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The replacement of damaged or degenerated articular cartilage tissue remains a challenge, as this non-vascularized
tissue has a very limited self-healing capacity. Therefore, tissue engineering (TE) of cartilage is a promising treatment
option. Although significant progress has been made in recent years, there is still a lack of scaffolds that ensure the
formation of functional cartilage tissue while meeting the mechanical requirements for chondrogenic TE. In this article, we
report the application of flock technology, a common process in the modern textile industry, to produce flock scaffolds
made of chitosan (a biodegradable and biocompatible biopolymer) for chondrogenic TE. By combining an alginate
hydrogel with a chitosan flock scaffold (CFS+ALG), a fiber-reinforced hydrogel with anisotropic properties was developed
to support chondrogenic differentiation of embedded human chondrocytes. Pure alginate hydrogels (ALG) and pure
chitosan flock scaffolds (CFS) were studied as controls. Morphology of primary human chondrocytes analyzed by cLSM
and SEM showed a round, chondrogenic phenotype in CFS+ALG and ALG after 21 days of differentiation, whereas
chondrocytes on CFS formed spheroids. The compressive strength of CFS+ALG was higher than the compressive
strength of ALG and CFS alone. Chondrocytes embedded in CFS+ALG showed gene expression of chondrogenic
markers (COL Il, COMP, ACAN), the highest collagen I/ ratio, and production of the typical extracellular matrix such as
SsGAG and collagen Il. The combination of alginate hydrogel with chitosan flock scaffolds resulted in a scaffold with
anisotropic structure, good mechanical properties, elasticity, and porosity that supported chondrogenic differentiation of
inserted human chondrocytes and expression of chondrogenic markers and typical extracellular matrix.
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| 1. Introduction

The treatment of damaged or degenerated articular cartilage tissue has great scientific but also medical and economic
relevance since (unlike other tissues) non-vascularized articular cartilage has a very limited self-healing capacity.
Therefore, the therapy of cartilage damage using tissue engineering is a promising treatment option.

In common cartilage tissue engineering (TE) approaches, human chondrocytes are obtained from unloaded and
undamaged cartilage tissue of the patient, proliferated in vitro, cultivated, and redifferentiated in the three-dimensional
environment of a scaffold to support the extracellular matrix formation of the embedded chondrocytes. These constructs
are used to replace the defect WARB!  Scaffold materials for cartilage TE need to possess mechanical strength since
cartilage is exposed to high loads. Since hyaline articular cartilage is not vascularized, nutrition of the cells is achieved by
diffusion. To optimally enable the diffusion of nutrients and metabolic products, the constructs need to provide high
permeability in addition to strength.

We developed a new scaffold type produced by electrostatic flocking of fibers, a process commonly used in the textile
industry. Short fibers are first accelerated in a high-voltage electrical field and applied to a substrate covered with an
adhesive. The short fibers are uniformly distributed and vertically anchored in the adhesive layer in the finished scaffold
(figure 1). The polysaccharide chitosan was used for all components of the scaffold, and thus a fully resorbable flock
scaffold was developed.

The aim of this study was to evaluate the suitability of chitosan flock scaffolds (CFS) for cartilage TE for the first time.
Flock scaffolds were combined with alginate hydrogels (ALG) and human primary chondrocytes. Chondrogenic (re-)
differentiation and thus the suitability of flock scaffolds for cartilage TE was investigated in vitro.
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Figure 1

| 2. Scaffold fabrication and characterisation

Three different types of scaffolds were included in the study: alginate hydrogels (ALG), chitosan flock scaffolds (CFS), and
alginate-filled chitosan flock scaffolds (CFS+ALG) (Figure 2). A detailed characterization of the CFS was published before
[ The CFS used in this study showed a uniform distribution of the fibers with 2 mm length (fiber density 73 + 8 mm™2) at
a mean fiber distance of 149 + 71 um. For cell culture, 6 mm diameter scaffolds were punched out. After filling with 1.2%
alginate solution in which the cells were suspended and crosslinking with calcium chloride solution, uniformly filled
CFS+ALG were obtained (Figure 2B).
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Figure 2

Mechanical characterisation revealed a higher compressive strenght of chitosan flock scaffolds with and without alginate
compared to the pure alginate gels.

| 3. Interaction with cells

Primary human chondrocytes from three donors were introduced into the three types of scaffolds: CFS, ALG, and
CFS+ALG. All cell-loaded constructs were cultured under chondrogenic stimulation for 21 days. Figure 3 shows the
phenotype of chondrocytes introduced into the three scaffold types. Cells in pure alginate gel retained their round
phenotype. After culturing the cells in CFS+ALG, some cells also exhibited a round phenotype in addition to cells with a
spindle-shaped elongated cell shape that adhered directly to the chitosan fibers. In contrast, the cells in CFS formed
spheroids about 100-200 um in size, which were distributed over the entire scaffold and were mainly found near the basal
chitosan membrane.
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After 21 days of cultivation, the expression of the chondrogenic marker genes aggrecan (ACAN), collagen Il (COL II), and
cartilage oligomeric ma- trix protein (COMP) was analyzed by quantitative real-time PCR (Figure 4). The expression of
collagen | (COL I) as a fibroblast marker and, therefore, for chondrocyte dedifferentiation was also analyzed.

The chondrogenic marker genes COL Il and COMP show an increase in expression in all donors and in all scaffold types
after 21 days of cultivation. The expression of COL Il was highest in CFS+ALG and in ALG compared to chondrocytes
cultivated in pure CFS. The expression of aggrecan varied depending on the scaffold type. While, after cultivation in
CFS+ALG and ALG, all three donors showed an increase in expression, the expression of ACAN was reduced or only
slightly increased after cultivation in CFS.

The collagen II/1 ratio, which is an indicator for chondrogenic differentiation without formation of fibrocartilage, was highest
in CFS+ALG scaffolds (Figure 4).
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The secretion of sulfated glycosaminoglycans (sGAG) as well as the secretion of collagen Il was higher for chondrocytes
cultured in CFS+ALG compared to CFS or ALG alone (Figure 5).
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Figure 5

| 4. Discussion

The articular cartilage is anisotropic and inhomogeneous due to its microstructure. Its elastic properties are influenced by
the arrangement of collagen fibers, which are oriented orthogonally to the bone—cartilage interface in the deep zone,
randomly in the middle zone, and parallel to the surface in the superficial zone B2, This anisotropy and associated
resistance to loading is induced by the fiber alignment in the scaffold, which is also anisotropic as a result. Such an
ordered structure can guide chondrocytes to produce their own extracellular matrix and thus fill a defect with functional
tissue. Flocking creates an organized structure due to the vertical and parallel alignment of the fibers, resulting in an
anisotropic scaffold with suitable mechanical stability and high elasticity.

The low mechanical strength of pure alginate hydrogels, which was confirmed in our results, impairs their application for
tissue engineering of cartilage, where high overall mechanical strength is required. However, mechanical strength of
alginate hydrogels was significantly increased by combining it with a CFS, and the combination even exceeded the
compressive strength of the pure flock scaffold. While in pure flock scaffolds, the high compressive strength is mainly due
to the progressive elastic behavior of the fibers and the increased fiber-volume fraction as well as fiber-to-fiber contacts
with increasing compression 8, combined scaffolds further benefit from the restricting gel matrix, which may decrease
bending and buckling tendencies in individual embedded fibers and make the combined scaffold act more like a typical
fiber-reinforced composite.

Embedding of flock scaffolds into crosslinked alginate hydrogels results in fiber- reinforced hydrogels. Fiber reinforcement
is a strategy to overcome the disadvantage of low stiffness of hydrogels while retaining their high water binding capacity
and porosity at the same time &, The opposite electric charge of chitosan and alginate may also play a role in the
increased compressive strength of the CFS+ALG, which is mediated by the negatively charged carboxylate groups of
alginate and the positively charged amino groups of chitosan 19,

It is known that cells embedded in alginate hydrogels maintain a round phenotype, which is important for the
redifferentiation of the introduced chondrocytes, as they lose their round chondrogenic phenotype during two-dimensional
in vitro expansion in monolayer culture 1. In our study, the phenotype of the introduced cells differed in the three scaffold
types. In the combined CFS+ALG, few cells adhered to the chitosan fibers with a fibroblast-like phenotype oriented along
the fibers. Cell adhesion to chitosan was described for different cell types such as human bone mesenchymal stem cells
(hBMSC), human adipose-tissue-derived stem cells, neurons, and fibroblasts 4R2M3I14115] and depends on the degree of
deacetylation of chitosan. Due to the positively charged amino groups and hydrophilic surface, chitosan enables
interactions with the anionic cell surface and anionic GAGs, proteoglycans, and other negatively charged matrix
molecules. In contrast to the alginate-containing scaffolds, the chondrocytes which were introduced into the pure CFS
formed cellular agglomerates 24 h after seeding and large spheroids within 21 days. Cell aggregation and round
morphology have previously been related to a pro-chondrogenic phenotype, and cellular aggregates enhance the
chondrogenic differentiation ability of cells. It was previously shown that among other cell types, hBMSC and adipose-
tissue-derived stem cells (hRADSC) could self-organize into 3D spheroids with higher chondrogenic differentiation capacity
when cultured on chitosan R8RS 1 our study, spheroid formation may have been favored by cell aggregation and
spatial proximity after seeding on the membrane because cell—cell contacts dominate over cell-matrix interactions in the



formation of spheroids. In the CFS+ALG, cell-matrix contacts and cell-cell contacts are limited by immobilization. In vitro
cultivation conditions of chondrocytes also influence the composition of the newly secreted extracellular matrix. In natural
cartilage tissue, viscoelastic properties result from the structure and composition of this extracellular matrix, whose main
components are proteoglycans and collagen Il, both being arranged in a highly organized manner. Since 2D cultivation or
expansion leads to dedifferentiation of chondrocytes B2 it is important that the cultivation conditions sustain
redifferentiation with a chondrocyte-typical matrix. Alginate hydrogels have already been shown to support the growth and
proliferation of encapsulated chondrocytes, as well as maintain their chondrogenic phenotype and lead to the expression
of chondrogenic markers such as aggrecan, COMP, and sGAG, as well as collagen I1 [21[22]23],

The highest expression of collagen Il, cartilage oligomeric matrix protein, and sGAG was found after culturing
chondrocytes in the CFS+ALG. At the same time, the expression of collagen | was lowest in these combined scaffolds.
Collagen | is associated with a fibrocartilaginous and dedifferentiated cell type of chondrocytes and is observed to be
increased after two-dimensional culturing for expansion or differentiation 1122201 However, in line with our results, Caron
et al. 22 described that collagen | is also induced upon three-dimensional cultivation of chondrocytes in alginate gels and
cell pellets.

While collagen 1l expression at mRNA and protein levels of the chondrocytes cultivated in the CFS+ALG composite was
similar to that in pure alginate, the low collagen | expression detected in CFS+ALG composites leads to a significantly
increased collagen 1I/I ratio compared to both pure chitosan and alginate constructs. Marlovits et al. 24 reported that this
ratio is above 400 at the mRNA level in freshly isolated chondrocytes and the beginning of cultivation and decreases to
values between 0.1 and 1 during monolayer cultivation over 30 days. During cultivation in three-dimensional matrices, the
expres- sion of collagen Il increases, while that of collagen | is decreasing; in our studies, the mRNA collagen I/l ratio
showed a maximum of 37 after 21 days of redifferentiation of chondrocytes cultivated in CFS+ALG.

Chondrocytes cultured in pure CFS showed the lowest expression of collagen Il at the RNA and protein levels. Collagen Il
is important for chondrogenic differentiation, and it prevents hypertrophy of chondrocytes and supports the formation of
cell-matrix contacts 231261 Although it is known that culturing chondrocytes in pellets or spheroids facilitates
redifferentiation and is used to form hyaline-like cartilage 2227 in our study, the differentiation of cells that formed
spheroids in the CFS was low based on analyses on both RNA and protein levels.

Several studies have focused on the expression of chondrogenic markers in scaffolds and hydrogels made of chitosan
and alginate and have obtained heterogeneous results in detail. Li and Zhang 28 found a higher collagen Il expression of
chondrocytes in combined chitosan/alginate freeze-dried sponges compared to the expression of HTB94 in pure chitosan
freeze-dried sponges. In vivo analyses of cell-laden alginate and chitosan hydrogels suggest higher suitability of chitosan
for chondral tissue engineering since it retained the highest amount of sGAG and did not promote vascularization or
endochondral ossification 22. However, the results are only comparable to a limited extent due to the different types of
scaffolds. Research of chondrogenic differentiation markers in combined chitosan/alginate scaffolds 19 showed that
cartilaginous matrix proteins such as collagen type Il, GAG, and aggrecan are produced when chondrocytes are cultured
in these materials. Although these freeze-dried sponges, as well as pure alginate hydrogels, promoting the maintenance
of the chondrogenic cell type, these scaffold types have low mechanical strength and degrade rapidly in physiological
environments.

Especially in tissue engineering of cartilage, it is of particular importance to produce a graft that can withstand the multiple
forces to which cartilage is subjected. The combination of alginate hydrogels with axially oriented chitosan fibers results in
a mechanically stable anisotropic scaffold that can be more resistant to compressive loads perpendicular to the fiber
orientation and has a higher elasticity compared to both the pure alginate hydrogels and flock scaffolds. Besides the
promising properties of CFS in terms of biocompatibility, porosity, anisotropic morphology, and mechanical stability, these
scaffolds were shown to support chondrogenic redifferentiation in our study. Differentiation of chondrocytes in an alginate
hydrogel combined with a chitosan flock scaffold was superior to the pure alginate gel and pure chitosan flock scaffolds.
By combining an alginate gel with its known advantages for chondrogenic differentiation with a chitosan flock scaffold, the
disadvantages of the mechanical properties of a pure hydrogel can be overcome, and support of chondrogenic
differentiation can be further improved. Further studies will be helpful to strengthen the evidence of this study, which is
partially limited due to the small number of chondrocyte donors, the pathology of the donors, and the limited selection of
chondrogenic markers. Moreover, further studies will involve in vivo testing of the constructs in an animal model.
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