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INTRODUCTION

Articular cartilage defects are some of the most common musculoskeletal
problems for a highly active population [1].

Chondral lesions are diagnosed in more than 60% of knee arthroscopic
surgeries, therefore present a big challenge to orthopedic surgeons [2].

The innate cartilage capacity to achieve quality tissue regeneration is
greatly limited by the avascular origin of the tissue [3, 4]. Despite the self-
repair of cartilage after the injury to the osteochondral region, the structural
and functional properties of the repair tissue are inferior compared to healthy
cartilage [5]. This temporary repair leads to cartilage deterioration and
subsequent progression toward osteoarthritis (OA) [6].

Various treatment options to manage an osteochondral injury have been
introduced, however complete restoration of hyaline cartilage tissue has not
yet been successful [7].

Recently, cell and scaffold-based tissue engineering have progressed
rapidly especially in regenerative orthopedics and cartilage repair.

The safety and efficacy quality parameters of the tissue-engineered
cartilage (TEC) products are dependent on the interaction between cellular
and non-cellular components of TEC and must be established for medicinal
products. Successful regenerative products might potentially replace current-
ly used synthetic molecules and implants to treat cartilage diseases.

Regulatory pathways to approve medicinal products of biological origin
have been extended to the plethora of new regenerative cell-based therapeu-
tics — advanced therapy medicinal products [8]. European Union guidelines
for cell-based medicinal products set forth the requirements and methods to
characterize medicinal products [9]. TEC is composed of living cells seeded
on scaffolds of different origins, thus characterization requires compliance
with quality standards to ensure their safety and efficacy [10].

The cellular component of the TEC is regarded as the active substance
for the intended medical use. A correct selection of the type of cells to be used
improves the characterization study potential to demonstrate TEC biological
activity in vitro and their potential and regenerative capacity in vivo [11].

The scaffold is regarded as an additional substance and together with
cells form an integral part of the final TEC. Biomaterials and fabrication
methods used are the initial elements that highly influence active substance
proliferation, interaction and deposition of extracellular matrix (ECM) [12].
Highly bioactive properties of natural collagen-based scaffolds are inherent
thus this type of scaffold facilitates cell and material interaction, and impro-
ves the chondrogenic activity in vitro [13, 14]. Similarly, synthetic scaffolds



manufactured by additive techniques such as direct laser writing in pre-
polymers (DLW) are currently carefully investigated for cartilage tissue engi-
neering in vitro. Custom-tailored physical characteristics of the scaffold, can
be reproducibly manufactured, due to DLW three-dimensional structuring
capability, high spatial resolution, scaling flexibility and diversity of pro-
cessable materials [15-18]. Direct laser writing technology for the develop-
ment of TECs has not yet been studied.

The biocompatibility of TEC is highly dependent on scaffold biomecha-
nical and physical features in vitro [19, 20]. Highly predictable and custo-
mizable physical characteristics, such as mechanical rigidity, pore size, poro-
sity and pore interconnectivity are enabled by the ability to adjust parameters
of synthetic polymeric feed material [21-23]. These structural parameters are
critical for TEC and enable a homogenous distribution of cells and nutrient
transfer within the scaffold [24, 25]. In addition, the custom design of pore
morphology can influence phenotype formation and the superior production
of ECM proteins [26]. The surrounding liquid medium can negatively impact
soft natural collagen-based scaffolds biomechanics, thus reducing biomecha-
nical properties of the scaffold before implantation. Thus, the favorable bio-
compatibility of the TEC and the ability to sustain heavy loads in vivo is
determined by a sufficient physical and biomechanical capacity of the scaf-
fold in vitro [13, 27].

The ability of chondrocytes to effectively adhere to the scaffold is highly
dependent on cell viability. In addition, viable cell proliferation is indicative
of the ability to deposit ECM on the scaffold, thus identification of optimal
biomaterial morphological parameters is essential for specific cellular
processes [28]. Similarly, TEC potency in vitro is established by cartilaginous
protein expression and secretion [29]. A lost ability of monolayer cells to
express hyaline cartilage genes could be reversed in a 3D culture [30]. There-
fore, the upregulation of genes encoding hyaline cartilage-specific type Il
collagen is indicative of the cell redifferentiation and functionality of TEC in
vitro. Whether cell proliferation, phenotype, and genotype of chondrocytes
will be influenced by innovative three-dimensional scaffolds has not yet been
studied.

Safety and efficacy quality parameters are established for TECs and they
cover characterization of cellular, non-cellular components and the interac-
tion in between. Despite the regulatory guidelines available for TEC, a lack
of detailed guidance from regulatory authorities for adequate characterization
remains a challenge for TEC developers [9, 10]. A variety of technologies are
available for scaffold fabrication, however clinical adoption of effective TEC
is still limited due to inconsistent manufacturing methods, insufficient



characterization and lack of preclinical studies for safety and efficacy
evaluation [31].

In this study, we aimed to evaluate the DLW lithography technique to
create and characterize custom, hybrid organic-inorganic (HOI) three-dimen-
sional scaffold of optimal morphologies and to evaluate its biocompatibility
with animal and human cells in vitro and in vivo preclinical cartilage repair
models.
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1. AIM OF THE THESIS

The aim of this study was to evaluate the safety and efficacy of an
innovative three-dimensional microstructured TEC in long-term preclinical
articular cartilage defect models.

Tasks:

1. Todevelop primary HOI scaffold and evaluate its in vitro biocompa-
tibility with rabbit chondrocytes.

2. To evaluate in vivo safety and efficacy of primary TEC in a long-
term preclinical rabbit articular cartilage defect model.

3. To optimize HOI scaffold and evaluate its in vitro biocompatibility
with human chondrocytes.

4. To evaluate in vivo safety and efficacy of optimized TEC in a long-

term preclinical rat articular cartilage defect model.
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2. NOVELTY AND PRACTICAL USE OF THESIS

Articular cartilage is an avascular — aneural tissue and consists of a single
cell — chondrocyte — surrounded and embedded by the secreted extracellular
matrix (ECM). Lack of tissue vascularity prevents cartilage from self-repair
after injury, and lack of innervation leaves patients unacknowledged of the
damage, thus further deteriorating the tissue. Despite the relative simplicity
of the cartilage tissue, a complete hyaline cartilage regeneration has not been
achieved for the last 30 years.

Different cartilage repair techniques have been tested and each with a
variable outcome. It has concluded, that some parameters of the regenerative
approach have to be met in order to achieve a hyaline, or hyaline-like tissue
regeneration. One the most prominent approaches, include the use of scaf-
folds either with or without seeded cells. Even though many different bioma-
terials and preparation techniques have been tested to create a safe and effica-
cious tissue engineered cartilage (TEC) product, the search for a biologically,
chemically, and morphologically biocompatible scaffold is still ongoing.

In this work we have tested a new manufacturing approach to create
biocompatible scaffolds for articular cartilage regeneration, by employing
ultrafast pulse DLW lithography. For the first time femtosecond laser-based
technique has been employed for the fabrication of custom three-dimensional
HOI scaffolds with micrometers of precision. We have shown that the custom
architecture and the resultant biomechanical properties are highly supportive
for the ingrowth of new cartilage tissue.

Because the selection of biomaterials and culturing techniques used in
manufacturing are key components of fabricating efficacious TEC, a
thorough biocompatibility analysis of the morphologically different scaffolds
microstructured by the DLW has been carried out in this work. For the first
time, the biocompatibility of the organic-inorganic scaffold with the seeded
animal and human chondrocytes was tested in vitro and in vivo and compared
to the biocompatibility of seeded collagen scaffolds (CS) in preclinical
models. We have shown that HOI and CS materials are biologically com-
patible and have little to no toxic effect on the seeded chondrocytes in all our
studies.
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The favorable interaction between chondrocytes and tested HOI scaf-
folds have yielded new data on the key morphological and culture parameters
to be subsequently used in a large animal study.

In addition, collagen-based constructs seeded with chondrocytes de-
monstrated robust safety and efficacy profile in all of our preclinical studies.
Thus, subsequent TEC development according to the monographs of Euro-
pean Pharmacopoeia for eligible use in clinical studies will be pursued.
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3. LITERATURE REVIEW

3.1. Pathogenesis of articular cartilage defects

Cartilage is a specialized avascular and aneural connective tissue [3]. It
is mainly composed of ECM of collagens and proteoglycans. A relatively
sparse population of cells — chondrocytes — form only 1-5% volume of the
articular cartilage. Chondrocytes receive their nutrition by diffusion through
the matrix. The main function of the chondrocytes is to produce ECM compo-
nents, such as collagens and proteoglycans and to maintain the integrity of
the cartilage [32, 33].

Articular cartilage provides a low-friction gliding surface, it acts as a
shock absorber and minimizes biomechanical peak pressures on the sub-
chondral bone. In turn, ECM protects the cells from mechanical damage and
acts as storage and transducer of cytokines, growth factors for the cells to
maintain a balance of anabolic and catabolic pathways to stabilize cartilage
integrity.

A damaged cartilage tissue typically responds with local inflammation,
cartilage remodeling and scar tissue formation. The scarce population of
chondrocytes distributed throughout the tissue is causing a relatively slow
turnover-rate of both chondrocytes and ECM. As a result, a limited intrinsic
repair capacity of the cartilage is driven by the avascular nature of the tissue
and the low ECM turnover rate by chondrocytes [3, 33]. Insufficient synthesis
of new ECM results in incomplete cartilage defect fill and inferior qualitative
properties of the cartilage tissue.

Thus, minor lesions of the cartilage if untreated may stay the same or
deteriorate and lead to progressive cartilage damage. Isolated osteochondral
lesions may significantly impair the quality of life, by causing significant pain
and loss of function and potentially leading to disability.

3.2. Current treatment techniques

Ideal articular cartilage repair encompasses restoration of a damaged
articular surface with a new cartilage tissue resembling the native cartilage.
Neo cartilage tissue is formed during the regeneration process, and the indi-
stinguishable tissue from the surrounding host cartilage is formed [34, 35].
However, current treatment techniques do not fully replicate hyaline cartilage
structure and function.
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Articular cartilage defects have been previously treated with traditional
surgical techniques such as microfracture, autologous matrix-induced chond-
rogenesis (AMIC), osteochondral graft transplantation (OAT). However,
Curl et al., concluded that patients with an active lifestyle have an increased
risk for acquiring larger lesions, which often require individualized treatment
and have an increased risk of developing early osteoarthritis [2].

The method of treatment is usually based on the patient’s clinical
condition and the description of the particular lesion [36]. Small and large
cartilage defects are often treated differently. It depends on the accepted
standards of care, experience and choice of surgeons, and the patient's expec-
tation to return to an active lifestyle.

Microfracture was the first option for patients with less physical activity
who were diagnosed with small focal chondral or osteochondral defects
(<2 cm?) [37, 38].

One of the most commonly used cartilage restoration approaches for
small symptomatic lesions is bone marrow stimulation techniques, such as
subchondral perforation and microfracture [39]. During the procedure, seve-
ral holes are made in the subchondral bone to allow the components of the
bone marrow to reach the surface of the joint and facilitate repair. The bone
marrow contains mesenchymal stem cells that can create new cartilage;
however, fibrous cartilage is usually formed instead, which is biomechani-
cally much less resistant to heavy physical loads on the surface of the joint.
Although clinical improvement can relieve pain, the reoperation rate of 42%
after two years shows the gradual worsening of the repair tissue. Most often
this is driven by a partial fibrocartilage, subchondral sclerosis and cyst, intra-
lesional osteophytes and severe bone marrow edema formation [40]. Midterm
follow-up studies emphasize the need of accurate patient selection, standar-
dized clinical evaluation, effective rehabilitation protocols and radiological
evaluations to improve the operative result of the microfracture procedure
[40, 41].

AMIC has been shown to be clinically safe and effective in single, larger
(>2 cm?) chondral defects [36, 42, 43]. To maintain the early mechanical
stability and cartilage regeneration, the collagen membrane can be applied on
top of the a defect after subchondral penetration [44]. Initially, the indicated
defect size suitable for AMIC application was 1.5 cm?, however, subsequent
research demonstrated AMIC to be a viable approach for larger defects [44,
45]. However, approaches to improve the clinical outcome are still being
investigated mainly, by selecting patients, careful preparation of cartilage de-
fect, improved scaffolding approaches and improved rehabilitation protocols
[46].
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OAT has been successfully used in the treatment of small and medium
focal chondral and osteochondral defects of the knee [47]. However, the
accompanying cartilage damage and the resultant donor site morbidity
prevents its application to larger knee defects. The long-term clinical results
depend on the age, sex and size of the patient’s lesion size [48, 49].

There is currently no “gold standard” for the repair of chondral lesions.
All currently employed surgical interventions do not result in the desired
cartilage repair, such as little or no fibrous tissue, hyaline cartilage, formation
of type Il collagen, subchondral and lateral host tissue integration, and subse-
quent prevention of OA [50]. A population of young and active patients is
increasing; thus sports-related injuries are similarly on the rise. A growing
unmet need for adequate surgical solutions is needed to delay or halt the
widespread cartilage damage and the onset of OA.

3.3. Treatment with three-dimensional scaffolds and cells

3.3.1. Characterization of a cellular component

The researchers have described and characterized the cellular component
of cell based medicinal TECs using several analytical methods that are
approved by the regulatory bodies. In addition to the general characteristics
of TEC, such as cell number and the required dose definition, other less
specified categories, such as cell identity and potency, are required for the
characterization of TEC. The active substance of the TEC — chondrocyte — is
identified by the expression of specific biomarkers on the cell membrane and
ECM. Chondrocytes are somatic cells obtained from the cartilage biopsy that
lose their phenotype and dedifferentiate after prolonged in vitro culture.
Culturing conditions influence the innate biochemical activity of the cells,
thus changes in the genotypic and phenotypic profile over time are predictive
of the biological response in vitro and in vivo.

Chondrocytes. The secretion of ECM components is mainly driven by
chondrocytes which have long been considered the gold standard for cartilage
regeneration. These cells were first isolated from human articular cartilage
more than 45 years ago [51]. Manning et al. described a promising method
for the isolation and growth of chondrocytes in vitro. However, the protocols
have been optimized properly to better predict the chondrogenic profile.

The identity of the chondrocytes during the monolayer culture is
determined by microscopic analysis. The identity of the chondrocytes during
the monolayer culture is determined by microscopic analysis. Polygonal
morphology, characteristic of healthy chondrocytes, persists in the first
passage but is eventually lost changed to the spindle-shaped morphology after
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successive passages [52, 53]. Cells are often not sufficiently characterized by
their morphological appearance. An objective evaluation is based on the
specific expression of the markers. Changes in cell morphology are specific
for dedifferentiation and are shown in Fig. 3.3.1.1.

Fig. 3.3.1.1. Light microscopy images of monolayer chondrocytes expanded
in the culture at (a) first, (b) second, and (c) third passages

The count of freshly isolated chondrocytes that attached to the surface of the culture flask is
scarce. Prolonged chondrocytes cultivation revealed typical chondrocyte morphology at
second and third passages in vitro. Scale bars: (a, ¢) 100 um, (b) 200 pum.

Data on the direct detection of chondrocyte markers is limited. Grogan
et al. described the CD44, CD49 and CD151 markers to be expressed at signi-
ficantly higher levels by chondrocytes with greater chondrogenic potency
[54]. Indirect determination of the biological potency of chondrocytes is
performed using ECM mRNA measurements. Reverse transcription-quantita-
tive polymerase chain reaction (RT-gPCR) analysis allows the detection of
Aggrecan cartilage-specific protein, type I, type Il and X collagen at mRNA
levels, thus revealing a strong indicator of dedifferentiation in monolayer
cultures [55-57].

Screening of the chondrocyte phenotype profile by expression of type |
and type Il collagen was performed effectively by incubation with the appro-
priate antibodies and fluorescence microscopy [56, 57]. In addition to evalua-
ting the morphological changes of chondrocytes, the cytoskeleton synthesi-
zed by cells can be similarly evaluated. Although the mRNA profile may
represent true protein expression after translation, discrepancies between
genotypic and phenotypic chondrocyte characterization have been found in
the monolayer culture [57]. Because mMRNA expression does not always result
in the expression of proteins, genotypic analysis alone is not a sufficient
method to provide information on the identity of chondrocytes in monolayer
culture [58].

The proliferation of active and proliferative chondrocytes in the mono-
layer indicates appropriate culture conditions and composition of the growth
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medium. The proliferative trait of chondrocytes can be measured directly by
counting cells and the synthesis of new DNA, and indirectly by measuring
mitochondrial activity [57, 59]. It has been previously shown that modifying
the signaling network that regulates the maintenance and growth of the
phenotype of chondrocytes can increase cell proliferation [52, 60].

3.3.2. Characterization of scaffold component
3.3.2.1. Scaffold chemical characterization

Scaffolding plays an important role in the engineering of cartilage tissue.
The choice of biomaterials and production methods are key elements for the
successful production of TEC. The chemical properties of scaffolding are
responsible for efficient cell binding and the resultant biological activity. The
interactions between scaffolding biomaterials and cells is followed by cell
adhesion and the promotion of ECM deposition, so the clarification of the key
morphological design parameters determines the success or failure of the
biomaterials [12].

Custom-made polymer scaffolds. Recently, additive manufacturing (AM)
has received considerable attention in cartilage tissue engineering, which
allows the production of customized products using computer-aided design
[61]. It is characterized by features such as rapid manufacturing, high preci-
sion and ability to adjust the parameters of a synthetic polymer element. Feed
materials allow the development of custom-made scaffolds with highly
predictable physical properties, such as pore size, porosity and pore intercon-
nectivity [21]. The most common manufacturing techniques applied to modi-
fy the physical properties of scaffolds are fusion deposition modeling, liquid
frozen deposition, stereolithography, digital light processing, selective laser
sintering and electrospinning [61].

A variety of organic-inorganic hybrid polymeric materials can be used
for polymeric scaffolding customization. One of the least analyzed materials
is a two-compound composite based zirconium and silicon (SZ2080) [62]. It
contains inorganic silicon alkoxide and zirconium alkoxide groups that in-
crease the mechanical stability of the materials and the organic part of SZ2080
which contains polymerizable methacrylate moieties.

DLW, using ultrafast pulsed lasers, is a well-established technique for
the custom fabrication of three-dimensional scaffolding. The fully three-
dimensional structuring capacity, high spatial resolution, scaling flexibility
and the variety of materials used in DLW allow the determination of physical
parameters such as mechanical strength and wettability [22]. The polymeri-
zation reaction is initiated by a strong focus of the laser beam to the volume
of the photosensitive polymer, thus converting the liquid or gel material into
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solid-state scaffolds during additive manufacturing [63, 64]. Three-dimensio-
nal scaffolding manufacturing flow by direct laser writing is shown in
Fig. 3.3.2.1.1.
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Fig. 3.3.2.1.1. Three-dimensional scaffold custom fabrication steps,
employing direct laser writing
A computer-aided design model with custom scaffold physical characteristics is created.

After a series of laser fabrication and development steps, the resultant three-dimensional
scaffold with desired physical parameters is created.

The ability to apply direct laser writing technology to create scaffolds of
the desired morphology for articular cartilage regeneration in vitro and in vivo
is still unknown.

Solid collagen scaffolds. The articular cartilage ECM is formed by a
dense network of collagen fibers that support heavy loads in daily activities.
To mimic the natural environment of cartilage, solid collagen membrane
scaffolds have been widely used in the engineering of cartilage tissues [65].
The macromolecular structure of collagen fibers in membranes that mimic
native tissues can have a protein-dependent cellular response. Therefore,
choosing a membrane with fibers of a suitable molecular structure can aid in
retaining the hyaline cartilage phenotype [66]. The collagen membrane is for-
med as a mechanically rigid mesh, sponge or nonwoven fabric that provides
the necessary support for cell proliferation and facilitates management of
TEC during the manufacturing process [67]. The extent of DLW fabricated
scaffolds efficacy is still unknown, as there is no comparable articular
cartilage regeneration in vitro and in vivo studies of microstructured and solid
collagen scaffolds.

3.3.2.2. Scaffold physical characterization

The three-dimensional physical structure allows sufficient transport of
gas, nutrients, and bioactive molecules through the scaffold to allow cells to
survive, proliferate and differentiate. The in vitro characterization of the
speed of scaffold biodegradation helps to determine structural parameters
sufficient to maintain the rate of formation of new tissues.
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The production of porous cellular scaffolds is an important objective for
the production of TEC because these physical properties influence the cellular
response in vitro [13, 68]. Cell proliferation, metabolic activity and ECM
secretion of the active substance depend on pore size, porosity and scaffold
connectivity [23, 69]. Regularly interconnected pores improve the chondro-
cyte phenotype and have been shown to release the abundance of ECM in
chitosan and alginate scaffolds [23, 70]. The influence of different pore sizes
has also been investigated, which reveals the highest biomechanical and
physical properties on the scaffolding with uniform pore sizes, homogeneous
environments and high interconnection throughout the scaffold [71]. A uni-
form porous structure positively influences the uniform cellular distribution
and nutrient transport in the scaffold [24, 25]. In addition, a particular pore
shape can support a natural cell phenotype with improved functional produc-
tion of ECM proteins [71]. Uniform pore size, shape and high porosity can be
achieved efficiently using the DLW method, with key parameters controlled
by precise and flexible microfabrication. Kapyla et al. fabricated scaffolds
with the desired pore size, porosity and connectivity were constructed using
DLW to provide a novel approach to investigate the effects of scaffolding
architecture on cellular behavior in vitro [26]. A computer-aided design (CAD)
model of hexagonal HOI scaffold and the chondrocytes proliferation is shown
in Fig. 3.3.2.2.1.
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Fig. 3.3.2.2.1. Hexagonal HOI schematics and SEM pictures

(a) CAD model of the three-dimensional scaffold with mathematically precise pore size,
shape, uniformity, and high porosity level. (b) SEM image of hybrid organic-inorganic scaf-
fold, fabricated in a layer-by-layer fashion, seeded with viable chondrocytes for subsequent
TEC characterization of cellular performance in vitro. Scale: 100 pm.
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3.3.2.3. Scaffold mechanical characterization

The mechanical properties of articular cartilage and newly fabricated
TECs are attributed to its complex structure and ECM composition, which
includes the fluid and the solid matrix phases with cells [72]. Understanding
the mechanics of a material it is required to know how TEC can resist
compression and tensile forces post-implantation. The mechanical properties
of TEC depend largely on the source of the scaffold material and the ECM
released by the host cells [73, 74]. These properties can be characterized in
vitro and in vivo.

Biomechanical methods. Compression tests or a specific osmotic cartel-
age loading method can be used to biomechanically characterize the scaffold
cartilage engineering [75]. The compression properties of the cartilage can be
evaluated using three different measurement configurations: unconfined
compression, confined compression and indentation [76]. Destructive tests
are irreversible due to increased tension or loads. Correlation between
mechanical properties of cartilage and glycosaminoglycan (GAG) content,
collagen content, and water content exists. The decrease in cartilage compres-
sion stiffness is mostly due to structural alterations rather than changes in the
composition of the proteoglycan-collagen matrix [77]. The decrease in
cartilage compression stiffness is closely related to the amount of water: the
cartilage becomes less rigid and permeable as the amount of water increases
[78]. The biomechanical properties of scaffolds microstructured by DLW
containing different morphological properties and collagen scaffolds in vitro
are still unknown.

Electromechanical methods. Electromechanical methods Articular car-
tilage consists of a protein-rich ECM and GAGs with a negative charge. This
specific formulation gives cartilage mechanical rigidity and efficacious load-
withstanding properties. The electromechanical properties of the native
cartilage tissue have been shown to reflect the composition and structure of
the cartilage in vitro and in vivo [79, 80]. This is an important parameter of a
TEC because it can be easily obtained and correlated with histological and
biomechanical characteristics [79, 81]. Positively charged mobile ions sur-
rounding the cells in the ECM of TEC are displaced during the compression,
relative to the proteoglycan molecules, which are fixed and carry a negative
charge. This change creates a streaming potential that can be recorded as an
electromechanical quantitative parameter (QP). In the absence of qualitative
GAGs, a low streaming potential (high QP) is registered, thus resembling
weak electromechanical properties [79]. Changoor et al. found that deterio-
ration of cartilage tissue after prolonged in vitro storage can be detected by
measuring changes in electromechanical properties [80]. In addition, they
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reported that these measurements are even more sensitive to changes than
well-established biomechanical properties. Abedian et al. found a significant
correlation of QP with multiple histological scores and, therefore, proposed
using this parameter as quantitative means to evaluate the cartilage [82]. The
electromechanical properties of human tissue cartilage were measured by Sim
et. al and a correlation of QP with histological scores and biomechanical
properties, as well as GAG and water were documented [79]. They concluded
that the acquisition of electromechanical properties allows a more sensitive
analysis of the structure and in addition preserves tissue integrity. The
electromechanical properties of regenerated cartilage in vivo after scaffold
implantation are still unknown.

3.3.2.4. Biocompatibility characterization

The expanded chondrocytes are seeded on a three-dimensional scaffold,
thus initiating the manufacturing of TEC. Transmembrane cell receptors,
integrins, allow cells to bind to ECM components and subsequently form
functional support of TEC matrix. This formation process is supported by the
appropriate in vitro culture conditions which significantly influence key
characteristics of TEC.

Viability and proliferation. The ability of chondrocytes to adhere
effectively to scaffolding depends largely on cell viability. The detection of
living cells that can promote ECM deposition in scaffolding is one of the key
aspects in determining the biocompatibility of scaffolding. Cell viability and
proliferation in scaffolds have been previously recorded using fluorescent
assays to determine the optimal biological parameters of specific cell proces-
ses and populations [28, 83]. Therefore, great variability of scaffold-depen-
dent cellular proliferation can be linked to carriers differing in origin, structu-
re and methods of extraction and purification [84]. The ability of chondrocy-
tes to proliferate in innovative DLW microstructured scaffolds of different
pore shapes and sizes is still unknown.

Functionality. Being the most abundant cartilage protein, the expression
of type Il collagen is a hallmark of quality TEC [85]. Biochemical analyses
have shown that collagen synthesis is reversed to hyaline cartilage after
seeding of dedifferentiated chondrocytes in scaffolds, thus improving the
functionality of TEC [55]. The presence of essential collagen molecules is
determined by their expression of genes and protein secretion by immunecy-
tochemistry and real-time polymerase chain reaction assays [86]. In addition,
the histological staining of Alcian blue and Safranin-O can characterize the
distribution of GAGs and chondrocytes in the newly formed ECM [56]. The
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ability to form cartilage tissue in vitro by different pore shaped and sized
DLW scaffolds is still unknown.

3.3.2.5. Clinical application

There has been significant progress in the research and development of
TEC in recent years. The basic and clinical research teams made it possible
to translate scientifically validated preclinical data into clinical trials using
TEC composed of live cells seeded on scaffolds. Despite the clinical success
of the first cellular scaffolds for cartilage tissue engineering, custom-made
polymeric scaffolds might possess a greater potential for superior clinical
outcomes. Laser writing technology allows researchers to produce three-
dimensional biocompatible scaffolding of the desired parameters in real-time.
If it can take less than twenty-four hours to produce a custom scaffold for
medium-sized cartilage defects, the technique can be effectively implemented
in standard clinical practice. This enables the production of personalized
TECs for cartilage regeneration in patients suffering from highly debilitating
chondral defects of the knee, ankle, and shoulder joints.

23



4. METHODS AND MATERIALS

4.1. Article references

The detailed description of methods used is described in articles:

(1) Maciulaitis, Justinas; Miskiniené, Milda; Rekstyté, Sima; Bratchi-
kov, Maksim; Darinskas, Adas; gimbelyté, Agné; Daunoras, Ginta-
ras; Laurinavi¢iené, Aida; Laurinavicius, Arvydas; Gudas, Rimtau-
tas; Malinauskas, Mangirdas; Maciulaitis, Romaldas. Osteochondral
repair and electromechanical evaluation of custom 3D scaffold
microstructured by direct laser writing lithography // Cartilage.
Thousand Oaks: Sage Publications. ISSN 1947-6035. eISSN 1947-
6043. 2019, first online, p. 1-11. DOI: 10.1177/1947603519847745

(2) Maciulaitis, Justinas; Rekstyté, Sima; Brat¢ikov, Maksim; Gudas,
Rimtautas; Malinauskas, Mangirdas; Pockevi¢ius, Alius; Usas, Ar-
vydas; Rimkiinas, Augustinas; Jankauskaité, Virginija; Grigalitinas,
Valdas; Maciulaitis, Romaldas. Customization of direct laser
lithography-based 3D scaffolds for optimized in vivo outcome //
Applied surface science. Amsterdam: Elsevier Science. ISSN 0169-
4332. elSSN 1873-5584. 2019, vol. 487, p. 692-702. DOI: 10.1016/
j-apsusc.2019.05.065

(3) Maciulaitis, Justinas; Deveikyté, Milda; Rekstyté, Sima; Bratchikov,
Maksim; Darinskas, Adas; Simbelyté, Agné¢; Daunoras, Gintaras;
Laurinaviciené, Aida; Laurinavicius, Arvydas; Gudas, Rimtautas;
Malinauskas, Mangirdas; Maciulaitis, Romaldas. Preclinical study
of SZ2080 material 3D microstructured scaffolds for cartilage tissue
engineering made by femtosecond direct laser writing lithography //
Biofabrication. Bristol: IOP Pub. ISSN 1758-5082. 2015, vol. 7, no.
1, p. 1-1. DOI: 10.1088/1758-5090/7/1/015015

4.2. Study design

Preclinical proof-of-concept studies have been planned to evaluate a new
approach to treat isolated cartilage defects. The primary study was planned to
show the preliminary long-term safety and efficacy profile in a homologous
rabbit animal model. The final study has been designed to evaluate a clinically
relevant xenogeneic cartilage repair model using human cells. The layout for
the Primary and Final studies is depicted in Table 4.2.1.
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Table 4.2.1. The design of primary and final studies

Study type Analysis Attribute Method
Primary study
Cell culture in | Morphology LM
2D Viability Trypan blue
Morphology and pore SEM
In vitro study |SZ material Cell cul _ | coverage
(day 4, 8,12) |proof-of-concept | Cell culture in ;
3DHOland | orroio" of type Il ELISA
CS Potency g -
Expression of type Il (t-PCR
and X collagens
Macroscopic evaluation |OAS
In vivo study (6 months) S?ff_ety and Histological ev_aluatlon O’Driscoll
erncacy Electromechanical
. QP
evaluation
Final study
Morphology SEM
Biomechanical Indentation
Pore shape Bi Morphology SEM
dependence, titl)(i)lci?ympa- Metabolic activity Presto Blue
HOI-H, HOI-T, Cell reaif—fe_ Cell count Presto Blue
CS positive _— -
comparator rentiation Secretion of type Il ELISA
In vitro study collagen
day 1,4,7 i
(day ) Expression of type 11 H-PCR
and X collagens
Pore scale Morphology SEM
dependence, Biocompa- | secretion of type I
HOI-T1.5, tibility, collagen ELISA
HOI-T2, Cell rediffe- -
CS positive rentiation Expression of type 11 -PCR
comprator collagens
Macroscopic evaluation |OAS
In vivo study (3 months) Saf_ety and - X d - .
efficacy Histological evaluation | O’Driscoll

Note. Primary study analyzed the SZ material ability to form cartilage tissue in vitro and in
vivo using rabbit chondrocytes in autologous articular cartilage defect model. Final study
analyzed ability of the human cells to regenerate cartilage in in vitro and in vivo rat articular
cartilage defect model.
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4.3. Scaffold manufacturing

A high power and energy femtosecond laser system (Pharos, Light
Conversion, Vilnius, Lithuania), with adjustable repetition rate in the 1 to
200 kHz range and generating 1030 nm central wavelength and 300 fs
duration pulses was used to fabricate three-dimensional scaffolds of hybrid
silicon-zirconium material.

The three-dimensional polymeric scaffolds were microstructured by
employing the DLW technique. Computer models were designed using CAD
software or specially designed 3D-Poli package (Femtika, Vilnius, Lithuania)
and created by focusing a laser beam into the volume of a photosensitive pre-
polymer [63, 87, 88].

A hybrid organic-inorganic pre-polymer was photo-sensitized with 1%
of photo-initiator (2-benzyl-2-dimethylamino-4-morpholinobu-tyrophenone,
Sigma Aldrich, St. Louis, MO, USA) and subsequently used as a structuring
material [89]. Pre-polymer was created for DLW applications; therefore it is
characterized by its superb three-dimensional micro-/nano-structuring pro-
perties.

Collagen scaffolds (CS) were sterile and individually packed; HOI were
chemically disinfected in 70% ethanol overnight and heated under UV irra-
diation for 2 h. The next day, HOI were washed with phosphate buffered
saline (Sigma Aldrich) and left for drying and subsequent cell seeding.

The detailed description of the scaffold manufacturing technique is
described in articles (1-3).

4.3.1. Primary study: HOI and collagen scaffold manufacturing

HOIs were manufactured as hexagonal structures and consisted of three
identical layers formed on top of each other. Each layer had a half-period shift
with respect to the lower layer. The overall dimensions of the scaffolds were
determined prior to preparation by evaluating the cartilage defect area and
thickness of the rabbit joint. The main morphological parameters were
determined to be 2.1x2.1x0.21 mm?, corresponding to the intended cartilage
lesion area. Assuming a single cell size of about 20-30 pm, the diameter of
one hexagon was set at 100 um to ensure that the cells would be able to
proliferate unobstructed through all layers of the HOI. The height and width
of the rod forming the HOI structure were selected to be 15 um, taking into
account previous development work and considering that the cells properly
adhered to the rods of this dimension and maintained a spherical rather than
a flat morphology. Parameters of upper HOI pores, i.e. the distance between
the 2 parallel rods at the same height was determined to be 42x49 pm?width
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and length, respectively, and reflected the narrowest transition from the top
of the HOI to the bottom for the cells to pass through. The lateral pores were
determined according to the upper pore size selection methodology and were
51x54 pm? width and length, respectively. The scanning electron microscopy
(SEM) images of manufactured HOI are shown in Fig. 4.3.1 (a, b).

A commercially available CS (Septodont, Maidstone, UK) was used as a
direct comparison. CS is composed of native, non-denaturated, freeze-dried
collagen of bovine origin type I collagen. The CS was cut to the same dimen-
sions to enable comparison with the HOI scaffold. The SEM image of
prepared CS is shown in Fig. 4.3.1 (c).
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Fig. 4.3.1. SEM images of manufactured HOI top (a),
side (b) view, and CS (c)
Three layers consisting of 13 and 14 hexagonal chambers in width and length, respectively,
with the single hexagon diameter of 100 um wide. Side pore width and height throughout the

scaffold was 51 and 54 pm, respectively. CS is comprised of native, non-denatured, freeze-
dried collagen of bovine origin type | collagen. Scale bar: 500 pm.

4.3.2. Final study: HOI optimization and collagen scaffold
manufacturing

Computer models of four different types of scaffolding were developed
and subsequently used in production. In the first phase of the experiment,
tetragonal scaffolds (HOI-T) and hexagonal scaffolds (HOI-H) were investi-
gated to determine the influence of pore shape on cell growth.

HOI-T and HOI-H consisted of rectangular and honeycomb-shaped
hollow prisms, respectively. They were placed next to each other to form a
single layer of scaffolding. Each scaffold had three layers stacked on top of
each other. Each layer of the HOI-T had a displacement in both directions to
the previous layer, so that four upper square pores formed throughout the
scaffold. In contrast, HOI-H had an offset in one direction to the previous
layer m, resulting in three upper rhomboid pores throughout the scaffold.
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In the second phase of the experiment, to determine the influence of pore
size on cell proliferation, the upper and lateral pores of HOI-T were scaled by
factors of 1.5 (HOI-T1.5) and 2 (HOI-T2). The scaffold size was as similar
as possible (1.5x1.5 mm?). The width and height of the rod were constant in
all cases: 15 um.

A commercially available bilayer CS (Chondro-Gide, Geistlich Biomate-
rials, Wollhusen, Switzerland) was cut to the same dimensions as the HOI
and used as a direct comparator. CS is made of highly refined porcine colla-
gen and has been shown to be effective for treating traumatic cartilage defects
[90].

4.4. Scaffold characterization in vitro

SEM on HOI and CS was performed by Hitachi TM-1000 (Hitachi High-
Technologies Co., Tokyo, Japan).

The detailed description of scaffold characterization in vitro is described
in articles (1-3).

4.4.1. Primary study: Morphological analysis of HOI and CS

Morphological: The cell filling of HOI pores was calculated as the
percentage of blank and filled pore areas from SEM photographs on days 4,
8 and 12. CS cell distribution was evaluated at day 12 prior to implantation
by histological staining with hematoxylin and eosin dye (H&E).

4.4.2. Final study: Morphological and biomechanical analysis of
HOI and CS

Morphological: Manufactured and cell seeded HOI scaffolds were analy-
zed after 7 days of culture.

Biomechanical: Micro indentation (MCT Micro Combi Tester, Anton
Paar, Graz, Austria) of HOI-T, HOI-H and CS was performed according to
Oliver and Pharr’s method.

4.5. Cell isolation, culture, and posology in vitro

All experimental procedures were approved and conducted according to
the standard guidelines and protocols by the Animal Health and Welfare
Department, State Food and Veterinary Service of the Republic of Lithuania
and Kaunas Regional Biomedical Research Ethics Committee.

The detailed description of cell isolation, culture and posology in vitro is
described in articles (1-3).
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4.5.1. Primary study: Cell isolation, culture, and posology of
3D culture

New-Zealand rabbits (male and female; 4-5 months old; 3-4 kg body
weight) were housed separately in cages under ordinary conditions (21+1°C,
12/12 light/dark and a 45% relative humidity) with free access to food and
water.

Allogeneic rabbit articular cartilage biopsy from the non-weight-bearing
area was minced, digested, chondrocytes were isolated, plated, cultured, and
harvested when 80% confluence was reached. Viability was measured by
Trypan blue dye exclusion assay.

Scaffolds were soaked in proliferation medium 1 day before seeding.
Third passage cells were seeded in 10 puL doses on sterilized HOI and CS in
a dropwise fashion, resulting in 10° cells per scaffold.

Scaffolds with cells were harvested after 4, 8, and 12 days of culture and
sent for in vitro analysis. Also, on day 12 of culturing, scaffolds were prepared
for in vivo implantation.

4.5.2. Final study: Cell isolation, culture, and posology of
3D culture

Human cartilage tissue was collected during routine knee reconstruction
surgery procedures as waste material.

A biopsy was washed extensively, predigested, and digested with enzy-
mes, isolated cells were plated and cultured when reached 80% confluence.

Scaffolds were soaked in proliferation medium one day before seeding.
Manufactured HOI and CS scaffold parameters are set at 1,5x1,5 mm? in area,
with cell dosage of 4,5x10* cells per scaffold used.

Scaffolds with cells were harvested after 1, 4 and 7 days of culture and
sent for in vitro analysis. Also, on day 7 of culturing, scaffolds were prepared
for in vivo implantation.

4.6. Cell seeded scaffold biochemical characterization in vitro

The detailed description of cell-seeded scaffold biochemical characteri-
zation in vitro is described in articles (1-3).
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4.6.1. Primary study: Protein secretion analysis of monolayer
and 3D culture

Type Il collagen production was analyzed at 4, 8, and 12 days after see-
ding using enzyme-linked immunosorbent assay kit (rabbit collagen type 1l
ELISA kit, BioSite, London, UK).

4.6.2. Final study: Metabolic activity, cell count, and biochemical
analysis of monolayer and 3D culture

Metabolic activity and cell count: an assay for human chondrocytes
growth in HOI-T and HOI-H was performed using Presto Blue Cell Viability
Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's
recommendations.

Biochemical analysis: Type Il collagen production evaluation was
performed on the cells (n = 4) used for seeding on the scaffolds and the seeded
scaffolds at days 1 (n = 12),4 (n =9) and 7 (n = 5) after seeding using enzyme-
linked immunosorbent assay kit (human collagen type 11 ELISA kit, BioSite),
according to manufacturer's protocol.

4.7. HOI scaffold genotypic characterization in vitro

The total mMRNA from the samples was extracted using an Isolate II
mRNA Micro Kit (Bioline Reagents Ltd., London, UK) according to the
manufacturer’s instructions. Elution was performed with 10 ul RNase-free
water included in the kit. SensiFAST Probe No-Rox One-Step Kit (Bioline
Reagents Ltd.), primers and hydrolyzation probes (Biolegio B.V., Nijmegen,
Netherlands) were used for one-step RT-qPCR.

The detailed description of designed primer pairs, probes, condition of
amplification and HOI scaffold genotypic characterization in vitro is
described in articles (1-3).

4.7.1. Primary study: Gene expression analysis of 3D culture

Scaffolds with cells were harvested after 4, 8, and 12 days of culture and
sent for in vitro analysis.

For the chondrogenic gene analysis, we examined COL2A1 (coding for
type Il collagen protein) and COL10A1 (coding for type X collagen protein)
genes mMRNA expression dynamics of cells before seeding on day 0 and after
seeding at day 4, 8, and 12. European rabbit glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene expression was used for data normalization.
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4.7.2. Final study: Gene expression analysis of monolayer and
3D culture

For the chondrogenic gene mRNA analysis, we examined type Il
collagen (COL2A1) mRNA expression dynamics of cells at day 0 before the
seeding on scaffolds and on days 1, 4 and 7 in vitro. The primer and probe
sequences were designed using Vector NTI Advance program (Thermo
Scientific, Waltham, MA, USA) for sequences alignment. The expression of
B-actin mRNA was used as an internal standard for normalization of the target
MRNA levels between different samples.

4.8. Design of the long-term in vivo study

Osteochondral defects were divided into experimental groups based on
the randomly received treatment: defects treated using HOI hexagon-pored
scaffolds with cultured cells (HOI-cells, n = 4) and without cells (HOI-only,
n =4). Similarly, positive control groups included collagen scaffolds with
cultured cells (CS-cells, n = 3) and without cells (CS-only, n = 3). The nega-
tive control group comprised defects without scaffolds (scaffold-free, n = 4).

The detailed description of the long-term in vivo study design is
described in articles (1-3).

4.8.1. Primary study: 6 months in vivo study design

Nine rabbits containing 18 bilateral osteochondral defects were used in
the study. Surgical procedures were performed aseptically in an operating
theatre. Anesthesia was induced intramuscularly and maintained intrave-
nously. Knee joints were approached via the lateral parapatellar approach,
followed by medial patellar dislocation. Critical size osteochondral defect
(diameter: 3 mm; depth: 2 mm) was created through the articular cartilage
and subchondral bone at the weight-bearing area of the medial femoral
condyle using an electric drill.

Every defect was extensively washed with saline before implanting a
polymerized fibrin clot. Briefly, a mixture of 1 mL of autologous blood
plasma, 250 uL of thrombin, and 250 uL. of CaCl, were mixed to prepare the
fibrin clot. It was incubated for 5 minutes at room temperature just before
adding it to the defect to secure the scaffold or fill the scaffold-free defect.

After intervention, the rabbits were housed under regular conditions and
could move freely in individual cages. Rabbits were euthanized after
6 months and samples for subsequent examination were collected.
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4.8.2. Final study: 3 months in vivo study design

Nine, 10-week-old nude rats (NIHRNU-M, NTac:NIH-Foxnlrnu;
Taconic, NY, USA) were used in this study. The animals were anesthetized
through an inhalation mask after exposure to 3% isoflurane and O gas. The
knee joint was approached by a lateral parapatellar approach, and the
trochlear groove was exposed by medial patellar dislocation. Critical size
osteochondral defect (diameter: 1.5 mm, depth: 1 mm) was created through
the articular cartilage and subchondral bone at the weight-bearing area of the
trochlear groove. The defect was extensively washed with saline before
scaffold implantation. Fibrin glue (Tisseel, Baxter, Glendale, CA, USA) was
added to the defect to secure the scaffold or fill the scaffold-free defect.

After the intervention, rats were housed and allowed to move freely
within their cages. Rats were euthanized 3 months after surgery and samples
for subsequent examination were collected.

4.9. Macroscopic evaluation of long-term study

Two independent researchers performed macroscopic grading according
to a modified Oswestry Arthroscopy Score (OAS) for primary animal and
final human cells studies.

Stiffness on probing of the rabbit repair tissue was replaced with a more
objective electromechanical parameter. However, it was not applied in the
study of the human cells due to insufficient surface area of the rat articular
cartilage.

The detailed modified macroscopic OAS and macroscopic evaluation
description of the long-term study are described in articles (1-3).

4.9.1. Primary study: Electromechanical evaluation of cartilage

in vivo

Electromechanical properties of the repair tissue were evaluated with a
hand-held arthroscopic Arthro-BST indentator (Biomomentum Inc., Laval,
Quebec, Canada, as previously described [91]. Briefly, negatively charged
proteoglycan molecules in the collagen network are balanced by mobile
positive ions in interstitial fluid. Cartilage compression results in interstitial
fluid movement; thus, mobile positive ions are displaced relative to the fixed
negative charges. This flow generates streaming potentials that reflect
cartilage composition and function [91-93].
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A higher electromechanical QP mainly reflects increased extracellular
matrix disintegration and inferior load-bearing capacity of the cartilage, while
low QP indicates strong electromechanical properties and superior load-
bearing capacity.

Measurements of the weight-bearing area on the medial femoral condyle
were made before the surgery and at 6 months after implantation. The femoral
joint was harvested and QP measurements were recorded 3 times on each
control and treated defect to obtain median values.

4.10. Histological evaluation of cartilage in vivo

Distal ends of femurs were cut above the condyles, fixed in a 10% neutral
buffered formalin solution, and embedded in paraffin blocks for animal and
human cell studies. 6 pum thick serial sections were deparaffinized and stained
with Toluidine blue (Fisher Scientific, Pittsburgh, PA, USA) and Safranin-O
(Fisher Scientific) stains to assess glycosaminoglycans, proteoglycans and
collagen production in repaired cartilage [94]. Sections were analyzed using
a digital microscope (Olympus BX61, Olympus, Tokyo, Japan) with a camera
(Olympus DP72, Olympus) and scored blindly using O’Driscoll histological
scoring system [95]. A higher score indicated superior cartilage repair, with
24 representing the maximum score.

The detailed O’Driscoll histological scoring system is described in
articles (1-3).

4.11. Statistical evaluation

The quantitative data are expressed as a mean (standard deviation).
Statistics were performed using GraphPad Prism 7.04.

4.11.1. Primary study: Statistical evaluation

Statistical results were obtained using Kruskal-Wallis multiple
comparison test and presented as the mean and standard deviation (SD).
Statistical significance between experimental groups is indicated with (*),
which represents a P<0.05 and (**) representing P<0.01.
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4.11.2. Final study: Statistical evaluation

Statistical results were obtained using one-way ANOVA with Tukey’s
post hoc multiple comparison test. Results are presented as the mean and
bracketed standard deviation (SD). Statistical significance between the
groups is indicated with (*) which represents a P<0.05 and (**) representing
P<0.01.
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5. RESULTS

5.1. Results of the primary study

5.1.1. Cell morphology and viability in monolayer

During the monolayer culture, chondrocytes showed typical phenotypic
changes. The cells progressively lost their natural round shape and became
flattened fibroblast-like cells. The viability of chondrocytes prior to seeding
on membranes was consistently high and ranged from 98% to 100%.

5.1.2. Cell Seeding and 3D Growth Analysis

Cells seeded on hexagonal-pored HOI exhibited a continuous adherence
to the horizontal and vertical rods of the scaffold. The proliferation of cells
and ECM production within the scaffold have maintained up to 12 days in
vitro. The cells could be seen positioned on horizontal and vertical rods,
elongated or oval shape. Connections between nearby rods were mainly made
by wrapping and bridging the interconnected nearby perpendicular rods. Cell
number and interconnecting ECM content have outgrown all the layers of
HOI and kept increasing up to day 12, filling the void space and covering
most of the pore diameter at day 12. Cell three-dimensional growth in HOI is
depicted in Fig. 5.1.2.1.
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Fig. 5.1.2.1. Cells and interconnecting ECM distribution throughout
three-dimensional hexagonal-pored HOI as a percentage of empty and filled
pore areas from SEM photographs at days 4 (a, d), 8 (b, e), and 12 (c, f)
Elongated and oval-shape cells continuously adhered to and interconnected horizontal and
vertical rods of the scaffold. By wrapping and bridging nearby rods, cells and deposited ECM
content incrementally have outgrown all three layers of HOI filling most of the pore volume

on day 12. A close-up view from the side is displayed on day 4 (d), 8 (e), and 12 (f). Scale
bar: 100 um.

Incremental pore coverage was evident throughout the cultures up to day
12 prior to the implantation. It improved significantly at day 12 compared to
day 4 (P = 0.0114) and covered 71+6.5% of a single pore. The dynamics of
pore coverage is depicted in Fig. 5.1.2.2.

100% N
|
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0% T T 1
4 8 12

Days after seeding
Fig. 5.1.2.2. Dynamics of HOI pore coverage by seeded cells

A percentage of filled pore has increased significantly from day 4 to 12, revealing biocom-
patible morphological conditions for sustained cell proliferation. *P<0.05.
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Positive control of cell-seeded CS revealed random cell distribution from
top to bottom and interconnection of nearby collagen folds and creases.
Despite all the voids occupied by cells, the bottom layer of CS had fewer cells
compared to the top and middle layers. Significantly more iterative pore
morphology in HOI allowed superior and more even cell distribution through-
out the scaffold compared to CS. Both scaffolds kept physical integrity and
did not lose material during in vitro culture.

The detailed description of CS scaffold cell distribution is described in
articles (1, 3).

5.1.3. Cell Seeded Scaffold Potency Analysis

HOI with cells sustained chondrogenesis under regular culture condi-
tions, by measuring type 11 collagen secretion to the media when compared
to the secretion level of cells that were used for scaffold seeding (monolayer
cells). Type Il collagen protein secretion is depicted in Fig. 5.1.3.1.
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g 4001 o HOI with cells
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=
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Fig. 5.1.3.1. Type Il collagen protein secretion, as measured by ELISA in
monolayer, HOI, and CS groups at days 0, 4, 8, and 12

Both groups retained the level of secreted protein from day 4 to 12, with a numerical decrease
throughout the period. CS had the superior initial type Il collagen secretion capacity at days
4 and 8, when compared to monolayer cells and HOI, respectively. *P<0.05, ** P<0.01.

Protein excretion in the HOI-cells group retained its level up to day 12;
however, a slight decrease was evident throughout the period. Protein
secretion improved at day 4 (P = 0.03) in CS-cells, then retained its previous
level up to day 12. Numerical protein secretion decrease was also noted in
CS-cells up to day 12. When scaffolds with cells were compared to each
other, a greater amount of type Il collagen secretion was noted in the CS-cells
group at day 8 (P = 0.0045), highlighting a superior initial phase of cell-
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scaffold biocompatibility in this group. Numerical superiority was noted in
CS-cells at day 12 when compared to HOI-cells at the respective endpoint of
the study.

Chondrogenic COL2A1 gene expression was upregulated up to day 8
with a numerical decrease at day 12 in both groups. COL2A1 expression is
depicted in Fig. 5.1.3.2 (a).

Even though the mean level of COL2A1 expression increased in HOI-
cells at days 4 and 8, it was comparable to day 0. CS-cells retained a superior
mean level of COL2A1 expression up to day 12 when compared to the gene
expression of monolayer cells; however, it improved significantly in the
middle of the culture period at day 8 (p=0.0306). No significant differences
among the 2 scaffolds were observed; however, mean values were lower in
the HOI-cells group, compared to CS-cells.

Mean expression of the fibroblastic COL10A1 gene was downregulated
in the HOI-cells and CS-cells groups, thus supporting cell redifferentiation
on a genotypic level. COL10A1 expression is depicted in Fig. 5.1.3.2 (b).
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Fig. 5.1.3.2. COL2A1 (a) and COL10A1 (b) genes expression patterns,
measured by rt-PCR in monolayer, HOI, and CS groups
atdays 0, 4, 8, and 12

Chondrogenesis was upregulated in both groups up to day 8. (a) The mean expression level
of COL2A1 increased in HOI at days 4 and 8. CS retained superior expression up to day 8,
compared to monolayer cells. (b) The mean expression of fibroblastic COL10A1 was
downregulated in both scaffold groups up to day 12. CS with cells expressed less COL10A1
at day 12 compared to monolayer cells. COL10A1 expression in CS was lower compared to
HOI on day 12. *P<0.05.
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CS-cells group fibroblastic gene expression level was numerically su-
perior compared to monolayer cells. In addition, it improved significantly, by
expressing less COL10AL at day 12 (P = 0.0355).

The detailed description of in vitro potency analysis values is described
in articles (1, 3).

5.1.4. Macroscopic OAS evaluation in vivo

No swelling, signs of inflammatory or immune responses to implanted
materials on operated knees were observed at 6 months after implantation.
CS-cells group had the highest mean OAS score among all experimental
groups. Macroscopic evaluation is depicted in Fig. 5.1.4.1.

OAS score

Fig. 5.1.4.1. Macroscopic evaluation of experimental groups at
6 months after intervention in (a) scaffold-free, (b) CS-only, (c) CS-cells,
(d) HOI-only, and (e) HOI-cells groups, as expressed by the (f) OAS score

CS-cells had the highest mean OAS amongst all experimental groups. HOI-only and
HOI-cells had a tendency for superiority compared to the scaffold-free group. Cartilage repair
was evident in all treated groups (Asterix), however fine fronds on the cartilage surface were
evident in all HOI-only and HOI-cells defects, whilst smoother cartilage surface was
exhibited throughout CS groups. *P<0.05.
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CS-cells group OAS evaluation revealed the most hyaline-like cartilage
when compared to the scaffold-free group (P = 0.0347). Other experimental
groups did not differ among each other significantly; however, a tendency for
superior outcome in HOI-only (P = 0.076) and HOI-cells (P = 0.69) compa-
red to scaffold-free group was also noted. A numerically inferior outcome in
HOI groups was mainly influenced by more fine fronds on the cartilage
surface when compared to a smoother cartilage surface in CS groups.

The detailed description of macroscopic values is described in articles
1, 3).

5.1.5. Histological O’Driscoll evaluation in vivo

Mean cartilage repair scores were superior in all treatment groups
compared to the scaffold-free group at 6 months; however, a significantly
superior histological outcome was scored in CS-cell (P = 0.035) group only.
A clear numerical advantage of the HOI-cell group over the scaffold-free
group was also noted (P = 0.057). Other experimental groups were compar-
able among each other; however, the HOI-only group tended to be superior
histological restoration compared to the control group, as well (P = 0.103).
Restoration of subchondral bone has not been achieved in any of the samples,
with slight contour changes throughout experimental groups. HOI structural
elements were dispersed in cartilage and subchondral bone layers enfolded in
the host tissue. No evidence of infection, donor tissue rejection, or immune
response was noted in any histological samples of experimental groups.
Histological pictures and evaluation are depicted in Fig. 5.1.5.1.
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Fig. 5.1.5.1. Histological evaluation of experimental groups at
6 months after intervention in (a, f) scaffold-free, (b, g) CS-only,
(¢, h) CS-cells, (d, i) HOI-only, and (e, j) HOI-cells groups,
as evaluated by (k) a modified O Driscoll score

The histological score improved in all treatment groups compared to the scaffold-free group
as assessed by (a—e) Safranin O and (f—j) Toluidine blue staining. A positive tendency was
noted in HOI-cell and HOI-only groups over the scaffold-free group. HOI structural elements
(Asterix) were evident in cartilage and subchondral layer. CS-cells group was superior
compared to the control group. *P<0.05. Scale bar: 200 pm.

The detailed description of histological values is described in articles
(1, 3).

5.1.6. Electromechanical evaluation in vivo

Electromechanical parameter measured at the cartilage repair sites
treated with HOI-only, HOI-cells, and CS-cells groups were lower than the
untreated scaffold-free group, resulting in superior repair for scaffold-based
groups, especially cell-seeded scaffolds.

Significantly inferior electromechanical properties were noted in CS-only
(P =0.002), HOl-only (P =0.022), and in scaffold-free (P = 0.0009) groups
compared to healthy cartilage. However, HOI scaffolds with cells (P = 0.0014)
or without (P = 0.0059) exhibited improved values of electromechanical
parameter compared to the scaffold-free group. Electromechanical measure-
ment is depicted in Fig. 5.1.6.1.
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Fig. 5.1.6.1. Electromechanical Arthro-BST measurement of
repaired cartilage 6 months after intervention

Electromechanical parameter measured at HOI-only, HOI-cells, and CS-cells was lower than
the scaffold-free group, thus resulting in superior repair in these groups. HOI-cells and
CS-cells exhibited improved values of the electromechanical parameter and were comparable
to healthy cartilage. *P<0.05, **P<0.01, ***P<0.001.

Despite the non-inferiority between healthy cartilage values compared to
CS-cell (P =0.069) and HOI-cell (P = 0.066) groups, the best repair potential
has been shown for cell-seeded groups, as expressed by improved intrinsic
electromechanical properties of cartilage.

The detailed description of electromechanical values is described in the
article (1).

5.2. Results of the final study

5.2.1. Morphological and biomechanical analysis

Morphological characteristics of constructed HOI-H and HOI-T scaffolds
were comparable to allow the analysis of pore shape influence on biomecha-
nical properties. Morphological SEM images are depicted in Table 5.2.1.1.
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Table 5.2.1.1. Morphological (a—d) top-view and (e-h) side-view SEM images of HOI scaffolds

Scaffold type HOI-H HOI-T HOI-T1.5 HOI-T2

(e) ®
Scaffold size (WxLxH), um? 1511x1567%195 1515x1515%195 1582.5x1582.5%262.5 1590%1590%330
Side pore (LxH), pm? 49x45 105%45 150%67.5 195%90
Top pore (LxH), pm? 42x49 45%45 67x67 90%90
Porosity, % 87 89 94 96

Note. Pore size effect on cell proliferation was determined in (c, g) HOI-T1.5 and (d, h) HOI-T2 images. Scale bar: (a—d) — 500 pm, (e-h) —
100 pm.
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Biomechanical response curves of irregular shape were generated by the
indenter tip, as expressed by the obtained crushing force vs. indentation
depth. Indentation curves of HOI-H and HOI-T demonstrated that the
crushing force increased reaching peaks A, B and C at the depth of three
consecutive regions from HOI top to bottom. Force-indentation depth curves
are depicted in Fig. 5.2.1.1 (a, b).

Fracture pattern was different amongst HOI scaffolds and was repre-
sented by a greater depth required to reach a maximum peak force at 11 and
I11 layers in HOI-T, compared to HOI-H. Accumulated fractured parts pre-
cipitated differently in both scaffolds, thus increasing indentation force in a
layer by layer fashion. Indentation force and depth layer-by-layer is depicted
in Fig. 5.2.1.1 (c, d).

A clear tendency for superior indentation hardness (Hir) and modulus
(Err) in HOI-H compared to HOI-T was evident. Both HOI scaffolds retained
the same Hit and E;r when kept in a wet state (data not shown). On the
contrary, a steep and steady incline of crushing force was registered for dry-
state CS, while wet-state CS registered a significant force reduction through
140 um in depth. This simulated a clinical application prior to CS implanta-
tion and indicated a reduced resistance for a wet-state CS. In addition,
Hir and Eir of CS prepared for implantation was significantly inferior to
HOI-T and HOI-H. Hir and E;r average measurements are depicted in
Fig. 5.2.1.1 (e).

The detailed description of indentation force and depth values are
described in the article (2).
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Fig. 5.2.1.1. Force-indentation depth curves obtained during
the micro indentation test performed on HOI and CS

(a) Fracture pattern was different amongst HOI-T and HOI-H scaffolds while (b) dry and
wet CS deformation patterns indicated reduced resistance for a wet CS. (c, d) The signi-
ficantly higher force was registered with advancing to deeper layers of HOI scaffolds and
was comparable to dry CS. (e) A tendency for superior Hyr and Ejr in HOI-H compared to
HOI-T was noted. H;r and E;r of wet CS was significantly inferior to all scaffolds tested.
*P<0.05; **P<0.01; ***P<0.0001.
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5.2.2. Biocompatibility analysis and pore shape dependence analysis

HOI-H cell adherence and increased ECM deposition were maintained up
to 7 days in vitro by elongated matrix fibers in-between perpendicular rods.
SEM images of cell biocompatibility in HOI-H is depicted in Fig. 5.2.2.1 (a, b).

(a) (b) k .”,» TR
(c)I ‘ -

Fig. 5.2.2.1. Distribution of chondrocytes in (a, b) HOI-H scaffold and
throughout (c, d) horizontal and (e, f) vertical rods of HOI-T scaffold
on day 7 post-seeding

Elongated and oval-shape cells wrapped and bridged horizontal and vertical rods of the
HOI-T scaffold and deposited ECM have outgrown all three layers, filling most of the pore
volume at day 7. Scale bar: (a—d) 50 um, (e, f) 100 um.

46



Similarly, cells seeded on HOI-T adhered to the horizontal and vertical
rods of the scaffold. The proliferation of elongated and spherical shape cells
within both scaffolds was sustained up to 7 days in vitro and signified cell
redifferentiation. Adjacent rods were interconnected by cells and ECM which
have outgrown all the layers of HOI and filled the greater part of pore void at
day 7, especially in HOI-T. SEM images of cell biocompatibility in HOI-T is
depicted in Fig. 5.2.2.1 (c-f).

Cells seeded on HOI-T and HOI-H improved their metabolic activity
compared to cells used for seeding (monolayer cells). Even though the
metabolic cellular improvement from day 1 to day 7 in both HOI-T and HOI-
H groups was significant, it was comparable amongst two groups at all
endpoints. Nevertheless, only cells in the HOI-T group improved on day 7,
compared to monolayer cells, while HOI-T showed a clear tendency for
improvement (P = 0.057). Metabolic activity and pore shape dependence are
depicted in Fig. 5.2.2.2 (a).

Similarly, cell number increased in HOI-T and HOI-H at day 7, compa-
red to monolayer cells count and was comparable amongst groups in all
endpoints. However, a tendency for a higher count of cells was noted in the
HOI-T group, compared to HOI-H. Improved metabolic activity is repre-
sentative to a higher count of cells, thus supporting cellular proliferation on
both HOI scaffolds, with a tendency for superiority in the HOI-T group.
Count of cells and pore shape dependence is depicted in Fig. 5.2.2.2 (b).
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Fig. 5.2.2.2. (a) Metabolic activity, (b) count of cells, (¢) type Il collagen
protein secretion and (d) COL2A1 gene expression of
HOI-T and HOI-H seeded with chondrocytes at days 1, 4, and 7

Similar improvement of metabolic activity and cell count to day 7 was seen in both scaffolds,
compared to cells used for seeding (cell control). Secretion improved on day 1 in the HOI-T
group, compared to cells used for seeding and sustained chondrogenesis up to day 7. Mean
protein secretion values were higher in the HOI-T group compared to HOI-H at all endpoints.
Relative COL2A1 expression improved only in the HOI-T up to day 7. *P<0.05; **P<0.01.
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5.2.3. 3D cell redifferentiation and pore shape dependence analysis

An improved type 11 collagen protein secretion at day 1 was noted in the
HOI-T group, compared to monolayer cells. Reduced, yet sustained chondro-
genesis was evident up to day 7 under regular culture conditions in HOI-T
group.

Similarly, protein secretion retained its level up to day 7 in the HOI-H
group; however, it was comparable to secretion levels of monolayer cells
throughout the period. A decrease in protein secretion was noted in both
scaffold groups up to day 7, albeit not significant. Mean protein secretion
values were greater in the HOI-T group in all endpoints when scaffolds with
cells were compared to each other, albeit not significantly. Therefore, a
superior initial phase of HOI-T scaffold and cells biocompatibility indicates
at least a numerical superiority of tetragon over hexagon-pored HOI. Type Il
collagen protein secretion and pore shape dependence are depicted in
Fig. 5.2.2.2 (c).

COL2A1 was upregulated up to day 7 in HOI-H and HOI-T groups.
Mean values of gene expression were comparable to values of monolayer
cells in both groups throughout the culture period. Nevertheless, a significant
improvement up to day 7 was noted only in the HOI-T group. COL2A1 gene
expression and pore shape dependence are depicted in Fig. 5.2.2.2 (d).

No significant differences amongst two scaffolds were observed,
however, mean values of gene expression were higher in the HOI-T group,
compared to the HOI-H group, thus supporting a tendency for the superiority
of tetragon-pored over hexagon-pored HOI. Type 11 collagen gene expression
is depicted in Fig. 5.2.2.2.

5.2.4. 3D cell redifferentiation and pore-scale dependence analysis

In the second stage of the experiment, top and side pores of HOI-T were
scaled by the factors of 1.5 (HOI-T1.5) and 2 (HOI-T2) for the determination
of pore size effect on cell proliferation. Morphological SEM images are
depicted in Table 5.2.1.1. A comparable proliferation of elongated and oval
shape cells within the HOI-T and HOI-T1.5 was sustained up to 7 days
in vitro. Cells and the secreted ECM were noted on perpendicular and parallel
planes of scaffolds, thus supporting the predefined distance between the rods.
Cell distribution in HOI-T and HOI-T1.5 is depicted in Fig. 5.2.4.1 (a, b).
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Fig. 5.2.4.1. Cells distribution in a tetragonal pore of (a) HOI-T,
(b) HOI-T1.5, and (c) HOI-T2 at day 7 post-seeding
Elongated and oval shape cells and the secreted ECM were noted on perpendicular and

parallel planes within the HOI-T and HOI-T1.5 scaffolds. Only sporadic cell adherence was
noted on the HOI-T2 rods. Scale bar: 50 pm.

HOI-T2 did not support cell growth and ECM production. Only sporadic
cell adherence was noted on the rods, with little ECM production in all HOI-
T2 scaffolds tested. Cell distribution in HOI-T2 is depicted in Fig. 5.2.4.1 (c).
Cells were randomly distributed in the superficial and middle layers of CS,
interconnecting collagen folds and creases. Cell distribution in CS is depicted
in Fig. 5.2.4.2 (a, b).

P T a3 () RO NS
Fig. 5.2.4.2. The distribution of seeded human chondrocytes
throughout CS on day 7

A representative (a) histological (H&E staining) and close-up (b) SEM image reveals chond-
rocytes (Asterix) distribution in the superficial and middle layers of collagen scaffold inter-
connecting nearby folds and creases. Scale bar: 50 um.
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Mean values of type-Il collagen protein secretion improved at day 1 in
HOI-T, HOI-T1.5 and HOI-T2 groups, however only HOI-T had a significant
improvement. Protein secretion numerically diminished in all HOI groups up
to day 7, indicating decreased, yet sustained release of protein in culture media.
HOI-T had significantly superior protein secretion compared to HOI-T1.5
and HOI-T2 after one day in culture. In addition, HOI-T retained its bioche-
mical superiority over HOI-T2 at days 4 and 7. Similarly, mean values of
protein secretion numerically diminished in a positive comparator CS group
up to day 7, nevertheless it was superior to any other HOI group at all end-
points. Therefore, a biochemical superiority of HOI-T scaffold over HOI-T1.5
and HOI-T2 at least 1 day after the in vitro culture is morphological and
indicates an advantage of specific pore size in a short-term, yet for clinical
implantation acceptable period. Type Il collagen secretion is depicted in
Fig. 5.2.4.3 (a).

Mean values of COL2A1 expression were upregulated up to day 7 of
culture in HOI-T and HOI-T1.5 groups. Mean values of gene expression
throughout the culture period were comparable to monolayer cells in all HOI
groups. COL2A1 expression improved in the CS group at day 7 compared to
day 1, yet it was comparable to all HOI groups at all endpoints. Type Il colla-
gen gene expression is depicted in Fig. 5.2.4.3 (b).

HOI scaffolds of scaled pores were comparable amongst each other;
however, higher mean values supported a tendency for gene expression
superiority of HOI-T scaffolds over HOI-T1.5 and HOI-T2.
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Fig. 5.2.4.3. Pore-scale and biocompatibility dependence

(a) Type-II collagen protein secretion and (b) expression of HOI-T, HOI-T1.5, and HOI-T2
seeded with cells at days 1, 4, and 7. Secretion improved on day 1 in the HOI-T group,
compared to cells used for seeding and was superior to HOI-T1.5 and HOI-T2. CS protein
secretion was superior to any other HOI group. Mean COL2AL1 expression values improved
in HOI-T and HOI-1.5T groups and were comparable to CS. * P<0.05, **P<0.01,
***p<(.001.

5.2.5. Macroscopic analysis of repair cartilage

No swelling, signs of inflammatory or immune responses to implanted
materials on operated knees were observed. OAS improved in all groups
compared to the scaffold-free group Interestingly, the addition of cells in the
HOI group marginally impaired macroscopic evaluation compared to the
HOI-only group. None of the HOI scaffolds restored a smooth cartilage
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surface and graft level, integration and coloration resulted in relatively the
same. CS-cells group revealed the most hyaline-like cartilage when compared
to a scaffold-free group, as evident by the leveled graft with the surrounding
cartilage and the smooth appearance of surface throughout all samples.
However, CS-only was inferior to the HOI-only group, mainly due to more
fine fronds on the cartilage surface when compared to a smoother cartilage
surface in both HOI groups. Macroscopic evaluation is depicted in Fig. 5.2.5.1.
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Fig. 5.2.5.1. Macroscopic evaluation of experimental groups at
3 months after treatment in (a) scaffold-free, (b) CS-only,
(c) CS-cells, (d) HOI-only and (e) HOI-cells groups

HOI-only and HOI-cells had a clear tendency for superior macroscopic evaluation of repair
cartilage (dotted circle) compared to the scaffold-free group. Fine fronds on the cartilage
surface were evident in all HOI-only and HOI-cells defects when smoother cartilage surface
was exhibited throughout CS groups. CS-cells had the highest mean OAS score amongst all
experimental groups, as evident by cartilage defect filling. Statistical significance *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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5.2.6. Histological analysis of repair

O’Driscoll score improved significantly in all treatment groups compa-
red to the scaffold-free group at 3 months. Cell addition in the HOI group did
not improve cartilage repair quality. HOI-only group revealed that both sides
of repair tissue integrated with host cartilage, compared to HOI-cells group
partial integration. Other parameters were comparable amongst the HOI
groups. O'Driscoll score in the HOI-only group was superior compared to the
CS-only group and was mainly influenced by the smoother cartilage surface
in the HOI-only group, whereas isolated pathological fissures on the repair
cartilage surface were evident in the CS-only group. CS-cells group revealed
the best numerical cartilage regeneration amongst all groups tested, as evident
by >75% of repair area filled with cells and both sides of repair tissue
integrated with host cartilage in all samples. Complete restoration of sub-
chondral bone was not seen in any of the samples, with slight tidemark
contour changes evident throughout experimental groups. Histological eva-
luation is depicted in Fig. 5.2.6.1.

B \ el . ok
‘d 25
/o ; © **
m% §20. = 2
i 7274 ‘ o 2
d e =15 s &
(@ © 215] g
B 10 |sesex
e B Eikd
; / g 0

A F N S
{ EQ Y 0 CoS &
A SR S

(h) Q)] () o ®)

® ®

Fig. 5.2.6.1. Histological evaluation of experimental groups
at 3 months after treatment in (a, f) scaffold-free, (b, g) CS-only,
(¢, h) CS-cells, (d, i) HOI-only and (e, j) HOI-cells groups

The histological score improved in all treatment groups compared to the scaffold-free group
as assessed by (a—e) Safranin O and (f—j) Toluidine blue staining. Cell addition to the HOI
did not further improve cartilage repair, mainly due to more cell clustering in HOI-cell. CS
retained numerically superior cartilage repair and was comparable to HOI scaffolds at the
follow-up. Scale bar: (a—e) 100 pum; (f—j) 200 wm. Statistical significance *P<0.05, **P<0.01,
***P<(.0001.
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6. DISCUSSION

6.1. Biocompatibility of rabbit chondrocytes and
microstructured HOI scaffolds in vitro

Because of their genotypic and phenotypic resemblance to the cartilage
tissue, chondrocytes have long been the first choice of cells for articular cartil-
age repair. The morphological, genotypic and phenotypic profiles of chondro-
cytes have been well established and the efficacy of cellular TECs has been
demonstrated in long-term human studies [54, 96, 97].

The physical and chemical properties of TEC influence cell attachment
and potency in vitro and in vivo efficacy. The DLW technique and SZ2080
material allow predefining of parameters such as pore size, shape, and poro-
sity to support cell ingrowth and ECM deposition. The discrepancy described
between gene expression and protein secretion led to an in vitro RT-gPCR
and ELISA analysis [98]. Despite the decrease in protein secretion, HOI
maintained the same level of protein translation as the monolayer chondro-
cytes. The period until 4™ day should be analyzed in detail to determine if the
increase in gene expression occurred earlier. From the clinical translation
perspective, most scaffolds tend to be cultured for a very brief period after
seeding, with the focus on accelerated implantation. This enables faster and
more qualitative redifferentiation in vivo, even when compared to recently
introduced bioreactors, which are still ways of solving functional and
structural in vivo conditions, after a prolonged in vitro culture [99].

Ultrafast pulsed lasers became a well-established technique for the crea-
tion of custom made free-form 3D micro scaffolds from a variety of materials
ranging from proteins to biocompatible glasses. Thus, here we showed for the
first time that novel, specially shaped SZ2080 material is a biocompatible
material for chondrocytes in a three-dimensional environment and enables
them to recover the chondrogenic phenotype, which is otherwise diminished
during culturing in a monolayer.

6.2. Safety and efficacy of primary TEC in a long-term
rabbit articular cartilage defect model

This study demonstrated a permanent cartilage repair 6 months after
implantation of the three-dimensional HOI scaffold. This was confirmed by
macroscopic, histological, and electromechanical analysis. To our knowled-
ge, this is the first in vivo study to analyze the electromechanical properties
of TEC in a long-term preclinical study.

55



Despite the osteochondral defect used in our study, improvement after 6
months of observation was evident in most experimental groups, especially
in HOI and CS scaffold groups with cells. Both HOI groups tended to exhibit
a better OAS compared to a scaffold-free group, mainly because of superior
tissue integration and smoother regenerated cartilage surface area. Inte-
restingly, the OAS score was slightly lower in the HOI group with cells, when
compared to HOI without cells, representing a superior macroscopic result in
the HOI without cells group. Seeded cells might have interfered with full
scaffold integration by suppressing the ingrowth of the host tissue cells. A
recent study showed an increase in fibrosis of cell-based scaffolds compared
to non-cell-based scaffolds, indicating that cells might have inhibitory effects
on host tissue integration [100]. Future studies should examine the property
of cell migration towards scaffolding.

Histologically cell groups tend to be superior over cell-free groups. This
is due to the hyaline-like cellular morphology and over 75% of the area filled
with chondrocytes, both of which are affected by the addition of cells. The
structural elements of the HOI were enfolded in both chondral and subchond-
ral layers without evidence of inflammation. Nevertheless, the subchondral
bone was not completely restored, and slight bone plate changes were
observed in samples. Biphasic scaffolds with different mechanical and spatial
parameters have been proposed to provide superior osteochondral repair
[101]. Strategies for selecting the appropriate morphological parameters of
scaffolding vary among groups [102—-104]. In addition, the subchondral inter-
face between bone marrow and calcified cartilage layer that contains the
vessels must be taken into account [105].

A growing number of experimental in vivo studies of TECs have led to
the need for rapid and reliable evaluation of treatment outcomes, other than
invasive diagnostic methods, particularly in long-term preclinical studies. It
has been shown that electromechanical properties reflect cartilage quality and
correlate with histological and biomechanical parameters, apoptosis and are
inversely correlated with the viability of chondrocytes [79-81]. In addition,
electromechanical analysis is more sensitive than invasive biomechanical
testing [80]. In our study, we have observed a greater electromechanical
potential in regenerated cartilage compared to healthy cartilage, revealing
incomplete cartilage regeneration. Nevertheless, the score of the scaffold
groups with cells was significantly higher compared to the groups without
scaffolds, which resulted in better cartilage quality. In addition, the inferiority
of both groups with cells compared to healthy cartilage was insignificant and
thus revealed satisfactory cartilage regeneration. The results of Arthro-BST
were similar to the histological results for the quality of cartilage repair in our
study. The inclusion of the QP measurement has already been applied in
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explanted human osteochondral cores. Correlation with other cartilage
quality parameters has suggested a possible use of this technique to detect
underlying and macroscopically not visible cartilage defects [80]. Electro-
mechanical measurement can be used as an in vivo diagnostic method for
cartilage damage and regeneration quantification, by reflecting the key para-
meters of cartilage quality.

An ex vivo histological examination shows that optimization of pore
geometry and pre-growing chondrocytes before implantation significantly
improves the performance of the created 3D scaffolds. An HOI scaffold with
chondrocytes allowed for a better macroscopical and histological evaluation,
which was in accordance with PCR results obtained from samples at 3 months
after implantation. The HOI scaffold loaded with chondrocytes had the most
hyaline-like tissue compared to other groups. The achieved biocompatibility
is comparable to the commercially available collagen membrane. A succes-
sful outcome of this study supports the idea that hexagonal- pore-shaped HOI
microstructured scaffolds in combination with chondrocytes seeding may be
successfully implemented for cartilage tissue engineering.

6.3. Biocompatibility of human chondrocytes and
optimized HOI scaffold in vitro

This study demonstrated the continuous formation of cartilage in vitro
after an SZ2080 scaffolding was seeded with human chondrocytes. In
addition, the shape and size of the pores were investigated to improve
cartilage formation outcome. The capacity of HOI cartilage formation was
compared with the positive cell-seeded collagen-based scaffold comparator.

The biomechanical properties of scaffolding are important characteristics
of a potent TEC and depend on the origin of the material and the morphology
design [13, 19]. Moreover, the sufficient biomechanics of TEC in vitro allows
predicting a sufficient cellular redifferentiation and hyaline cartilage forma-
tion to support heavy loads in vivo [13, 95]. It is known that the shape of the
pores, size, connectivity and other morphological parameters of the scaffold
plays a crucial role in the biomechanical properties of the scaffold [27]. In
this study, HOI scaffolds were subjected to quasi-static indentation loading
from top to bottom, until the failure by cracking of the three horizontal rod
layers. Several higher peaks have been observed in regions 2 and 3, or in the
middle and lower layers of the scaffold, which may be related to the greater
load due to previously fragmented scaffold rods. The increase in the number
of fractured rods influenced the number of peaks; therefore, two peaks were
generally visible in the second region, while no less than 3 clearly expressed
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peaks were registered in the third region. However, compression force peaks
were not so expressed in HOI-T compared to HOI-H in the second and third
regions which may be due to the higher porosity of HOI-T and a different
fracture pattern by the rods. In addition, the influence of pore shape on the
fracture pattern significantly increased in the second and third HOI regions
HOI. HOI-T revealed less resistance to the cracking under load, compared to
HOI-H. Because the force is distributed on the rods, a hexagonal HOI with a
higher rod content could withstand a 30-35% higher average force. The
different indentation pattern in CS was reflected by irregular shapes and wide
variability of response curves. Typically, the force increases to maximum
values as the depth of the indentation increases. However, the average force
values were highly dependent on the water volume in the sample. The
immersion of CS in the proliferation medium shows the real clinical situation
prior to implantation, yet the hardness of CS has been already decreased
significantly by then. In addition, this reduction is significantly higher compa-
red to both HOI scaffolds, which maintained their Hir and Eir in both condi-
tions tested.

The production and characterization of porous scaffolding have been a
key aspect of TEC production, because of the impact the shape, size, porosity
and pore interactions have on cellular responses such as cell proliferation,
metabolic activity and protein secretion in vitro [13, 23, 68, 106]. The shape
and size of the pores play a vital role in chondrocyte scaffold penetration
because geometry determines the distribution of cells and the resulting pattern
of cells embedded in the extracellular matrix. The size of a chondrocyte
depends on the cartilage area and generally occupies a volume of 200-
2,000 pm®, which corresponds to a diameter of 715 um. Being able to easily
migrate through larger pores, chondrocyte spanning throughout the scaffold
predominantly depends on the cell-scaffold interactions. As the angle bet-
ween the rods increases, the cell-rod interaction is impeded, and greater cell-
to-cell interaction is initiated. This reduces the stability of the structure and
spread of the new ECM [107]. Therefore, shorter distances between rods in
tetragonal scaffolds and the resulting additional cell biding sites that support
cell proliferation can lead to a greater pore coverage by the secreted ECM and
cells [108, 109].

It has been shown that the morphological properties of scaffolds, such as
high porosity, regularly interconnected pores, improve the chondrocyte phe-
notype and secrete an abundance of ECM in chitosan and alginate scaffolds
[23, 70]. Influence of various pore sizes have also been investigated, revea-
ling superior biomechanical and physical properties in scaffolds with uniform
pore sizes, homogenous environment and high interconnectivity throughout
the scaffold [71]. In addition, Wang et al. have shown that a particular pore
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shape can support normal phenotype by enhancing the functional production
of ECM. Di Luca et al. suggested a benefit of different shapes of pores for
osteochondral repair [110]. Pore size uniformity, shape and high porosity can
be achieved effectively using the DLW method, whose key parameters are
controlled by precise and flexible microfabrication. Kapyla et al. fabricated
scaffolds with custom pore sizes, porosity and interconnectivity using the
DLW technique, providing a novel approach for studying the effect of scaf-
fold architecture on cell behavior in vitro [26]. DLW has been known as a
promising technology for creating tailored 3D scaffolds with high precision
for quite some time now. However, it has been mostly applied for sub-mm
size scaffold fabrication and generally limited to in vitro cell biology studies
[111-114].

In our study, we manufactured a tetragon and a hexagonal HOI to
determine the influence of the shape of the pores for the formation of cartilage
in vitro. HOI-T and HOI-H improved metabolic cell activity and count to
day 7. In addition, only cells cultured in tetragon pored HOI improved
activity and total cell number compared to monolayer cells. Pore morphology
was significantly more iterative in HOI and allowed more uniform distri-
bution of cells throughout the scaffold compared to CS. A superior expression
of the COL2AL1 gene was similarly upregulated in the tetragon-pored scaffold
at least up to day 7. A superior initial culturing phase of HOI-T biocompati-
bility indicated at least a numerical superiority of tetragon-pored compared to
hexagon-pored scaffolds. The previously described discrepancy between
gene expression and protein translation in vitro prompted a combined
RT-gPCR and ELISA analysis in vitro and was evident in our study as well
[98]. Our study described the inverse correlation between mRNA transcript-
tion and protein translation, which has been previously described and is not
yet sufficiently defined [115].

Different approaches have been applied to generate three-dimensional
microstructures for cartilage regeneration, such as salt leaching, gas foaming,
phase separation, and freeze-drying in the past. Conventional manufacturing
methods result in pore size and a porosity of 70-860 um and 30-95%,
respectively [116]. However, precise control of scaffold microarchitecture
could only be achieved through a customized fabrication, such as DLW [117].
Danilevicius et al. showed an optimal pre-osteoblastic cell ingrowth and
proliferation on microstructured DLW scaffolds containing 70 um squared
pores and 86% porosity [118]. Trautmann et al. microstructured stable and
reproducible scaffolds with square pore sizes of 10-90 um. They established
a pore size of 90 um to support the best adhesion and growth of fibroblast
cells in the samples [119]. Precisely microstructured pore shapes and sizes
require a different design approach compared to conventional methods. The
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reduced surface volume for cell binding and the fragile mechanical properties
of the DLW scaffold must be compensated by calculated pore morphological
and scaffold structural properties and must not interfere with cell growth and
proliferation. Therefore, smaller sized pore characteristics combined with the
improved structural properties of the scaffold could support a highly custo-
mized and sustainable scaffold for cartilage tissue engineering.

Complex cross-link between transcription, translation, post-translational
modifications, secretion and extracellular processing of extracellular matrix
collagen proteins is essential for efficient protein secretion and stable network
formation [120]. Addition of growth medium supplements that catalyze gene
splicing, polyadenylation, hydroxylation and other posttranscriptional modi-
fications might enhance the intermolecular connections and type 1l collagen
secretion by the scaffolds. We also speculate that a 7-day timeframe is more
useful for determining the shelf-life rather than a clinical surrogacy in the
long term.

Despite reduced protein secretion, HOI maintained a superior protein
translation compared to monolayer cells used for seeding.

The physical properties of TEC influence cell binding and subsequent
potency in vitro. After evaluating the influence of pore size, prolonged cell
proliferation was observed in HOI-T and HOI-T1.5 scaffolds with pore sizes
of 45x45 um? and 67x67 um?, respectively. Despite the reduced secretion of
type 1l collagen protein up to 7 days in vitro, initially, the protein secretion
was higher in the HOI-T group compared to other HOI scaffolds. In addition,
expression was upregulated in all groups, with a tendency for superiority in
HOI-T scaffolds compared to HOI-T1.5 and HOI-T2. Our study supported
the findings of Duan et al. who observed 100-200 um? pores in the chondral
layer to obtain better results in vivo compared to scaffolds of smaller or larger
pore sizes [104]. Wang et al. demonstrated a need for sufficient porosity to
maintain efficient permeability and cell migration through scaffolding [103].
Pan and the group showed a scaffold with a cartilage layer of 92% porosity
that yielded the best in vivo efficacy [121]. Despite the 96% porosity in our
HOI-T2 scaffold, the void between the rods might have been too large for the
number of cells seeded and might suggest the greater number of cells needed
to improve binding and pore filling. Therefore, parameters of scaffold pore
size, porosity and surface area must be coupled to the cell dosage, as well. In
the early stages of preclinical studies, the dosage of inoculated cells should
be considered to ensure the efficacy of the treatment [122]. The area of
cartilage defect is not two dimensional, but rather organized spatially, there-
fore manufactured scaffold size area might be better substituted with a size
volume and the subsequent cell dosing adjustment. To obtain the most
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accurate dose for a successful clinical translation, differences in cartilage
thickness between species should be considered.

HOI-T and HOI-H improved metabolic activity of seeded monolayer
cells in vitro. Tetragon-pored HOI tended to have superior biocompatibility,
cartilage-specific protein secretion and gene expression compared to hexagon-
pored HOI scaffolds. Tetragonal pore sized 45x45 pm? scaffold was compar-
able to a 67x67 um? pore sized scaffold by protein secretion and gene expres-
sion for at least up to 7 days in vitro.

6.4. Safety and efficacy of final TEC in a long-term
rat articular cartilage defect model

This study demonstrated a sustained cartilage repair for 3 months in a
xenogeneic model, after the application of the custom three-dimensional
silicon-zirconium hybrid organic-inorganic polymer SZ2080 scaffold seeded
with human chondrocytes. This was confirmed by macroscopical and
histological analysis in vivo. This is the first in vivo study to analyze a TEC
produced by the DLW technique and subsequently seeded with human cells
in a long-term preclinical study.

Accelerated implantation of TEC has been demonstrated in other clinical
areas and is the main focus of clinical translation for cartilage [123].
Therefore, TECs are generally cultured in vitro for a short period, allowing
faster transplantation, a more qualitative in vivo redifferentiation and preven-
ting overly dense formation in vitro that would limit the flow of nutrition and
oxygen [99]. In our study, the sustained in vitro potency of HOI scaffolds was
supported by improved gene expression. Thus, early implantation after cell
seeding could support subsequent redifferentiation and cartilage formation
in vivo.

The initial swelling of the operated knees has later resolved and no signs
of immune reaction to implanted materials were observed macroscopically at
the late follow-up. Based on the macroscopic and histological evaluation,
both HOI-T groups with and without cells improved cartilage repair in vivo
at a 3-month follow-up compared to a scaffold-free group. This was mainly
influenced by the superior tissue integration and a smoother cartilage surface
in both HOI groups. Interestingly, the HOI-cells group had numerically
inferior results compared to the HOI-only group. This might have been
influenced by the seeded cell interference for complete scaffold integration
and inhibition of host cell migration to TEC. A recent study showed an
increase in fibrosis of cell-based scaffolds, compared to a cell-free scaffold,
demonstrating the inhibitory effect of donor cells on tissue integration [100].
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CS-cells group revealed the best numerical regeneration of cartilage of all the
groups tested; however, the subchondral bone was not completely restored.
Cell-based cartilage regeneration has generally been applied for local chond-
ral defects, while subchondral damage requires additional bone replacement
[124]. This can be improved by using a biphasic scaffold to completely resto-
re the osteochondral segment [101, 125]. Attention should also be paid to the
subchondral interface between bone marrow and calcified cartilage layer
containing vessels and innervation [105].

Basic and clinical research teams have enabled the translation of scienti-
fically proven preclinical data to clinical trials utilizing TECs. Despite the
clinical success of scaffolds based on natural materials in cartilage tissue
engineering, custom synthetic scaffolds have been shown to have a greater
advantage for in vitro and clinical outcomes. DLW technique allows real-time
production of optimal predefined with micron accuracy. The potency and
efficacy of customized scaffolds can be constantly improved to achieve
optimal osteochondral tissue regeneration in patients suffering from cartilage
defects.

All HOI scaffolds improved cartilage repair in vivo at a 3-month follow-
up. Cell addition to the regular tetragon pored HOI did not further improve
cartilage repair in vivo. Collagen scaffold retained numerically superior cartil-
age repair and was comparable to HOI scaffolds at the follow-up. The study
supported the hypothesis that pore shape and size influence cell proliferation
in vitro and gave new insight into cartilage repair with HOI scaffolds seeded
with human cells in vivo.
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CONCLUSIONS

Rabbit chondrocytes and microstructured HOI scaffolds are biocom-
patible for 12 days in vitro.

Primary TEC is safe and effective in a long-term rabbit articular cartilage
defect model.

Biocompatibility of human chondrocytes and optimized HOI scaffold is
maintained for 7 days in vitro and depends on HOI pore shape and size.

Final TEC is safe and effective in a long-term rat articular cartilage defect
model. Adding chondrocytes to the CS result in improved cartilage
regenerative efficacy. However, chondrocytes addition to the HOI-T
scaffold does not further improve cartilage repair.
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RECOMMENDATION

Collagen scaffold seeded with chondrocytes revealed the greatest in vitro
and in vivo potency thus can be used in clinical practice as a safe and effective
tissue-engineered product for cartilage regeneration. Nevertheless, the opti-
mal manufacturing process and quality control should be determined and
implemented based on the research carried out in this project and current
European Pharmacopeia monographs.
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SANTRAUKA

1. JVADAS

Sanarinés kremzlés (SK) pazeidimai yra viena labiausiai paplitusiy akty-
viai sportuojanciy zmoniy raumeny ir skeleto sistemos patologijy [1].

SK kremzlinio sluoksnio pazeidimai diagnozuojami daugiau nei 60 proc.
kelio sgnario artroskopiniy operacijy atvejy, todél ortopedams traumatolo-

Kremzlinis audinys turi ribotas savaiminio gijimo galimybes, nes tai
kraujotakos ir inervacijos neturintis audinys [3, 4]. Nepaisant minimalios
savaiminés kremzlés regeneracijos po kaulo ir kremzlés (osteochondrinio)
pazeidimo, regeneravusios kremzlés struktiirinés ir funkcinés savybés yra
prastesnés nei sveikos kremzlés [5]. Si regeneracija yra trumpalaiké, o kremz-
linis audinys véliau trukinéja ir progresuoja osteoartrito link [6].

Siuo metu taikomi osteochondriniy paZzeidimy gydymo metodai gali bti
efektyvis, taciau visiSkos hialininés kremzlés audinio regeneracijos dar
nepavyko pasiekti [7].

Pastaruoju metu lIgsteliy ir karkasy pagrindu paremta audiniy inzinerija
sparciai daro pazanga, ypac regeneracinés ortopedijos srityje. Audiniy inZi-
nerijos biidu paruosty sgnarinés kremzlés transplanty (SKT) saugumo ir
veiksmingumo kokybés parametrai priklauso nuo lgsteliniy ir kity SKT sude-
damyjy daliy sgveikos. Siekiant sukurti saugy ir efektyvy vaistinj preparata
klinikiniam taikymui, jis turi buti i$samiai iStirtas ir jvertintas.

Teisiniai biologinés kilmés vaistiniy preparaty aspektai buvo pritaikyti ir
naujiems regeneracinés medicinos biologiniams vaistams — pazangios tera-
pijos vaistams (PTV) [8]. SKT yra sudarytas i§ gyvy lasteliy, paséty ant skir-
tingos kilmés karkasy, todél jy charakterizavimas turi atitikti kokybés
standartus, uztikrinancius jy sauguma ir efektyvuma [10].

Lastelinis komponentas yra SKT veiklioji medziaga [11]. Karkasas —
papildoma SKT medzZiaga, kuri kartu su Igstelémis suformuoja galutinj audi-
niy inZinerijos prototipa. Tinkamy biomedZziagy ir gamybos metody parinki-
mas yra neatsiejami PTV vystymo etapo darbai, kurie turi didele jtaka 1asteliy
ir tarplastelinés medziagos (TLM) gamybai, veséjimui Siy sudedamyjy daliy
saveikai [12]. Nattralts kolageniniai karkasai (CS) pasizymi biologiskai
aktyviomis savybémis, tod¢l jie palengvina saveika su lgstelémis ir pagerina
natiiralaus kremzlinio audinio formavimasi in vitro [13, 14]. Sintetinés kilmés
karkasai gali biiti gaminami taikant ir pazangias technologijas — tokias kaip
tiesioginio lazerinio raSymo (TLR) litografija ikipolimerinése medZiagose.
Individualios morfologijos karkasai gali biiti sukurti dél TLR litografijos
techniniy galimybiy, tokiy kaip trijy dimensijy struktirizavimo galimybeés,
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didelé erdviné skiriamoji geba, mastelio lankstumas ir tinkamy startiniy me-
dziagy jvairovés [15-18]. TLR technologijos galimybés SKT vystymui dar
nebuvo tirtos.

SKT biologinis suderinamumas labai priklauso nuo karkasy biomecha-
niniy ir fiziniy savybiy in vitro [19, 20]. Sie struktariniai ir morfologiniai
parametrai yra kritiSkai svarbiis SKT biosuderinamumui ir leidzia tolygiai
pasiskirstyti pasétoms somatinéms lgsteléms ir uztikrinti efektyvy mitybiniy
medziagy, mikroelementy ir dujy pernasa karkase [24, 25]. Be to, poros
morfologija gali biiti sukurta, remiantis i§ anksto nustatytais parametrais, tai
leidzia optimaliai valdyti kremzlinio audinio formavimasi bei TLM baltymy
gamybg sgveika su lgstelémis in vitro [26]. Taip pat biomechaniSkai tvirta
karkaso struktiira, atsparumas ir pageréjusios lasteliy prisitvirtinimo charak-
teristikos in vitro sudaro prielaidas tikétis didesnio SKT biologinio suderina-
mumo ir didesniy apkrovy po implantacijos palaikymo [13, 27].

Kremzlinio audinio lgsteliy — chondrocity — gebéjimas efektyviai pris-
itvirtinti prie karkasy labai priklauso nuo $iy lasteliy gyvybingumo. Gebéji-
mas formuoti jungtis su karkaso struktira turi reikSmingos jtakos lasteliy
augimui ir geb¢jimui isskirti kremzlinj TLM ant karkasy. Todél optimaliy
biomedziagy morfologiniy parametry, tinkamy specifiniams lgsteliy proce-
sams, nustatymas yra neatsiejama SKT vystymo dalis [28].

IKiklinikinis SKT efektyvumas in vitro yra nustatomas pagal hialininei
sgnarinei kremzlei budingy baltymy raiska ir i$skyrimg [29]. Prarasta viena-
sluoksniy lagsteliy hialininés kremzlés geny raiSka gali biiti atkurta Igsteliy
auginimo biologiskai suderinamoje trijy dimensijy karkaso kultiiros metu
[30]. Todél geny, koduojanciy hialininei kremzlei specifiska II tipo kolageno
baltyma, raiSkos padidéjimas rodo Igsteliy atsikiirimg j pirminj genotipg —
rediferenciacija — ir SKT funkcionalumo — fenotipo — padidéjima in vitro. Ar
inovatyvus trijy dimensijy karkasas turés jtakos lasteliy dauginimuisi,
genotipui ir fenotipui, dar nebuvo tirta.

SKT apibudinantys kokybiniai parametrai leidzia vertinti karkaso saugu-
ma ir veiksminguma, nes i§samiai apibuidina Igsteling ir papildomasias SKT
dalis bei jy tarpusavio sgveika. Nepaisant Zinomy SKT klinikiniam gydymui
taikomy teisiniy reglamentavimo gairiy, tinkamas PTV charakterizavimas yra
vis dar didelis i88tkis SKT vystytojams [9, 10]. Taip pat naujausiy technolo-
gijy, tokiy kaip TLR litografijos taikymas karkasy kiirimui, o ypac klinikinis
veiksmingy SKT panaudojimas, vis dar yra ribotas dél nenuosekliy gamybos
metody, nepakankamy charakterizavimo ir ikiklinikiniy saugumo ir veiks-
mingumo tyrimy [31].

Sio darbo metu sickéme jvertinti TLR litografijos metoda, norédami
sukurti ir charakterizuoti optimaliy morfologiniy parametry, hibridinj organi-
nj ir neorganinj (HOI) trijy dimensijy karkasg ir jvertinti jo biologinj
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suderinamuma su gyvino ir zmogaus lgstelémis in vitro ir in vivo ikikliniki-
niuose kremzlés regeneracijos modeliuose.

2. Darbo tikslas

Ivertinti pazeistos sgnarinés kremzlés gydymo saugumg ir efektyvuma
ikiklinikiniuose modeliuose, naudojant inovatyvy mikrostrukttrizuotg kremz-
lés audinio inzinerijos produkta.

3. Uzduotys

1. Sukurti pirminius HOI karkasus ir jvertinti jy biologinj suderina-
mumg su triusio chondrocitais in vitro studijose.

2. vertinti pirminio SKT saugumg ir veiksmingumg ilgalaikiame triu-
Sio sgnarinés kremzlés pazeidimo modelyje.

3.  Optimizuoti HOI karkasus ir jvertinti jy biologinj suderinamuma su
zmogaus chondrocitais in vitro studijose.

4. Ivertinti optimizuoto SKT saugumg ir veiksminguma ilgalaikiame
ziurkés sgnarinés kremzlés pazeidimo modelyje.

4. Mokslinis darbo naujumas ir jo praktinis pritaikymas

Sanariné kremzI¢ yra kraujotakos ir inervacijos neturintis audinys, susi-
dedantis 1§ vieno tipo lagsteliy — chondrocity, — apsupty ir jterpty i savo paciy
i§skirta TLM tinklg. Kraujotakos nebuvimas kremzlés audinyje neleidzia
vykti savaiminei kremzlés regeneracijai po pazeidimo, o dél inervacijos sto-
kos pacientai nejaucia skausmo, esant pazeidimui, todél gali dar labiau pa-
zeisti sgnarinés kremzlés audinj. Nepaisant santykinai paprasto kremzlés
audinio, per pastaruosius 30 mety dar nepavyko pasiekti visiSkos hialininés
kremzlés audinio regeneracijos.

Sio periodo metu buvo bandomos jvairios kremzlés atkiirimo metodikos,
pasizymincios skirtingais efektyvumo rodikliais. Bandymy metu buvo prieita
prie iSvados, kad norint pasiekti hialining ar j hialining kremzl¢ panaSia
audinio regeneracijg reikia jtraukti tam tikrus Sios regeneracinés procediiros
parametrus. Viena paZangiausiy metodiky yra karkasy naudojimas su
pasétomis lgstelémis arba be jy. Siekiant sukurti saugius ir efektyvius audiniy
inZinerijos biidu pagamintus SKT, buvo iSbandyta daugybé¢ skirtingy biome-
dziagy ir jy paruosimo biidy. Nepaisant to, biologiskai, chemiSkai ir morfolo-
giskai biologiSkai suderinamy karkasy paieska vis dar tgsiama.

Siame darbe i§bandéme nauja karkasy gamybos metoda, pasitelkdami
greityjy impulsy TLR litografija ir sukurdami biologiSkai suderinamus kar-
kasus sgnario kremzlés regeneracijai. Pirmg karta mikrometry tikslumo
femtosekundinio lazerio sistema buvo naudojama, gaminant pasirinktinos
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morfologijos trijy dimensijy HOI karkasus. Mes parodéme, kad pasirinktina
karkaso morfologija ir jos lemiamos biomechaninés savybés daro didele jtaka
naujos kremzlés susiformavimui.

Kadangi gamyboje naudojamy biomedziagy parinkimas ir kultivavimo
budai yra pagrindiniai veiksmingo SKT gamybos komponentai, Siame darbe
buvo atlikta iSsami TLR mikrostruktiirizuoty ir morfologiskai skirtingy
karkasy biologinio suderinamumo analizé. Biologinis organiniy ir neorgani-
niy karkasy, paséty gyviino bei zmogaus chondrocitais, suderinamumas buvo
tirtas in vitro ir in vivo ikiklinikinése studijose ir palygintas su lgstelémis
paséty kolageno karkasy (CS) biologiniu suderinamumu. Visuose tyrimuose
parodéme, kad HOI ir CS medZziagos yra biologiskai suderinamos ir nedaro
beveik jokio zeidziamojo poveikio pasodintiems chondrocitams.

D¢l palankios chondrocity ir HOI karkasy sgveikos buvo gauta naujy
duomeny apie pagrindinius morfologinius ir kultivavimo parametrus, kuriuos
véliau bus galima pritaikyti, atliekant ikiklinikinius tyrimus su dideliais gy-
viinais.

Taip pat tyrimai su kolageniniy karkasy ir chondrocity konstruktais
parodé gerus saugumo ir veiksmingumo duomenis visuose misy atliktuose
ikiklinikiniuose tyrimuose. Tod¢l Sie konstruktai bus toliau vystomi, remian-
tis Europos Farmakopéjos monografijomis bei siekiant §iy SKT panaudojimo
Klinikiniuose tyrimuose.

5. Medziagos ir metodai
5.1. Karkasy gamyba

Pirminio ir galutinio tyrimy metu trijy dimensijy silicio ir cirkonio kar-
kasams gaminti buvo naudojama didelés galios ir energijos Yb:KGW femto-
sekundinio lazerio sistema (Pharos, Sviesos konversija, Vilnius, Lietuva),
generuojanti 1030 nm centrinio bangos ilgio ir 300 fs trukmés impulsus su
reguliuojamu pasikartojimo dazniu 1-200 kHz diapazone. Gamybos metu
bangos ilgis buvo padvigubintas iki 515 nm, o pasikartojimo daZnis nustatytas
iki 200 kHz. Zidinio tasko padétis polimero pirmtako viduje buvo nustatyta,
naudojant begalinio matymo lauko reZzimg ir panaudojant galvanometro
skaitytuvo (Scanlab, Miunchenas, Vokietija) ir linijiniy padékly (Aerotech,
Pitsburgas, PA, JAV) sinchronizuotg judéjima.

Trijy dimensijy mikrostrukttirizuoti polimeriniai karkasai buvo paga-
minti naudojant TLR litografijos metoda. Skaitmeniniai modeliai buvo sukur-
ti naudojant kompiutering dizaino programing jrangg arba specialiai sukurtg
3DPoli paketg (Femtika, Vilnius, Lietuva), o suformuoti sutelkiant femtose-
kundinio lazerio spindulj j $viesai jautry polimero pirmtaka [63, 87, 88].
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Hibridinis organinis ir neorganinis polimero pirmtakas, paveiktas 1 proc.
2-benzil-2-dimetilamino-4'-morfolinobutirofenono (DBMP, Sigma Aldrich,
Sent Luisas, MO, JAV) Sviesos iniciatoriumi, buvo naudojamas kaip pradiné
medziaga [89]. Polimero pirmtakas buvo sukurtas TLR litografijos taikymui,
todél pasizymi puikiomis trijy dimensijy mikro- / nanostruktiirizavimo gali-
mybémis.

Méginio paruoSimas struktiirizavimui buvo atliktas reikiamg dengiamojo
stiklo plota (atsizvelgiant j reikalingy karkasy kiekj) padengiant skystu poli-
mero pirmtaku ir paSildant. Ant i§ anksto pasildyto sluoksnio buvo uzdétas
dar vienas polimero pirmtako sluoksnis ir vél pradétas kaitinimo procesas.
Todél buvo atlikti keli nuosekliis kaitinimo etapai kaitlentéje, kad polimero
pirmtako laso aukstis virSyty i§ anksto nustatyta karkasy aukstj. Véliau
tirpiklis buvo visiSkai iSgarinamas i$ polimero pirmtako, inkubuojant mégi-
nius per naktj 7075 °C temperatiiroje.

Polimerizacijos reakcija buvo pradedama sukeliant daugiafotoning
absorbcija, esancig arti zidinio. Polimerizacijos metu gelio pavidalo medziaga
yra paverciama kietos biisenos, pasiekiant nustatytos mikroarchitektiiros
karkasa.

Karkasy gamybai pasirinkta hibridinio organinio ir neorganinio silicio
bei cirkonio junginio §viesos polimeras SZ2080 (Forth-lesl, Heraklionas,
Graikija), kuris yra sudarytas i§ 20 vienas i§ geriausiy neorganiniy ir 80 proc.
organiniy daliy [126].

Individualiis CS buvo steriliai supakuoti, o HOI buvo chemiskai dezinfe-
kuojami 70 proc. etanolio tirpale per naktj ir po dziovinimo UV spinduliuote
kaitinami 2 val. Kitg dieng HOI buvo plaunami fosfatiniu buferiniu druskos
tirpalu (Sigma Aldrich) ir paliekami dZiditi bei vélesniam lgsteliy séjimo
procesul.

5.1.1. Pirminé studija: HOI ir CS gamyba

HOI buvo gaminami kaip SeSiakampés struktiiros, kurias sudaré 3 vieno-
di sluoksniai, suformuoti vienas ant kito. Kiekvienas sluoksnis turéjo pusés
periodo poslinkj apatinio sluoksnio atzvilgiu. Bendrieji karkasy matmenys
buvo nustatyti prie§ paruo$img, jvertinant triusio sgnario kremzlés plotg ir
storj. Pagrindiniai morfologiniai parametrai buvo nustatyti 2,1x2,1x0,21 mm3,
atitinkantys numatytg kremzlés pazeidimo plota. [vertinus, jog vienos lgstelés
dydis yra apie 20-30 pm, vieno SeSiakampio skersmuo buvo nustatytas 100
um, siekiant uztikrinti, kad Iastelés gebés netrukdomai veséti per visus HOI
struktiiros sluoksnius. HOI struktiira sudarancios sijos aukstis ir plotis
parinktas 15 um, atsizvelgiant j anksc¢iau atliktus vystymo darbus ir jvertinus,
kad lastelés tinkamai prisitvirtindavo prie tokio iSmatavimo karkaso sijos ir
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iSlaikydavo sferine, o ne ploks¢ig morfologija. VirSutiniy HOI pory paramet-
rai, t.y. atstumas tarp 2 lygiagreCiy viename aukStyje esanciy sijy buvo
nustatytas atitinkamai 42 ir 49 um plocio ir ilgio ir atspindéjo siauriausig
peréjima 1§ HOI virSaus | apacia, siekiant efektyviausio lgsteliy gebé&jimo
pereiti per sluoksnius. Soninés poros nustatytos remiantis virSutiniy pory
dydzio parinkimo metodika ir buvo atitinkamai 51 ir 54 um plocio ir ilgio.
CS (Septodont, Maidstone, JK) buvo naudojamas tiesioginei palyginimo
kontrolei. CS sudaro nattiralus, nedenatiiruotas, liofilizuotas I tipo galvijy
kolagenas. CS buvo supjaustytas tais paciais matmenimis, kad karkasus bty
galima palyginti tarpusavyje. Pagaminty HOI morfologinés savybés ir
skenuojancios elektroninés mikroskopijos (SEM) fotografijos pateiktos
5.1.1.1 pav. (a, b). Paruosto CS SEM fotografija pateikta 5.1.1.1 pav. (C).

5.1.1.1 pav. Pagaminto HOI karkaso SEM vaizdai is
(a) virsaus, (b) sono ir (c) CS

Trys sluoksniai, susidedantys i§ atitinkamai 13 ir 14 SeSiakampiy kamery, kuriy plotis ir ilgis
yra 100 pm. Soniniy pory plotis ir aukstis visame karkase buvo atitinkamai 51 ir 54 um. CS
sudaro natiiralus, nedenatiiruotas, liofilizuotas I tipo galvijy kilmés kolagenas. Mastelis:
500 pm.

5.1.2. Galutiné studija: HOI optimizavimas ir kolageno karkasy
gamyba

Keturiy skirtingy tipy HOI kompiuteriniai modeliai buvo sukurti ir
naudoti tolimesnés gamybos ir tyrimy metu. Siekiant nustatyti poros formos
jitaka lasteliy augimui, pirmuoju tyrimo etapu buvo tiriami kvadratiniai /
tetragoniniai (HOI-T) ir SeSiakampiai / heksagoniniai (HOI-H) karkasai.
HOI-T ir HOI-H sudaré atitinkamai staciakampés ir korio formos tusciavi-
durés prizmés, kurios buvo sudétos viena Salia kitos, kad sudaryty vieng
karkaso sluoksnj. Kiekviename karkase buvo trys tokie sluoksniai, suformuo-
ti vienas ant kito.
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Antruoju tyrimo etapu, norint nustatyti poros dydzio jtakg Iasteliy augi-
mui, HOI-T virsutinés ir Soninés poros buvo padidintos 1,5 (HOI-T1,5) ir 2
(HOI-T2) kartus.

Dvisluoksniai CS (Chondro-Gide, Geistlich Biomaterials, Wollhusen,
Sveicarija) buvo paruosti tokiy padiy iSoriniy matmeny kaip ir HOI ir buvo
naudojami tiesioginiam palyginimui. CS yra pagamintas i§ labai rafinuoto
kiaulés kolageno ir jrodytas, kad jis veiksmingas trauminiy kremzliy defekty
gydymui [90].

5.2. Karkasy charakterizavimas in vitro

Pirminio ir galutinio tyrimo metu morfologijos analizei atliktas SEM
tyrimas, skalaujant karkasus su $iltu fosfatiniu buferiniu tirpalu ir fiksuojant
2,5 proc. vandeniniu glutaraldehido tirpalu 30 minuc¢iy. Karkasai buvo ska-
laujami ir dehidratuojami didéjancios etanolio koncentracijos tirpalais —
25 proc., 50 proc., 75 proc., 90 proc. ir 96 proc. Méginiai buvo dziovinami
kritinio tasko dziovintuve (K850, Quorum Technologies, Lewes, JK), paden-
giami 20 nm storio aukso sluoksniu, naudojant rotorinj dengiklj (Q150R,
Quorum Technologies) ir tiriami.

5.2.1. Pirminé studija: HOI morfologiné analizé

Morfologija: HOI konstrukto pory uzpildymas lgstelémis buvo apskai-
¢iuotas, vertinant SEM tyrimo duomenis 4-a, 8-3 ir 12-3 kultivavimo dieno-
mis. Vertinant SEM fotografijas buvo apskaiciuota tuséiy ir uzpildyty pory
procentin¢ iSraiska.

5.2.2. Galutiné studija: HOI ir CS morfologiné ir biomechaniné
analizé

Morfologija: Pagaminti ir lastelémis sodinti HOI konstruktai buvo
vertinami po 7 dieny trijy dimensijy in vitro auginimo.

Biomechaninis: Tyrimams naudota moduliné matavimo sistema
(OPX-MCT, Anton Paar, Gracas, Austrija) su neporingu pusiau sferinés
formos 200 pm spindulio deimantiniu antgaliu, o jspaudimo vaizdas buvo
stebimas optiniu mikroskopu. Karkasas buvo tiriamas, naudojant ciklinj
apkrovimo ir nukrovimo rézimg. Pirmiausia bandinys 300 mN/min. greiciu
buvo apkraunamas pradine 8-10 mN jéga, kuri per 30-90 apkrovos cikly
buvo didinama iki maksimalios 150-350 mN vertés. Kai kuriais atvejais buvo
naudota 120 apkrovos cikly, o maksimali apkrova buvo didinama iki 900 mN.
Kiekvieno apkrovimo ciklo atveju pasiekus maksimalig verte, ciklo apkrova
buvo laikoma 10 s, po kuriy karkasas buvo nukraunamas 20-60 mN/min.
grei¢iu. Trukmé tarp apkrovimo ir nukrovimo cikly buvo 10s. Karkaso
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apkrovimas ir nukrovimas jspaudéju buvo atlickamas pagal trapezoiding
funkcijg. Vidutiné HOI gniuzdymo jéga buvo nustatyta pagal apkrovos ir
jdubimo gylio kreives. Idubimo kreivés buvo padalytos j 1-3, 2-3 ir 3-3 sritis
arba atitinkamai j virSutinj, vidurinj ir apatinj karkaso sluoksnius. Kiekvie-
name HOI sluoksnyje gautas didziausias jégas zymi atitinkamos A, B ir C
smailés. HOI ir CS biomechanines savybes atspindi viena smail¢ maksima-
liame jdubimo gylyje, esant sausai ir Slapiai biisenai. Ciklinio proceso metu
buvo uzrasoma kiekvieno ciklo apkrova ir poslinkis (jspaudimo gylis), gau-
nant apkrovos — poslinkio kreive. Naudojantis nanojspaudimo bandymo metu
gautomis apkrovos ir poslinkio kreivémis, Oliverio—Faro metodu, poslinkio
kitimo duomenimis ir jy tarpusavio santykiais, buvo nustatyti tirtyjy biome-
dziagy kietumas Hr ir redukuotas modulis Er (antgalio ir bandinio kombi-
nuotas modulis).

5.3. Lasteliy iSskyrimas, kultivavimas ir pozologija in vitro

Pirminio ir galutinio tyrimy metu visos eksperimentinés procediiros buvo
patvirtintos ir atliktos vadovaujantis Gyviiny sveikatos ir gerovés departa-
mento, Lietuvos Respublikos valstybinés maisto ir veterinarijos tarnybos bei
Kauno regiono biomedicininiy tyrimy etikos komiteto standartinémis gairé-
mis ir protokolais.

5.3.1. Pirminis tyrimas: Lasteliy iSskyrimas, kultivavimas ir
triju dimensijy kultiiros pozologija

Naujosios Zelandijos triusiai (patinai ir patelés; 4-5 mén. amziaus; 3—
4 kg kiino svorio) buvo laikomi jprastomis salygomis (21+1 °C temperatiiros,
12/12 Sviesos / tamsos ir 45 proc. santykinés drégmeés reZimai), atskirai nar-
vuose su laisva prieiga prie maisto ir vandens.

Alogeniné triusio sgnario kremzlés biopsija 1§ krivio negaunancios
srities buvo sumalta ir skaidyta 2,5 proc. tripsino (Invitrogen, Carlsbad, CA,
JAV) ir kolagenazeés XI (Sigma Aldrich) tirpalais. ISskirtos lgstelés buvo
isétos, kultivuojamos ir surinktos, kai buvo pasiekta 80 proc. flakono dugno
padengimas. Lastelés buvo auginamos mitybingje terpéje (DMEM/F12,
Sigma Aldrich) papildytoje 10 proc. verselio serumo (Lonza, Bazelis, Sveica-
rija), 100 VV/ml penicilino ir 100 pg/ml streptomicino (Sigma Aldrich).
Flakony inkubacija buvo atlickama CO- inkubatoriuje (37 °C temperatiira,
90 proc. drégmés atmosfera su 5 proc. CO2 dujy).

Karkasai 1 dieng pries s¢jimg buvo laikomi dauginimo terp¢je. Karkaso
s¢jimui reikalingas Igsteliy kiekis buvo apskaiCiuotas jvertinus kremzlés
defekto dydj ir turima karkaso morfologija. Po tripsinizacijos su 0,25 proc.
tripsinu trec¢iojo pers¢jimo lastelés buvo suskaiciuotos ir suspenduotos
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107 Iasteliy / 1 ml koncentracijos tirpale. Lastelés buvo s¢jamos 10 pl dozé-
mis ant steriliy HOI ir CS. Paséti konstruktai 2 valandoms buvo dedami j CO2
inkubatoriy, siekiant Igsteliy prisitvirtinimo, o véliau papildomi mitybinés
terpés.

Terpé buvo keiCiama kas 3—5 dienas, o paséti konstruktai kultivuojami
iki 12-os dienos. Konstruktai su lastelémis buvo surinkti po 4-iy, 8-iy ir
12-0s dieny auginimo ir i$siysti in vitro tyrimams. Taip pat 12-0s auginimo
dienos karkasai buvo paruosti implantavimui in vivo.

5.3.2. Galutinis tyrimas: Lasteliy iSskyrimas, kultivavimas ir
trijy dimensijy kultiiros pozologija

Zmogaus sanarinés kremzlés audinys buvo imamas kelio kryZminio
raiSc¢io rekonstrukcijos metu.

Biopsija buvo plaunama fosfatiniu buferiu, dvi valandas skaidoma
proteazés (Sigma Aldrich) ir per naktj — kolagenazés A (Worthington, Lake-
wood, NJ, JAV) fermentais. I$skirtos lastelés buvo pasodintos ir kultivuo-
jamos mitybingje terpéje (DMEM, Thermo Fisher, Logan, UT, JAV),
papildytoje 10-20 proc. galvijo serumo (Sigma Aldrich), 100 VV/ml
penicilino ir 100 pg/ml streptomicinas (Sigma Aldrich) 37 °C temperatiiroje,
drégnoje atmosferoje su 5 proc. CO2 dujy. Lastelés buvo surinktos, kai flako-
no padengimas sieké 80-90 proc.

Karkasai vieng dieng prie§ s¢jimg buvo mirkomi dauginimo terpg¢je.
Lasteliy dozavimas buvo susietas su poreikiu 1x10° 1asteliy padengti 1 cm?
karkaso plotui. Pagaminti HOI ir CS parametrai buvo 1,5x1,5 mm? dydzio,
todél apskai¢iuota 4,5x10* lasteliy dozé atitinka numatytajj gydymui skirta
lasteliy kiekio poreikj.

Po tripsinizacijos su 0,25 proc. tripsino (Invitrogen), tre€iosios persejimo
lastelés buvo suskaiciuotos ir vél suspenduotos. Lastelés buvo s¢jamos 40 ul
dozémis ant steriliy HOI ir CS. Paséti karkasai dviem valandoms buvo deda-
mi | CO2 dujy inkubatoriy.

Terpé buvo keiciama kas 2—3 dienas, o paséti konstruktai buvo kultivuo-
jami iki 7-o0s dienos. Konstruktai su Igstelémis buvo surinkti po 1-0S, 4-iy ir
7-iy dieny auginimo ir siun¢iami in vitro tyrimams. Taip pat 7-tg kultivavimo
dieng karkasai buvo paruosti implantavimui in vivo.

5.4. Paséty karkasy biocheminis charakterizavimas in vitro

Pirminio ir galutinio tyrimy metu II tipo kolageno baltymo isskyrimui
nustatyti buvo taikytas imunofermentinis ELISA tyrimo metodas, remiantis
gamintojo protokolu. 200 pl méginio buvo jpilta j 96 Sulinéliy plokstele ir
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optinio tankio sugertis buvo nuskaityta mikroploksteliy skaitytuvu (Multi-
skan GO, Thermo Scientific), naudojant 450 nm ilgio apSvieta. Standartiné
kreivé buvo iSreikSta kaip santykinis kiekvieno standartinio tirpalo optinis
tankis su atitinkama standartinio tirpalo koncentracija. Il tipo kolageno bal-
tymo koncentracija méginiuose buvo vertinama pagal standarting kreive.

5.4.1. Pirminis tyrimas: Monosluoksnio ir triju dimensijy kultiiros
baltymy iSskyrimo vertinimas

II tipo kolageno baltymo iSskyrimo vertinimas buvo atliktas, tiriant ant
karkasy séjamas vienasluoksnes lgsteles, taip pat HOI ir CS konstruktus,
sodintus lastelémis 4-3, 8-3 ir 12-3 dienomis po s¢jimo. Tyrimui naudotas
triusio II tipo kolageno baltymo ELISA rinkinys (Biosite, Londonas, JK), o
tyrimas atliktas pagal gamintojo protokola.

5.4.2. Galutinis tyrimas: Monosluoksnio ir trijuy dimensijy kultiros
metabolinio aktyvumo, lasteliy skaiciaus ir biocheminis vertinimas

Lasteliy metabolinis aktyvumas HOI-T ir HOI-H konstruktuose buvo
atliktas, naudojant gyvybingumo reagento (Presto Blue, Invitrogen) tirpala
pagal gamintojo rekomendacijas. Gyvybingumo reagentas yra citotoksiskas,
resazurinu pagristas metabolinis tyrimas ir yra skirtas lasteliy gyvybingumui
nustatyti. Jis matuoja mitochondrijy Iasteliy gebéjima versti nefluorescencinj
mélyna resazuring j rozinj rezorufino, tokiu biidu jvertinant lasteliy ir karkasy
biologinj suderinamuma. Tyrimas buvo atliktas 1-3, 4-3 ir 7-3 dienomis po
s¢jimo ant karkasy. Kiekvienas karkasas buvo panardinamas 10 proc. gyvy-
bingumo reagento tirpale ir inkubuojamas 30 minué¢iy 37 °C temperatiiroje
CO:2 dujy inkubatoriuje. Méginiai buvo surinkti, o spalvos sugertis jvertinta
ploksteliy skaitytuvu (Multiskan GO, Thermo Scientific), naudojant 570 nm
apsvieta. Po tyrimo buvo nubrézta konstrukty ir vienasluoksniy Igsteliy spal-
vos sugerties ir metabolinio aktyvumo santykio standartiné kreivé. Lasteliy
skaiciui konstruktuose jvertinti buvo naudojama standartiné spalvos sugerties
ir Iasteliy tankio monosluoksnyje kreive.

Il tipo kolageno baltymo i$skyrimo vertinimas atliktas matuojant viena-
sluoksnes lasteles, naudojamas séjimui ant karkasy, taip pat HOI ir CS sodin-
ty lastelemis 1-3, 4-3 ir 7-3 dienomis po s€jimo. Tyrimui naudotas Zmogaus
Il tipo kolageno baltymo ELISA rinkinys (Biosite, Londonas, JK), o tyrimas
atliktas pagal gamintojo protokola.

74



5.5. HOI konstrukto genotipinis charakterizavimas in vitro

Pirminio ir galutinio tyrimy metu informaciné ribonukleininé ragstis
(1IRNR) 1§ méginiy buvo isskirta, naudojant i§skyrimo rinkinj (Isolate I RNA,
Bioline Reagents Ltd, Londonas, JK) pagal gamintojo instrukcijas. Eliucija
buvo atliekama naudojant 10 pl vandens be RNazés. Atvirkstinés transkripta-
z¢és kiekybinés polimerazés grandinés reakcijai (RT-KPGR) atlikti buvo nau-
dojami pradmenys (SensiFAST Probe No-ROX One-Step Kit, Bioline
Reagents Ltd) ir hidrolizés zondai (Biolegio B. V., Nijmegen, Olandija).
Visos vienos pakopos reakcijos buvo atliktos i§ viso 15 ul turio, naudojant
6,75 pl iSskirto iRNR meéginio ir pradmenis, kuriy kiekvieno koncentracija
buvo 200 nM, ir zondus, kuriy kiekvieno koncentracija buvo 100 nM. Vieno
zingsnio RT-kPGR tyrimai buvo atlikti naudojant realaus laiko termociklerj
(Rotor-Gene-Q-5-plex, Qiagen GmbH, Hildenas, Vokietija) Siomis sglygo-
mis: pirmosios grandinés kopijiné DNR (kDNR) buvo susintetinta 45 °C
temperatiroje 20 min. (1 ciklas), tada denatiiruota 95 °C temperatiiroje 2 min.
(1 ciklas); po to 50 denatiiravimo cikly 10 s 95 °C temperatiiroje ir 1 min.
atkaitinimas / pailginimas 60 °C temperatiiroje. 2"2ACT algoritmas buvo nau-
dojamas apskai¢iuojant amplifikacijos produkto santykinius kiekius, atspin-
din¢ius tikslinés iRNR santykinius lygius [127].

5.5.1. Pirminis tyrimas: trijy dimensiju kultiiros genu raiskos
vertinimas

Konstruktai su lgstelémis buvo surinkti po 4-iy, 8-iy ir 12-o0s dieny augi-
nimo ir i$siysti geny raiskos tyrimams.

Kremzliniy geny iRNR analizei buvo istirtos COL2A1 geno, koduo-
jancio II tipo kolagena, ir COL10A1 geno, koduojancio X tipo kolagena,
iRNR raiSkos dinamikos Igstelése prie§ s¢jimg ant karkasy bei 4-3, 8-3 ir
12-3 dienomis po séjimo. Duomeny normalizavimui buvo naudojama Euro-
pos triusio GAPDH geno raiska.

5.2.2. Galutinis tyrimas: vienasluoksnés ir trijy dimensiju kultiiros
geny raiskos vertinimas

Kremzlinio geno iRNR vertinimui buvo istirta COL2A1 geno, koduo-
jancio II tipo kolageng, iIRNR raiskos dinamika lgstelése prie§ s¢jimg ant
karkasy bei 1-3, 4-3 ir 7-3 dienomis po s¢jimo. Pradmeny ir zondo sekos buvo
sukurtos naudojant kompiutering programg (Vector NTI Advance, Thermo
Scientific). B-aktino iRNR raiSka buvo naudojama kaip vidinis standartas,
normalizuojant tikslinés iRNR raiskos lygj skirtinguose méginiuose.
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5.6. llgalaikio in vivo tyrimo dizainas

Pirminio ir galutinio tyrimy metu osteochondriniai defektai buvo suskirs-
tyti ] tirlamasias grupes, kurioms atsitiktiniu bidu buvo paskirtas gydymas:
pazeidimai, gydyti HOI SeSiakampiu konstruktu su lastelémis (HOI Igstelés,
n=4) ir be lgsteliy (tik HOI, n =4). ] teigiamos kontrolés grupes buvo jtraukti
CS konstruktai su lgstelémis (CS lastelés, n = 3) ir be Iasteliy (tik CS, n = 3).
Neigiamg kontroling grupe sudaré pazeidimai be konstrukty (negydyta,
n =4). Po implantacijos girnelé buvo atstatyta, kelio sgnario kapsulé uzsiita
pertraukiamomis 3-0 tirpstan¢iomis sitlémis (Ethicon, Johnson & Johnson
Medical, Somerville, NJ, JAV). Oda buvo susiiita 40 odos istisine sitle
(Ethicon) ir dezinfekuota.

5.6.1. Pirminis tyrimas: 6 ménesiy in vivo tyrimo dizainas

Tyrime buvo naudojami devyni triusiai, turintys 18 abipusiy osteochon-
driniy defekty. Chirurginés procediiros buvo atlickamos operacinéje, laikan-
tis aseptikos taisykliy. Anestezija buvo sukelta, leidziant anestetikus | raume-
nis, o jos palaikymas — leidziant j veng. Kelio sanariai buvo atveriami Soniniu
paragirneliniu pjuviu ir vidine girnelés dislokacija. Kritinio dydzio osteo-
chondrinis defektas (skersmuo: 3 mm; gylis: 2 mm) buvo sukurtas elektriniu
graztu kelio vidinio $launikaulio gumburo srityje, gaunancioje atraminj kriivj.

Siekiant pritvirtinti ir stabilizuoti karkasus defekte, buvo formuojamas
polimerizuotas fibrininis kreSulys. Prie§ implantuojant kreSulj, kiekvienas
sukurtas pazeidimas buvo plaunamas steriliu buferiniu tirpalu. Fibrino
kreSulio formavimui buvo sumaiSyta 1 ml autologinés kraujo plazmos, 250 pl
trombino ir 250 ul CaCl,. Jis buvo inkubuotas 5 minutes kambario temperat-
roje pries pat implantuojant jj | paZeidima.

Po intervencijos triusiai buvo laikomi jprastomis sglygomis, jiems buvo
leidziama laisvai judéti atskiruose narvuose. Triusiams buvo atlikta eutana-
zija po 6 ménesiy, o kelio sgnario komplekso méginiai paimti iStyrimui.

5.6.2. Galutinis tyrimas: 3 ménesiy in vivo tyrimo dizainas

Siame tyrime buvo naudojamos devynios, 10 savai¢iy, imunosupresinés
ziurkés (NTHRNU-M, NTac: NIH-Foxnlrnu; Taconic, NY, JAV). Per inha-
liacing kauke gyviinams buvo skiriamos anestezijos dujos, kuriy sudétyje yra
3 proc. izoflurano ir deguonies dujy misSinys. Kelio sanariai buvo operuojami,
atliekant Soninj parapatelarinj pjivi. Dislokavus girnele | viding puse, prieita
prie sgnarinio pavirSiaus. Kritinis osteochondrinis pazeidimas (diametras:
1,5 mm, gylis: 1 mm) buvo sukurtas kriiviui tenkancioje skridinio vagos
vietoje. Pries karkasy implantacija defektas buvo plaunamas steriliu fosfa-
tiniu buferiniu tirpalu. Siekiant fiksuoti karkasus arba uzpildyti defektus be
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karkasy, i defekta buvo leidziami fibrino klijai (Tisseel, Baxter, Glendale,
CA, JAV).

Po intervencijos Ziurkés buvo laikomos bendruose narvuose ir leidZziamas
laisvas judéjimas. Ziurkéms buvo atlikta eutanazija pra¢jus 3 ménesiams po
operacijos, o kelio sgnario komplekso méginiai paimti tolimesniems tyri-
mams.

5.7. Makroskopinis ilgalaikio tyrimo vertinimas

Pirminio ir galutinio tyrimy metu du nepriklausomi tyr¢jai atliko makro-
skopinj vertinimg pagal modifikuotg Oswestry Arthroscopy Score (OAS)
skale gyvuny ir zmogaus lasteliy tyrimams.

OAS vertinimo sistemg sudaro atskiry regeneravusios kremzlés para-
metry jvertinimas: transplantato lygis, integracija su aplinkine kremzle,
kremzlés pavirSiaus i§vaizda ir regeneravusio audinio spalva. Sanario kremz-
lés audinio kietumo vertinimas kabliuku buvo pakeistas objektyvesniu
elektromechaninio parametro jvertinimu. Taciau $is metodas nebuvo naudo-
jamas galutingje studijoje su Zzmogaus lgstelémis dél nepakankamo Ziurkés
kelio sgnario kremzlés pavirSiaus ploto.

5.7.1. Pirminis tyrimas: regeneravusios kremzlés elektromechaninis
jvertinimas in vivo

Regeneravusio kremzlés audinio elektromechaninés savybés buvo jver-
tintos naudojant rankinj artroskopinj jspaudikli-indentatoriy (Arthro-BST,
Biomomentum Inc., Laval, Kvebekas) [91]. Neigiamai jkrautos proteogli-
kano molekulés palaiko pusiausvyra kartu su mobiliosiomis, teigiamai
jtkrautomis jony molekulémis, esan¢iomis sgnarinés kremzlés TLM kolageno
tinklo intersticiniame skystyje. Dél kremzlés iSorinio spaudimo atsiranda
intersticinio skyscio tekme, todél judantys teigiamai jkrauti jonai pasislenka
fiksuoty neigiamy kriiviy atzvilgiu. D¢l Sios tekmés susidaro srauto potencia-
lai, patikimai atspindintys kremzlés sudét;j ir funkcijg [91-93].

Aukstesnis elektromechaninis potencialas (EP) parodo padidéjus;j tarp-
lastelinio audinio irima, prastesnes biomechanines kremzlés savybes ir jos
gebéjima atlaikyti dideles apkrovas. Zemas EP, priesingai, rodo stiprias
elektromechanines savybes ir gebéjimg atlaikyti didelius kravius.

Vidinio Slaunikaulio gumburo EP buvo matuojamas prie§ operacijg ir
pra¢jus 6 ménesiams po operacijos. Slaunikaulio sanarys buvo paimtas isty-
rimui, pjaunant aukSciau Slaunikaulio gumburo, o EP matavimai buvo
pakartoti 3 kartus tiriamosiose grupése.
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5.8. Regeneravusios kremzlés histologinis vertinimas

Pirminio ir galutinio tyrimy metu tolimoji $launikaulio dalis buvo pjauta
vir§ gumburo, fiksuota 10 proc. neutraliu buferiniu formalino tirpalu ir jlieta
1 parafino blokus. 6 um storio pjiiviai buvo deparafinuoti ir dazyti Toluidino
mélynuoju (Fisher Scientific, Pitsburgas, PA, JAV) ir Safranin-O dazais
(Fisher Scientific), siekiant jvertinti glikozaminoglikany, proteoglikany ir
kolageno pasiskirstymg regeneravusioje kremzléje [94]. Histologiniy pjtviy
nuotraukos buvo vertinamos, naudojant skaitmeninj mikroskopa (Olympus
BX61, Olympus, Tokijas, Japonija) su fotoaparatu (Olympus DP72, Olympus).
Aklasis vertinimas atliktas naudojant O 'Driscoll vertinimo skale [95].
Aukstesnis balas rodo geresng kremzlés regeneracija, o 24 yra didziausias
galimas balas.

5.9. Statistinis vertinimas

Pirminio ir galutinio tyrimo metu kiekybiniai duomenys buvo iSreiksti
vidurkiu su standartiniu nuokrypiu. Statistiniai skai¢iavimai buvo atlikti,
naudojant GraphPad Prism 7.04.

5.9.1. Pirminé studija: Statistinis vertinimas

Statistiniai rezultatai buvo gauti naudojant neparametrinj Kruskal-Wallis
daugybinj palyginimo testa ir pateikti kaip vidurkis ir standartinis nuokrypis
(SD). Statistinis reikSmingumas tarp tyrimo grupiy yra pazymétas (*), kuris
reiSkia, jog p<0,05 ir (**), kuris reiskia, jog p<0,01.

5.9.2. Galutiné studija: Statistinis vertinimas

Statistiniai rezultatai buvo gauti naudojant vienpusj ANOVA su Tukey
daugkartiniu palyginimo testu. Rezultatai pateikiami kaip vidutiné reikSmé su
skliausteliuose nurodytu standartiniu nuokrypiu (SD). Statistinis reikSmingu-
mas tarp grupiy zymimas (*), kuris reiskia, jog p<0,05 ir (**), kuris reiskia,
jog p<0,01.

6. Rezultatai
6.1. Pirminés studijos rezultatai

6.1.1. Vienasluoksniy Igsteliy morfologija ir gyvybingumas

Vienasluoksnés kultiiros metu buvo stebéta chondrocity fenotipo kitimo
dinamika. Lastelés palaipsniui prarado savo natiiralig apvalig formg ir tapo
plokstesnés, igijo i fibroblastus panasSios lastelés formg. Chondrocity gyvy-
bingumas pries séjimg ant karkasy buvo aukstas ir svyravo tarp 98-100 proc.
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6.1.2. Pirminés studijos 1asteliy séjimo ir triju dimensijy kultiiros
vertinimas

Lastelés, pasétos ant SeSiakampio HOI, buvo glaudziai sukibusios su
horizontaliomis ir vertikaliomis karkaso sijomis. Lasteliy dauginimasis ir
TLM gamyba karkasuose i$liko iki 12-0s dienos. Ovalios ir pailgos formos
lastelés buvo matomos ant horizontaliy ir vertikaliy sijy. Jungtys tarp
netoliese esanciy sijy daugiausia buvo sudaromos apraizgant ir sujungiant
Salia esancCias vertikaligsias sijas. Lasteliy skaiCius ir jungiantysis TLM
padenge visus HOI konstrukto sluoksnius, jo gaus¢jimas tesési ne maziau
kaip iki 12-os dienos, uzpildydamas konstrukto viding erdve ir padengdamas
didzigja poros skersmens dalj. Lasteliy augimas HOI pateiktas 6.1.2.1 pav.

R0k
AR
S

© }n

visame trijy dimensijy SeSiakampio pavidalo HOI SEM nuotraukos
4-qg (a), 8-q (b) ir 12-q (c) dienomis

Pailgos ir ovalios formos lastelés prilipo ir sujungé horizontalius ir vertikalius karkasy sijas.
Apvyniodami ir sujungdami Salia esancias sijas, lastelés ir nusodintas TLM kiekis palaipsniui
peraugo visus tris HOI sluoksnius, uzpildydami didZiaja poros ttirio dalj 12-g dieng. Priartin-
tas vaizdas i$ Sono rodomas 4-3 (d), 8-3 (e) ir 12-3 (f) dienomis. Mastelis: 100 pm.

Padidé¢jes pory padengimas buvo pastebimas visose trijy dimensijy kul-
tirose ne maziau kaip iki 12-os dienos pries implantacija. Padengimas reiks-
mingai pageréjo 12-3 diena, palyginti su 4-a diena (p = 0,0114), ir uzdengé
71£6,5 proc. vienos poros skersmens. Poros padengimo lgstelémis dinamika
pateikta 6.1.2.2 pav.
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6.1.2.2 pav. HOI konstrukto pory padengimo sodintomis lgstelémis
dinamika

Uzpildyty pory procentas zymiai padidéjo nuo 4-0s iki 12-os dienos, tuo parodant biologiskai
suderinamas morfologines sglygas nuolatiniam lasteliy dauginimuisi. *p<0,05.

6.1.3. Triju dimensijuy kultiros karkasy stiprumo vertinimas

HOI konstruktas su lgstelémis palaiké kremzlinio audinio formavimasi
Iprastomis auginimo salygomis. Tai buvo nustatyta, jvertinus trijy dimensijy
kulttros II tipo kolageno baltymo iSskyrima j terpe bei palyginus iSsiskyrimo
aktyvumg su vienasluoksniy lasteliy, naudojamy karkasy s¢jimui, i§skyrimo
lygiu. II tipo kolageno baltymo i$skyrimo dinamika iki 12-0s dienos yra
pateikta 6.1.3.1 pav.

500 A x Vienasluoksnis
E | o HOI-Igsteles
E‘t 400 ; o o CS-quIClCS
2300 & 2
g |8
£ 200 1 %
>4
E 100 - 9 % %
o
0 T T T !

0 4 8 12
Dienos po séjimo

6.1.3.1 pav. 11 tipo kolageno baltymo isskyrimas, matuotas ELISA metodu
vienasluoksnio, HOI ir CS grupése vienasluoksnio ir po séjimo
4-q, 8-q ir 12-q dienomis
Abi grupés iSlaiké iSskiriamo baltymo kiekj nuo 4-0s iki 12-os dienos, nors ir stebétas
nezymus iSskyrimo sumazéjimas viso periodo metu. CS turéjo aukstesnj pradinj II tipo
kolageno isskyrimo pajéguma 4-3 ir 8-3 dienomis, palyginti su atitinkamai vienasluoksnémis
lastelémis ir HOI. *p<0,05, **p<0,01.
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Baltymy iSskyrimas HOI konstrukto su Igstelémis grupéje nesumazejo
iki 12-os dienos, taCiau buvo stebéta nereik§mingo mazéjimo tendencija.
Baltymy iSskyrimas pageré¢jo 4-3 dieng CS su lgstelémis grupéje (p = 0,03),
kuris reikSmingai nesumaze¢jo iki 12 dienos. Kai karkasai su Igstelémis buvo
lyginami tarpusavyje, CS-lIgsteliy grup¢je 8 dieng buvo pastebétas didesnis 11
tipo kolageno baltymo i8skyrimo kiekis (p = 0,0045), parodantis auksStesne
prading Igsteliy ir karkaso biologinio suderinamumo faz¢ CS su Igstelémis
grup¢je. 12-a dieng buvo pastebétas skaitinis CS su Igstelémis konstrukto
pranasumas, palyginti su HOI su Igstelémis konstrukto grupe tg pacig dieng.

Kremzlinio audinio COL2A1 geno raiska buvo padidéjusi abiejose
grupése iki 8-os dienos, taciau nereikSmingai sumazéjo 12-3 dieng abiejuose
grupése. COL2A1 geno raiskos dinamika yra pateikta 6.1.3.2 pav. (a).

87 1.5

6_

o8 1

Santykiné raiska
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O
Santykiné raiSka
()
W
L

0 Q _().5 T T T }
0 4 8 12 0 4 8 12
(@) Dienos po séjimo (b) Dienos po séjimo

‘ Vienasluoksnis 0 HOI-lastelés DCS-lastelés‘

6.1.3.2 pav. (a) COL2A1 ir (b) COL10A1 geny raiskos modeliai, vertinti RT-
kPGR metodu vienasluoksnyje, HOI ir CS grupése 4-q, 8-q ir 12-q dienomis
Chondrogenezé abiejose grupése buvo padidéjusi iki 8-0s dienos. (a) Vidutinis COL2A1
geno raiskos lygis padidéjo HOI 4-g ir 8-3 dienomis. CS islaiké auksciausia raiska iki 8-0s
dienos, palyginti su vienasluoksnémis lgstelémis. (b) Vidutiné fibroblastinés COL10A1 geno
raiSka buvo sumazéjusi abiejose konstrukty grupése iki 12-os dienos. CS su lastelémis, kuriy
COL10AL1 raiska buvo mazesné 12-3 diena, palyginti su vienasluoksnémis lgstelémis. COL10A1
geno raiSka CS buvo mazesné, palyginti su HOI 12-0s dienos. *p<0,05.

Nors vidutinis COL2A1 geno raiskos lygis padidéjo HOI-Iastelés grupéje
4-3 ir 8-3 dienomis, jis buvo panasus ] s¢jimo dienos rodiklius. CS-lasteles
grupé iSlaiké aukstesnj vidutinj COL2A 1 raiskos lygj iki 12-0s dienos, paly-
ginti su vienasluoksniy Igsteliy geno raiska, taciau jis Zymiai pageréjo 8-3
kulttros dieng (p = 0,031). ReikSmingy skirtumy tarp abiejy konstrukty ne-
pastebéta; taciau vidutines vertés buvo mazesnés HOI-Igstelés grupéje,
palyginti su CS-lastelés grupe.
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Vidutinis fibroblastinio COLI10A1 geno raiSkos lygis buvo sumazéjes
HOlI-lastelés ir CS-lastelés grupése, tokiu budu palaikant Igsteliy rediferenciacija
genotipiniu lygmeniu. COL10A1 geno raiska yra pateikta 6.1.3.2 pav. (b).

Vertinant fibroblastinio geno raiska, CS-lagstelés grupéje COLI10AI
raiSka buvo maZesné nei vienasluoksniy Igsteliy grupés ir dar labiau sumazéjo
12-3 kultiiros dieng (p = 0,035).

6.1.4. Makroskopinis OAS vertinimas in vivo

6 ménesius po operacijos triusio kelio sgnariuose nebuvo stebéta patini-
mo, uzdegiminiy poZymiy ar imuninés reakcijos | implantuotus konstruktus.
CS-lastelés grupé tur¢jo aukscéiausig viduting OAS balo verte tarp visy tyrimo
grupiy. Makroskopinis vertinimas yra pateiktas 6.1.4.1 pav.
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6.1.4.1 pav. Makroskopinis eksperimentiniy grupiy jvertinimas praéjus
6 ménesiams po operacijos: (a) be gydymo, (b) tik CS, (c) CS-lgsteliy,
(d) tik HOI ir (e) HOI-lgsteliy grupése, apskaiciuojant (f) OAS balo vertes

CS-lgstelés turéjo auk$ciausig vidutinj (f) OAS rezultatg tarp visy eksperimentiniy grupiy.
Tik HOI ir HOIl-lIgstelés grupés turéjo skaitinj pranasuma, palyginti su negydyta grupe.
Kremzlés regeneracija (zvaigzduté), buvo akivaizdi visose gydymo grupése, taciau smulkios
pavienés atplaiSos kremzIés pavirSiuose buvo matomos visose HOI ir HOI-1gstelés grupése,
o lygesnis kremzlés pavirS$ius buvo matomas visose CS grupése. *p<0,05.
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CS-lasteles grupés OAS jvertinimas parod¢, kad regeneraves kremzlinis
audinys yra panaSiausias ] hialining kremzle, palyginti su negydytos grupés
rezultatu (p = 0,035). Kitos eksperimentinés grupés tarpusavyje reikSmingai
nesiskyre; taciau pastebéta tendencija, kad OAS rezultatai buvo geresni HOI
(p = 0,076) ir HOI-Igstelés (p = 0,69) grupése, palyginti su negydyta grupe.
Prastesniam makroskopiniam vertinimui HOI grupése daugiausia jtakos
turéjo didesnis kremzlés atplaiSy kiekis sgnariniame pavirSiuje, palyginti su
lygesniu kremzlés pavirSiumi CS grupése.

6.1.5. Histologinis vertinimas in vivo

Sanarinés kremzIés regeneracijos histologinis vertinimas buvo geresnis
visose gydytose grupése, palyginti su negydyta grupe, 6 ménesiai po implan-
tacijos. Taciau tik CS-lastelés grupéje histologiniai rezultatai buvo reikSmin-
gai geresni uZ neigiama kontrolés (p = 0,035) grupe. Taip pat buvo nustatyta
aiSki HOI-lastelés grupés geresnés regeneracijos tendencija, palyginti su
negydyta grupe (p = 0,057). Kitos tyrimo grupés buvo panasios tarpusavyje,
taciau tik HOI grupé tur¢jo polinkj j geresne histologine regeneracija, paly-
ginti su negydyta grupe (p = 0,1). N¢é vienoje grupéje subchondrinis kaulas
nebuvo atkurtas, o nezymis pokremzlinés ribos netolygiis kontiirai buvo
stebimi visose grupése. HOI struktiiriniai elementai buvo iSsklaidyti recipien-
to kremzliniame ir pokremzliniame sluoksniuose, taciau nebuvo pastebéta
jokiy infekcijos, donoro audinio atmetimo ar imuninio atsako histologiniuose
eksperimentiniy grupiy méginiuose. Histologinis regeneravusios kremzlés
vertinimas yra pateiktas 6.1.5.1 pav.
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6.1.5.1 pav. Histologinis eksperimentiniy grupiy jvertinimas, praéjus
6 ménesiams po operacijos: (a) be gydymo, (b) tik CS, (c) CS-lgsteliy,
(d) tik HOI ir (e) HOI-lgsteliy grupése, apskaiciuojant
(f) histologinio balo (O Driscoll) vertes

Histologinis balas pageréjo visose gydymo grupése, palyginti su negydyta grupe. Teigiama
tendencija buvo pastebéta HOI-Iastelés ir HOI grupése, palyginti su negydyta grupe. HOI
struktiiriniai elementai (zvaigzduté) buvo stebimi kremzliniame ir pokremzliniame sluoks-
nyje. CS-lastelés grupé buvo pranaSesné, palyginti su negydyta grupe. *p<0,05. Mastelis:
200 pum.

6.1.6. Elektromechaninis vertinimas in vivo

EP regeneravusios kremzlés vietoje buvo Zemesnis visose tyrimo grupé-
se, palyginti su negydyta grupe, rodantis geresnés kokybés sanarinés kremz-
lés regeneracija gydytose grupése.

Daug prastesnés nei sveikos kremzlés elektromechaninés savybés buvo
nustatytos CS (p= 0,002), HOI (p = 0,022) ir negydytose grupése (p =
0,0009). Taciau HOI-lasteliy (p = 0,0014) ir HOI (p = 0,0059) grupiy EP
reik§mes buvo geresnés, palyginti su negydytos grupés reikSmémis. EP buvo
panaSus tarp CS-lgstelés (p = 0,069) ir HOI-lgstelés (p = 0,066) grupiy.
Elektromechaninis kremzlés vertinimas yra pateiktas 6.1.6.1 pav.
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6.1.6.1 pav. Elektromechaniniy regeneravusios kremzlés savybiy 6 ménesiai
PO pirminés operacijos jvertinimas

(a) Be gydymo, (b) tik CS, (c) CS-lastelés, (d) tik HOI ir (e) HOI-1astelés grupése su Arthro-

BST. EP i$matuotas sveikojoje, HOIL, HOI-Igstelés ir CS-lastelés grupése, buvo Zemesnis uz

negydyta grupe, taigi, $iy grupiy regeneravusi kremzlé buvo geresnés kokybés. HOI-1astelés

ir CS-lgstelés grupés pasizyméjo geresnémis elektromechaninémis savybémis ir buvo palygi-

namos su (s) sveikgja kremzle. *p<0,05; **p<0,01; ***p<0,001.

6.2. Galutinés studijos rezultatai
6.2.1. Biomechaninis vertinimas

HOI-H ir HOI-T karkasy morfologinés charakteristikos buvo panasios,
kad buty galima jvertinti poros formos jtakag biomechaninéms savybéms.
Morfologinés karkasy savybeés yra pateikiamos 6.2.1.1 lentel¢je.
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6.2.1.1 lentelé. HOI karkasy morfologinés SEM fotografijos (a—d) is virsaus ir (e—h) is Sono

Karkaso tipas

HOI-H

HOI-T

HOI-T1.5

HOI-T2

(e) ®
Karkaso dydis (PxIxA), pm? 1511x1567%195 1515%1515%195 1582.5%1582.5%262.5 1590x1590%330
Soniné pora (IxA), pm> 49x45 105%45 150%x67.5 195%90
Virsuting pora (IxA), pm? 42%49 45%45 67x67 90x90
Poringumas, proc. 87 89 94 96

Poros formos jtaka lasteliy augimui buvo vertinama tiriant (a, €) HOI-H ir (b, f) HOI-T karkasus. Poros dydzio poveikis lasteliy augimui buvo

nustatytas tiriant (c, g) HOI-T1.5 ir (d, h) HOI-T2 karkasus. Mastelis: (a—d) — 500 pm, (e-h) — 100 pm.
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Netaisyklingos formos biomechaninio atsako kreivés buvo sugeneruotos
mechaniniu jspaudikliu ir iSreikStos santykiu tarp taikytos gniuzdymo jégos
ir jspaudimo gylio. HOI-H ir HOI-T jspaudimo kreivés parodé, kad gniuz-
dymo jégos padidéjo, pasieckdamos A, B ir C virSiines trijy i§ eilés regiony
gylyje nuo HOI virsaus iki apacios. Jégos ir spaudimo gylio kreivés pateiktos
6.2.1.1 pav. (a, b).

Luziy pobudis tarp HOI buvo skirtingas ir buvo isreikstas didesniu gyliu,
kurj reikia pasiekti maksimaliai jégai II ir III lygmenyse HOI-T, palyginti su
HOI-H. Luze karkaso elementai skirtingai sukrito abiejose grupése, tokiu
budu padidindami suming jspaudimo jéga kiekviename sluoksnyje. Spaudi-
mo jéga ir gylis kiekviename sluoksnyje yra pateikti 6.2.1.1 pav. (c, d).

Buvo stebéta akivaizdi didesnio kietumo (Hir) ir modulio (Eir) HOI-H
tendencija, palyginti su HOI-T. Abu HOI karkasai i$laiké tg patj Hit ir Eir,
kai buvo laikomi skystoje terpéje (duomenys nepateikti). PrieSingai, sausos
biikles CS buvo uZzfiksuotas staigus ir stabilus gniuzdymo jégos pakilimas, o
Slapios biiklés CS uzfiksavo reik§mingg jégos sumazéjimg iki 140 um spau-
dimo gylio. Sios salygos imitavo klinikinj CS taikymg prie§ implantacija ir
parodé mazesnj atsparumg $lapios buklés CS. Be to, implantacijai paruosto
CS Hit ir Eir buvo zymiai prastesni nei HOI-T ir HOI-H. Hir ir Ejr vidutinés
matavimy reikSmés yra pateiktos 6.2.1.1 pav. (e).
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6.2.1.1 pav. Jégos ir jdubimo gylio kreiveés, gautos atliekant
mikrojspaudimo tyrimg HOI ir CS karkasams

(a) HOI-T ir HOI-H karkasy luziy pobudis buvo skirtingas, o (b) sausos ir $lapios CS
deformacijos parodé mazesnj §lapios CS mechaninj atsparuma. (¢, d) Zymiai didesné jéga
buvo uzfiksuota pereinant j gilesnius HOI karkasy sluoksnius ir buvo panasi j sausos CS.
(e) Pastebétas aukstesnio Hyr ir Ejr santykis HOI-H grupéje, palyginti su HOI-T. Slapios CS
Hir ir Eir buvo Zymiai prastesni nei visy iSbandyty karkasy. *p<0,05; **p<0,01; ***p<0,0001.
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6.2.2. Biologinio suderinamumo vertinimas ir priklausomybé
nuo poros formos

HOI-H konstrukto Igsteliy prilipimas ir padidé¢jgs TLM nusédimas buvo
iSlaikytas iki 7-iy dieny in vitro, nuolat ilgéjant TLM pluoStams tarp statmeny
sijy. Lasteliy ir HOI-H karkasy biologinio suderinamumo SEM fotografijos
yra pateiktos 6.2.2.1 pav. (a, b).

6.2.2.1 pav. Chondrocity pasiskirstymas (a, b) HOI-H karkase bei
(¢, d) horizontalioje ir (e, f) vertikalioje HOI-T karkaso plokstumoje
7-q dieng po séjimo

Pailgos ir ovalios formos lastelés, apvyniotos ir sujungiancios horizontalius ir vertikalius
HOI-T karkasy sijas. I$skirtas TLM peraugo visus tris sluoksnius, uzpildydamos didziaja dalj
poros tiirio 7-g dieng. Mastelis: (a—d) 50 um, (e, ) 100 um.
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Lastelés, pasétos ant HOI-T, prilipo prie horizontaliy ir vertikaliy kar-
kasy sijy. Pailgéjusiy ir sferinés formos lasteliy vesé¢jimas abiejuose karka-
suose buvo palaikomas iki 7-iy dieny in vitro ir rodé lasteliy rediferenciacija.
Gretimi karkaso sluoksniai buvo sujungti lastelémis ir TLM, kurie apraizgé
visus HOI sluoksnius ir uzpildé didzigjg poros erdve 7-3 dieng, ypac HOI-T.
Lasteliy ir HOI-T karkasy biologinio suderinamumo SEM fotografijos yra
pateiktos 6.2.2.1 pav. (c—).

Ant HOI-T ir HOI-H paséty lgsteliy metabolinis aktyvumas pageréjo,
palyginti su vienasluoksnémis Igstelémis, naudojamomis s¢jimui. Nors Igste-
liy metabolinis aktyvumas reikSmingai pageréjo nuo 1-0s iki 7-0s dienos
HOI-T ir HOI-H grupése, jis buvo panasus tarp dviejy grupiy visuose tyrimo
taskuose. Nepaisant to, tik HOI-T grupés lasteliy metabolinis aktyvumas
pageréjo 7-3 dieng, palyginti su vienasluoksnémis lgstelémis, o HOI-H gru-
péje buvo stebima aiski pageréjimo tendencija (p = 0,057). Metabolinio las-
teliy aktyvumo ir poros formos priklausomybé yra pateikta 6.2.2.2 pav. (a).

Panasiai Igsteliy skai¢ius padidéjo HOI-T ir HOI-H grupése 7-3 diena,
palyginti su vienasluoksniy kultiiros Igsteliy skai¢iumi. Nors lasteliy skai¢ius
buvo panasus tarp grupiy visuose tyrimo taskuose, tac¢iau didesnio lgsteliy
skaiiaus tendencija buvo nustatyta HOI-T grupg¢je, palyginti su HOI-H.
Pageréjes metabolinis aktyvumas 1émé didesn;j lasteliy skaiiy ir aktyvesnj
ves¢jimg abiejuose HOI konstruktuose. Lasteliy skaiciaus ir poros formos
priklausomybé yra pateikta 6.2.2.2 pav. (b).
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6.2.2.2 pav. (a) Metabolinis aktyvumas, (b) lgsteliy skaicius,
(¢) 11 tipo kolageno baltymo isskyrimas ir (d) COL2A1 geno raiska
1-q, 4-q ir 7-q dienomis po HOI-T ir HOI-H paséjimo chondrocitais

PanaSus metabolinio aktyvumo ir lgsteliy skai¢iaus pageréjimas iki 7-0s dienos buvo stebi-
mas abiejuose konstruktuose, palyginti su vienasluoksnio Igstelémis. Baltymo iSskyrimas
pageréjo pirmaja dieng HOI-T grupéje, palyginti su lastelémis, naudojamomis séjimui, o
chondrogenezé buvo palaikoma iki 7-os dienos. Vidutinés baltymy isskyrimo vertés buvo
didesnés HOI-T grupéje, palyginti su HOI-H, visuose tirtuosiuose taskuose. Santykiné
COL2A1 geno raiska pageréjo tik HOI-T iki 7-0s dienos. *p<0,05; **p<0,01.
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6.2.3. Triju dimensijy lgsteliy rediferenciacija ir poros formos
priklausomybé

Pager¢jes I tipo kolageno baltymo iSskyrimas 1-3 trimatés kultiiros dieng
buvo stebétas HOI-T-Igstelés grupéje, palyginti su vienasluoksnémis Igstelé-
mis. Sumazéjes, taciau nuolatinis kremzlinio audinio formavimasis buvo
nustatytas iki 7-os dienos jprastomis auginimo sglygomis HOI-T-Igstelés
grupéje.

Kremzlei budingo II tipo kolageno baltymo i$skyrimas buvo pastovus iki
7-0s dienos HOI-H-1astelés grupéje; taciau jis buvo panasus j vienasluoksniy
kulttros lgsteliy i$skiriamo baltymo kiekj viso laikotarpio metu. Iki 7-0s
dienos abiejose karkasy grupése buvo stebétas nereikSmingas baltymy iSsky-
rimo sumaz¢jimas. Vidutinés baltymy i$skyrimo vertés buvo nereikSmingai
didesnés HOI-T grupé¢je visuose tyrimo taskuose, palyginti su HOI-H grupe.
IT tipo kolageno baltymo iSskyrimo ir poros formos priklausomybé yra
pateikta 6.2.2.2 pav. (c).

Buvo nustatytas COL2A 1 geno raiskos padidéjimas iki 7-0s dienos HOI-
H ir HOI-T grupése. Vidutinés geny raiSky vertés abiejose eksperimentinése
grupése buvo panasios j vienasluoksniy lgsteliy vertes per visg auginimo
laikotarpj. Nepaisant to, reik§mingas pageréjimas iki 7-0S dienos buvo
nustatytas tik HOI-T grupéje.

Reiksmingy skirtumy tarp dviejy karkasy nepastebéta, taciau vidutinés
geny raiskos vertés buvo didesnés HOI-T grupéje, palyginti su HOI-H grupe.
Aukstesnés HOI-T karkaso geno raiSkos vertés rodo kvadratinés poros
pranasumg prie$ SeSiakampés formg. COL2A1 geno raiSka ir poros formos
priklausomybé yra pateikta 6.2.2.2 pav. (d).

6.2.4. Trimaté Iasteliy rediferenciacija ir poros dydzio
priklausomybé

Siekiant nustatyti poros dydzio jtaka lgsteliy ves¢jimui, antruoju tyrimo
etapu HOI-T virSutinés ir Soninés poros buvo padidintos faktoriais — 1,5
(HOI-T1,5) ir 2 (HOI-T2). Pagaminty HOI morfologinés savybés yra pateik-
tos 6.2.1.1 lenteléje. Pailgéjusios ir ovalios formos lasteliy veSéjimas buvo
panasus HOI-T ir HOI-T1.5 konstruktuose in vitro ir buvo palaikomas iki 7-
os dienos. Lastelés ir jy iSskiriamas TLM buvo nustatyti statmenose ir
lygiagreCiose karkasy plokStumose, taip parodant morfologiniy karkaso
savybiy tinkamumg TLM formavimuisi. Lasteliy pasiskirstymas HOI-T ir
HOI-T1.5 konstruktuose yra pateiktas 6.2.4.1 pav. (a, b).
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6.2.4.1 pav. Lgsteliy pasiskirstymas tetragoninése (a) HOI-T, (b) HOI-T1.5
ir (¢) HOI-T2 porose 7-g dieng po séjimo

Pailgos ir ovalios formos lastelés ir iSsiskyrgs TLM buvo nustatyti statmenose ir lygia-
grediose plok§tumose HOI-T ir HOI-T1.5 karkasuose. Ant HOI-T2 sijy nustatytas tik pavie-
niy lasteliy prilipimas. Mastelis: 50 pm.

HOI-T2 konstruktas nepalaiké lasteliy augimo ir TLM gamybos, o vi-
suose tiriamuosiuose HOI-T2 konstruktuose buvo stebétas tik pavienis laste-
liy sukibimas su nedideliu kiekiu TLM. Lasteliy pasiskirstymas HOI-T2
konstruktuose yra pateikiamas 6.2.4.1 pav. (c).

Lastelés sujungeé CS konstrukto kolageno linkius ir rauksles, jos buvo
atsitiktinai pasiskirs¢iusios pavir§iniame ir viduriniame CS konstrukto sluoks-
niuose. Lasteliy pasiskirstymas CS konstrukte yra pateiktas 6.2.4.2 pav.

6.2.4.2 pav. Paséty zmogaus chondrocity pasiskirstymas
CS karkase 7-q dieng

Reprezentatyvus (a) histologinis (hematoksilinas ir eozinas) ir (b) SEM vaizdas is arti parodo
chondrocity (zvaigzduté) pasiskirstyma pavirSiniuose ir viduriniuose kolageno karkaso
sluoksniuose, sujungian¢iuose netoliese esancias karkaso rauksles. Mastelis: 50 pm.
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Vidutinés II tipo kolageno baltymo i$skyrimo vertés pageréjo pirmaja
dieng HOI-T, HOI-T1.5 ir HOI-T2 grupése, taciau reikSmingai pageréjo tik
HOI-T grupéje. Po vienos dienos auginimo HOI-T baltymy iSskyrimas buvo
reikSmingai geresnis nei HOI-T1.5 ir HOI-T2. Be to, HOI-T biocheminiai
parametrai buvo geresni nei HOI-T2 4-g ir 7-3 dienomis. PanaSiai baltymy
iSskyrimas sumazéjo ir CS konstrukte, grupéje iki 7-os dienos, vis délto ji
buvo pranasesné uz kitas tyrimo HOI grupes visuose tyrimo taskuose. Taigi,
morfologiniai karkaso parametrai ir specifinis poros dydis turi jtakos
biocheminiam HOI-T pranasumui prie§ HOI-T1.5 ir HOI-T2 bent pirma
diena po in vitro auginimo trumpalaikiu, klinikiniam implantavimui priimtinu
laikotarpiu. 11 tipo kolageno baltymo iSskyrimas yra pateiktas 6.2.4.3 pav. (a).

Vidutinés COL2A1 geno raiskos vertés buvo padidéjusios iki 7-0S
augimo dienos HOI-T ir HOI-T1.5 grupése. Visos trijy dimensijy kulttros
auginimo metu vidutinés geno raiskos vertés HOI grupése buvo panasios |
vienasluoksniy kultiiros lgsteliy geny raiska. COL2A1 geno raiSka pageréjo
CS grupéje 7-3 diena, palyginti su 1-a diena, tac¢iau buvo panasi j visas HOI
grupes visuose tyrimo taskuose. II tipo kolageno geno santykiné raiSka yra
pateikta 6.2.4.3 pav. (b).

HOI konstruktai su padidintomis poromis buvo palyginami tarpusavyje,
taciau didesnés vidutinés vertés nedidintos poros HOI-T grupéje rodo teigia-
ma tendencijg tolimesniam $iy konstrukty naudojimui in vivo, palyginti su
HOI-T1.5 ir HOI-T2 konstruktais.
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6.2.4.3 pav. Poros skalés ir biologinio suderinamumo priklausomybé,
remiantis 11 tipo kolageno baltymo (a) iSskyrimu ir (b) raiska HOI-T,

HOI-T1.5 ir HOI-T2 karkasuose 1-q, 4-q ir 7-q dienomis

I$skyrimas pageréjo HOI-T grupés pirmaja diena, palyginti su lastelémis, naudojamomis
séjimui, ir buvo pranasesné uz HOI-TL1.5 ir HOI-T2. CS karkaso baltymo i$skyrimas buvo
pranasesnis nei bet kurios kitos HOI grupés. Vidutinés COL2A1 geno raiskos vertés pageréjo
HOI-T ir HOI-1,5T grupése ir buvo panasios j CS. *p<0,05; **p<0,01; ***p<0,001.

6.2.5. Makroskopinis regeneravusios kremzIlés vertinimas in vivo

3 ménesius po operacijos nebuvo stebéta kelio sgnario patinimo,
uzdegiminiy ar imuniniy reakcijy ] implantuotus konstruktus. OAS nustatyta
verte pageréjo visose tyrimo grupese, palyginti su negydyta grupe. Jdomu tai,
kad lasteliy prid¢jimas HOI grupéje Siek tiek pablogino makroskopinj
vertinimg, palyginti su HOI be lgsteliy grupe. N¢é viena i§ HOI konstrukty
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grupiy neatkiré lygaus kremzlés pavirSiaus ir transplantato vienodo lygio su
Seimininko kremzlés lygiu. Integracija ir kremzlés spalva buvo panasios tarp
tyrimo grupiy. CS lasteliy grupé regeneravo labiausiai | hialining kremzle
panasy audinj, palyginti su negydyta grupe, vertinant lygy regeneravusios
kremzlés pavirsiy ir vienodg transplantato lygj su Seimininko kremzlés lygiu.
Nepaisant to, CS be lasteliy grupés makroskopinis vertinimas buvo prastesnis
uz HOI be lasteliy grupés, daugiausia dél didesnio kiekio atplaiSy CS grupés
kremzlés pavirSiuje, palyginti su lygesniu kremzlés pavirSiumi abiejose HOI
grupése. Makroskopinis regeneravusios kremzlés jvertinimas in vivo yra
pateiktas 6.2.5.1 pav.

6.2.5.1 pav. Makroskopinis (OAS) eksperimentiniy grupiy vertinimas
3 ménesius po gydymo: (a) negydyta, (b) tik CS, (¢) CS-lgstelés,
(d) tik HOI ir (e) HOI-lgstelés grupése

Tik HOI ir HOI-lIastelés grupés turéjo aiskig geresnio makroskopinio regeneracinés kremzlés
(punktyru paZymeétas apskritimas) vertinimo tendencija, palyginti su negydyta grupe.
Smulkios atplais$os buvo matomos tik HOI ir HOl-1gstelés grupése, o kremzlés pavirsius buvo
lygesnis visose CS grupése. CS-lastelés grupé turéjo auksciausig vidutini OAS rezultata tarp
visy eksperimentiniy grupiy. Statistinis reikSmingumas: *p<0,05; **p<0,01; ***p<0,001,
****p<0,0001.
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6.2.6. Histologinis regeneravusios kremzlés vertinimas

3 ménesiai po operacijos histologijos balas reik§mingai pageréjo visose
gydytose tyrimo grupése, palyginti su negydyta kontroline grupe. Lasteliy
pridé¢jimas HOI grupei nepagerino kremzlés histologinio atkiirimo. HOI be
lasteliy grupéje buvo stebéta regeneravusio kremzIés audinio abipusé visiska
integracija j Seimininko kremzlg, palyginti su HOI su Igsteliy grupés daline
integracija. Kiti parametrai buvo panasus tarp HOI grupiy. Histologijos balas
HOI be lasteliy grupéje buvo pranasesnis, palyginti su CS be lasteliy grupe.
Tam daugiausia jtakos turéjo lygesnis kremzlés pavirsSius HOI grupéje, o CS
be lasteliy grupéje buvo stebéti pavieniai patologiniai jtrukimai regeneravu-
sios kremzlés pavirsiuje. CS su lgstelémis grupéje buvo nustatyta geriausia
skaitin¢ kremzIés regeneracija, vertinant >75 proc. regeneravusios kremzlés
ploto uzpildymg chondrocitais ir abipuse visiSkg regeneracinio audinio
integracija j Seimininko kremzlés audinj. Né vienoje grupéje nebuvo stebétas
visiSkas pokremzlinio kaulo atkiirimas, bet tik nezymis pokremzlinés zonos
konttiro pokyc¢iai buvo matomi visose grupése. Histologinis kremzlés regene-
racijos jvertinimas yra pateiktas 6.2.6.1 pav.
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6.2.6.1 pav. Eksperimentiniy grupiy histologinis jvertinimas
3 ménesiai po gydymo: (a, f) be gydymo, (b, g) tik CS, (¢, h) CS-lgstelés,
(d, i) tik HOI ir (e, j) HOI-lgstelés

Histologinis rezultatas pageréjo visose gydymo grupése, palyginti su negydyta grupe,
vertinant pagal (a—e) Safranino O ir (f—j) Toluidino mélynojo dazyma. Lasteliy pridéjimas
prie HOI kremzlés regeneracijos dar labiau nepagerino, daugiausia dél lasteliy sankaupy
karkase. CS iSlaiké kiek geresnj kremzlés atkiirimg ir buvo panasi | HOI karkasus sekimo
periodu. Mastelis: (a—e) 100 pum; (f—j) 200 pm. Statistinis reik§mingumas: *p<0,05;
**p<0,01; ***p<0,0001.
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7. ISvados

1. Sukurti pirminiai mikrostrukttrizuoti HOI ir triusiy chondrocitai yra
biologiskai suderinami iki 12-0s dienos in vitro studijose.

2. Pirminis SKT yra saugus ir efektyvus ilgalaikiame triusio sanarinés
kremzlés pazeidimo modelyje.

3. Biologinis suderinamumas tarp zmogaus chondrocity ir optimizuoty HOI
iSlieka iki 7-0s dienos in vitro studijose bei priklauso nuo HOI poros
formos ir dydzio.

4. Optimizuotas SKT yra saugus ir efektyvus ilgalaikiame ziurkés sgnarinés
kremzlés pazeidimo modelyje. Papildymas chondrocitais pagerina kremz-
lés regeneracijg, naudojant CS, taciau neturi teigiamos jtakos, naudojant
HOI-T.

8. Rekomendacija

Didziausig efektyvuma in vitro ir in vivo turéjes kolageninis karkasas su
lasteléemis gali biti naudojamas klinikingje praktikoje kaip saugus ir efekty-
vus audiniy inzinerijos produktas, skirtas kremzlés regeneracijai. Tacdiau
optimalus biisimos gamybos procesas (transportavimo terpe, laikas, kultiva-
vimo procediira, trimatés kultivavimo salygos, standartizuoty procesy kontro-
1¢ ir kt.) turi bti nustatytas, remiantis §io projekto metu atliktais tyrimais.
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Abstract

Objective. The objective of this study was to assess a novel 3D microstructured scaffold seeded with allogeneic chondrocytes
(cells) in a rabbit osteochondral defect model. Design. Direct laser writing lithography in pre-polymers was employed to
fabricate custom silicon-zirconium containing hybrid organic-inorganic (HOI) polymer SZ2080 scaffolds of a predefined
morphology. Hexagon-pored HOI scaffolds were seeded with chondrocytes (cells), and tissue-engineered cartilage
biocompatibility, potency, efficacy, and shelf-life in vitro was assessed by morphological, ELISA (enzyme-linked immunosorbent
assay) and PCR (polymerase chain reaction) analysis. Osteochondral defect was created in the weight-bearing area of medial
femoral condyle for in vivo study. Polymerized fibrin was added to every defect of 5 experimental groups. Cartilage repair
was analyzed after 6 months using macroscopical (Oswestry Arthroscopy Score [OAS]), histological, and electromechanical
quantitative potential (QP) scores. Collagen scaffold (CS) was used as a positive comparator for in vitro and in vivo studies.
Results. Type Il collagen gene upregulation and protein secretion was maintained up to 8 days in seeded HOIL. In vivo analysis
revealed improvement in all scaffold treatment groups. For the first time, electromechanical properties of a cellular-based
scaffold were analyzed in a preclinical study. Cell addition did not enhance OAS but improved histological and QP scores in
HOI groups. Condlusions. HOI material is biocompatible for up to 8 days in vitro and is supportive of cartilage formation at 6
months in vivo. Electromechanical measurement offers a reliable quality assessment of repaired cartilage.

Keywords
chondrocytes, cells, electromechanics, biomechanics, in vivo, biomechanics, tissue engineering, repair, autologous
chondrocyte, grafts

This is mainly influenced by a number of factors, such as
fabrication method, material, and morphological parameters
of a scaffold." Biocompatibility of the scaffold can then be
determined by cfficacy and potency studies in vitro, which
are mostly dependent on adequate amount and type of cells
seeded and culture methods.® Despite the emergence of stem

Introduction

Advancements in biomaterial fabrication and tissue engi-
neering procedures have enabled a wide spread of technolo-
gies for articular cartilage regeneration.” Scaffold-based
tissue engineering approach has long been a reasonable

approach to restore or improve damaged cartilage tissue in
the field of regenerative orthopedics.” To improve scaffold
biological activity, a selection of biomaterials and manufac-
turing methods have been analyzed, both of which are
essential initial elements for a successful subsequent in vivo
application.’

A cellular component is often included in the fabricated
scaffold, thus resulting in a tissuc-engineered product (TEP).
A positive feedback from scaffolding materials results in a
cellular activation and improved potency of a TEP in vitro.

cells in orthopedic regencrative medicine, somatic cells have
convincingly supported a long-term positive preclinical and
clinical data for articular cartilage defect treatment.’ In addi-
tion, different approaches to reduce the use of a 2-stage
matrix-applied chondrogenesis procedure by combining
somatic and stem cells and excluding the need for cultivation
has still yet to prove for the long-term clinical outcome.”
Direct laser writing in pre-polymers (DLW-PP) tech-
nique (also known as 2-photon polymerization [2PP] or
multi-photon processing [MPP]) is especially attractive for
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the fabrication of scaffolds in tissue engineering applica-
tions as it enables the predefinition of precise geometry and
dimensions.”"? Versatility of the fabrication method enables
the creation of scaffolds, which can be tailored to an indi-
vidual patient. In addition, recent research on the through-
put-augmenting techniques of the DLW-PP has resulted in
speeding-up the fabrication of microstructured objects, suc-
cessfully mitigating the main disadvantage of point-by-
point fabrication that was once a bottleneck of this
technique.'""" In vitro biocompatibility of the HOI mate-
rial used for the scaffold fabrication has been shown previ-
ously, while effectiveness and safety evaluation relied on
preliminary in vivo studies.'>'® TEPs prepared for clinical
use must be cultivated for a certain period of time before
implantation to ensure optimal potency. Thus, interruptions
and delays of transplantation procedure might require pro-
longed cultivation and adequate evaluation of shelf-life as
represented by sustained efficacy and potency in vitro."”

A quick and reliable method to objectively evaluate sev-
eral key parameters of cartilage quality. including cellular
viability and histological and biomechanical parameters,
has been proposed by analyzing the electromechanical
properties of cartilage.' Cartilage repair quality, by means
of electromechanical properties, after treatment with a cel-
lular-based TEP, has not yet been evaluated in any of the
preclinical studies reported in the literature.

The primary objective of this work was to compare the
biocompatibility of 3D customized DLW-PP scaffold to a
routinely used commercially available CS in vitro. The sec-
ondary objective was to evaluate repaired cartilage quality
in a long-term in vivo preclinical model.

Materials and Methods
Scaffold Manufacturing

The 3D microstructured polymeric scaffolds were fabri-
cated by employing the DLW-PP technique. Computer
models were designed using conventional CAD software or
specially designed 3DPoli package (Femtika, Vilnius,
Lithuania) and created by focusing a femtosecond laser
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beam into the volume of a photosensitive pre-polymer.
Polymerization reaction is initiated due to multi-photon
absorption localized within the vicinity of the focal volume,
which turns a gel-like material into a solid state.
Subsequently, different parts of the material are exposed to
the laser light point-by-point until a scaffold of specific
microarchitecture is materialized. The DLW-PP setup
employed an ultrafast laser, which provided 300 fs, 200
kHz, and 515 nm pulsed light radiation (Pharos, Light
Conversion, Vilnius, Lithuania). More specific details about
the setup and fabrication process can be found elsewhere."!
The material chosen for the scaffold fabrication was a
hybrid organic-inorganic silicon-zirconium containing pho-
topolymer SZ2080 (FORTH-IESL, Heraklion, Greece),
which consists of 20% inorganic and 80% organic parts.'’
To make the material more sensitive to the laser light, it was
photo-sensitized with 1% of 2-benzyl-2-(dimethylamino)-
4'-morpholinobutyrophenone (IRG, Sigma Aldrich, St.
Louis, MO) photo-initiator.

HOI scaffolds were fabricated as hexagonal structures
and consisted of 3 identical layers. Each layer had an offset
of half a period in relation to the lower layer. The overall
scaffolds dimensions were 2.1 X 2.1 X 0.21 mm® and sin-
gle hexagon diameter was predefined at 100 pm wide.
Height and width of the rod constituting a scaffold structure
was set at 15 um. Predetermined scaffold top pore charac-
teristics were described as a distance between 2 parallel
rods and were set at 42 X 49 ym’, which reflected the actual
narrowest passage from top to bottom of the scaffold. The
typical side pore was set at 51 X 54 pm” in width and length,
respectively (Fig. 1a and b).

A commercially available collagen sponge (CS,
Septodont, Maidstone, UK) was used as a direct compara-
tor. CS is composed of native, non-denaturated, freeze-
dried collagen of bovine origin type I collagen (Fig. 1¢). CS
was cut to the same dimensions to be compared with each
other.

CS scaffolds were individually received under sterile
conditions, while HOI scaffolds were chemically disin-
fected in 70% ethanol solution overnight and UV irradi-
ated for 2 hours. The next day scaffolds were washed in
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Figure |. SEM images of manufactured HOI top (a), side (b) view and CS (c). Three layers consisting of |3 and 14 hexagonal
chambers in width and length, respectively, with the single hexagon diameter of 100 pm wide. Side pore width and height throughout
the scaffold was 51 and 54 um, respectively. CS is composed of native, non-denaturated, freeze-dried collagen of bovine origin type |

collagen. Scale bar: 500 pm.

phosphate-buffered saline (PBS) solution and left to dry
for subsequent cell seeding.

Scaffold Morphology Analysis

Scanning electron microscopy (SEM) on HOI and CS was
performed by Hitachi TM-1000 (Hitachi High-Technologies
Co., Tokyo, Japan), as previously described.'®

A cell filling of HOI pores was calculated as a percent-
age of empty and filled pore areas from SEM photographs
by 2 researchers at days 4, 8, and 12. CS cell distribution
was evaluated at day 12 prior to implantation by histologi-
cal staining with hematoxylin and eosin dye (H&E).

Cell Isolation, Culture, and Posology

All experimental procedures were approved and conducted
according to the standard guidelines and protocols by the
Animal Health and Welfare Department, State Food and
Veterinary Service of the republic of Lithuania. New-
Zealand rabbits (male and female; 4-5 months old; 3-4 kg
body weight) were housed separately in cages under ordi-
nary conditions (21 = 1°C, 12/12 light/dark and a 45% rela-
tive humidity) with free access to food and water.

Rabbit chondrocytes were isolated as previously
described.'® Briefly, allogeneic rabbit articular cartilage
biopsy from the non—weight-bearing area was minced and
digested by 2.5% trypsin (Gibco, Invitrogen, Carlsbad,
CA), followed by overnight collagenase XI (Sigma Aldrich)
digestion. Isolated cells were plated, cultured, and harvested
when 80% confluence was reached. Cells were grown in
DMEM/F12 (Hyclone, Logan, UT) supplemented with
10% fetal calf serum (Lonza, Basel, Switzerland), 100 U/
mL " penicillin and 100 pg/mL " streptomycin (Sigma) at
37°C in a humid atmosphere with 5% CO,.

Scaffolds were soaked in proliferation medium 1 day
before seeding. Posology was carried by calculating a cell

dose required for seeding and was based on the volume of
the defect and the corresponding scaffold used. After trip-
sinization with 0.25% trypsin, third passage cells were
counted and resuspended in vials with culture medium at
107 in 1 mL concentration. Cells were seeded in 10 L doses
on presterilized HOI and CS in a dropwise fashion, result-
ing in 10° cells per scaffold. Seeded scaffolds were placed
for 2 hours in the CO, incubator to allow cellular adhesion
before the remaining medium was added.

Seeded scaffolds were cultured up to 12 days. The
medium was changed every 3 to 4 days. Scaffolds with cells
were harvested after 4, 8, and 12 days of culture and sent for
in vitro analysis. Also, on the day 12 of culturing, scaffolds
were prepared for in vivo implantation.

Protein Secretion Analysis

Type II collagen production was analyzed at 4, 8, and 12
days after seeding using enzyme-linked immunosorbent
assay kit (rabbit collagen type II ELISA kit, BioSite). The
test was performed on 7 samples per condition, according to
manufacturer’s protocol. The optical density absorbance
was read at 450 nm in a microplate reader (Multiskan GO,
Thermo Scientific). A standard curve was plotted as the
relative optical density of each standard solution versus the
respective concentration of the standard solution. Type II
collagen concentration of the samples was interpolated
from the standard curve.

Gene Expression Analysis

For the chondrogenic gene mRNA analysis, we examined
COL2AI1 (type 11 collagen) and COL10A1 (type X collagen)
mRNAs’ expression dynamics of cells at day 0 before the
seeding on scaffolds and on days 4, 8, and 12 in vitro. The
total RNA was extracted from the samples using an ISOLATE
IT RNA Micro Kit (Bioline, London, UK) according to the
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manufacturer’s instructions. Designed primer pairs, probes,
and the condition of amplification are represented in the sup-
plementary data (Suppl. Table S1). To analyze the data
obtained, the 2 AACI method was applied for the relative
gene expression data ¢ ion. European rabbit GAPDH
gene expression was used for data normalization.

Long-Term In Vivo Biocompatibility

Wi tnt 8 bil

Nine g | osteochondral defects
were used in the study. Surgical procedures were performed

Ily in an op ¢ theatre, Anesthesia was induced
intramuscularly and maintained intravenously. Knee joints
were approached via the Ialeral parapatellar approach, fol-
lowed by medial 1l location. Critical size osteo-
chondral defect (d:ame!er 3 mm; depth: 2 mm) was created
through the articular cartilage and subchondral bone at the
weight-bearing area of the medial femoral condyle using an
electric drill.

Every defect was extensively washed with saline before
implanting a polymerized fibrin clot. Briefly, a mixture |
mL of autologous blood pl 250 uL of thrombin, and
250 uL of CaCl, were m:xed to prepare the fibrin clot. It
was bated for S mi at room temperature just before
adding it to the defect to secure the scaftold or fill the scaf-
fold-free defect.

Osteochondral defects were divided into experimental
groups based on the randomly received treatment: defects
treated using HOI hexagon-pored scaffolds with cultured
cells (HOI-cells, n = 4) and without cells (HOlI-only, n =
4). Similarly, positive control groups included collagen
scaffolds with cultured cells (CS-cells, n = 3) and without
cells (CS-only, n = 3), Negative control group comprised
dcfccts wuhoul scaffolds (scaffold-free, n = 4). After the

1la was relocated, knee capsule was closed
wuh interrupted 3-0 resorbable Monocryl suture (Ethicon,
Johnson & Johnson Medical, Somerville, NJ). Overlying
skin was approximated with 4-0 subcutancous continuous
suture (Ethicon) and disinfected.

After intervention, the rabbits were housed under regular
conditions and were allowed to move freely in individual
cages. Rabbits were euthanized after 6 ths and sampl
for subsequent examination were collected.

Macroscopic Evaluation of Repair Cartilage

Two independent researchers performed macroscopic grad-
ing according to a modified Oswestry Arthroscopy Score
(OAS) at 6 hs after impl ion. The OAS sy

comprises a distinct evaluation of several cartilage repair
parameters: graft level, integration with surrounding carti-
lage, appearance of the surface, and color of the repair tis-
sue. Stiffness on probing was excluded from the original
scoring system in our study, because a more objective
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clectromechanical parameter of the repair tissue was evalu-
ated. The maximum OAS score of 8 represents normal car-
tilage (supplementary data, Suppl. Table $2).

Electromechanical Analysis of Repair Cartilage

Electromechanical properties of the repair tissue were eval-
uated with Arthro-BST device (Biomomentum Inc., Laval,
Quebec, Canada) 6 months after implantation, as previously
described.” Briefly, negatively charged proteoglycan mol-
ecules in the collagen network are balanced by mobile posi-
tive ions in an interstitial fluid. Cartilage compression
results in interstitial fluid movement; thus, mobile positive
ions are displaced rel:mvc to the fixed negative charges.
This flow g tes str 2 p 1als which reflect car-
tilage comp and fi a1

A higher electromechanical QP mainly reflects increased

llular matrix disi ion and inferior load-bearing

capacity of the cartilage, while low QP indicates strong elec-
tromechanical properties and superior load-bearing capacity.
However, low QP can similarly be at the lower end of the scale,
due 1o a cartilage thinning until reaching no electr hanical
response with complete cartilage loss and bone exposure.™

Measurements of the weight-bearing area on lateral fem-
oral condyle were made during the surgery at 6 months after
implantation, following femoral joint harvest and were used
as a healthy cartilage control (n = 9). QP measurements
were recorded 3 times on each control and treated defect to
obtain median values.

Histological Analysis of Repair Cartilage

For histological analysis, distal ends of femurs were cut
above the condyles, fixed in a 10% neutral buffered forma-
lin solution, and embedded in paraffin blocks. Five-
micrometer-thick serial sections were deparaffinized and
stained with toluidine blue and Safranin-O stain (both
Fisher Scientific, Pittsburgh, PA).”* Sections were analyzed
using a digital image microscope (Olympus BX61, Center
Valley. PA) equipped with a camera (Olympus DP72,
Olympus, Japan) to amess glycosammoglyc:ms proteogly-
cans, and collag: | were scored blmdly
using a modified O Driscoll histological scoring system.”
Higher score indicated superior cartilage repair, with a total
maximal score of 24 (supplementary data, Suppl. Table S3).
Immunological reaction of host tissue to the scaffold at the
implantation site was evaluated from histological sections
by infiltration of inflammatory cells.

Statistical Analysis

The quantitative data are expressed as a mean (standard
deviation). Statistics were performed using GraphPad Prism
7.04. Statistical results were obtained using Kruskal-Wallis
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Figure 2. Cells and interconnecting ECM distribution throughout 3-dimensional hexagonal-pored HOI as a percentage of empty and
filled pore areas from SEM photographs at days 4 (a), 8 (b), and 12 (c). Elongated and oval-shaped cells continuously adhered and
interconnected horizontal and vertical rods of the scaffold. By wrapping and bridging nearby rods, cells, and deposited ECM content
incrementally have outgrown all 3 layers of HOI filling most of the pore volume at day 12. Close-up view from the side is displayed at

day 4 (d), 8 (e), and 12 (f). Scale bar: 100 pm.

multiple comparison test and presented as the mean and
standard deviation (SD). Statistical significance between
experimental groups is indicated with (*), which represents
a P < 0.05 and (**) representing P < 0.01.

Results

Cell Seeding and 3D Growth Analysis

Cells seeded on hexagonal-pored HOI exhibited a continuous
adherence to the horizontal and vertical rods of the scaffold.
Proliferation of cells and extracellular matrix (ECM) produc-
tion within the scaffold have maintained up to 12 days in
vitro. The cells could be seen positioned on horizontal and
vertical rods, elongated or oval-shape. Connections between
nearby rods were mainly made by wrapping and bridging the
interconnected nearby perpendicular rods. Cell number and
interconnecting ECM content have outgrown all the layers of
HOI and kept increasing up to day 12, filling the void space
and covering most of the pore diameter at day 12 (Fig. 2).

Incremental pore coverage was evident throughout the
cultures up to day 12 prior to the implantation. It improved
significantly at day 12 compared to day 4 (P = 0.0114) and
covered 71 = 6.5% of a single pore (Fig. 3).

A positive control of cell-seeded CS revealed random
cell distribution from top to bottom and interconnection of
nearby collagen folds and creases. Despite all the voids
clearly occupied by cells, the bottom layer of CS had fewer
cells compared to the top and middle layers (supplementary

1001 *
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- 4 8 12
Days after seeding

Figure 3. Dynamics of HOI pore coverage by seeded cells.
Percentage of filled pore has increased significantly from days
4 to 12, revealing biocompatible morphological conditions for
sustained cell proliferation. *P < 0.05.

data, Suppl. Fig. S1). Significantly more iterative pore mor-
phology in HOI allowed superior and more even cell distri-
bution throughout the scaffold compared to CS. Both
scaffolds kept physical integrity and did not lose material
during in vitro culture.

Cell Seeded Scaffold Potency Analysis

HOI with cells sustained chondrogenesis under regular cul-
ture conditions, by measuring type II collagen secretion to
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Figure 4. Type Il collagen protein secretion, as measured by ELISA in monolayer, HOI, and CS groups at days 0, 4, 8, and 12.

Both groups retained the level of secreted protein from days 4 to 12, with a numerical decrease throughout the period. CS had the
superior initial type Il collagen secretion capacity at day 4 and at day 8, when compared to monolayer cells and HOI, respectively. *P
< 0.05, **P < 0.01.
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Figure 5. COL2AI (a) and COLIOAI (b) genes expression patterns, measured by RT-PCR in monolayer, HOI and CS groups at
days 0, 4, 8, and 12. Chondrogenesis was upregulated in both groups up to day 8. (a) Mean expression level of COL2A| increased in
HOI at days 4 and 8. CS retained superior expression up to day 8, compared to monolayer cells. (b) Mean expression of fibroblastic
COLI0AI was downregulated in both scaffold groups up to day |2. CS with cells expressed less COLIOAI at day |2 compared to

monolayer cells. COLI0OAI expression in CS was lower compared to HOI at day 12. *P < 0.05.

the media when compared to the secretion level of cells that
were used for scaffold seeding (monolayer cells) (Fig. 4).

Protein excretion in HOI-cells group retained its level up
to day 12; however, a slight decrease was evident through-
out the period. Protein secretion improved at day 4 (P =
0.03) in CS-cells, then retained its previous level up to day
12. Numerical protein secretion decrease was also noted in
CS-cells up to day 12. When scaffolds with cells were com-
pared to each other, a greater amount of type II collagen
secretion was noted in CS-cells group at day 8 (P = 0.0045),
highlighting a superior initial phase of cell-scaffold bio-
compatibility in this group. A numerical superiority was
noted in CS-cells at day 12, when compared to HOI-cells at
the respective endpoint of the study.

Chondrogenic COL2A1 expression was upregulated in
both groups up to day 8 with a numerical decrease at day 12
in both groups (Fig. 5a).

Even though the mean level of COL2A1 expression
increased in HOI-cells at days 4 and 8, it was comparable to
day 0 (P = 0.11). CS-cells retained superior mean level of
expression up to day 12, when compared to the gene expres-
sion of monolayer cells; however, it improved significantly
in the middle of culture period at day 8 (P = 0.0306). No
significant differences among the 2 scaffolds were observed:
however, mean values were lower in HOI-cells group, com-
pared to CS-cells.

Mean expression of fibroblastic COL10A1 was down-
regulated in HOI-cells and CS-cells groups, thus supporting

115



Maciulaitis et al.

Figure 6. Macroscopic evaluation of experimental groups at 6 months after treatment in (a) scaffold-free, (b) CS-only, (c) CS-cells,
(d) HOl-only, and (e) HOI-cells groups. CS-cells had the highest mean (f) OAS score among all experimental groups. HOl-only and
HOl-cells had a tendency for superiority compared to scaffold-free group. Cartilage repair was evident in all treated groups (¥);
however, fine fronds on the cartilage surface were evident in all of HOl-only and HOl-cells defects, while smoother cartilage surface

was exhibited throughout CS groups. *P < 0.05.

cell redifferentiation on a genotypic level (Fig. 5b).
However, COL10Al expression remained numerically
lower throughout the culture period only in HOI-cells
group, thus supporting the improved chondrogenic charac-
teristic. CS-cells group was superior compared to mono-
layer cells by numerically lower fibroblastic expression
values. In addition, it improved significantly, by expressing
less COL10A1 at day 12 (P = 0.0355). CS-cells scaffold
expressed less fibroblastic gene than HOI-cells group at day
12 (P = 0.0077). In vitro potency analysis values are set in
supplementary data (Suppl. Table S4).

Macroscopic Evaluation

No swelling, signs of inflammatory, or immune responses
to implanted materials on operated knees were observed at
6 months after implantation. CS-cells group had the highest
mean OAS score among all experimental groups (Fig. 6).
CS-cells group OAS evaluation revealed the most hya-
line-like cartilage, when compared to scaffold-free group (2
= 0.0347). Other experimental groups did not differ among
each other significantly; however, a tendency for superior
outcome in HOI-only (” = 0.076) and HOI-cells (P = 0.69)

compared to scaffold-free group was also noted. A numeri-
cally inferior outcome in HOI groups was mainly influenced
by more fine fronds on the cartilage surface when compared
to a smoother cartilage surface in CS groups. Macroscopic
values are set in supplementary data (Suppl. Table S5).

Histological Analysis

Mean cartilage repair scores were superior in all treatment
groups compared to the scaffold-free group at 6 months;
however, a significantly superior histological outcome was
scored in CS-cell (2 = 0.035) group only (Fig. 7).

A clear numerical advantage of HOI-cell group over
scaffold-free group was also noted (P = 0.057). Other
experimental groups were comparable among each other;
however, HOI-only group had a tendency for superior his-
tological restoration compared to the control group, as well
(P = 0.103). Restoration of subchondral bone was not
achieved in any of the samples, with slight contour changes
throughout experimental groups. HOI structural elements
were dispersed in cartilage and subchondral bone layers
enfolded in the host tissue. No evidence of infection, donor
tissue rejection, or immune response was noted in any
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tendency was noted in HOl-cell and HOl-only groups over scaffold-free group. HOI structural elements (*¥) were evident in cartilage
and subchondral layer. CS-cells group was superior compared to control group. *P < 0.05. Scale bar: 200 pm.
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Figure 8. Electromechanical measurement in cartilage-
treated areas with Arthro-BST. Electromechanical parameter
measured at HOl-only, HOl-cells, and CS-cells was lower than
scaffold-free group, thus resulting in superior repair in these
groups. HOl-cells and CS-cells exhibited improved values of
electromechanical parameter and were comparable to healthy
cartilage. *P < 0.05, P < 0.01, **P < 0.001.

histological samples of experimental groups. Histological
values are set in supplementary data (Suppl. Table SS5).

Electromechanical Testing

Electromechanical parameter measured at the cartilage
repair sites treated with HOI-only, HOI-cells, and CS-cells
groups were lower than untreated scaffold-free group,
resulting in superior repair for scaffold-based groups, espe-
cially cell-seeded scaffolds (Fig. 8).

Significantly inferior electromechanical properties were
noted in CS-only (P = 0.002), HOI-only (P = 0.022), and
in scaffold-free (P < 0.0001) groups compared to healthy
cartilage. However, HOI scaffolds with cells ( = 0.0014)
or without (P = 0.0059) exhibited improved values of elec-
tromechanical parameter compared to scaffold-free group.
Despite the noninferiority between healthy cartilage values
compared to CS-cell (P = 0.069) and HOI-cell (P = 0.066)
groups, the best repair potential has been shown for cell
seeded groups, as expressed by improved intrinsic electro-
mechanical properties of cartilage. Electromechanical val-
ues are set in supplementary data (Suppl. Table S5).

Discussion

This study demonstrated a sustained cartilage repair at 6
months after 3D HOI scaffold implantation. This was sup-
ported by macroscopical, histological, and electromechani-
cal analysis. To our knowledge, this is the first in vivo study
to analyze electromechanical properties of a TEP in a long-
term preclinical study.

Chondrocytes have long been a first choice of cells for
articular cartilage repair, due to their genotypic and phenotypic
compliance to the cartilage treatment area. Morphological,
genotypic, and phenotypic profiles of chondrocytes have been
well established and in vivo efficacy of cellular TEPs has been
proven in long-term in vivo human studies.”’”

Physical and chemical properties of TEP influence cell
attachment and the resultant potency in vitro and efficacy in
vivo. DLW-PP and SZ2080 material enable predetermining
parameters such as pore size, shape, and porosity, which
would support the ingrowth of cells and extracellular matrix
ECM deposition. A described discrepancy among gene
expression and protein secretion prompted PCR (polymerase
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chain reaction) and ELISA (enzyme-linked immunosorbent
assay) analysis in vitro. Despite the decline of protein
secretion, HOI retained the same protein translation level as
that of monolayer chondrocytes used for seeding. A period
up to day 4 should be analyzed in detail, to determine if the
spike of gene expression has occurred earlier. From the clini-
cal translation perspective, most scaffolds tend to be cul-
tured for a very brief period after seeding, with the focus on
accelerated implantation. This enables faster and more qual-
itative in vivo redifferentiation, even compared to recently
introduced bioreactors, which are still ways of addressing
functional and structural mimics of in vivo conditions, after
prolonged in vitro culture.’!

Cell-based cartilage regeneration has been best estab-
lished for chondral defects, requiring additional bone
grafting for subchondral lesions.*” Despite a complicated
osteochondral defect used in our study, improvement at
6-month follow-up was evident in most of the experimen-
tal groups, especially HOT and CS scaffold groups with
cells. Both HOI groups had a tendency for better OAS
compared to a scaffold-free group, mainly because of
superior tissue integration and smoother cartilage surface
in the defect area. Interestingly, OAS score was numeri-
cally inferior in a HOI group with cells, when compared to
HOI without cells, representing superior macroscopical
outcome in HOI without cells group. This might be the
result of cells” interference in a scaffold full integration by
suppressing the attractiveness of host tissue cells. A recent
study showed an increased fibrosis in a cell-based scaf-
fold, compared to cell-free scaffold, suggesting an inhibi-
tory cell effect on host tissue integration.”* The property of
cell migration toward scaffold should be analyzed in the
future studies.

Histologically cell groups had a tendency for superiority
over cell-free groups, mainly influenced by the hyaline-like
cellular morphology and over 75% of area filled with chon-
drocytes, both of which are influenced by the addition of
cells. HOI structural elements were enfolded both in carti-
laginous and subchondral layers, with no signs of inflamma-
tion. Nevertheless, subchondral bone was not fully restored
and slight bone plate changes were evident throughout all of
the samples. Biphasic scaffolds with different mechanical
and spatial parameters have been proposed to provide a
superior osteochondral repair.** Strategies for choosing the
right morphological scaffold parameters vary among
groups.”’ In addition, the subchondral interface between
bone marrow and calcified cartilage layer containing vessels
and innervation must be addressed as well.**

An increasing number of in vivo experimental TEP studies
have prompted a need for a quick and reliable assessment
of treatment outcome, other than invasive diagnostic methods,
especially in long-term preclinical studies. Electromechanical
properties have been shown to reflect cartilage quality
and correlate to histological and biomechanical parameters,

apoptosis, and inversely correlate to chondrocyte viabil-
ity."“‘zo‘39 In addition, electromechanical analysis has been
shown to be more sensitive than invasive biomechanical test-
ing.*” In our study, we have observed higher electromechani-
cal potential in the repair cartilage compared to healthy
cartilage, revealing incomplete cartilage regeneration.
Nevertheless, scaffold groups with cells had a significantly
higher score compared to scaffold-free groups, translating to
better cartilage quality. In addition, inferiority to a healthy car-
tilage was only marginal in both groups with cells, revealing
satisfactory in vivo cartilage regeneration. Results from
Arthro-BST were comparable to histological results of carti-
lage repair quality in our study. Inclusion of QP measurement
has already been applied in explanted human osteochondral
cores, and correlation to other cartilage quality parameters
have suggested a possible use of this technique to detect
underlying cartilage defects, otherwise not visible with a mac-
roscopic analysis."® Electromechanical measurement can
serve as a diagnostic in vivo method to quantify damaged and
regenerated cartilage, by reflecting essential cartilage quality
parameters.
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Keywords: Direct laser writing 3D litl hy in pre-poly was employed to microstructure custom 3D silicon-zirco-
Direct laser writing lithography nium hybnd organic-inorganic polymer $Z2080 scaffolds (HOI) of varying morphology for cartilage repair in a
Biomaterials geneic model. Ids were fabricated to contain tetragonal and hexagonal pores, followed by

$72080
Artificial scaffolds
Tissue engineering

porc scaling of 1.5 and 2 times. HOI scaffolds were seeded with human chondrocytes (cells) and biocompatibility
was lyzed in vitro. Tissue d cartilage (TEC) potency, efficacy and shelf-life in vitro was assessed by
morphological, bi hanical, bolic activity, cell count, ELISA and PCR analysis. Optimal HOI scaffold was
implanted in a long-term preclinical hondral defect of i deficient rat model and analyzed for the
translated efficacy in experimental groups. Collagen scaffold was a positive comparator for in vitro and in vivo
studies. Treatment efficacy was evaluated after 3 months using dardized macroscopical and hi
scores. Biocompatibility was superior in tetragon-pored scaffold (HOI-T) compared to hexagon-pored HOI in
vitro. Cartilage tissue formation in HOI with tetragonal pores scaled 1.5 times was comparable to HOI-T at least
for up to 7 days in vitro. HOI-T with and without cells improved cartilage repair and were comparable to collagen

scaffold in vivo at 3-months follow-up.

1. Introduction

Articular cartilage lesions are amongst the major health problems
for active population [1]. Avascular origin of the cartilage greatly limits
the innate capacity for qualitative regeneration [2,3]. Sustained injury
to the osteochondral region often leads to a spontanecous repair, how-
ever structural and functional properties of the formed tissue are in-
ferior compared to native cartilage [4]. This leads to a repaired carti-
lage deterioration and progression toward osteoarthritis [5].

Different treatment methods to manage a sustained osteochondral
injury have been introduced [6], however complete restoration of
cartilage tissue has not yet been achieved. Recently, scaffold and cel-
lular based tissue engineering have progressed rapidly and currently
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hold a promise as a useful tool in the field of regenerative orthopedics
and especially, cartilage repair.

Similarly, to any medical product, quality parameters for tissue
engineered cartilage (TEC) must be established, as well. Safety and
efficacy profiles highly depend on characterization of cellular, non-
cellular components and the interaction in between.

Biomaterials and fabrication methods are essential elements to en-
hance seeded cell proliferation, interaction and deposition of extra-
cellular matrix (ECM) at the time of TEC manufacturing [7]. Natural
collagen-based scaffolds possess inherent bioactive properties, to facil-
itate cell and material interaction, thus enhancing chondrogenic ac-
tivity [8,9]. Similarly, additive manufacturing of synthetic scaffolds,
such as direct laser writing in pre-polymers (DLW-PP) is being carefully
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d in tissue ing due to its three-dimensional (3D)
structuring capability, high spatial resolution, scaling flexibility and
diversity of processable materials [10-14].

TEC bic atibility is highly dependent on scaffold biomechanical
and physical features in vitro [15,16]. Customization of scaffolds with
highly predictable physical characteristics, such as mechanical rigidity,
pore size, porosity and pore interconnectivity is enabled by the ability
to adjust parameters of synthetic polymeric feed material [17-19].
These critical structural parameters provide a homogenous distribution
of cells and nutrient transfer within the scaffold [20,21]. In addition,
phenotype formation and superior production of ECM proteins can be
influenced by the custom design of pore morphology [22]. Scaffold
biomechanics can be similarly affected by the surrounding liquid
medium, especially the soft natural collagen-based scaffolds, thus re-
ducing biomechanical properties of the scaffold prior to implantation.

The ability of chondrocytes to effectively adhere to the scaffold is
highly dependent on cell viability. In addition, viable cell proliferation
is indicative of the ability to deposit ECM on the scaffold, thus identi-
fication of optimal biomaterial morphological parameters is essential
for specific cellular processes [23]. Similarly, TEC potency in vitro is
established by cartilaginous protein expression and secretion [24]. A
lost ability of monolayer cells to express hyaline cartilage genes could
be reversed in a 3D culture [25]. Therefore, upregulation of genes en-
coding hyaline cartilage specific type-II collagen is indicative of the cell
redifferentiation and functionality of TEC in vitro.

With a variety of technologies available for scaffold fabrication,
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As a structuring material we used hybrid organic-inorganic pre-
polymer [31], photo-sensitized with 1% of 2-benzyl-2-(dimethylami-
no)-4-morpholinobutyrophenone (IRG, Sigma Aldrich, St. Louis, MO,
USA) photo-initiator. Pre-polymer was created for DLW-PP applica-
tions, therefore is characterized by its superb 3D micro-/nano-struc-
turing properties. Also, biocompatibility of this material and animal
cells was demonstrated in our previous preclinical cartilage regenera-
tion study [32].

The sample preparation for the laser structuring was performed by
the following process. The required area (~1.5 X 1.5 cm?, depending
on the amount of needed scaffolds) of the cover glass was covered with
the liquid pre-polymer and heated on a hot-plate at 40-70-90 °C
(20 min each) with a 5-minute ramp before each temperature raise to
avoid bubble formation. Due to loss of the solvent liquid material turns
into a gel during this pre-bake step. The pre-bake step is necessary to
evaporate the solvent which would otherwise inhibit the polymeriza-
tion reaction and/or cause micro explosions due to overheating [31].
Afterwards, another layer of the pre-polymer was put on top of the pre-
heated one and the heating step was run again. Therefore, several
consequent processes of heating on the hot-plate were performed to
achieve the height of pre-polymer drop exceeding the predetermined
scaffold height. Subsequently, complete solvent evaporation from the
volume of the pre-polymer was achieved by incubating the samples
overnight at 70-75°C.

The scaffolds with hexagonal pores and tetragonal pores were rea-
lized by exposing to P =420uW and P =520 W average optical

clinical usage of effective scaffold is still limited due to inc
manufacturing methods, insufficient characterization and lack of pre-
clinical studies for safety and efficacy evaluation [26]. This supports the
use of DLW-PP lithography technique and the design of appropriate
scaffold morphology for a subsequent TEC testing in a preclinical set-
ting. Thus, the formation of cartilage tissue in vitro and the regenerative
potential in vivo by the TEC with human cells was compared between
currently used medical implants and the state-of-the-art DLW-PP 3D
lithography technique in this xenogencic preclinical study.

2. Materials and methods
2.1. Scaffold manufacturing

A high power and energy Yb:KGW femtosecond laser system
(Pharos, Light Conversion, Vilnius, Lithuania), generating 1030 nm
central wavelength and 300 fs duration pulses with adjustable repeti-
tion rate in the 1 to 200 kHz range was used to fabricate 3D scaffolds of
silicon-zirconium containing hybrid material. The wavelength was
frequency-doubled to 515 nm and the repetition rate set to 200 kHz for
the fabrication of presented scaffolds. The positioning of the focal spot
inside the pre-polymer was implemented by using the infinite field of
view regime exploiting the synchronized motion of the galvanometer
scanners (Scanlab, Munich, Germany) and lincar stages (Aerotech,
Pittsburgh, PA, USA), allowing the usage of high-speed scanning cap-
abilities. The principle of synchronization is based on distributing the
focal spot movement inside the pre-polymer so that linear stages are
responsible for long continuous movements while the scanners are
more involved in fast movements and trajectory corrections when
needed. This allows employing the high velocity of the stages and in the
same time overcoming the defects that would arise due to inertia during
acceleration/deacceleration as deviations of the set velocity are com-
pensated by the scanners via a feedback loop. The developed continuous
laser 3D writing technique is studied and presented in details elsewhere
[27].

In addition, despite the bigger scaffold size than the working range
of the used 0.8 NA objective (Carl Zeiss AG, Oberkochen, Germany), the
need for stitching was avoided. The scaffold geometry was programmed
and the whole fabrication process was controlled by a 3DPoli software
package (Femtika, Vilnius, Lithuania) [28-30].
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powers corresponding to [ = 2.5TW/cm? and I = 3.1 TW/cm? at the
focal spot in the sample. Depending on the scaffold type and porosity
the fabrication took from 11min (for the highest porosity HOI-T2
scaffolds) up to 38 min (for HOI-H scaffolds).

After laser exposure the samples were developed in 4-me-
thyl-2-pentanone for at least 60 min and then moved into a clean de-
veloper bath and left for additional 3 h. The procedure was repeated at
least twice with a couple of hours in between the solvent change to
make sure that all of the non-polymerized material is washed away.
Since SZ2080 is solid gel during laser fabrication, the scaffolds were
manufactured in the volume of the pre-polymer, so after development
the scaffolds were not stuck to the glass substrate. Alternatively, the
weak adherence during subsequent stages of sample preparation for the
implantation could be ecasily overcome by gentle probing with a
scalpel/tweezers.

A commercially available bilayer collagen scaffold (CS, Chondro-
Gide, Geistlich Biomaterials, Wollhusen, Switzerland) was cut to the
same dimensions as HOI and used as a direct comparator. CS is made of
highly refined porcine collagen and has been shown to be effective for
treating traumatic cartilage defects [33].

CS scaffolds were individually packed under sterile conditions,
while HOI scaffolds were chemically disinfected in 70% ethanol solu-
tion overnight and UV irradiated for 2h, after drying. The next day
scaffolds were washed in phosphate buffered saline solution (Sigma
Aldrich, St. Louis, MO, USA) and left to dry for subsequent cell seeding.

Scaffold pore shaping and scaling: Computer models of four dif-
ferent types of scaffolds were created and then used for fabrication. In
the first stage of experiment, tetragon-pored scaffold (HOI-T) and
hexagon-pored scaffold (HOI-H) were investigated for the pore shape
influence to cell growth.

HOI-T and HOI-H were comprised of hollow-sided rectangular and
honeycomb prisms, respectively and put one next to another to form a
single layer of the scaffold. Each scaffold had three such layers stacked
one atop another. Each layer had an offset in both directions to the
previous layer in HOI-T, thus four square shape top pores were formed
throughout the scaffold. Contrarily, an offset in one direction to the
previous layer was made in HOI-hexa, thus three rhombus shape top
pores were formed throughout the scaffold.

In the second stage of experiment, top and side pores of HOI-T were
scaled by the factors of 1.5 (HOI-T1.5) and 2 (HOI-T2) for the
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determination of pore size effect on cell proliferation. Size of the scaf-
fold was kept as similar as possible (=1.5 x 1.5mm?) and only the
overall height of the scaffold and a number of individual cell units was
minutely changed. The rod width and height was kept constant — 15 pm
in all cases.

2.2. Scaffold morphological analysis

Scanning electron microscopy (SEM) of HOI was performed by
Hitachi TM-1000 (Hitachi High-Technologies Co., Tokyo, Japan), as
previously described [32]. Briefly, scaffolds were washed and fixed in
2.5% glutaraldehyde solution. After series of ethanol dehydration, they
were dried and coated with 20 um gold. Manufactured and cell seeded
HOI scaffolds were analyzed after 7 days of culture.

2.3. Biomechanical analysis

Microindentation (MCT Micro Combi Tester, Anton Paar, Graz,
Austria) of HOI-T, HOI-H and CS was performed according to Oliver
and Pharr method [34]. Rockwell C diamond cone spherical indenter
with radius of 200 um was used for indentation. The strength of the
scaffolds was tested in the direction parallel to the pore channels at the
30 um/min loading/unloading rates and 20 holding time at peak load.
During test ceramic scaffolds were crushed layer by layer up to the
defined maximal contact depth of 140 um. The mean crushing force of
ceramic scaffold was determined from load-indentation depth curves.
Indentation curves were divided to regions 1, 2 and 3, each corre-
sponding to the respective top, middle and bottom scaffold layer.
Maximal forces obtained in each HOI layer are represented by the re-
spective peak A, B and C. CS and HOI scaffolds biomechanical beha-
viour was represented by a single peak at the maximal indentation
depth for dry and wet states. Indentation hardness (Hyy) was measured
by the indenter penetration depth under the applied force throughout
the test cycle, and thus reflecting plastic and elastic deformation of the
material tested. Similarly, an indentation modulus (E;r) was calculated,
which determine the stiffness of contact with the material.

2.4. Cell isolation, culture and posology

All experimental procedures were approved and conducted ac-
cording to the standard guidelines and protocols set by the Kaunas
Regional Biomedical Rescarch Ethics Committee. An informed signed
content was obtained from the patient. Human cartilage tissue was
collected during routine knee reconstruction surgery procedure as a
waste material. Briefly, a biopsy was washed extensively, predigested
with protease (Sigma) for 2h and collagenase A (Worthington bio-
chemical, Lakewood, NJ) overnight. Isolated cells were plated and
cultured in Dulbecco's modified eagle medium (DMEM, Thermo Fisher,
Hyclone, Logan, UT, USA) supplemented with 20% fetal bovine serum
(Sigma), 100 U/ml™" penicillin and 100 ug/ml™" streptomycin (Sigma)
at 37°C in a humid atmosphere with 5% CO,. Cells were harvested
when reached 80% confluence.

Scaffolds were soaked in proliferation medium one day before
seeding. Posology was determined based a cell dose required for
seeding and was referenced to 1 x 10° cells to 1 cm? area of scaffold.
Manufactured HOI and CS scaffold parameters are setat 1,5 x 1,5 mm?
in area, therefore, the proposed cell dosage of 4,5 x 10* cells per
scaffold tested corresponds to the projected treatment posology.

After tripsinisation with 0.25% trypsin (Gibco, Invitrogen, Carlsbad,
CA, USA), third passage cells were counted and resuspended in vials
with culture medium. Cells were seeded in 40 pl doses on presterilized
HOI and C scaffolds in a dropwise fashion. Seeded scaffolds were placed
for 2h in the CO, incubator to allow cellular adhesion before the re-
maining medium was added.

Seeded scaffolds were cultured up to 7 days. Medium was changed
every 2-3 days. Scaffolds with cells were harvested after 1, 4 and 7 days
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of culture and sent for in vitro analysis. Also, on the day 7 of culturing,
scaffolds were prepared for in vivo implantation.

2.5. Metabolic activity and cell count analysis

An assay for human chondrocytes growth in HOI-T and HOI-H was
performed using Presto Blue Cell Viability Reagent (Invitrogen, CA,
USA) according to the Presto Blue is
a non-cytotoxic, resazurin based metabolic assay to determine cell
viability. It measures mitochondrial ability of cells to reduce the non-
fluorescent, blue resazurin to pink resorufin, thus biocompatibility of
cells and manufactured scaffold could be evaluated [35]. Briefly, the
assay was performed on four samples per endpoint on days 1, 4 and 7
post-seeding. Each scaffold was submerged in 10% Presto Blue solution
and incubated for 30 min at 37 °C. Samples were collected and read on a
plate reader (Multiskan GO, Thermo Scientific) with the excitation
wavelength set to 570 nm. A standard curve of absorbance vs. metabolic
activity ratio of samples and monolayer cells was plotted. Similarly, a
standard curve of absorbance vs. cell density was used to estimate cell
count in scaffolds.

turer's rec ion:

2.6. Biochemical analysis

Type II collagen production evaluation was performed on the cells
(n = 4) used for seeding on the scaffolds and the seeded scaffolds at
days 1 (n=12), 3 (n=9) and 7 (n = 5) after seeding using enzyme-
linked immunosorbent assay kit (human collagen type II ELISA kit,
BioSite), according to manufacturer's protocol. The optical density ab-
sorbance was read at 450 nm in microplate reader (Multiskan GO,
‘Thermo Scientific). A standard curve was plotted as the relative optical
density of each standard solution vs. the respective concentration of the
standard solution. Type II collagen concentration of the samples was
interpolated from the standard curve.

2.7. Gene expression analysis

For the chondrogenic gene mRNA analysis, we examined type-11
collagen (COL2A1) mRNAs' expression dynamics of cells at day 0 before
the seeding on scaffolds and on days 1, 4 and 7 in vitro, as previously
described. The total RNA from the samples was extracted using an
ISOLATE II RNA Micro Kit (Bioline Reagents Ltd., London, UK) ac-
cording to the manufacturer's instructions. Elution was performed with
10 pl RNase-free water included in the kit. SensiFAST Probe No-ROX
One-Step Kit (Bioline Reagents Ltd., London, UK), primers and hydro-
lyzation probes (Biolegio B.V., Nijmegen, Netherlands) were used for
one-step RT-qPCR. The primer and probe sequences (Table S2,
Supporting Information) were designed using Vector NTI Advance™
program (Thermo Fisher Scientific, Waltham, MA, USA) for sequences
alignment and FastPCR online (http://primerdigital.com/tools/per.
html) java applet for primers test. All multiplex one-step reactions
were carried out in a total volume of 15 pl using 6.75 pl of the isolated
RNA sample and primers at a concentration of 200 nM each, and probes
at a concentration of 100 nM each. The multiplex one-step RT-qPCR
assays were performed employing a real-time thermocycler Rotor-Gene
Q Splex model with software version 1.7 (Qiagen GmbH, Hilden,
Germany) under the following conditions: first strand ¢cDNA was syn-
thesized at 45°C for 20 min (1 cycle) and then denatured at 95°C for
2min (1 cycle); followed by 50 cycles of denaturation at 95°C for 10s
and annealing/extension at 60 °C for 1 min.

The expression of -actin mRNA was used as an internal standard
for normalization of the target mRNA levels between different samples.
The 2—AACy algorithm was applied for calculation of the relative
quantities of PCR amplification product reflecting the relative levels of
target mRNA [36].
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Table 1
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Morphological (a,b,c,d) top-view and (e,f,g,h) side-view SEM images of HOI scaffolds. Pore shape influence to cell growth was analyzed in (a,e) HOI-H and (b,f) HOI-
T scaffolds. Pore size effect on cell proliferation was determined in (c,g) HOI-T1.5 and (d,h) HOI-2T images. Scale bar: a,b,c,d - 500 um, e,f,g,h - 100 ym.

HOLH

Scaffold type HOLT

HOLTLS HOL T2

Scaffold size (WLxH), jim* 1511%1567x195 1515%1515%195
Side pore (L), pum® 49+45 10545
Top pore (L<H), pm? 42¢49 45245

Porosity, % 87 89

1582.5%158. 1590%1590+330
150%67.5 195x90
6767 9090
94 96

2.8. Repair of osteochondral defects

All experimental procedures were approved and conducted ac-
cording to the standard guidelines and protocols by the Animal Health
and Welfare Department, State Food and Veterinary Service. Nine, 10-
week-old nude rats (NIHRNU-M, NTac:NIH-Foxnlrnu; Taconic, NY,
USA) were used in this study. The animals were anesthetized through
an inhalation mask after exposure to 3% isoflurane and O, gas. The
knee joint was approached by lateral parapatellar approach, and the
trochlear groove was exposed by medial patellar dislocation. Critical
size ¢ chondral defect (di 1 1.5 mm, depth: 1 mm) was created
through the articular cartilage and subchondral bone at the weight-
bearing area of the trochlear groove. Defect was extensively washed
with saline before scaffold implantation. Fibrin glue (Tisseel, Baxter,
Glendale, CA) was added to the defect to secure the scaffold or fill the
scaffold-free defect.

Osteochondral defects were divided into groups based on the
treatment received: defects treated using HOI-T with cultured cells
(HOI-cells, n = 4) and without cells (HOI-only, n = 4). Similarly, po-
sitive control groups included CS with cultured cells (CS-cells, n = 3)
and without cells (CS-only, n = 3). Negative control group comprised
defects with fibrin glue only (scaffold-free, n = 4). After the implanta-
tion patella was relocated, knee capsule was closed with interrupted 3-0
resorbable sutures (Ethicon, Johnson & Johnson Medical, Somerville,
NJ). Overlying skin was app 1 with 4-0 sut con-
tinuous suture (Ethicon) and disinfected.

After intervention, rats were housed and allowed to move freely
within their cages. Rats were euthanized 3 months after surgery and

les for sub: ion were collected.

2.9. Macroscopic evaluation

Macroscopic grading was carried out by two independent re-
searchers and evaluated using a modified Oswestry Arthroscopy score
(OAS) at 3 months after implantation. OAS evaluation system is com-
prised of key cartilage regeneration parameters: graft level, integration
with surrounding cartilage, appearance of the surface and color of the
repair tissue. Stiffness on probing was excluded from the original
scoring system in our study. The score of 8 rep normal
cartilage (Table $3, Supporting information).

2.10. Histological analysis

Distal ends of femurs were cut above the condyles, fixed in a 10%
neutral buffered formalin solution and embedded in paraffin blocks.
6um thick serial sections were deparaffinized and stained with
Toluidine blue and Safranin-O stain (both Fisher Scientific, Pittsburgh,
PA, USA) to assess glycosaminoglycans, proteoglycans and collagen
production in repaired cartilage [37]. Sections were analyzed using a
digital microscope (Olympus BX61, Center Valley, PA) with a camera
(Olympus DP72, Olympus, Japan) and scored blindly using O'Driscoll
histological scoring system (Table S4, supporting information) [38].
Higher score indicated superior cartilage repair, with 24 representing
the maximum score.

2.11. Statistical analysis

Statistics were performed using GraphPad Prism 7.04. Statistical
results were obtained using one-way ANOVA with Tukey's post hoc
multiple comparison test. Results are presented as the mean and
bracketed standard deviation (SD). Statistical significance between the
groups is indicated with (*) which represents a p < 0.05 and (**) re-
presenting p < 0.01.

3. Results
3.1. Biomechanical analysis

Morphological characteristics of constructed HOI-H and HOI-T
scaffolds were comparable to allow analysis of pore shape influence on
biomechanical properties (Table 1).

Biomechanical response curves of irregular shape were generated by
the indenter tip, as expressed by the obtained crushing force vs. in-
dentation depth. Indentation curves of HOI-H and HOI-T demonstrated
that the crushing force increased reaching peaks A, B and C at the depth
of three consecutive regions from HOI top to bottom (Fig. 1(a,b)).

Fracture pattern was different amongst HOI scaffolds and was re-
presented by a greater depth required to reach a maximum peak force
in HOI-T, compared to HOI-H (Fig. 1(c)). Accumulated fractured parts
precipitated in a different fashion in both scaffolds, thus increasing
indentation force in a layer by layer fashion (Fig. 1(d)). A clear ten-
dency for superior hardness and modulus in HOI-H compared to HOI-T
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Fig. 1. Force-indentation depth curves

d during

test performed on HOI and CS. (a) Fracture pattern was different amongst HOI-T and HOI-H

scaffolds while (b) dry and wet CS deformation patterns indicated reduced resistance for a wet CS. (c,d) Significantly higher force was registered with advancing to
deeper layers of HOI scaffolds and was comparable to dry CS. (e) A tendency for superior Hyr and Eyy in HOI-H compared to HOI-T was noted. Hyy and Ery of wet CS
was significantly inferior to all scaffolds tested. *p < 0.05; **p < 0.01; ***p < 0.0001.

was evident (Fig. 1(e)). Both HOI scaffolds retained the same Hyr and
Epr when kept in a wet state (data not shown). On the contrary, a steep
and steady incline of crushing force was registered for dry-state CS,
while wet-state CS registered a significant force reduction through
140 ym in depth. This simulated a clinical application prior CS im-
plantation and indicated a reduced resistance for a wet-state CS. In
addition, Hyy and Eyy of CS prepared for implantation was significantly
inferior to HOI-T and HOI-H. Indentation force and depth values are set
in supporting information of table S1.

3.2. Biocompatibility analysis and pore shape dependence

HOI-H cell adherence and increased ECM deposition was main-
tained up to 7 days in vitro by elongated matrix fibers in-between per-
pendicular rods (Fig. 2(a,b)).

Similarly, cells seeded on HOI-T adhered to the horizontal and
vertical rods of the scaffold. Proliferation of elongated and spherical
shape cells within both scaffolds was sustained up to 7 days in vitro and
signified cell redifferentiation. Adjacent rods were interconnected by
cells and ECM which have outgrown all the layers of HOI and filled the
greater part of pore void at day 7, especially in HOI-T (Fig. 2(c,d)).

Cells seeded on HOI-T and HOI-H improved their metabolic activity
compared to cells used for seeding (monolayer cells) (Fig. 3(a)).

Even though, the bolic cellular impro from day 1 to day
7 in both HOI-T and HOI-H groups was significant, it was comparable

amongst two groups at all endpoints. Nevertheless, only cells in HOI-T
group improved at day 7, compared to monolayer cells, while HOI-T
showed a clear tendency for improvement (p = 0.057).

Similarly, cell number increased in HOI-T and HOI-H at day 7,
compared to monolayer cells count and was comparable amongst
groups in all endpoints (Fig. 3(b)). However, a tendency for higher
count of cells was noted in HOI-T group, compared to HOI-H. Improved
metabolic activity translated to higher count of cells, thus supporting
cellular proliferation on both HOI scaffolds, with a tendency for su-
periority in HOI-T group.

3.3. 3D cell redifferentiation and pore shape dependence

An improved type-1I collagen protein secretion at day 1 was noted in
HOI-T group, compared to monolayer cells. Reduced, yet sustained
chondrogenesis was evident up to day 7 under regular culture condi-
tions in HOI-T group (Fig. 3(c)).

Similarly, protein secretion retained its level up to day 7 in HOI-H
group; however, it was comparable to secretion levels of monolayer
cells throughout the period. A decrease in protein secretion was noted
in both scaffold groups up to day 7, albeit not significant. Mean protein
secretion values were greater in HOI-T group in all endpoints, when
scaffolds with cells were compared to each other, albeit not sig-
nificantly. Therefore, a superior initial phase of HOI-T scaffold and cells
biocompatibility indicates at least a numerical superiority of tetragon-
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Fig. 2. Horizontal distribution of seeded cells and top view
of (a,b) HOI-H scaffold at day 7 post seeding. Elongated
and oval-shape cells wrapped and bridged (c,d) horizontal
and (e,f) vertical rods of the HOI-T scaffold and deposited
ECM have outgrown all three layers, filling most of the pore
volume at day 7. Scale bar: (a,b,c,d) 50 ym, (e,f) 100 pym.
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Fig. 3. (a) Metabolic activity and (b) count of cells seeded on HOI-T and HOI-H at days 1, 4 and 7. Similar improvement of metabolic activity and cell count up to day
7 was seen in both scaffolds, compared to cells used for seeding (cell control). Pore shape and bi ibility depend as by (c) type-II collagen
protein secretion and (d) expression of HOI-T and HOI-H seeded with cells at days 1, 4 and 7 after seeding. Secretion improved at day 1 in HOI-T group, compared to
cells used for seeding and sustained chondrogenesis up to day 7. Mean protein secretion values were higher in HOL-T group compared to HOI-H at all endpoints.
Relative COL2A1 expression improved only in HOI-T up to day 7. *p < 0.05; **p < 0.01.
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Fig. 4. Cells distribution in a tetragonal pore of (a) HOI-T, (b) HOI-T1.5 and (c) HOI-T2 at day 7 post seeding. Elongated and oval shape cells and the secreted ECM

were noted on perpendicular and parallel planes within the HOI-T and HOI-T1.5

cell adh was noted on the HOI-T2 rods. Scale bar:

50 ym.

over hexagon-pored HOL

COL2A1 was upregulated up to day 7 in HOI-H and HOI-T groups
(Fig. 3(d)). Mean values of gene expression were comparable to values
of monolayer cells in both groups throughout the culture period.
Nevertheless, a significant improvement up to day 7 was noted only in
HOI-T group.

No significant diffe two were observed,
however mean values of gene expression were higher in HOI-T group,
compared to HOI-H group, thus supporting a tendency for superiority of
over h pored HOL

3.4. 3D cell redifferentiation and pore scale dependence

In the second stage of experiment, top and side pores of HOI-T were
scaled by the factors of 1.5 (HOI-T1.5) and 2 (HOI-T2) for the de-
termination of pore size effect on cell proliferation (Table le,(f,g,h). A
comparable proliferation of elongated and oval shape cells within the
HOI-T and HOI-T1.5 was sustained up to 7 days in vitro (Fig. 4(a,b)).

Cells and the secreted ECM were noted on perpendicular and par-
allel planes of scaffolds, thus supporting the predefined distance be-
tween the rods. HOI-T2 did not support cell growth and ECM produc-
tion. Only sporadic cell adherence was noted on the rods, with little
ECM production in all HOI-T2 scaffolds tested (Fig. 4(c)). Cells were
randomly distributed in the superficial and middle layers of CS, inter-
connecting collagen folds and creases (Fig. S1, Supporting information).

Mean values of type-II coll protein ion imp d at day 1
in HOI-T, HOI-T1.5 and HOI-T2 groups, however only HOI-T had a
significant improvement (Fig. 5(a)).

Protein secretion numerically diminished in all HOI groups up to
day 7, indicating decreased, yet sustained release of protein in culture
media. HOI-T had significantly superior protein secretion compared to
HOI-T1.5 and HOI-T2 after one day in culture. In addition, HOI-T re-
tained its biochemical superiority over HOI-T2 at days 4 and 7.
Similarly, mean values of protein secretion numerically diminished in a
positive comparator CS group up to day 7, nevertheless it was superior

Only sporadi

superiority of HOI-T scaffold over HOI-T1.5 and HOI-T2 at least 1 day
after the in vitro culture is of morphological nature and indicates an
advantage of specific pore size in a short-term, yet for clinical im-
plantation acceptable period.

Mean values of COL2A1 expression were upregulated up to day 7 of
culture in HOI-T and HOI-T1.5 groups (Fig. 5(b)). Mean values of gene
expression throughout the culture period were comparable to mono-
layer cells in all HOI groups. COL2A1 expression improved in CS group
at day 7 compared to dayl, yet was similar to all HOI groups at all
endpoints.

HOI scaffolds of scaled pores were comparable amongst each other,
however higher mean values supported a tendency for gene expression
superiority of HOI-T scaffolds over HOI-T1.5 and HOI-T2.

3.5. Macroscopic evaluation of repair cartilage

No swelling, signs of infl y or i P to im-
planted materials on operated knees were observed. Oswestry
Arthroscopy Score (macroscopic score) improved in all groups compared
to scaffold-free group (Fig. 6(f)).

Interestingly, addition of cells in HOI group marginally impaired
macroscopic evaluation compared to HOI-only group. None of the HOI
scaffolds restored a smooth cartilage surface and graft level, integration
and coloration resulted relatively the same. CS-cells group revealed the
most hyaline-like cartilage, when compared to scaffold-free group, as
evident by the leveled graft with the surrounding cartilage and the
smooth app of surface thr all ples. I , CS-
only was inferior to HOI-only group, mainly due to more fine fronds on
the cartilage surface when compared to a smoother cartilage surface in
both HOI groups.

3.6. Histological analysis of repair

ODriscoll score improved significantly in all treatment groups com-
pared to scaffold-free group at 3 months (Fig. 7(k)).

to any other HOI group at all endpoi Therefore, a bioch 1 Cell addition in HOI group did not improve cartilage repair quality.
= = Monolayer celis 1 = Monolayer cells
5 = HOLT g = HOLT
£ 2 HOMT1S £ HOLT1S
g - HOMT2 0.004 - HOKT2
H = CS = CS
5 § 0.002-
0.000-
o 1 4 7
a b Days after seeding
Fig. 5. Pore scale and bi ibility d d as d by (a) type-II collagen protein and (b) of HOI-T, HOI-T1.5 and HOI-T2 seeded

with cells at days 1, 4 and 7. Secretion improved at day 1 in HOI-T group, compared to cells used for seeding and was superior to HOI-T1.5 and HOI-T2. CS protein
secretion was superior than any other HOI group. Mean COL2A1 expression values improved in HOI-T and HOI-1.5T groups and was comparable to CS. *p < 0.05,

**p < 0.01, ***p < 0.001.
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Fig. 6. i | of experil

1 groups at 3 months after treatment in (a) scaffold-free, (b) CS-only, (¢) CS-cells, (d) HOI-only and (e) HOI-cells

groups. HOl-only and HOI-cells had a clear tendency for superior macroscopic evaluation of repair cartilage (dotted circle) compared to scaffold-free group. Fine
fronds on the cartilage surface were evident in all of HOI-only and HOI-cells defects, when smoother cartilage surface was exhibited throughout CS groups. CS-cells

had the highest mean OAS score amongst all experimental groups, as evident by cartilage defect filling. Statistical significance *p < 0.05,

***p < 0.001, ****p < 0.0001.

HOI-only group revealed that both sides of repair tissue integrated with
host cartilage, compared to HOI-cells group partial integration. Other
par were bl the HOI groups. O'Driscoll score
in HOI-only group was superior compared to CS-only group and was
mamly mﬂuenced by the smoother cartilage surface in HOI-only group,
d pathological fissures on the repair cartilage surface
were evident in CS-only group. CS-cells group revealed the best nu-
merical cartilage regeneration amongst all groups tested, as evident
by > 75% of repair area filled with cells and both sides of repair tissue
integrated with host cartilage in all samples. Complete restoration of
subchondral bone was not seen in any of the samples, with slight ti-
demark contour changes evident throughout experimental groups.

4. Discussion

This study demonstrated a sustained cartilage formation in vitro and
a repair at 3 months in vivo xenogeneic model, after custom 3D silicon-
zirconium hybrid org ganic poly $22080 scaffold (HOI)
seeding with human chondrocytes. This was supported by scaffold-cell

**p < 001,

known to play a crucial role in biomechanical properties of the scaffold
[39]. In this study, HOI scaffolds were subjected to quasi-static in-
dentation loading from top to bottom, until failure by cracking of the
three horizontal rod layers. At regions 2 and 3, or middle and bottom
scaffold layers, several higher peaks were observed, which could be
related to the increased loading of the previously fractured scaffold
rods. Incremental amount of fractured rods influenced the number of
peaks; therefore, two peaks were commonly visible in the second re-
gion, while no < 3 clearly expressed peaks were registered in the third
region. However, crushing force peaks were not so clearly expressed in
HOI-T compared to HOI-H in the second and third region which could
be related to the higher HOI-T porosity and a different collapse pattern
of fractured rods. In addition, influence of pore shape on the fracture
pattern significantly increased in the second and third regions of HOI,
with HOI-T revealing less resistance to the fracture under loading,
compared to HOI-H. Since force is distributed over the rods, the
hexagon-pored HOI with higher amount of rods could withstand
30-35% higher average force. Different indentation pattern in CS was
represented by irregular shapes and wide variability of response curves.
G lly, the force increases up to maximal values as indentation

biocompatibility and redifferentiation in vitro and macroscopical and
histological analysis in vivo. This is the first in vivo study to analyse a
TEC manufactured by DLW-PP technology and subseq seeded
with human cells in a long term preclinical study. In addition, pore
shape and size has been analyzed in search for improved cartilage
formation outcome. HOI cartilage formation ability was compared to a
positive comp 11 based scaffold.

Biomechanical properties of the scaffold are an important char-
acteristic of potent TEC formation and are dependent on the material
used and morphology design [8,15]. In addition, sufficient bio-
mechanics of TEC in vitro enables the prediction of sufficient cell re-
differentiation to sustain heavy loads in vivo [8,38]. Pore shape, size,
interconnectivity and other morphol 1 scaffold p are

depth i b , the ge values of force significantly
depended on the water amount in the specimen volume. Submerging CS
in proliferation medium represents an actual clinical situation prior to
implantation, however hardness of the CS, became significantly re-
duced by then. In addition, this reduction is significantly inferior to
both HOI scaffolds, which retained their Hyp and Epy in the same clinical
setting, i.e. wet state.

Fabrication and characterization of a porous scaffold has been a
central focus of f ing a TEC, b of the impact that pore
shape, size, porosity and interconnectivity have on cellular responses,
such as cell proliferation, metabolic activity and ECM secretion in vitro
[8,19,30,40]. Pore shape and size plays a vital role in chondrocyte

s

-
@

O'Driscoll score
3

o

Fig. 7. Histological evaluation of experimental groups at 3 months after treatment in (a, f) scaffold-free, (b, g) CS-only, (¢, h) CS-cells, (d, i) HOI-only and (e, j) HOI-

cells groups. Histol 1 score imp! d in all groups

d to scaffold-fy

group as assessed by (a-¢) Safranin O and (f-j) Toluidine blue staining.

Cell addition to the HOI did not further improve cartilage repair, mainly due to more cell clustering in HOI-cell. CS retained numerically superior cartilage repair and
was comparable to HOI scaffolds at the follow-up. Scale bar: a-e 100 ym; f-j 200 ym. Statistical significance *p < 0.05, **p < 0.01, ***p < 0.0001.
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infiltration, as the geometry dictates the cell distribution and the re-
sultant pattern of extracellular matrix embedded cells. Single chon-
drocyte size depends on the area of cartilage and usually takes up the
volume of 200-2000 um®, which correspond to 7-15um in di i

Applied Surface Science 487 (2019) 692-702

structural properties and must not compromise the ingrowth and pro-
liferation of cells. Thus, smaller pore characteristics coupled with im-
proved scaffold structural properties could support the highly custom

Having the ability to easily migrate through the larger pore, chon-
drocyte spanning throughout the scaffold predominantly depends on
the cell-scaffold interaction. As the angle between rods widens, the cell-
rod interaction is impeded and subsequent cell-cell interactions are
initiated. This decreases the stability of the structure and the pro-
liferation of new ECM [41]. Therefore, shorter inter-rod distances in
tetragonal scaffolds and the resulting additional sites for cell attach-
ment to support the proliferation of cells might favor pore coverage by
the secreted ECM and cells [42,43].

Morphological scaffold properties such as, high porosity, regularly
interconnected pores have been shown to improve chondrocytic phe-
notype and secrete an abundance of ECM in chitosan and alginate
scaffolds [19,44]. Influence of varying pore sizes have also been in-
vestigated, revealing superior biomechanical and physical properties in
scaffolds with uniform pore sizes, homogenous environment and high
interconnectivity throughout the scaffold [45]. In addition, Wang et al.
showed that particular pore shape can support normal phenotype with
enhanced functional production of ECM. Di Luca et al., suggested a
benefit of different pore shapes for osteochondral repair [46]. Uni-
formity in pore size, shape and high porosity can be effectively achieved
using the DLW-PP technique, with key parameters controlled by a
precise and flexible microfabrication. Kapyla et al. fabricated scaffolds
with custom pore sizes, porosity and interconnectivity using the DLW-
PP technique, providing a novel approach for studying the effect of
scaffold architecture on cell behaviour in vitro [22]. Although for quite
some time now DLW-PP has been known as a promising technology for
creating tailored 3D scaffolds with high precision, however, they are
most often sub-mm in size and their use is usually limited to in vitro cell
biology studies [47-51].

In our study we have fabricated tetragon- and hexagon-pored HOI to
determine pore shape influence on the cartilage formation in vitro. HOI-
T and HOI-H improved metabolic cell activity and count up to day 7. In
addition, only cells cultured in tetragon-pored HOI improved activity
and total number compared to monolayer cells used for seeding. Pore
morphology was significantly more iterative in HOI and allowed more
equal cell distribution throughout the scaffold compared to CS. A su-
perior COL2A1 gene expression was similarly upregulated in tetragon-
pored scaffold at least up to day 7. A superior initial culturing phase of
HOI-T biocompatibility indicated at least a numerical superiority of
tetragon- over hexagon-pored scaffolds. A previously described dis-
crepancy amongst gene expression and protein translation in vitro
prompted a coupled PCR and ELISA analysis in vitro and was evident in
our study as well [52]. An inverse correlation of mRNA transcription
and protein translation in our study has been described previously and
is not yet sufficiently defined [53].

Different approaches have been applied to generate three-dimen-
sional microstructures for cartilage regeneration, such as salt leaching,
gas foaming, phase separation, and freeze-drying in the past.
Conventional manufacturing methods result in the span of 70-860 ym
and 30-95% pore size and porosity, respectively [54]. However, precise
control of scaffold micro-architecture could only be achieved by rapid
customized fabrication, such as DLW, through computer-aided design
[55]. Danilevicius et al. showed an optimal pre-osteoblastic cell in-
growth and proliferation on microstructured DLW scaffolds containing
70 um squared pores of 86% porosity [56]. Trautmann et al. micro-
structured stable and reproducible scaffolds of 10-90 um squared pore
sizes. They determined a pore size of 90 um to support the best adhesion
and growth of fibroblast cells in the specimens [57]. Precisely micro-
structured pore shapes and sizes require a different design approach
compared to conventional methods. The reduced surface volume for the
cell attachment and the fragile mechanical properties of DLW scaffolds
must be offsetted by the calculated pore morphological and scaffold

700

and ble scaffold for tissue engineering.

Complex intermolecular cross-links between transcription, transla-
tion, post-translational modifications, secretion and extracellular pro-
cessing of collagens are a prerequisite for enabling effective protein
secretion and a stable network formation [58]. Addition of growth
medium supplements that catalyze gene splicing, polyadenylation, hy-
droxylation and other posttranscriptional modifications might enhance
the intermolecular connections and type-II collagen secretion by the
scaffolds. We also speculate that a 7-day timeframe serves more for a
shelf-life decision making than for clinical surrogacy in the long term.
Despite the decline of protein secretion, HOI sustained superior protein
translation compared to monolayer cells used for seeding.

Physical properties of TEC influence cell attachment and a sub-
sequent potency in vitro. When impact of pore size was evaluated, a
sustained cell proliferation was noted in HOI-T and HOI-T1.5 scaffolds
with 45 x 45 um?® and 67 x 67 ym? in pore sizes, respectively. Despite
the reduced type-II collagen protein secretion up to 7 days in vitro, in-
itially protein secretion was superior in HOI-T group, compared to other
HOI scaffolds. In addition, expression was upregulated in all groups,
with a tendency for superiority in HOI-T scaffolds compared to HOI-
T1.5 and HOI-T2. Our study supported the findings of Duan et al. who
observed 100-200 um? pores in the chondral layer to produce the best
results in vivo compared to smaller or larger pore sizes [59]. Wang et al.
demonstrated a requisite for sufficient porosity to support the effective
permeability and cell migration throughout the scaffold [60]. Pan and
the group showed a scaffold of 92% porosity in the cartilage layer that
yielded the best in vivo efficacy [61]. Despite the 96% porosity in our
HOI-T2 scaffold, the void in between the rods might have been too large
for the amount of cells seeded, thus greater count of cells might have
improved attach . Therefore, | of scaffold pore size,
porosity and surface area must be coupled to the cell dosage, as well.
Posology of the seeded cells must be addressed in the early stages of
preclinical study to guarantee the effectiveness of treatment [62]. The
treated cartilage defect area is not plain, but rather organized spatially,
therefore manufactured scaffold size area might be better substituted
with a volume when optimal cell dosing is anticipated. Cartilage
thickness differences between species must be estimated to obtain the
most accurate dose for successful clinical translation.

An accelerated TEC implantation has been proven in other clinical
arecas and is the focus in cartilage clinical translation, as well [63].
Therefore, TEC tend to be cultured in vitro for a very short period after
seeding, thus enabling faster and more qualitative in vivo re-
differentiation and preventing the tissue of becoming too dense in vitro
that would restrict nutritional and oxygen flow [64]. Therefore, in our
study, the initially sustained, yet not improved in protein secretion
level, in vitro potency of HOI scaffolds, was supported by improved gene
expression. Thus early implantation after cell seeding could support the
subsequent redifferentiation and cartilage formation in vivo.

An initial swelling of operated knees later subsided and no signs of
immune reaction to implanted materials on operated knees were ob-
served at the late follow-up. Both HOI-T groups with and without cells
improved cartilage repair in vivo at 3-month follow-up according to
macroscopic and histologic evaluation compared to a scaffold-free
group. This was mainly influenced by the superior tissue integration
and smoother cartilage surface in the defect area in both HOI groups.
Interestingly, HOI-cells group had a numerically inferior result com-
pared to HOI-only group. This might have been influenced by the
seeded cells interference for full scaffold integration and suppression of
host cell migration toward TEC. A recent study showed an increased
fibrosis in a cell based scaffold, compared to a cell-free scaffold [65],
suggesting an inhibitory donor cell effect on tissue integration. CS-cells
group revealed the best numerical cartilage regeneration amongst all
groups tested; however, subchondral bone was not restored completely.
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Cell based cartilage regeneration has been mostly applied for localized
chondral defects, while subchondral lesions require additional bone
substitution [66]. This might be improved by employing a biphasic
scaffold to fully restore osteochondral segment [67,68]. In addition, the
subchondral interface between bone marrow and calcified cartilage
layer containing vessels and innervation, must be addressed, as well
[691.

Basic and clinical research teams have enabled translation of sci-
entifically proven preclinical data to clinical trials utilizing TECs.
Despite the clinical success of natural materials-based scaffolds in car-
tilage tissue engineering, customized synthetic scaffolds are proving to
possess a greater potential for superior in vitro and clinical outcome.
DLW-PP technique enables fabrication of optimal predetermined para-
meters to micron accuracy in a real-time fashion. The potency and ef-
ficacy of custom fabricated scaffolds can be constantly improved to
achieve optimal TECs for patients suffering of cartilage defects by
genuine osteochondral tissue regeneration.

5. Conclusions

In this study, custom designed HOI scaffolds 3D microstructured by
DLW-PP lithography and seeded with human cells were analyzed for
influence of pore shape and scale differences in vitro and the translated
efficacy in vivo. HOI-T and HOI-H improved metabolic activity of
seeded monolayer cells in vitro. Tetragon-pored HOI had a tendency for
superior biocompatibility, cartilage specific protein secretion and gene
expression compared to hexagon-pored HOI scaffolds. Tetragonal pore
sized 45 X 45um? scaffold was comparable to a 67 X 67 ym? pore
sized scaffold by protein secretion and gene expression for at least up to
7 days in vitro. All HOI scaffolds improved cartilage repair in vivo at 3-
month follow-up. Cell addition to the regular tetragon-pored HOI did
not further improve cartilage repair in vivo. Collagen scaffold retained
numerically superior cartilage repair and was comparable to HOI
scaffolds at the follow-up. The study supported hypothesis that pore
shape and size influence cell proliferation in vitro and gave new insight
into cartilage repair with HOI scaffolds seeded with human cells in vivo.
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Abstract

Over the last decade DLW employing ultrafast pulsed lasers has become a well-established technique
for the creation of custom-made free-form three-dimensional (3D) microscaffolds out of a variety of
materials ranging from proteins to biocompatible glasses. Its potential applications for manufacturing
apatient’s specific scaffold seem unlimited in terms of spatial resolution and geometry complexity.
However, despite few exceptions in which live cells or primitive organisms were encapsulated into a
polymer matrix, no demonstration of an in vivo study case of scaffolds generated with the use of such a
method was performed. Here, we report a preclinical study of 3D artificial microstructured scaffolds
out of hybrid organic-inorganic (HOI) material SZ2080 fabricated using the DLW technique. The
created 2.1 X 2.1 X 0.21 mm’ membrane constructs are tested both in vitro by growing isolated
allogeneic rabbit chondrocytes (Cho) and in vivo by implanting them into rabbit organisms for one,
three and six months. An ex vivo histological examination shows that certain pore geometry and the
pre-growing of Cho prior to implantation significantly improves the performance of the created 3D
scaffolds. The achieved biocompatibility is comparable to the commercially available collagen
membranes. The successful outcome of this study supports the idea that hexagonal-pore-shaped HOI
microstructured scaffolds in combination with Cho seeding may be successfully implemented for
cartilage tissue engineering.

1. Introduction interaction [1] the potential applications in biomedi-

cine were observed [2-4]. The novel technique
Within a few years after the initial demonstration of immediately attracted researchers due to its 3D
DLW in polymers based on nonlinear light-matter  structuring capability, spatial resolution, scaling
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flexibility and diversity of processable materials [5-8].
Currently, self-assembled or commercially available
DLW set-ups are standard tools in modern labora-
tories of various fields. A few very interesting imple-
mentations in micro-fluidics have been reported [9-
11], and also specific cell studies have been performed
[12—-14]. Femtosecond pulsed lasers are advantageous
due to their non-damaging material behavior,
enabling encapsulation of alive cells [ 15] or even whole
organisms [16], as well as offering a possibility to 3D
micro-/nano-structure non-photosensitized (pure)
materials [17]. Additionally, DLW polymer structur-
ing can be combined with the laser induced forward
transfer (LIFT) technique, thus resulting in straight-
forward printing of single cells to laser pre-fabricated
3D scaffolds [18]. Recently, the method has been
employed for the structuring of hyaluronic acid [19]
and polylactic acid bioresorbable materials [20].

Strangely, though the technique shows unmatched
versatility in producing custom-made scaffolds or
real-time manufacturing of implants for individual
patients, the structures fabricated this way are still not
studied in vivo in model organisms. Despite numerous
investigations into single-cell behavior and the coloni-
zation of various cell lines on DLW-made scaffolds,
the only report proving the applied materials’ bio-
compatibility is of non-structured bulk pieces [21]. It
should be stressed that the technique has matured
enough to capacitate real-time fabrication of cm? scale
3D microstructured scaffolds [22, 23] out of bio-
compatible—and bioinert as well as biodegradable—
materials [24]. Assuming that the manufacturing of a
single scaffold 30 X 30 x 3 mm” (already sufficient for
a human patient) can take less than 24 h, it is not the
bottleneck to start the practical application in medical
surgery. To support the fulfilment of the idea one
should emphasize that the price of such an implant is
already below the cost of the surgery itself. Thus, DLW
as a tool for custom-made 3D microstructured scaf-
fold fabrication has no direct limitations, which was
noted a decade ago when the technique emerged [25].
Furthermore, several methods have already been pro-
posed for the increase of fabrication throughput
(active [26] and passive [27]); approaches have also
been proposed for the expansion of the dimensions of
the object by using the liquid photoresist itself as the
immersion fluid between the objective and substrate
[28] or by wusing a special sample-objective
holder [29].

This gap between the vision of the technique’s bio-
medical application and practical implementation has
encouraged our group to target the experimental
research work toward in vivo study of 3D scaffolds see-
ded with Cho. We have chosen $Z2080 as a widely
used and biocompatible material which is exceptional
for its DLW structuring and mechanical properties
[30, 31]. To make the research work impactful for
practice, a clinical case of an osteochondral injury pro-
blem was selected. In the preclinical study rabbits were
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used as model animals, and two types of scaffold geo-
metries were implemented. The obtained results were
compared to a commercially available collagen mem-
brane seeded with Cho at one, three and six months
post-implantation in order to get reliable in vivo
results. Below, we present osteochondral health pro-
blems and currently existing methods to treat them.

Osteochondral injuries represent one of the major
health problems in the active population [32, 33].
Adult articular cartilage is an avascular tissue with lim-
ited cartilage capacity for self-repair [34, 35]. In the
event of an injury, the local defect is repaired with a
neo-cartilage fibrous tissue, which is structurally infer-
ior to the native cartilage [36]. This leads to a rapid
deterioration and progression toward osteoarthritis
[37]. Type-II collagen is the principal molecular com-
ponent in mature cartilage [35]. Different methods to
treat osteochondral injuries are being applied today
[38]. Cartilage tissue engineering is an effective
method for hyaline and hyaline-like cartilage regen-
eration. There is a large number of reports available on
successful cartilage tissue regeneration using Cho in
combination with natural or synthetic 3D scaffolds
[39-41], among them hybrid printing for improving
mechanical and biological properties [42]. It is of high
importance that 3D culturing of dedifferentiated cells
allows for increased type-II collagen reexpression
[43]. An artificial scaffold is used as a niche for cells to
adopt a natural cartilage phenotype. Porosity that
allows diffusion of nutrients and waste products is
highly influential to the cell survival rate [40, 44-46].
Fibrin as a carrier had been previously used with suc-
cess [47, 48]. Efforts are being made to find new 3D
carriers for cell experiments in vitro and in vivo. DLW
structuring enables tuning-in-practice of all the
important 3D scaffold parameters: mechanical, biolo-
gical and chemical properties of fabricated structures.
This encourages employing the DLW technique for
scaffold fabrication: selecting suitable scaffold mate-
rial and designing appropriate geometry as well as test-
ing the product in a preclinical study [49]. Special
attention is paid to HOI polymers, namely ORMO-
CERs [50]) and ORMOSILs [51].

In this study we aim at practically determining the
potential of DLW lithography with the use of currently
accessible techniques for the applications of 3D scaf-
fold design and study at a preclinical level. Thus, this
study was designed to provide an answer on the feasi-
bility of such templates as Cho carriers to form hyaline
cartilage in vitro and to test the healing potential of
articular cartilage defects in a preclinical rabbit model.
For the control we use a collagen sponge, which is a
widely applied, biocompatible material, although it
presents weak mechanical rigidity properties [52-54].
Sponges had been shown to be good carriers for Cho
redifferentiation (53, 54]. The experiment was
designed as a comparative study in vivo of currently
used medical implants and the state-of-the-art DLW
lithography technique.
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Figure 1. Laser lithographic fabrication steps: I-~modeling, Il-—fabrication, III-—developing, IV-—3D microstructured scaffold out of

$Z2080.

Figure 2. Schematics of the fabricated 312 $72080 scaffolds: the top line corresponds for the woodpile scaffold, and the bottom line
corresponds for hexagon geometries, respectively. (a), (b) CAD models (top and oblique), (c), (d) SEM micrographs (top and
oblique).

2. Materials and methods

2.1. 522080 scaffold and collagen membrane
preparation

3D polymeric scaffolds were fabricated using the DLW
technique: a laser beam is tightly focused into the
volume of a photosensitive pre-polymer, thus initiat-
ing a polymerization reaction, turninga liquid (or gel-
like) material into a solid state [55]. Using specially
designed software, a computer model of a scaffold with
adesired geometry is created. The pre-polymer sample
is then translated in respect of the laser beam,
according to this model, thus point-by-point exposing
different parts of the material to the laser light, yielding
a functional polymeric object of specific micro-
architecture. This technique enables fabrication of
unique scaffolds with geometry and dimensions
targeted for an individual patient [22). The employed
ultrafast laser provided 300 fs, 200 kHz and 515 nm
pulsed light radiation (Pharos, Light Conversion).
Sample positioning synchronization with beam
deflection was realized using a custom assembled
femtosecond laser system for the laboratory (Femto-
LAB, Altechna R&D). The detailed description of the
set-up can be found elsewhere [56]. The material

chosen for the scaffolds was a HOI sol-gel photopoly-
mer SZ2080 [30] (IESL FORTH, Greece), which
consists of 20% inorganic and 80% organic parts. The
sequence of the fabrication is given in figure 1.

The fabricated SZ2080 scaffolds were mathemati-
cally precise structures, rigid and non-immunogenic,
however not yet tested for cartilage tissue regenera-
tion. For this study the suitability of the HOI scaffold
type was assessed by testing two structurally distinct
types of pore geometries: square and hexagon
(figure 2). A more detailed study on pore geometry,
pore size and general porosity of the designed model
and the fabricated scaffold is presented elsewhere [57].
The first one had a woodpile structure and consisted of
17 layers of parallel rods that were rotated by 90° in
each next layer and were shifted by half a period in
each alternate layer. The rod height and width was 15
and 10 um, respectively, with a 50 gm period, thus
making the pore size 40 x 40 gm?, For the fabrication
of a single scaffold layer the laser beam was scanned in
parallel along its length 28 times, with separation
between the scans of 0.35 gm. The woodpile-type scaf-
fold dimensions were 2.5%2.5% 0.22 mm’. The sec-
ond-type scaffolds had the honeycomb (hexagon)
structure, They consisted of three self-repeating layers
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of hollow-sided honeycombs, each layer with an offset
of half a period in one direction with relation to the
previous layer. The apothem of the hexagon was
50 um; the width and height of the side hole was 51
and 54 um, respectively, and the overall scaffold
dimensions were 2.1x2.1x0.21 mm®. The scaffold
was fabricated in a layer-by-layer fashion using two
methods: (a) raster scanning to fabricate the columns
and scanning concentric hexagons with decreasing
apothem when fabricating hexagon parts, with the dis-
tance between adjacent lines set to 0.5 um, or (b) fabri-
cating from a STL (stereo lithography) format file,
with a hatching distance set to 0.35 gm. No noticeable
difference in structural quality depending on fabrica-
tion strategy was observed. However, fabrication-wise,
we determined that raster scanning allowed higher
sample translation velocities in comparison to directly
imported STL: 7mm s ' and 2mms ', respectively.
This corresponded to ~2.5 h and ~6 h scaffolds’ fabri-
cation durations. A further increase of scanning speed
resulted in deterioration of geometrical rigidity,
which, on the other hand, and, to some extent, can be
sacrificed for the sake of manufacturing throughput.
As an indirect comparator a commercially available
collagen membrane (CM) composed of type-I col-
lagen (Septodont, UK) was used. The length, width
and height were 5 mm each.

2.2. Monolayer and scaffold cell cultures

An articular cartilage biopsy (size 2-5mm’) was
removed from the non-weight bearing area of the knee
of New Zealand white rabbits and placed immediately
in Dulbecco’s modified eagle medium (DMEM). The
samples were cut into small pieces and minced finely.
The Cho were isolated by trypsin 2.5%/EDTA 0.05%
(Gibeo) solution after 20 min in room temperature,
followed by collagenase XI digestion. The isolated cells
were then cultured in DMEM/F12 (HyClone) supple-
mented with 10% fetal calf serum (FCS), 100 U ml ™!
penicillin and 100 ugml ™" streptomycin. The cells
were incubated at 37 °C in a 5% CO, incubator. When
the cells reached 80% confluence, they were harvested
by trypsinisation; the medium was refreshed, and the
samples were sent for biochemical analysis. Rabbit
Cho were cultivated in a monolayer up to the 3rd
passage. 1st (P1), 2nd (P2) and 3rd (P3) passage cells
were sent for further analysis. The P3 cells were seeded
on HOI and CM scaffolds (10° and 10° cells, respec-
tively) and cultured for up to 14 days. The culture
medium was changed every 2-3 days. At 14 days of
in vitro three-dimensional culturing, the scaffolds were
harvested for subsequent analysis and in vivo
implantation.

2.3. Scanning electron microscope (SEM) inspection
The HOI with Cho scaffolds were washed three times
with phosphate buffered saline (PBS) and fixed in PBS
containing 2.5% glutaraldehyde. They were then
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dehydrated in increasing concentrations of ethanol
(from 25% and 75% to 96%), dried and coated with a
20-50 nm thick layer of gold (Quorum QI150R §
Rotary-pumped sputter coater) and examined under a
scanning electron microscope (SEM) (Hitachi TM-
1000). Pore coverage by Cho in a HOI scaffold was
conducted independently by two researchers using
SEM photographs. The membrane filling density and
increment of cell count during the culture were
evaluated and counted as a percentage of pore cover-
age atdays 3,7 and 14 (prior to implantation).

2.4. Experimental design

27 New Zealand adult male rabbits (4-5 months old,
3-4 kg body weight) were used in the study. They were
housed separately in cages and allowed ad libitum
rabbit feed (T-2, Biofabrikas, Ukmerge dist., Lithua-
nia) and tap water during the experiment. The
vivarium was maintained at a temperature of 21°C
with a relative humidity of 45% and with a 12/12 light/
dark period. The surgical procedures were performed
in an operating theatre under intravenous anesthesia
and sterile conditions. The rabbits were given intra-
muscular anesthesia for induction and intravenous
anesthesia for maintained sedation. Using a surgical
drill bit, a bilateral osteochondral defect 3 mm in
diameter was created at the weight-bearing area of the
medial femoral condyle, thus producing 54 defects.
For every experimental and control group defect a
polymerized fibrin clot was used. Blood plasma (1 ml),
thrombin (250 ul) and CaCl, (250 ul) were mixed in a
petri dish. It was incubated at room temperature for
five minutes prior to implantation.

The defects were treated with CM and poly-
merized fibrin (experimental group #1, EG1), CM see-
ded with Cho and polymerized fibrin (experimental
group #2, EG2), a HOI membrane and polymerized
fibrin (experimental group #3, EG3), a HOI mem-
brane seeded with Cho and polymerized fibrin
(experimental group #4, EG4) and polymerized fibrin
only (control group, CG). The study was conducted
according to the standard guidelines and protocols
approved by Lithuanian State Food and Veterinary
Service.

2.5. Histology, immunohistology

Animals were sacrificed at 1, 3 and 6 months post-
operatively. The knee joints were approached via the
lateral parapatellar approach. After gross examination,
pictures were taken of treated defects. The femurs were
cutabove the condyles, fixed in a 10% neutral buffered
formalin solution, embedded in paraffin blocks and
cut to serial 2-3 yum thick sections (microtome RM
2145, Leica). The demineralised sections were stained
with hematoxylin and ecosin, toluidine blue and
safranin O to assess glycosaminoglycans (GAGs),
proteoglycans (PGs) and collagen production in the
matrix. Type-II and type-I collagen expression were
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detected by immunohistochemical analysis using an
anti-human collagen type-1I (clone 1I-4CII) and a
mouse monoclonal anti-collagen type-I1 antibody
(clone 2H12B4, ABCAM), respectively. Purified IgG
(MP Biomedicals, LLC) was used for the negative
control. Briefly, the sections were blocked with a
peroxidase-blocking reagent (EnVision Flex SM801,
DAKO) for 15min and rinsed with a wash buffer
(EnVision Flex, DAKO). The sections were digested
with a pepsin solution (DAKO $3002) at 37 °C for
10 min and rinsed with a wash buffer (EnVision Flex,
DAKO). The sections were visualized using a detection
system (EnVision Flex K8002, DAKO) after incuba-
tion with primary antibody collagen type-II or col-
lagen type-l for 60min. The sections were
subsequently washed with tris-buffered saline/tween
(TBST) before incubation with a secondary antibody
(EnVision FLEX/HRPSM802, DAKO) for 30 min at
room temperature and rinsed with a wash buffer
(EnVision Flex, DAKO). The cell nuclei were counter-
stained using DAB + Chromogen (EnVision Flex,
DAKO) for 10 min. The sections were analyzed using a
microscope (Olympus BX41, Center Valley, PA). The
slides were scored blindly by two investigators using a
modified O’Driscoll histological scoring system, with
a total maximal score of 23 [58]. The host response to
the scaffold at the implantation site was evaluated
morphologically by infiltration of inflammatory cells
(i.e. leukocytes and macrophages).

2.6. Real-time reverse transcription (RT)

polymerase chain reaction analysis

2.6.1. RNA extraction

The total RNA from the samples was extracted using
an ISOLATE II RNA Micro Kit (Bioline, England)
according to the manufacturer’s instructions. Elution
was performed with 10 ul RNase-free water included
in the kit. One-step RTqPCR was performed using a
Rotor-Gene Q 5-plex model (QIAGEN, Germany).
Rotor-Gene Q Series Software 1.7 was used for the
process. SensiFAST Probe No-ROX One-Step Kit
(Bioline, England), primers and hydrolyzation probes
(Integrated DNA technologies, USA) were used for
one-step RT-qPCR. Each 15 ul reaction for type-II
collagen (COL2A1) mRNA expression quantification
contained 400 nM of Col2 F primer, 400 nM of Col2 R
primer, 200 nM of GAPDH F primer, 200 nM of
GAPDH R primer, a 100nM of Col2 Z probe, a
100 nM of GAPDH Z probe and 2 ul of RNA. Each
15 pl reaction for type-X collagen (COL10A1) mRNA
expression quantification contained 200 nM of Col10
F primer, 200 nM of Coll0 R primer, 200 nM of
GAPDH F primer, 200 nM of GAPDH R primer, a
100 nM of Col10 Z probe, a 100 nM of GAPDH Z
probe and 2 pl of RNA. Designed primer pairs, probes
and the condition of amplification are represented in
the supplementary data.
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2.6.2. Data analysis

The 2°-ddCT method was applied for the relative gene
expression data evaluation. Oryctolagus cuniculus
GAPDH gene expression was used for the data
normalization.

For the particular chondrogenic gene mRNA ana-
lysis, we examined COL2A1 (Col2) and COL10A1
(Col10) mRNAs’ expression dynamics of: in vitro
monolayer (prior to seeding); the three-dimensional
cultures of HOI scaffold and CM (after seeding) and
prior to implantation; in vivo at 1, 3 and 6 months
post-implantation. For the monolayer cultures we
analyzed samples of passages 1 (P1), 2 (P2) and 3 (P3)
mRNA expressions, which were compared to that of
passage 0 (P0). The CM with Cho scaffolds were sent
for examination at days 1, 7, 14 and 21. HOI scaffolds
with chondrocytes—at days 3, 7, and 14.

2.7. Statistical evaluation

The results were calculated using descriptive para-
metric and non-parametric analysis as relevant and
were presented as the mean +SD for descriptive
statistics. The differences were analyzed using Stu-
dent’s t-test. The results were considered statistically
significant when p<0.05 and were considered as
showing the trend if p was between 0.05and 0.1.

3. Results

3.1. Cell morphology and viability in monolayer
During the monolayer culture the Cho showed typical
phenotypic changes. The cells progressively lost their
natural round shape and became flattened, fibroblast-
like cells. The viability of the Cho prior to seeding on
membranes was consistently high, ranging from 98%
to 100% (supplementary data).

3.2. SEM analysis of scaffolds with

chondrocytes (Cho)

After 14 days of three-dimensional CM and Cho
culturing, the cells were seen to be randomly distrib-
uted on the top and near-surface levels. Due to a dense
net of collagen sponge fibers, deeper layers could not
be effectively evaluated. Very few elongated Cho and
scarce extracellular matrix (ECM) fibers were seen at
the surface of the membrane (figures 3(a) and (b)).
This figure illustrates the final CM scaffold prior to
in vivo implantation.

The first day after the Cho had been seeded on a
square-pore-type HOI scaffold, no cells’ filling of scaf-
fold pores could be visualized (supplementary data).
The same image was seen throughout the next few
days. The cells were seen to be attached to the flask in
the monolayer around the borders of the square-pore-
type membrane. In contrast, cho seeded on the hex-
agonal-pore-type HOI scaffold exhibited continuous
adherence to the layers of hollow-sided honeycombs.
Interactions between Cho and the HOI scaffold were
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shown as a function of the attachment and distribu-
tion continuality of cells on the surface and within
the membrane. Thus, we continued experimenting
with the hexagon-pore-type HOI scaffold. Prolifera-
tion of Cho within the scaffold, extracellular ECM
production and the dynamics of incremental pore
coverage were evident throughout three-dimen-
sional cultures up to day 14 prior to the implantation
(supplementary data). After 14 days of three-dimen-
sional HOI with Cho culturing, cells were seen to
have outgrown every layer of the scaffold with the
interconnecting ECM (figures 3(c) and (d)). This
figure illustrates the final scaffold prior to in vivo
implantation. The cells could be seen elongated and
positioned randomly throughout the scaffold, but
they covered the whole pore diameter. After a con-
tinuous increment of pore coverage throughout the
three-dimensional hexagonal scaffold culture, on
day 14 (D14) Cho covered 76.6 £ 10.4% (p < 0.05 D7
vs. D3 and D14 vs. D3; p =n.s D14 vs. D7) of a single
pore (supplementary data).

Both scaffolds did not show signs of degradation
throughout the in vitro culture. No significant cell
death was observed during scaffold culturing.

3.3. Gene expression

3.3.1. Monolayer

Col2 and Coll0 expression at P1, P2 and P3 was
examined (table 1 and supplementary data). The mean
mRNA expression values showed numerical decline of

Figure 3. (a), (b) SEM images of a CM seeded with 10° Choina 60  culture medium at day 14 prior to implantation at two different
magnifications. Few Cho are visible near the surface of the CM. (¢), (d) SEM images of a hexagon-pore-type HOI scaffold seeded with
10° choina2 ul culture medium 14 days in vitro prior to in vivo implantation at two different magnifications. Cho (white arrows) and
ECM can be seen at every layer of the HOI scaffold. Scale bar: (a), (¢), (d) 100 gm, (b) 50 gem.

Col2 and an increase of fibroblastic Col10. The changes
in Col2 and Col10 mRNA expressions illustrate clear
dedifferentiation typically seen in monolayer cultures.
Similar trends were observed in distinct monolayer
culture lines throughout a two week assessment period
(data not shown). After comparing the aforemen-
tioned gene expressions of one passage to PO (i.e. P1 vs.
PO, P2 vs. PO and P3 vs. P0), a steady dedifferentiation
and decreased chondrogenic marker expression pro-
cess was evident: the Col2 mRNA expression was 4.1,
32.7 and 23.3 times lower compared to normal
cartilage in P1 (mean culture time of 16.4 +7.4 days),
P2 (mean culture time of 22.8+6.3 days) and P3
(mean culture time of 31.7 £ 10.8 days), respectively.
The Col10 mRNA expression was lower by 114.9, 101
and 39.8 times in P1, P2 and P3, respectively.

3.3.2. CM with chondrocytes (Cho) in vitro

The three-dimensional culture of the CM with Cho
resulted in statistical trends for increased mean
COL2A1 mRNA values vs. 2D (0.29+0.13 vs.
0.08 £0.08, p=0.05) as well as low numerical Col10
mRNA values that cannot be equivocally interpreted
(supplementary data). Similarly, we observed a certain
numerical tendency in the increase of Col2 as well as a
certain decrease of Col 10 mRNA expressions in a
longitudinal assessment throughout the observed
three week period (datanot shown).

6
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Table 1. Type-IT and type- X collagen mRNA expression dynamics in amonolayer (P1 to P3) and 3D collagen membrane seeded with P3 Cho

in vitro (prior to implantation) and in vivo.

Environment Type-1I collagen mRNA mean (SD) Type-X collagen mRNA mean (SD)
Invitro(at week 2)
2D Pl1(n=5) 0.240 (0.419) 0.009 (0.006)
P2(n=5) 0.031(0.035) 0.010(0.020)
P3(n=5) 0.034 (0.073) 0.001 (0.003)"
2D/3D (CM) Pre-seeding (2D) (n=3) 0.083 (0.081) 0.007 (0.005)
Pre-implantation (3D) (1 =4) 0.290(0.132)" 0.003 (0.003)
Invivo(at month 3)
CMonly (EG1,n=3) 0.200 (0.002) ND
CM with chondrocytes (EG2,n =3) 0.392 (0.044)° ND
HOI only (EG3, n=1) 1.256 (1.594) ND
HOI with chondrocytes (EG4,n =3) 0.198 (0.041) ND
Control group (CG,n=2) 0.759 (0.541 )" ND
Invivo(at month 6)
CMonly (EGl,n=3) 0.252 (0.012)° ND
CM with chondrocytes (EG2,n =3) 0.887 (0.095)" ND
HOI only (EG3,n=3) 1.761(0.765) ND
HOI with chondrocytes (EG4,n =4) 1.483 (0.614)" ND
Control group (CG,n=5) 0.680(0.379) ND

2D—two-dil th di PR

| microenvir 3D

microenvironment; CM-—collagen membrane; EG—experimental

group; ND—not detected; P1—first passage; P2—second passage; P3—third passage; HOI-—hybrid organic- inorganic scaffold.

* p<0.05(Col10 P3vs. P1).

® p=0.05(Col23D vs. 2D).

€ p<0.05 (Col2atmonth 3 EG1 vs. EG2).

¢ one unexplained outlying value was observed.

G 1, EG2 and EG4 atmonth 6 vs. month 3).
 p<0.05(Col2 EG1 vs. EG2 and EG4 atmonth 6).

3.3.3. HOI with chondrocytes (Cho) in vitro

A steady increment of type-II collagen mRNA expres-
sion values was evident in a single sample from 0.001
to 0.226 (226 times). This indicates a redifferentiation
trend toward hyaline-like cartilage. The type-X col-
lagen mRNA expression values slightly increased in a
single sample from 0.0026 to 0.0069 (2.6 times), thus
showing isolated signs of fibrogenesis.

3.3.4. Invivo study

We evaluated COL2A1 and COL10A1 mRNA expres-
sion values in five experimental groups at 3 and 6
months after implantation (table 1). The study
revealed rather clear increases in the Col2 expression
within a 6 month period, reaching numerically higher
mean COL2A1 mRNA expression values compared to
the control group in both Cho-containing groups EG2
and EG4 as well as in the EG3 group, i.c. ~0.9, ~1.5
and ~1.8 vs. ~0.7, respectively. In addition, the EG1
group showed statistically significant lower values than
both experimental groups with seeded Cho and a
certain numerical inferiority to all other groups at 6
months post-implantation. The type-X collagen
mRNA values were below detection limits in all groups
tested for both time periods in vivo.

3.4. Invitro histology of scaffolds

The Cho of the third passage were seeded onto CM
and HOI membranes and evaluated histologically for
hyaline cartilage specific matrix staining.

During the CM seeded with the Cho culture, con-
tinuous incremental visualization of cartilage specific
GAGs was evident up to D14 (supplementary data). At
D14, prior to implantation, Cho were seen inter-
connected and attached to the membrane. An extra-
cellular matrix was produced; immunohistochemical
staining showed no type-II collagen at D14. The type-1
collagen remained weakly stained throughout the scaf-
fold culture. However, toluidine blue revealed staining
of specific glycosaminoglycan molecules in the
cartilage.

At D14 of the HOI membrane with the Cho scaf-
fold culture prior to implantation, cells revealed a
round shape and extracellular matrix adjacent to the
fragmented HOI membrane (supplementary data).
The type-I collagen staining was not clearly visible;
however, hyaline-like cartilage-specific staining of PGs
and GAGs by means of toluidine blue and safranin O
was clearly evident.

3.5. Gross examination

Minimal initial swelling on the operated knee, which
later subsided, was observed 1-2 days postoperatively.
No signs of inflammatory or immune response to the
implanted material at the day of examination were
evident. In the control group treated only with fibrin
polymerization, a 1 month gross examination showed
incomplete cartilage tissue filling, with the defect
clearly visible (figure 4(a)). At three months the defect
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Control cM

compared to the control group.

CM and chondrocytes HOI

Figure 4. Gross examination of five experimental groups at | and 3 months post-i i

in five groups: control group (a), (f), CM only (b), (), CM and Cho (c), (h), HOI (d), (i), HOI and Cho (¢), (j) and at 1 month (upper)
and 3 month (lower) period post-implantation. The defect filling (black arrows) in both groups containing scaffolds seeded with Cho
showed clinically better filling results compared to the scaffolds-alone groups; all groups with scaffolds showed better filling results

HOl and
chondrocytes

p Gross ination of an operated knee

was partially filled, with soft cartilage-like tissue in the
lesser part of the defect (figure 4(f)).

In experimental group #1 (the CM only group) the
greater part of the 1 month defect was filled with soft
tissue without good lateral integration with the adja-
cent cartilage (figure 4(b)); it improved at 3 months
with cartilage-like tissue filling the greater part of the
defect with little depressions at the defect margins
(figure 4(g)).

In the experimental group #2, CM seeded with
chondrocytes, defect at 1 month showed better filling
than that of group #3. Cartilage-like fibrous tissue
could be observed throughout the repair zone with
good integration in the surrounding tissue, however a
slight depression at the center of the defect could be
seen (figure 4(c)). At 3 months the defect was fully
covered by soft whitish cartilage-like tissue with a
slight hypertrophy evident throughout the defect
(figure 4(h)).

In experimental group #3 (the HOI membrane
only group) at one month, the defect was filled with
soft cartilage-like tissue with nearly good integration
between the neocartilage and surrounding cartilage;
however, slight depression could be seen in the middle
of the defect (figure 4(d)). At 3 months the neo-carti-
lage was almost fully integrated with the host cartilage
throughout the defect, with whitish cartilage-like tis-
sue; however, rough surface was observed
(figure 4(i)).

In experimental group #4 (HOI seeded with
Cho) the defect at 1 month was filled with neo-
cartilage with nearly good integration to the sur-
rounding cartilage with little depression in the
center of the defect that was still evident
(figure 4(e)). At 3 months, newly formed cartilage-
like tissue had good integration with the adjacent
cartilage and displayed cartilage-like color and tex-
ture. No hypertrophy was seen throughout the
defect area (figure 4(j)).

3.6. Histological ination after 3 hs in vivo
Healthy articular cartilage has its own specific histolo-
gical architecture (supplementary data).

Five experimental groups underwent histological
evaluation.

In the control group treated with fibrin poly-
merization only, at 3 months the lesions were covered
with connective tissue (figures 5(a)-(d)). Very little
matrix staining was observed. Fibrous tissue was dom-
inating the whole defect, with cellular orientation of
repaired tissue of no particular organization.

Experimental group #1 showed an empty defect
filling with a similar ratio of type-1I and type-I collagen
staining, resulting in a fibrous tissue. Surface irregula-
rities could be seen throughout the group. As in the
control group, the lesions were partially covered with
connective tissue; no hyaline-like cartilage tissue for-
mation was seen (figures 5(e)-(h)).

In experimental group #2 at 3 months the defects
showed a better filling of connective tissue, with more
intense staining of type-II collagen and less staining of
type-I collagen in comparison to experimental group
#1. Type-II collagen and histochemical staining
revealed increased hyaline cartilage-like formation
and increased GAGs and PGs deposition at the surface
of the defect compared to the control group. However,
the cells appeared randomly orientated as seen with
extracellular matrix staining by toluidine blue and
safranin O (figure 5(i)—(1)).

Experimental group #3 showed better filling of the
defect, with slight irregularities at the surface com-
pared to the control group. Repaired tissues showed
partial detachment from the subchondral bone and
adjacent host cartilage; the repair tissue did not have a
clear zonal organization. However, cartilage-like tissue
ECM staining was evident (figures 5(m)—(p)).

Experimental group #4 revealed similar type-II
and type-I collagen staining compared to the HOI
membrane only but had a better organized cellular
distribution and histoarchitecture. At 3 months post-
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Figure 5. ihslologncal examination of ﬁveexpcnmcntal groups at 3 months post-i ion. Histological ination of cartilage
tissue regeneration in lhccomml group(a) (d),in (,M only (¢)-(h),inC Mwuh (‘ho(:) (I),in HOl(m) ~(p),in HOI with Cho (q)-
(t) ata 3 month period post-impl staining against type-I and type-II collagens and histochemical
staining with safranin O and toluidine hlue. The histology showed better defect filling results in both groups of scaffolds and Cho
compared to the scaffolds-alone groups; all the groups with scaffolds showed better defect filling results compared to the control
group. The arrows depict fragmented HOL. Scale bar: 100 um.
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Figure 6. Cartilage regeneration in five experimental groups at 3 months of post treatment as assessed by modified O'Driscoll score.
The regenerative effect was assessed as per characteristics of the O’Driscoll score: (A) cell morphology, (B) integrity of surface, (C)
thickness, (D) surface of area filled with cells, (E) Cho clustering, (F) degenerative changes, (G) restoration of the subchondral bone

and (H) integration. The maximal score in each of the eight characteristics is summarized into a total score of 23. There are data from
P d as the mean +SD; * p < 0.05 compared to the control group; individual p values among

three independ
the groups are presented.

implantation, remnants of the HOI membrane were
clearly visible at the subchondral line, with no severe
signs of tissue reaction nor evident inflammatory cell
immigration (figures 5(q)—(t)).

For experimental groups #3 and #4, inflammatory
reactions were analyzed assessing immune cell

infiltration events. However, histological examination
revealed that the scaffold did not provoke a foreign
body reaction with infiltration of any inflammatory
type cells, i.e. leukocytes and macrophages.

Type-II and type-I collagen expression and GAGs
deposition were evaluated in all repair tissues. The
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culturing [74]. We used it for a non-direct compar-
ison. An increased number of Cho was seen during the
in vitro sponge culture, indicating favorable conditions
for cell proliferation and the production of proteogly-
cans. The type-II collagen numerical increment was
evident by mRNA expression analysis, although it was
not apparent by immunohistochemical collagen type-
IT staining up to D14. Similarly as for HOI scaffold the
same reasoning is relevant for this discrepancy. Cell-
seeding density has been shown to influence the
outcome of in vitro engineered tissue 75]. Because of
different cell-seeding concentrations, we were not able
to compare two membranes directly. However, PCR
data shows a tendency toward chondrogenic tissue
formation at both cell-seeding formulations. It is
important to note that alower count of Cho seeded on
a HOI membrane allowed for a greater cartilage-
specific genotypic change as indirectly compared to
the collagen scaffold. Immunohistological analysis
revealed a weakened chondrogenic phenotype over a
14 days of an in vitro scaffold culture in both matrices
as compared to healthy cartilage. However, histo-
chemical analysis showed retention of GAGs by means
of toluidine blue and safranin O staining. Further
studies are needed to assess the chondrogenic factors’
influence on HOI scaffolds and Cho redifferentiation
as well as the ability to retain the chondrogenic
phenotype during a prolonged time in a scaffold
culture. In the present in vivo study, we used a rabbit
model for three-dimensionally cultured Cho implan-
tation. This study showed rather diverging results
comparing one and 3 months data: CM with Cho
showed superior type-II collagen expression com-
pared to CM only at both endpoints, while the HOI
membrane with Cho was comparable at lower numer-
ical levels to the HOI membrane alone at 1 and 3
months except for the HOI membrane alone at which
an unexpected increase of collagen type-11 expression
is observed at the 3 month endpoint. This may be due
to unique features of the HOI membrane to attract
host Cho for cartilage regeneration, while seeded
allogencic Cho within the HOI might interfere with
attraction of host cells. This short term in vivo observa-
tion cannot be overemphasized, and longer term
studies are of great importance.

The histological observation of regenerated tissues
throughout experimental groups with Cho showed
numerically better results when compared to its
respective groups without Cho and were significantly
better than the control group. At 3 months after
implantation, CM cultured Cho had a superior repair
tissue compared to the control and CM without cells.
No delaminations of CM were observed histologically
in this study. Although macroscopically defects were
filled with repair tissue, irregularities at the surface in
both groups were evident, as seen in figure 4. Improve-
ment in both membrane groups without the cells was
not significant and may be explained by the insuffi-
cient effect of bone marrow stem cells that infiltrate
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the subchondral defect [35]. No inflammatory reac-
tions were observed throughout the HOI membrane
groups. The scaffold was seen to disintegrate during
the examination. This may be due to histological pre-
paration of the samples, which requires mechanical
dissection of paraffin blocks. Frozen blocks should be
considered in the future studies. The modified O’Dris-
coll score was significantly better in experimental
groups treated with seeded scaffolds compared to
unseeded groups and the control group. This study
demonstrated that direct laser polymerization is a
valuable method to create a scaffold of various forma-
tions. Loss of the chondrogenic phenotype during the
monolayer culture can be recovered through three-
dimensional cultures with a HOI and collagen mem-
branes, and the phenotype can be maintained at least 3
months after implantation. The differences observed
between the investigated scaffold groups need further
investigation. Our hexagonal HOI scaffold in combi-
nation with Cho may be successfully implemented in
cartilage tissue engineering applications.

5. Conclusions

For the first time ultrafast pulse DLW lithography was
employed for the fabrication of 3D microstructured
scaffolds, and their biocompatibility was tested in vivo
using rabbits. Osteochondral injury was chosen as the
study problem. Common HOI material SZ2080 was
used for the microstructuring. A woodpile and a mesh
of 3D hexagons geometries were manufactured, and
prior to implantation into 27 rabbits for up to 6
months they were seeded with Cho for two weeks. The
results were compared to the same procedure with a
collagen scaffold. Ultrafast pulsed lasers became a
well-established technique for the creation of custom-
made free-form 3D micro scaffolds from a variety of
materials ranging from proteins to biocompatible
glasses. Its potential applications for the manufactur-
ing of patient specific scaffold seem unlimited in terms
of spatial resolution and geometry complexity. How-
ever, despite few exceptions in which live cells or
primitive organisms were encapsulated into a polymer
matrix, no demonstration of an in vivo study case of
scaffolds generated with such a method was per-
formed. Here, we report a preclinical study of 3D
artificial microstructured scaffolds of HOI material
§72080 fabricated using the DLW technique. The
created 2.1X2.1X0.21 mm® membrane constructs
are tested both in vitro by growing isolated allogeneic
rabbit Cho and in vivo by implantation into rabbit
organisms for 6 months. An Ex vivo histological
examination shows that optimization of pore geome-
try and pre-growing of Cho prior to implantation
significantly improves the performance of the created
3D scaffolds. A HOI membrane with Cho allowed for
a better macroscopical and histological evaluation,
which was in accordance with PCR results obtained
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defects treated with scaffolds containing cells demon-
strated superior tissue formation compared to its
respective group of implanted scaffold only. The sub-
chondral bone tissue is still seen undergoing remodel-
ing throughout groups at 3 months postoperatively.

The different parameters of the modified O’Dris-
coll histological scoring system [56] were evaluated, as
seen in figure 6. The histological score in group #4
revealed statistically significantly better repair com-
pared to the control group (the mean O’Driscoll
scores were 13.3 +3.1and 4.7 0.6 (p < 0.05) in group
#4 and the control group, respectively) and were
numerically higher compared to group #3 (mean score
was 10.0 £ 1.0, p=0.118). The experimental group #2s
resultant defect repair was also statistically sig-
nificantly superior compared to group #1 and the con-
trol group: the mean O’Driscoll scores were 11.7 +2.1,
7.4+2.1 and 4.7£0.6 (p<0.05) in groups #2 and #1
and the control group, respectively.

4. Discussion

Articular cartilage repair still remains a major problem
in healthcare. Previous studies have demonstrated the
efficacy of somatic cells combined with three-dimen-
sional scaffolds for treatment of large osteochondral
defects in knee joints [59]. The rigid biocompatible
scaffold allows for the Chos’ proliferation, migration,
redifferentiation and subsequent cartilage formation.
After the Chos” adherence to the surrounding scaffold,
the reexpression of hyaline cartilage-specific genes
indicates that the scaffold is suitable for in vivo
implantation [60, 61]. When trying to elucidate the
true effect of the implanted scaffold, the articular
osteochondral model has its drawback of reaching
through the vascularized subchondral bone, which
might repair itself spontancously [62, 63]. Rabbit
articular cartilage of 0.2-0.3 mm thickness makes it
difficult to effectively produce a pure chondral defect.
The contribution of host cells infiltrating from bone
marrow to tissue defect should be elucidated in further
studies. No data related to combination of this type of
scaffold and Cho were found. $Z2080 material has
been shown to provide adequate response for tissue
engineering for rabbit stem cells in vitro [64] as well as
whole animals in vivo [21]. DLW in photopolymers is
distinguished by a possibility to precisely fabricate fully
3D microstructures with a freely chosen geometry out
of a vast selection of materials. In vitro and in vivo
biocompatibility tests have shown that various photo-
structurable polymers used in DLW are biocompati-
ble, making it an attractive technique for fabrication of
polymeric scaffolds for tissue engineering applications

22]. The studies show that it is possible to structure
hydrogels that already contain living cells without any
damage [15]. This allows precise spatial encapsulation
of the cells inside the scaffold during the fabrication
process. The limiting factor here is photoinitiators
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used to photosensitize the materials as they are very
chemically reactive and can result in the formation of
reactive oxygen, which is harmful to cells. However,
this limitation could be circumvented by employing
the fabrication of pure materials without the use of any
photoinitiators 17]. The primary focuses of this study
were to test the feasibility of HOI and collagen
scaffolds in combination with allogeneic Cho to form
cartilage-like tissue in vitro and in vivo. For newly
formed tissue evaluation we used collagen type-II
protein, which is a known hyaline cartilage specific
marker [43], and collagen type-X, a fibroblastic
marker [65]. Many studies have previously shown the
benefits of chondrogenic factors such as Sox9, Bmp-2
or Tgffor in vitro cultures [66, 67]. We were interested
in exclusively a three-dimensional scaffold influence
toward retaining chondrogenic lineage. Multiple stu-
dies indicate that Cho lose their phenotype during a
monolayer culture, which is highly dependent on time
in a culture. Cho morphologically and functionally
dedifferentiate, becoming fibroblast-like cells [68].
Type-II collagen expression in our experiment
decreased in accordance with these studies [69, 70],
while type-X collagen showed an insignificant incre-
ment in value. It is important to ensure that expanded
Cho retain their phenotypic function. Redifferentia-
tion to the chondrogenic phenotype is induced after
three-dimensional scaffold cultures [43]. Many stu-
dies support the use of scaffolds of different 3D origins
[71, 72]. Ideally, the scaffold would resemble the
environment of a native cartilage with Cho far apart
from each other [73]. In this study we fabricated a HOI
scaffold using direct laser polymerization. $Z2080 has
been shown to be biocompatible in previous reports
[21]. A HOI membrane was made of two types of
pores: woodpile and honeycomb. Further scaffold
culturing with Cho in a woodpile-type membrane
revealed that cells failed to integrate and were seenina
monolayer. This may be due to narrow inside struc-
tures, which are not compatible for Cho migration
throughout, thus leaving cells unable to adequately
integrate to the scaffold. A hexagon-type pore scemed
appropriate for cells to proliferate. Its rigid structure
enabled the attachment of Cho and the production of
ECM that covered every layer of the hexagon-type
membrane. The increment of pore coverage revealed
remarkable growth at D8 with continuing growth fora
period up to the end of the observation at D14. The
cells at the bottom layer of the scaffold showed signs of
adherence to the culture flask as well. Up to 14 days of
in vitro HOI scaffold culture PCR data revealed a 226
times increment of type-I1 collagen reexpression albeit
in one sample. The toluidine blue and safranin-O
stainings were positive despite the absence of collagen
type-II positive immunohistochemical staining. This
indicates that Cho in a HOI membrane retained their
ability to produce GAGs. In addition to the HOI
membrane, we tested a collagen membrane, which has
suitable properties for the three-dimensional
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from samples at 3 months after implantation. The
HOI membrane loaded with Cho had the most
hyaline-like tissue compared to other groups. The
achieved biocompatibility is comparable to the com-
mercially available collagen membrane. A successful
outcome of this study supports the idea that hexago-
nal-pore-shaped HOI microstructured scaffolds in
combination with Cho seeding may be successfully
implemented for the cartilage tissue engineering.

Thus, here we showed for the first time that novel,
specially shaped $Z2080 material is a biocompatible
material for Cho in a 3D environment and enables
them to recover the chondrogenic phenotype, which is
otherwise diminished during culturing in a mono-
layer. The biocompatibility was sustained throughout
the long-term in vivo study. This feature of maintain-
ing chondrogenicity is at least non-inferior to standard
3D forming of biocompatible materials, such as col-
lagenous scaffolds, and is a promising feature for effec-
tive exploitation of Cho for tissue regeneration. It
seems that a laser-formed HOIT scaffold is more effi-
cient in producing a chondrogenic environment com-
pared to standard collagenous scaffolds. Future studies
should involve further improvement of in vitro and
in vivo outcomes by preventing cells from elongation
and by adding growth factors to the medium; long-
term durability of the HOI membrane after implanta-
tion and its effect on cartilage regeneration; adding
human somatic and stem cells cultures for in vitro and
in vivo analysis and their functionality in larger ani-
mals and humans.
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Annexe 1

State Food and Veterinary Service Permit

VALSTYBINE MAISTO IR VETERINARIJOS TARNYBA
LEIDIMAS ATLIKTI BANDYMO SU GYVUNAIS PROCEDURY PROJEKTA

20131203 Nr. (G2-36
Vilnius

Vadovaujantis Lictuvos Respublikos gyviiny gerovés ir apsaugos istatymo 16
straipsnio 4 dalimi. Mokslo ir mokymo tikslais naudojamuy gyviiny laikymo. pricZitros ir
naudojimo reikalavimais, patvirtintais  Valstybinés maisto ir veterinarijos tarnybos
direktoriaus 2012 m. spalio 31 d. jsakymu Nr. B1-866 ..Dél Mokslo ir mokymo tikslais
naudojamu gyviiny laikymo. priezifiros ir naudojimo reikalavimy patvirtinimo™, Europos
konvencija dél eksperimentiniais ir kitais mokslo likslais naudojamu stuburiniy gyviiny
apsaugos (OL 2004 m. specialusis leidimas, 15 skyrius, 4 tomas. p. 323) ir remiantis Lietuvos
bandomujy gyviny naudojimo ctikos komisijos pric Valstybinés maisto ir veterinarijos
tamybos 2015-11-25 isvada Nr. 17 ..Dé¢l leidimo atlikti bandymus su gyviinais™,
leidziama

Lietuvos sveikatos mokslg universitcto Veterinarijos akademijai,
(ko sul

<G KUrIAm (~1ciis ) 10128 TS ONIRE Dasidy (50 S5 EVVORAIE PErcedury, (0. jonis

Tilzés g. 18. LT-47181 Kaunas, 302536989,

S e (A Knda T T eg e Tepie) e

atlikti bandymo su gyviinais procediiny projekta

3D mikrostruktarizuoty ir kologeniniu konstruktu su chondrogeninémis lastelémis sukirimas

ir jy transliacinis ganaudo'!imas kremzlés rcgcncracijai“.
[ O S FYVIRDS proceding oot pan fas ek as N8 GSOIAmE B

projekto vadovas Romualdas Maciulaitis. naudojant 30 Ziurkiy, 6 triugius.

Lietuvos sveikatos mokslu universiteto Veterinarijos akademijoje, Tilzés g. 18, LT-47181
Kaunas.

(dandymao ‘uj:\\ﬁnms Procedny profekio dIkImo vICOs pavadimmas, adicsas)

Leidimas atlikti bandymo su gyviinais procediiry projekta galioja iki 2018 m. spalio 1 d.

Vidmantas Paulauskas
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Annexe 2

Kaunas Regional Biomedical Research Ethics Committee Permit

R S

LEIDIMAS ATLIKTI BIOMEDICININ] TYRIMA

2016-05-03  Nr. BE-2-22

Biomedicininio tyrimo pavadinimas: "Zmogaus kelio synarinés kremzlés gyvybingumo tyrimas.
Chondrocity ﬁynmas ir charakterizavimas"

Protokolo Nr.: 16/02/24-1

Data; 2016-02-24

Versija: CHONDRO2

Asmens informavimo forma Versija Nr. P-CONSENTS3, 2016-04-27
Pagrindinis tyréjas: Doc. Arvydas Usas

“iomedicininio tyrimo vieta: LSMUL Vs3] Kauno klinikos,

sstaigos pavadinimas: . Ortopedijos traumatologijos klinika
Adresas: ) Eiveniy g. 2, LT-50009, Kaunas, Lictuva
ISvada:

Kauno regioninio biomedicininiy tyrimy etikos komiteto posédzio, jvykusio 2016 m. balandZio mén.
5 d. (protokolo Nr. BE-10-7) sprendimu pritarta biomedicininio tyrimo vykdymui,

Mokslinio eksperimento vykdytojai jsipareigoja: (1) nedelsiant informuoti Kauno Regioninj biomedicininiy Tyrimy Etikos
komitetg apie visus nenumatytus stvejus, susijusius su studijos vykdymu, (2) iki sausio 15 dienos — pateikti metinj studijos
 vykdymo apibendrinimg bei, (3) per ménesj po studijos uZbaigimo, pateikii galutin] pranesimg ajfie eksperimenty.
Kauno regioninia biomedicininiy tyrimy etikos komiteto narial
Nr. Vardas, Pavarde Veiklos sritis Dalyvavo postdyje
1. Prof. Romaldas Madiulaitis Klinikine farmakologija taip
2. Prof. Edgaras Stankevi&ius Fiziologija, farmakologija taip
3 Doc. Eimantas Peicius Filosofija taip
! Dr. Ramuné Kasperavitieng Kaibotyra ng
5. Med. dr. Jonas Andriugkevi¢ius Chirurgija taip
6. Agné Krusinskaite Teisé __taip
1. Prof. Skaidrius Miliauskas Pulmonologija, vidaus ligos ne
8. Med. cr. Rokas Bagdonas Chirurgija ne
9. Egle VaiZgeliené Visuomenss sveikata taip
Kauno regioninis biomedicininiy tyrimy etikos komi dirba vadavaudamasis etikos principais nustatytais biomedicininiy

Etikas jstatyme, Heisinkio deklaracijoje, vaisty tyringjimo Geros klinikings

Pirmininkas
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rezultaty gavimo.

Prof. Rimtautui Gudui ir prof. Romaldui Maciulaiciui — Jiisy patarimais
ir jzvalgomis vadovavausi brgsdamas kaip mokslininkas, zmogus ir asme-
nybé. Pradéjau daugiau klausti, ne Kas? ir Kaip?, 0 Kodel? Aciu.

Lietuvos sveikatos moksly universiteto ligoninés Kauno kliniky
Ortopedijos traumatologijos klinikos kolegoms uz jsimintinus rezidentiiros
metus, kurie perkélé mane i§ jaunystés ] suaugusiyjy gyvenima. Suteiké
galimybe matyti tuos pacientus, dél kuriy ir dirbame. Acii.

Vilniaus universiteto Lazeriniy tyrimy centro kolegoms dr. Simai
Rekstytei ir prof. Mangirdui Malinauskui uz atviras akis ir skrupulingus
mikrostruktirizavimo darbus. Leido mums visiems pajausti tarpdisciplinis-
kumo jéga. Acit.

Lietuvos sveikatos moksly universiteto Biologiniy tyrimy centrui uz
tirlamyjy operacijas ir prieziiirag. Anestezijos specifikg gali iSmokti, bet
iSbandyti naujy metodiky, atliekant naujo pobiidZio operacijas, reikia drgsos.
Acit.

Visiems mokslinés ir eksperimentinés plétros projekty dalyviams, kuriy
pagalba buvo jgyvendinti Sie darbai — didelis Acit uz Jusy kompetencijas ir
skirtg laika. IS kiekvieno Jiisy iSmokau to, kg pritaikiau ir tebetaikau savo
profesiniame ir asmeniniame gyvenime. A¢id.

Didelis aciii, recenzentui prof. Giedriui Barauskui uzZ disertacinio darbo
pakelima j kitg lygj. Profesoriaus jzvalgos leido pamatyti darbg prezidentinés
lozés kampu. Aciil.

Mama Violeta, Tétis Romas, Sesuo Gintar¢ — jiis su manimi 35 metai.
Liksiu Jums skoloje amzinai. Zmona Rita ir dukryté Egluté — miisy pradzia
labai grazi ir man nejkainojamai prasminga. A¢ii uz Jiisy parama ir stiprybe.

Prabégus trylikai mety, jei tai kg zinau dabar, ar bii¢iau pradéjes Siuos
darbus. Be abejonés.
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