated rectangle, the brightfield image
was used as a reference to rotate the PLM images (Figure 20). The PLM images
were acquired in the same field of view as the brightfield image; therefore, the PLM

images could be transformed in the same way as the brightfield image.

p, T TTTTTER N
= R

Figure 20. Individual modalities related to the collagen tissue.

The brightfield image (A) from the PLM path was acquired without the cross-axes
of the two polarization filters. The PLM image (B) is an HSV colour-coded image
of individual extraordinary waves acquired at different angles of crossed
polarization axes. The AFM image (C) was calibrated to the position of the AFM
probe and, therefore, to individual Young’s moduli maps (D). The TDP indicates
surface roughness for AFM. The ablated rectangular mark is inside the white dotted

rectangle.
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The next step of co-registration of the modalities was the transformation
of the TDP (Figure 20). However, the TDP modality was acquired at the primary
microscopy site, and the effect of (re)hydration could modify the shape of the tissue.
The shape of the ablated rectangle indicates the degree of change between
the primary and secondary microscopy site; thus, the TDP image was transformed
according to the shape of the ablated rectangle in the brightfield image (Figure 21).
The final step involved the co-registration AFM image and Young’s moduli maps
(Figure 20, Figure 21). The AFM image was co-registered based on the two corner

points of the ablated rectangle to the PLM image. Young’s moduli maps were

I 909

co-registered based on the AFM probe calibration data.

70.5—

Sample depth [um]
Polarizer angle relative to x-axis [deg.]

37.13 397.97 758.81
Young's moduli [kPa]

Figure 21. Overlay of different microscopy modalities providing different
information about relapsed clubfoot tissue. The right side scale bar refers
to the PLM image, the left side scale bar refers to the PLM image, and the bottom
scale bar refers to the AFM maps.
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The multimodal analysis revealed that the transformation of the TDP image
was always performed. The image transformation indicates that (re)hydration
modified the shape of the tissue. Furthermore, an attempt was made to evaluate
the relation between the local polarization angle, which indicates local
directionality, and the value of Young’s modulus. The polarization angles
for each AFM pixel were identified. Since there were multiple pixels
with polarization angles for one AFM map pixel, the uniformity distribution
analysis was performed with the Rayleigh test. In the case of non-uniform
distribution, the AFM map pixel was paired with the predominant polarization
angle of multiple pixels of the PLM image. In the case of uniform distribution,
the NaN value was used. However, the majority of angles in the AFM pixels
appeared uniformly distributed with no predominant orientation. Therefore,
the relationship between local orientation and Young’s modulus value

was not evaluated.

5.2 Summary of Results

5.2.1 Collagen and Adipose Tissue in Relapsed Clubfoot

The measurements at the primary microscopy site (Bruker Ultima) targeted
morphological features of collagen and adipose tissue. The results from the SHG
modality in Chapter 3.1.1 show that the quantity of collagen fibres per field of view
of relapsed clubfoot tissue is greater overall (p = 0.035) in medial side tissue
compared to lateral side tissue (Figure 9). The results of THG modality
in Chapter 3.2, Label-Free Microscopy of Adipose Tissue, suggest that there
is a difference between medial and lateral side biopsies in the adipose tissue content
(p =0.037). When viewing the medial side tissue biopsies, there is a lower number
of adipose structures generating THG signal compared to the lateral side tissue
(Figure 14). The SHG signal, processed as TDP, described in detail
in Chapter 3.1.2, was used in multimodal analysis. The TDP co-registration
suggests that the tissue shape slightly changed between the primary and secondary

microscopy sites due to (re)hydration (Figure 21).
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5.2.2 Collagen Spatial Distribution in Relapsed Clubfoot

The measurements at the secondary microscopy site (Olympus IX-81
and JPK Nanowizard 3) targeted both morphological and mechanical characteristics
of the tissue. The morphological analysis included a brightfield image from PLM
path without the cross-polarized filters (BR image), a PLM image and a brightfield
image from AFM path (AFM image). The mechanical characterization of the tissue
included five maps of Young’s moduli per a sample section.

The result from PLM modality was twofold: a local orientation distribution
of collagen fibres expressed with k and the predominant orientation of the regularity
of the collagen fibres pattern expressed with eccentricity €. The local orientation
expressed by concentration parameter k was not found to be significantly different
between medial and lateral side tissue biopsies. The eccentricity €, on the other
hand, suggests that the medial side crimp pattern appears with greater frequency

compared to the lateral side.

5.2.3 Mechanical Properties in Relapsed Clubfoot

The mechanical analysis described in chapter IV, with the results specified
in Chapter 4.2.4, revealed a significant difference between overall Young’s moduli
between the medial and lateral side relapsed clubfoot tissue (Figure 18). The medial
side tissue resisted the deformation caused by the AFM probe indentation more

than the lateral side tissue.
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Chapter VI

6. Discussion and Conclusion

The thesis presents relapsed clubfoot biopsies as composite material
and focuses on its micro-morphological and micro-mechanical properties. The two
tissue components under the micro-morphological scientific investigation were
the adipose tissue and fibrillar collagen tissue. The identification of the adipose
tissue within clubfoot was crucial for comparing the composition of the relapsed
clubfoot tissue and for targeting the fibrillar collagen in micromechanical tissue
characterization. The fibrillar collagen is targeted due to its significance
in the elastic response of tissue (Robinson et al., 2004; Sherman et al., 2015).
The significance of fibrillar collagen for the mechanical characterization of clubfoot
is underlined by the literature, where fibrosis was observed (Sano et al., 1998;
Ponseti, 2002), as fibrosis is a process of excessive collagen synthesis (Kerling
etal., 2018) related to a general alternation of the mechanical properties of the tissue
(Nelson & Bissell, 2006; Wells, 2013; Matera et al., 2021). However, no prior study

investigated the micro-mechanical properties of the relapsed clubfoot tissue.

6.1 Rigidity of the Relapsed Clubfoot Tissue

The collaborative orthopaedic practitioners observed the rigidity
and stiffness of the relapsed clubfoot tissue in the medial side of the deformed foot
during surgical extraction (OSt'ddal et al., 2017). The observed rigidity and stiffness
are also frequently reported in the literature (Pandey & Pandey, 2003; Poon et al.,
2009; Faldini et al., 2013; Kerling et al., 2018; Pavone et al., 2018). The increase
in rigidity of the medial side of the relapsed clubfoot was hypothesized to originate
from two phenomena based on the previously discovered fibrotic markers
(Eckhardt et al., 2019; Novotny et al., 2022). The first phenomenon is related
to a change in geometry and structure as the amount of material increases
(Namoco Jr., 2010). The second phenomenon is characterized by a change
in the structure and properties of the building material (Rader et al., 2002).
Our study showed that the amount of collagenous material in the medial side
is higher than in the control lateral side of relapsed clubfoot. Increased Young's

modulus E is most likely the result of both the fibrosis and the changes
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in the internal structure; cross-section A is linked to fibrosis as the volume
of collagen increases in the tissue, and elongation L is the matter of shortening
as the medial side is contracted. All these processes are happening altogether,
making the relapsed clubfoot of the medial side appear stiff to orthopaedic

practitioners.

6.1.1 Fibrosis and Mechanical Properties

The presence of fibrosis reported in the literature (Kerling et al., 2018;
Eckhardt et al., 2019; Knitlova et al., 2021; Novotny et al., 2022) is supported
by the results presented in the thesis. The SHG signal was presented
as a representation of the quantitative and qualitative information about the collagen
fibres in the relapsed clubfoot tissue. The SHG signal is more prevalent in the tissue
from the medial side of the relapsed clubfoot in comparison with the equivalent
tissue in the lateral side. Therefore, it is possible to argue that the fibrosis is present
in the medial side of the relapsed clubfoot.

Additionally, the increased values of Young’s moduli in medial side could
arguably be attributed to the fibrosis as well, and the results would fall under
the category of the first phenomenon — an increased amount of the material leads
to greater tissue stiffness. However, the results are challenged by a macroscopic
comparison of the medial and lateral sides of the tissue. The medial side biopsies
from the surgeries are larger in general. Furthermore, the scope of the microscale
investigation of the SHG signal was far greater than the scope of the AFM
indentation. As such, the fibrosis and the increased amount of collagen fibres
do not have to lead to increased stiffness of the medial side tissue alone,
and the higher values could result from the higher number of cross-linkers, higher
abundance of other proteins or different collagen fibre orientation. In other words,
even though the increased amount of collagen fibres would eventually cause
relatively higher tissue stiffness, the AFM results suggest a difference in the internal
micro-structural organization between tissue from the lateral and medial sides
of the relapsed clubfoot. Therefore, the second phenomenon, a change
in the structure and properties of the building material, is likely present.

The internal micro-structural tissue organization change has been reported

in the work of our collaborative team. These reported structural changes include
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the increase in collagen cross-links in the medial side of the relapsed clubfoot tissue
or alternations in the 3D structure of the tissue and its composition, such as different
composition of the components of viscoelastic ground substance (Novotny et al.,
2020; Knitlova et al., 2021; Novotny et al., 2022). The changes in the internal
structural composition of the tissue can account for the moderate increase
in Young’s modulus in the medial side because the small region of several collagen
fibres is loaded with the AFM probe of a large size of 6.62 um. The AFM
micro-indentation introduces a complex state of stress that includes the response
of multiple components of the tissue’s microenvironment besides the collagenous
network. However, the AFM force spectroscopy with the large spherical probe
is equivalent to an indentation test. The type of loading is rather complex
but is far from the tension loading of relapsed clubfoot that exists in a preloaded
state in vivo. Unfortunately, the size of the samples does not allow for replicating
the type of load in vivo. Therefore, the AFM force spectroscopy is the best
micromechanical comparison that reflects the local, basic tissue building blocks
in the ECM, such as collagen, -cross-links, elastin, fibronectin

or glycosaminoglycans (GAGs).

6.1.2 Mechanical contribution of various components of connective

tissue

Collagen accounts for about 65 % to 80 % of the total composition
of the dry mass of typical healthy connective tissue, such as tendons (Kannus,
2000), and accounts for the majority of the mechanical response of the tissue (Ault
& Hoffman, 1992a; Levillain et al., 2016). However, the fibrous connective tissue
constitutes other components, and just as the clubfoot is a composite of various
tissue types, the individual tissue types are also composite materials.
The connective tissue consists of other components not included in the analysis,
such as elastin, glycoproteins, proteoglycans and various growth factors (Halper
& Kjaer, 2014). What is the function of these omitted components, and how do they
contribute to the mechanical response of the tissue?

One of the omitted components, elastin, is similar to collagen. Elastin
is a fibrillar protein adjacent to collagen fibrils, which typically occupies superficial

layers of the tissue and supports the elastic recoil of collagen fibres (Levillain et al.,
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2016). Elastin represents about 1 to 2 % of the total composition of the dry mass
of connective tissue (Kannus, 2000). Since both elastic and collagen are in large
quantities, the overall mechanical response of the tissue to mechanical loading
is greatly determined by the inter-relations of the two fibrillar proteins
and by variations in their content within the tissue (Levillain et al., 2016). Although
collagen was the main target of the thesis, it is important to note that the mechanical
properties measured here are also the convolution of the contributions of various
components of the tissue and not just of the collagen fibres. Targeting collagen
is beneficial for targeting fibrotic tissue, as the molecule is easily detectable by both
SHG and PLM. Targeting collagen allows for AFM indentation of intact tissue
locations without tears and, more importantly, helps with identifying the correct
type of tissue. Collagen of different tissue types has different morphological
features, as is demonstrated in Figure 8, where fibrotic connective tissue of relapsed
clubfoot is shown alongside the collagen of adipose tissue.

The presence of elastic fibres is suggested in Figure 6; however,
the autofluorescence of elastic fibres was not present in all the samples. The absence
of the autofluorescence signal can be attributed to prolonged storage of the samples
in frozen conditions, which we base on unrelated imaging of porcine blood vessels,
of which part was imaged prior and part after one-year storage. However,
the morphological data presented here suggest it is more likely that the elastic fibres
were lost during the surgical extraction or the cryosectioning of the biopsies.
Therefore, the elastic fibres are likely not present and do not contribute
to the measured Young’s modulus.

Another important group of components within the connective tissue, which
were not targeted in the thesis, are glycoproteins, proteoglycans (PGs) and GAGs.
These components are part of an amorphous gel-like ground substance surrounding
the fibres (Minns et al., 1973; Ault & Hoffman, 1992b; Sharma & Mafftulli, 2006),
which also contains other molecules, such as fibronectin and Tenascic-C, that most
likely take part in mechanical loading of the tissue (Kannus et al., 1998).
These molecules account only for a small amount of dry mass of tissue; e.g.,
the GAGs were reported to account for about 0.5 to 2.8 % of dry mass (Breen et al.,
1972; Murienne et al., 2016). Despite the small amount, the ground substance
is crucial in encouraging (re)hydration through negative ionic charges (Murienne

etal., 2016). The level of hydration alters the viscose component of the viscoelastic
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mechanical response of the tissue. However, while collagen and elastin moduli have
been directly measured by isolating the individual fibrils from the tissue (Strasser
et al., 2007; Koenders et al., 2009), measurement of the ground substance proves
to be difficult due to the separation of the gel-like material from the fibrillar network
(Ault & Hoffman, 1992a).

Some ground substance components have been targeted in biomechanical
studies of tissue. For example, the GAGs and PGs are frequently evaluated
indirectly by their removal through enzymatic treatment of the tissue (Minns et al.,
1973; Schmidt et al., 1990; Lujan et al., 2007; Legerlotz et al., 2013; Murienne
et al., 2016), but the results in the literature are inconsistent. Some results presented
in the literature show no difference when the ground substance is enzymatically
removed (Lujan et al., 2007). Other results show either an overall destabilization
of the tissue (Minns et al., 1973) or an increase in stiffness of the tissue (Hoffman
et al., 1977; Schmidt et al., 1990; Murienne et al., 2016). Several authors
hypothesize that the removal of the ground substance component brings fibres
in closer proximity, thus allowing greater friction between the fibres (Hoffman
et al., 1977; Murienne et al., 2016). The GAGs appear to mediate the cross-linking
between collagen fibres (Minns et al., 1973; Fessel & Snedeker, 2011) and slow
down the extension of the collagen crimps, preventing sudden extension of collagen
fibres under extension (Schmidt et al., 1990). These results are comparable
with the AFM studies of collagen fibrils, where hydration levels greatly affected
the resulting elastic modulus (Grant et al., 2008; Andriotis et al., 2018).

The work presented here did not specifically target any components
of ground substance. Instead, the focus was placed on approximating the native
tissue conditions and maintaining the hydration level. The aim was to use advanced
microscopy techniques to identify the places containing the type I collagen in highly
unprocessed samples and then to examine these places using the AFM probe
at a very low speed. The low-speed approach guaranteed the minimum effect

of viscosity and, therefore, minimized the effect of the hydration.

6.1.3 Mechanical test sensitivity
As stated in Chapter 6.1.1, the limitation of the AFM force spectroscopy

is the nature of the applied load, i.e. compression. It is well known that the collagen
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network functions mainly as a tensile element, while the majority of tissue’s
resistance to compressive load is attributed to the inter-fibrillar elements,
such as GAGs (Ottani et al., 2001; Li et al., 2005; Eleswarapu et al., 2011).
The tensile test is a standard for testing engineering materials. The sample
is clamped at the ends, and load is applied in the direction of the major axis
of the sample (Wells, 2013). The tensile test can be applied to a bulk of biological
tissue using the same method used for stretching the engineering materials (Rosalia
et al., 2023). Unlike engineering materials, biological materials are frequently very
small and irregular, so clamping or volume normalization of the sample
in a uniaxial tensile device would prove unsuccessful, as is the case of the samples
of the relapsed clubfoot tissue. Therefore, the AFM test was the only method

that could describe very small samples acquired from the surgery.

6.2 Statistical and clinical significance

Even though the biomechanical AFM test provided a significant result,
the result does not necessarily have clinical significance. Statistical significance
is determined by p-value under predefined alpha level, while clinical significance
refers to a difference between the treatment and control groups, and the difference
has a meaningful impact on medical practice (Friedman, 2005; Ranganathan et al.,
2015). The biomechanical AFM test provided the statistically significant difference
between the two groups, medial and lateral sides of the relapsed clubfoot,
in the measured parameter, Young’s modulus. From a biomechanical perspective,
the clinical significance of the statistically different Young’s moduli between
the two groups can lie much further from biomechanical relevance. However,
from a biological or cellular perspective, a difference in tens of kPa in Young’s
modulus can be related to an unusual cell behaviour that manifests, for example,
in increased collagen production. Therefore, the possible impact and clinical
significance of the different Young’s moduli between the medial and lateral sides
of the tissue needs to be further investigated.

Multiple parameters in this study had statistically significant differences
between the two groups (SHG per FOV, THG per FOV, eccentricity €, Young’s
modulus); however, the parameters also exhibited great variability. The variability

suggests that there is a great heterogeneity between individuals. Inter-individual

69



heterogeneity is a common fact in biological studies, and in the case of our study,
it was even more amplified by the uniqueness of the samples. The samples were
removed from individuals of different ages and genders, but we did not observe
any correlation between the parameters and the factors of age or gender.

The study also lacked a true control to the medial side of the relapsed
clubfoot tissue. It is not possible to meet ethical standards and realistically obtain
control samples from healthy patients of the same age group, diet or similar physical
history (Hubbard & Soutas-Little, 1984; Couppé et al., 2014; Svensson et al., 2016;
Ostadal et al.,, 2017), so instead, the lateral side takes a role of control
as an approximation of healthy tissue. Therefore, several considerations
must be made when assessing the results of the thesis, such as the treatment history
or the aetiology of the deformity. As for the treatment history, the surgical
intervention was always preceded by the well-established Ponseti method
for correcting the deformity. The treatment could introduce micro-damage, hypoxia
(Novotny et al., 2022) and further remodelling (Egbo, 2021), which would have
been introduced to both medial and lateral sides. As for the aetiology, fibrosis
is a plausible causal mechanism; however, our samples represent only a small
portion of the deformed foot, and the disc-like tissue could be a local symptom
of the deformity, which is localized in the contracted medial side of the relapsed
clubfoot. Contrary to the limitations, the lateral side remains the best available
approximation to the true control. The lateral side tissue acts as a relative
comparison to medial side tissue, comes from the limb affected by the same
deformity, functions as an antagonist from the biomechanical perspective
and orthopaedic practitioners refer to both medial and lateral side when concluding

on the characteristics of the relapsed clubfoot tissue.

6.3 Conclusion

The thesis presents a quantitative comparison of the morphological
and micro-mechanical properties of the connective tissue extracted
from the relapsed clubfoot deformity. In light of the presented data, the medial side
appears as stiff and rigid due to both collagen synthesis through fibrosis
and an internal reorganization of the tissue. The medial side has a higher Young’s

modulus and contains more collagen and less adipose tissue compared

70



to the analogous tissue of the lateral side. Additionally, the collagen fibres
in the medial side propagate at a higher frequency of the crimp pattern, which
indicates tension release that is absent in the lateral side. The results of the thesis

are presented in several papers, attached at the end of the thesis.
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List of Publications

The research presented in the thesis was published in international journals.
Four publications were published on the topic of relapsed clubfoot deformity
with biological relevance. Two additional publications were published, and their

topic was methodologically relevant to the presented research work.

Microstructural Analysis of Collagenous Structures in

Relapsed Clubfoot Tissue

David Vondrasek, Daniel Hadraba, Jan Ptibyl,
Adam Eckhardt, Martin Ostadal, FrantiSek

folume 29, Number | February 2023

Microscopy .
Microanalysis

Lopot, Karel Jelen, Martina Doubkova, Jarmila

Knitlova, Tomas Novotny, Jifi Janacek

Microscopy and Microanalysis, Volume 29,
Issue 1, February 2023, Pages 265-272
DOI: https://doi.org/10.1093/micmic/ozac012

Published: 20 December 2022

Abstract: Talipes equinovarus congenitus (clubfoot) is frequently defined as a stiff,
contracted deformity, but few studies have described the tissue from the point
of view of the extracellular matrix, and none have quantified its mechanical
properties. Several researchers have observed that clubfoot exhibits signs of fibrosis
in the medial side of the deformity that are absent in the lateral side. Our study aims
to quantify the differences between the medial and lateral side tissue obtained
from relapsed clubfoot during surgery in terms of the morphological
and mechanical properties of the tissue. Combining methods of optical and atomic
force microscopy, our study revealed that the medial side has a higher Young’s
modulus, contains more collagen and less adipose tissue and that the collagen fibers
propagate at a higher frequency of the crimp pattern after surgical dissection
of the tissue. Our study offers a multi-correlative approach that thoroughly

investigates the relapsed clubfoot tissue.
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The possible role of hypoxia in the affected tissue of
relapsed clubfoot

Tomas Novotny, Adam Eckhardt, Martina Doubkova, Jarmila Knitlova, David
Vondrasek, Eliska Vanaskova, Martin Ostadal, Jiri Uhlik, Lucie Bacakova, Jana

Musilkova

Scientific Reports, Volume 12, Article number: 4462 (2022)
DOI: https://doi.org/10.1038/s41598-022-08519-z

Published: 15 March 2022

Abstract: Our aim was to study the expression of hypoxia-related proteins
as a possible regulatory pathway in the contracted side tissue of relapsed clubfoot.
We compared the expression of hypoxia-related proteins in the tissue
of the contracted (medial) side of relapsed clubfoot, and in the tissue
of the non-contracted (lateral) side of relapsed clubfoot. Tissue samples from ten
patients were analyzed by immunohistochemistry and image analysis, Real-time
PCR and Mass Spectrometry to evaluate the differences in protein composition
and gene expression. We found a significant increase in the levels of smooth muscle
actin, transforming growth factor-beta, hypoxia-inducible factor 1 alpha, lysyl
oxidase, lysyl oxidase-like 2, tenascin C, matrix metalloproteinase-2, matrix
metalloproteinase-9, fibronectin, collagen types III and VI, hemoglobin subunit
alpha and hemoglobin subunit beta, and an overexpression of ACTA2, FNI,
TGFBI1, HIF1A and MMP2 genes in the contracted medial side tissue of clubfoot.
In the affected tissue, we have identified an increase in the level of hypoxia-related
proteins, together with an overexpression of corresponding genes. Our results
suggest that the hypoxia-associated pathway is potentially a factor contributing
to the etiology of clubfoot relapses, as it stimulates both angioproliferation
and fibroproliferation, which are considered to be key factors in the progression

and development of relapses.
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Minoxidil decreases collagen I deposition and tissue-like
contraction in clubfoot-derived cells: a way to improve

conservative treatment of relapsed clubfoot?

Jarmila Knitlova, Martina Doubkova, Martin Plencner, David Vondrasek, Adam

Eckhardt, Martin Ostadal, Jana Musilkova, Lucie Bacakova, Tomas Novotny

Connective Tissue Research 2021, Volume 62, No. 5, Pages 554-569
DOI: https://doi.org/10.1080/03008207.2020.1816992

Published: 20 September 2020

Abstract

Aim: Clubfoot is a congenital deformity affecting the musculoskeletal system,
resulting in contracted and stiff tissue in the medial part of the foot. Minoxidil
(MXD) has an inhibitory effect on lysyl hydroxylase, which influences the quality
of extracellular matrix crosslinking, and could therefore be used to reduce
the stiffness and to improve the flexibility of the tissue. We assessed the in vitro
antifibrotic effects of minoxidil on clubfoot-derived cells.

Methods: Cell viability and proliferation were quantified by xCELLigence, MTS,
and LIVE/DEAD assays. The amount of collagen I deposited into the extracellular
matrix was quantified using immunofluorescence with subsequent image
segmentation analysis, hydroxyproline assay, and Second Harmonic Generation
imaging. Extracellular matrix contraction was studied in a 3D model
of cell-populated collagen gel lattices.

Results: MXD concentrations of 0.25, 0.5, and 0.75 mM inhibited the cell
proliferation in a concentration-dependent manner without causing a cytotoxic
effect. Exposure to >0.5 mM MXD resulted in a decrease in collagen type I
accumulation after 8 and 21 days in culture. Changes in collagen fiber assembly
were observed by immunofluorescence microscopy and nonlinear optical
microscopy (second harmonic generation). MXD also inhibited the contraction
of cell-populated collagen lattices (0.5 mM by 22%; 0.75 mM by 28%)).
Conclusions: Minoxidil exerts an in vitro inhibitory effect on the cell proliferation,
collagen accumulation, and extracellular matrix contraction processes that are

associated with clubfoot fibrosis. This study provides important preliminary results
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demonstrating the potential relevance of MXD for adjuvant pharmacological

therapy in standard treatment of relapsed clubfoot.

Novel contribution to clubfoot pathogenesis: The possible

role of extracellular matrix proteins

Adam Eckhardt, Tomas Novotny, Martina Doubkova, Lucia Hronkova, Ludek
Vajner, Statis Pataridis, Daniel Hadraba, Lucie Kulhava, Martin Plencner, Jarmila
Knitlova, Jana Liskova, Jiri Uhlik, Marie Zaloudikova, David Vondrasek, Ivan
Miksik, Martin Ostadal

Journal of Orthopaedic Research, volume 37: 769-778
DOI: https://doi.org/10.1002/jor.24211

Published: 07 January 2019

Abstract: Idiopathic pes equinovarus (clubfoot) is a congenital deformity
of the feet and lower legs. Clubfoot belongs to a group of fibro-proliferative
disorders but its origin remains unknown. Our study aimed to achieve the first
complex proteomic comparison of clubfoot contracted tissue of the foot (medial
side; n=16), with non-contracted tissue (lateral side; n=13). We used label-free
mass spectrometry quantification and immunohistochemistry. Seven proteins were
observed to be significantly upregulated in the medial side (asporin, collagen type
III, V, and VI, versican, tenascin-C, and transforming growth factor beta induced
protein) and four in the lateral side (collagen types XII and XIV, fibromodulin,
and cartilage intermediate layer protein 2) of the clubfoot. Comparison of control
samples from cadavers brought only two different protein concentrations (collagen
types I and VI). We also revealed pathological calcification and intracellular
positivity of transforming growth factor beta only in the contracted tissue
of clubfoot. Most of the 11 differently expressed proteins are strongly related
to the extracellular matrix architecture and we assume that they may play specific
roles in the pathogenesis of this deformity. These proteins seem to be promising

targets for future investigations and treatment of this disease.
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Human decellularized and crosslinked pericardium coated

with bioactive molecular assemblies

Jana Musilkova, Elena Filova, Jan Pala, Roman Matejka, Daniel Hadraba,
David Vondrasek, Ondrej Kaplan, Tomas Riedel, Eduard Brynda, Johanka

Kucerova, Miroslav Konarik, Frantisek Lopot, Jan Pirk and Lucie Bacakova

Biomedical Materials, Volume 15, Number 1

DOI: https://doi.org/10.1088/1748-605X/ab52db
Published: 09 December 2019

Abstract: Decellularized human pericardium is under study as an allogenic
material for cardiovascular applications. The effects of crosslinking
on the mechanical properties of decellularized pericardium were determined
with a uniaxial tensile test, and the effects of crosslinking on the collagen structure
of decellularized pericardium were determined by multiphoton microscopy.
The viability of human umbilical vein endothelial cells seeded on decellularized
human pericardium and on pericardium strongly and weakly crosslinked
with glutaraldehyde and with genipin was evaluated by means of an MTS assay.
The viability of the cells, measured by their metabolic activity, decreased
considerably when the pericardium was crosslinked with glutaraldehyde.
Conversely, the cell viability increased when the pericardium was crosslinked
with genipin. Coating both non-modified pericardium and crosslinked pericardium
with a fibrin mesh or with a mesh containing attached heparin and/or fibronectin
led to a significant increase in cell viability. The highest degree of viability was
attained for samples that were weakly crosslinked with genipin and modified
by means of a fibrin and fibronectin coating. The results indicate a method by which
in vivo endothelialization of human cardiac allografts or xenografts could

potentially be encouraged.
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Uniaxial tensile testing device for measuring mechanical
properties of biological tissue with stress-relaxation test

under a confocal microscope
David Vondrasek, Daniel Hadraba, Roman Matéjka, FrantiSek Lopot, Martin

Svoboda, Karel Jelen

Manufacturing Technology 2018, Volume 18, Issue 5, Pages 866 - 872
DOI: 10.21062/ujep/180.2018/a/1213-2489/MT/18/5/866

Published: 01 October 2018

Abstract: Biological soft tissue is a non-linear and viscoelastic material
and its mechanical properties can greatly affect quality of life. Many external
mechanical factors can alter the tissue, for example the tissue of talipes equinovarus
congenitus, also known as clubfoot, which is the most frequent congenital
deformity affecting lower extremities with pathological changes of connective
tissue. In clubfoot, the presence of disc-like mass of fibrous tissue, resembling
intervertebral disc tissue, is described to be between the medial malleolus
and the medial side of the navicular bone. The clubfoot tissue is often referred
to be stiffer or rigid by clinicians, or it is referred to as contracted and less contracted
tissue, however relevant evidence about mechanical properties is missing.
Therefore, the description “disc-like” is informing only about relative mechanical
properties of clubfoot tissue. We aim to prepare methodical approach to quantify
mechanical properties of biological tissue with uniaxial tensile stress-relaxation
test, in order to help clinicians and scientist to identify precisely the mechanical
properties of normal and pathological tissue and their structural behaviour during
mechanical testing. In this study, we test and tune the uniaxial tensile
stress-relaxation test on biological tissue with high content of connective tissue
such as collagen. The model tissue is porcine pericardium. The tissue has clear
collagen fibres aligning parallel to the force applied. Modulus of elasticity

measured here is comparable to other studies.
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