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Two novel scaffold models made of chitosan fibers were designed, fabricated, and investigated. Raw chitosan
fibers were either tightened between plastic rings or were processed into stand-alone scaffolds. Chitosan fiber
scaffolds were further modified by coating with a thin layer of fibrillar collagen type | to biologize the surface.
Cell culture experiments were carried out using murine osteoblast-like cells (7F2). Confocal laser scanning
microscopy (cLSM) as well as scanning electron microscopy (SEM) revealed fast attachment and morphological
adaptation of the cells on both the raw chitosan fibers and the collagen-coated scaffolds. Cells were cultivated for
up to 4 weeks on the materials and proliferation as well as osteogenic differentiation was quantitatively analyzed
in terms of lactate dehydrogenase (LDH) and akaline phosphatase (ALP) activity. We found a 14—16-fold increase
of cell number and the typical pattern of ALP activity, whereas the collagen coating does not remarkably influence
these parameters. The maintenance of osteogenic phenotype on the novel materials was furthermore confirmed
by immunostaining of osteocalcin and study of matrix mineralization. The feature of the collagen-coated but also
the raw chitosan fiber scaffolds to support the attachment, proliferation, and differentiation of osteoblast-like
cells suggest a potential application of chitosan fibers and textile chitosan scaffolds for the tissue engineering of
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bone.

Introduction

During the last few years, technical textile technologies have
attracted more and more attention in regenerative medicine.
Established processing technologies like weaving, stitching, and
knitting allow the fabrication of adapted medical products.®
Furthermore, these technologies enabled the fabrication of
constructs that fulfill most requirements of an idea scaffold
system.>2 One of the most important advantages over conven-
tional foam-like scaffolds is the higher ratio of surface area to
volume. This feature supports the adhesion of cells and the
diffusion of nutrients inside the scaffold.*

Until now, synthetic polymers have been successfully applied
for the tissue engineering of bone, cartilage, heart valves,
bladder, and liver. Mostly, aliphatic polyesters (PGA, PLLA)
or copolymers (PLGA) were used.*"® Additionally, positive
results were attained for the application of polyhydroxybutyrate
(PHB), apolyester of bacterial origin with properties similar to
that of synthetic polypropylene.®*® However, synthetic poly-
mers, generally used for tissue engineering devices, exhibit some
properties that may have negative effects on the successful
application. For example, the cell adhesion on untreated
polymers is insufficient, the hydrophobic surface prevents cell
ingrowth, and lack of functional residues complicates chemical
modification.** Furthermore, acidic degradation products oc-
curring in vivo often cause inflammation.*?

Due to these complications, the focus switched to the usage
of polymers from natural sources, including proteins and
polysaccharides. Especialy the protein collagen, an essential
element of extracellular matrices, is well-established in tissue
engineering applications. The material consists of collagen fibrils
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composed of a staggered array of tropocollagen molecules, each
built up from three helices of amino acid chains.™® The structure
resultsin a useful combination of positive features like solubility,
biodegradability, low immunogenicity, and good mechanical
properties, which allows high processibility and a wide range
of uses.

Chitosan is a polysaccharide that is produced by deacetylation
of naturally occurring chitin. Despite its poor solubility in water,
chitosan has become a common substance in biomaterials
research with promising pharmaceutical perspectives.** The
biocompatible and biodegradable materia is easy to function-
alize and its degradation products are nontoxic.*> Hydrolases
like lysozyme, pektinase, cellulose, hemicellulase, lipase, amy-
lase, chitinase, and chitosanase are able to depolymerize
chitosan.***8 |n the human body, the degradation by the body’s
own lysozymes is recognized as the dominating process.’’
Hydrolysis results in the formation of chitosan oligomers.*®

Films, gels, as well as porous sponge-like scaffolds made of
chitosan are widely investigated and show a therapeutic potential
in regenerative medicine.*® Recently, porous chitosan/hydroxya-
patite scaffolds for bone tissue engineering have been devel-
oped.?° Porous scaffolds made of pure chitosan or chitosan-
based composites are generally prepared by the freeze-drying
method, but also freeze-gelation or freeze—extraction methods
can be used.?* Technologies for chitosan fiber production have
been established through the last two decades.?® The electro-
spinning process can be used for the production of thin chitosan
fibers down to the nanometer scale.>® In many studies, chitosan
fibers are made by the wet-spinning process, which produces
fibers by first dissolving the polymer in a solvent (e.g., acetic
acid) and then extruding the polymer solution via dies into a
nonsolvent (e.g., agueous sodium hydroxide). The polymer
precipitates as a fiber, which can be washed, drawn, and dried
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to form fibers. Scaffolds prepared from chitosan fibers could
combine adequate porous structure with sufficient degradability
and mechanical properties.

Owing to the combination of positive properties chitosan is
recognized as a valuable base material for various biomedical
applications. A specia impact for tissue engineering applications
is envisaged for the chitosan-based fibers that can be processed
in three-dimensional scaffolds with adaptable properties by using
established textile techniques. However, until now there have
been few reports on the application of textile chitosan scaffolds
as asubstrate for bone tissue engineering. Tuzlakoglu et a. used
a chitosan fiber mesh as a substrate for cultivation of SaOs-2
cells.®* The results confirmed that the material does not show
cytotoxic effects. Adhesion and proliferation of the cells was
confirmed qualitatively by SEM investigations. Further studies
demonstrated that the cell activity can be increased by a
biomimetic apatite-like coating.?®

In this study we used raw chitosan fibers as a scaffold model
for cell culture experiments. Furthermore, we coated the
scaffolds with fibrillar collagen type | to achieve biologization
whose influence on cell behavior is investigated. We demon-
strated the process of initial cell adhesion by using cLSM and
SEM. Cell proliferation, maintenance of the osteogenic pheno-
type and mineralization over along-term cultivation period were
analyzed by quantitative biochemical assays.

Materials and Methods

Chitosan Fiber Scaffolds and Collagen Coating. Chitosan fibers
were provided in form of a multifilament yarn by Heppe GmbH,
Germany. The raw material is crab chitin which is deacetylated (DD
90%) to chitosan of molecular weight between 100000—200000. The
wet spinning technique was used to produce the fibers that possess
line density 1.23 mg/cm, breakdown strength 1.46 g/d, uneven rate of
breakdown strength 12.1%, extensibility 12.8%, and uneven rate of
breakdown extensibility 23.3%. For microscopic anayses the chitosan
fibers were tightened between the plastic rings of Minusheet-Holders
(inner diameter 10 mm). Stand-alone scaffolds (diameter 10 mm) for
determination of chemical properties and cell culture experiments were
processed by using the crown knot technique, which is illustrated in
Supporting Information.

Bovine tropocollagen type | (Invitrogen) was assembled into a
fibrillar coating directly on the scaffolds. Therefore, equal volumes of
tropocollagen solution (0.7 mg/mL in 10 mM acetic acid) and
physiological buffer solution (10 mM KH,PO,, 50 mM Na,HPO,, pH
7.4) were mixed at 4 °C.% After completely soaking the chitosan
scaffolds in the mixture, fibrillation of the collagen was carried out at
37 °C. After 24 h, the coated scaffolds were rinsed in deionized water
and lyophilized in a Christ Alpha 1—4 machine. To stabilize the coating,
chemical cross-linking of the collagen was performed using N-(3-
dimethylaminopropy!)-N’-ethylcarbodiimide (EDC) and N-hydroxysuc-
cinimide (NHS). The scaffolds were incubated in EDC/NHS solution
for 5 h, followed by extensive washing in 0.1 M Na,HPO, (pH 9.0),
4 M NaCl, and deionized water to remove residuals. The procedure
was finished by freeze-drying the coated chitosan scaffolds.

Céll Culture. A part of the scaffolds was sterilized by ethylene oxide.
Residual gas was allowed to evaporate for two weeks before usage of
the sterilized scaffolds. Gammarirradiation (25 kGy) was used as a
standard to sterilize the uncoated and collagen-coated chitosan scaffolds
before starting the cell culture experiments.

Murine osteoblast-like cell line 7F2 was obtained from the American
type Culture Collection (ATCC). Cells were expanded in minimal
essential medium (a.-MEM) supplemented with 10% fetal calf serum
(FCS), 2 mM L-glutamine, and the antibiotics penicillin (100 U/mL)
and streptomycin (100 U/mL) in a humidified atmosphere (37 °C, 7%
CO,). Medium and al supplements were obtained from Biochrom,
Germany.
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Figure 1. Mesh-like scaffold derived by fixing chitosan fibers in a
Minusheet-Holder (a) and stand-alone chitosan scaffold derived by
textile processing techniques (b). Space bar represents 5 mm.

The scaffolds were placed in 48-well plates and soaked in cell culture
medium for 24 h to prevent floating. After removing the medium, 40
uL of cell suspension (2500 cells per uL) was placed onto each scaffold.
Cells were alowed to adhere for 30 min in the incubator before filling
up the wells with additional medium. On third day, cells were induced
for mineralization by addition of 7.4 mM f-glycerol phosphate (Sigma)
to the medium.?” The medium was changed every third day. The
common LIVE/DEAD viability/cytotoxicity kit (Invitrogen) was used
to check the suitability of the sterilization procedure.

Microscopy. SEM was used to characterize the uncoated and
collagen-coated chitosan scaffolds before and after cell culture experi-
ments, respectively. The cell seeded samples were washed with 37 °C
phosphate buffered saline (PBS) twice and then fixed with 3.7%
formaldehyde (Sigma) at 4 °C. Dehydration was performed by series
of graded ethanol solutions before critical-point drying using a CPD
030 apparatus (BAL-TEC AG, Liechtenstein). The samples were
mounted on stubs and sputtered with gold in a Balzers SDC 050 coater.
Microscopy was carried out using a Philips ESEM XL 30 in Hi-Vac
mode by applying an acceleration voltage of 3 kV and detecting
secondary electrons for imaging. Additionally, energy dispersive X-ray
(EDX) mapping was performed in order to visualize distribution of
calcium and phosphorus as typical elements of cell-formed mineral.

Cell morphology, spreading, orientation, and growth were evaluated
using cLSM. After washing and fixing, the cells were permeabilized
with 0.2% Triton-X-100 in PBS and blocked with 1% bovine serum
albumin (BSA, Sigma) for 30 min. Cytoskeletal actin was stained with
AlexaFluor 488-Phalloidin (Invitrogen), and cell nuclei was stained with
4’ 6-diamidino-2-phenylindole (DAPI, Sigma). In the case of collagen-
coated chitosan fibers, anti-bovine collagen type | (mouse 1gG; Sigma)
was linked to the collagen coating. AlexaFluor 546 conjugated goat
anti-mouse 1gG (Invitrogen) was used as the secondary antibody for
staining. To visualize differentiation behavior, osteocalcin was labeled
with anti-mouse osteocalcin (goat 1gG; Santa Cruz Biotechnology),
followed by staining with AlexaFluor 488 conjugated donkey anti-goat
1gG (Invitrogen). The cytoskeletal actin was stained with AlexaFluor
546-Phalloidin. Collagen was not stained in that case. Tetracycline
staining was used in order to visualize matrix mineralization by
fluorescent |abeling.2%° Cells were cultured as described above, except
that two days before measurement penicillin/streptomycin in the
medium was replaced with 9 ug/mL tetracycline (Sigma). Microscopy
was carried out on an upright Axioscop 2 FS mot equipped with a
LSM 510 META module (Zeiss, Germany) controlling an argon-ion
(Ar*) laser, helium—neon (HeNe) laser, and NIR-femtosecond titanium-
sapphire laser for two-photon excitation (Coherent Mira 900F).
Excitation of AlexaFluor 488 was carried out at 488 nm (Ar™ laser),
the excitation of AlexaFluor 546 at 546 nm (HeNe laser). The NIR-
fs-laser laser was used for excitation of both DAPI and tetracycline at
750 nm (2 photon excitation). Fluorescence was recorded at 461 (DAPI)
and 550 nm (tetracycline), respectively.

Colorimetric Measurements. Examination of proliferation, dif-
ferentiation, and mineralization were carried out by a lactate dehydro-
genase assay, an akaline phosphatase assay and a calcium cresol phtha
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Figure 2. Scanning electron micrographs of native chitosan fibers
used for the scaffolds.

lein assay, respectively. All measurements were performed with cell
lysates after 1, 3, 7, 10, 14, 21, and 28 days of cultivation. Cell lysis
was achieved with 1% Triton X-100 (Sigma) in PBS. Ultrasonication
(20 s, 80 W) of the scaffolds was applied to support cell lysis. For all
colorimetric measurements, a SpectraFluor Plus microplate reader
(Tecan, Germany) was used.

Lactate Dehydrogenase (LDH) Activity Assay: Cell proliferation was
determined through the total activity of lactate dehydrogenase in the
cell lysates using the LDH Cytotoxicity Detection Kit (Takara). An
aiquot of cell lysate was mixed with LDH substrate buffer and the
enzymatic reaction was stopped after 30 min with 0.5 M HCI. The
absorbance was read at 492 nm. The LDH activity was correlated with
the cell number using a calibration line of cell lysates with defined
cell number,303t

Alkaline Phospatase (ALP) Activity Assay: Cell differentiation was
evaluated by the activity of akaline phosphatase. An aliquot of cell
lysate was added to ALP substrate buffer, containing 2 mg/mL
p-nitrophenyl phosphate (Sigma), 0.1 M diethanolamine, 1 mM MgCl,,
0.1% Triton X-100 (pH 9.8) and the mixture was incubated at 37 °C
for 30 min. The enzymatic reaction was stopped by the addition of 0.5
M NaOH, and the absorbance was read at 405 nm. A calibration line
was constructed from different concentrations of p-nitrophenoal.

Calcium Assay: The determination of Ca?" concentration in the
lysates was used to evaluate cell mineralization. The method is based
on the reaction of Ca®" with o-cresolphthalein in an akaline medium,
which results in the formation of a purple-colored complex. Ultrasoni-
cation (20 s, 80 W) was used again to support release of the Ca?*
from the scaffolds. Lysates were incubated in 0.2 N HCI overnight to
release calcium ions which were bound to proteins. The absorbance
was measured at 570 nm. A calibration line was constructed from
different concentrations of a calcium standard solution.

Satistics: All measurements were collected in triplicate and ex-
pressed as means + standard deviations. Student’ s t-test was employed
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Figure 3. Scanning electron micrographs of collagen-coated chitosan
fibers.

to assess the statistical significance of results. P-values less than 0.05
were considered significant for all analyses.

Results

Scaffold Characterization. Two different scaffold models
were developed to investigate adhesion, proliferation and
differentiation of cells of the bone remodelling process cultivated
on chitosan fibers. For the mesh-like model (Figure 1a) the
parallel aligned chitosan fibers form a smooth surface prefer-
entially suitable for microscopy investigations. Biochemical
assays were carried out by cultivating the cells on stand-alone
scaffolds of the same chitosan material (Figure 1b). All scaffolds
were equal in size and morphology and were easy to handle in
cell culture.

The chitosan fibers were characterized using SEM (Figure
2). The fibers are uniform in showing a slightly edged cross-
section and a diameter of about 20 um. Higher magnification
of single fibers revealed a rough flaky surface.

A part of the chitosan scaffolds was modified by a coating
with fibrillar bovine collagen type I. The morphological
characteristics of these samples were aso investigated using
SEM (Figure 3). The images show that the collagen coating
forms smooth layers by spanning two or more single chitosan
fibers. A minor amount of the collagen forms fiber networks
(Figure 3b). The images also show that collagen layers are
formed inside the scaffolds.

Comparison of the Sterilization Methods. Ethylene oxide
and gamma irradiation were tested for sterilization of the
chitosan scaffolds prior to cell culture experiments. The ethylene
oxide method has been recognized to be unsuitable for
the chitosan fiber scaffolds, because even after long-term
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Figure 4. Live/dead staining after 48 h of cultivation 7F2 osteoblasts
on ethylene oxide sterilized chitosan scaffolds (a) or gamma-
irradiation sterilized chitosan scaffolds (b). Red color indicates dead
cells, green indicates living cells.

evaporation, toxic residues remain in the porous structure of
the scaffolds later causing significant cell death (Figure 44).
However, gamma irradiated scaffolds showed excellent bio-
compatibility (Figure 4b) and were used for all cell culture
experiments within this study. Infrared spectroscopy showed
no change in chitosan chemical properties due to irradiation
(data not shown).

Cell Adhesion. Cell adhesion on the uncoated and on the
collagen-coated chitosan scaffolds was monitored qualitatively
by cLSM and SEM. Starting with cLSM, time-dependent
spreading of the green fluorescent actin skeleton was observed.
Cell nuclei are visible as blue dots. For the coated samples, the
collagen was visualized by ared staining (Figure 5).

After 30 min of cultivation, the cells exhibit a spherical
morphology on both the uncoated and the collagen-coated
scaffolds. However, on the uncoated samples, the cells show
initial formation of filopodia demonstrating the start of spread-
ing. A total of 1 h after seeding, the cells on the uncoated
chitosan scaffolds are slightly spread toward the alignment of
the fibers. In contrast, cell spreading of the actin skeleton on
the coated scaffolds is more even, which is due to the
widespread surfaces formed by the collagen layer (red).
The same issue becomes clearer after 4 h of cultivation. The
osteoblasts nearly envelop the single fibers of the uncoated
scaffold due to proceeding cell spreading. The specified texture
is retained explicitly. By contrast, the collagen coating causes
the formation of broad closed cell layers. After 24 h, the cells
are completely spread on both types of scaffolds. This means
that aso for the uncoated scaffolds cells evenly span over severa
single fibers. This fact emphasizes the remarkable adaptability

Heinemann et al.

Figure 5. Three-dimensional reconstructions from cLSM image stacks
of 7F2 osteoblasts after 0.5, 1, 4, and 24 h of cultivation on uncoated
(left column) as well as collagen-coated (right column) chitosan
scaffolds. The actin skeletons (green), the nuclei (blue), and the
collagen (red) are visible.

of the cells to the given substrate. Despite that, the spreading
toward the fiber’s alignment to achieve the maximal contact
areais preferred. For the collagen-coated scaffolds, the state is
not changed significantly. Closed cell layers, aso enveloping
one or more coated chitosan fibers, are visible.

Exactly the same samples were critical-point dried and gold
sputtered for further analysis using SEM. Images of the uncoated
and collagen-coated scaffolds 30 min and 24 h after cell seeding
are displayed in Figure 6 to simultaneously visualize the
morphology of both the cells and the fibers. Initialy, the
spherical cells are easy to identify. However, the proceeding
spreading complicates the visual distinction from the substrates.

Cell Proliferation and Differentiation. Proliferation and
differentiation of the osteoblasts were quantitatively determined
over acultivation period of 28 days. Figure 7 shows that initial
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Figure 6. SEM images of 7F2 osteoblasts after 30 min (a, b) and 24 h (c, d) of cultivation on uncoated (left column) as well as collagen-coated

(right column) chitosan scaffolds.
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Figure 7. Cell number (calculated from total LDH activity) and specific
ALP activity (related to cell number) of 7F2 osteoblasts cultivated on
uncoated (solid lines) or collagen-coated (dotted lines) chitosan
scaffolds.

proliferation on the collagen-coated scaffolds is slightly higher
than on the uncoated scaffolds.

On the supposition of constant enzyme activity, the initial
total cell numbers per uncoated or collagen-coated fraction
scaffold increased by factors of 14 or 16, respectively. The cell

proliferation was also visualized qualitatively by SEM. Figure
8 shows images of the uncoated chitosan scaffold 24 h after
cell seeding (@) and after 14 days of cultivation (b—d). Initially
afew, single cells adhere in the loose structure of the scaffold.
Owing to proceeding proliferation cell density increases up to
the formation of adense cell layer. After 14 days of cultivation,
the chitosan fibers are completely overgrown with cells. Fissures
allow the ascertainment that cells also grow inside the scaffold.
Qualitatively, the same conditions are present on the collagen-
coated scaffolds, but the differentiation between cells and
previously deposited collagen becomes more and more difficult
during cultivation (images not shown). The results correspond
to those of the biochemical assay.

Maintenance of the osteoblastic phenotype during cultivation
on the chitosan scaffolds was analyzed by detection of the
typical markers ALP (Figure 7) and osteocalcin. Innately, the
cells are ripe osteoblasts demonstrated by the specific ALP
activity at day 1. The activity reaches the typical maximum
around day 3 followed by falling values representing osteocytic
differentiation.® The collagen coating does not significantly
influence the trend. The presence of osteocalcin was verified
by immunostaining followed by cLSM. Figure 9 shows the cell
nuclei (blue), actin skeleton (red), and osteocalcin (green) of
osteoblasts after 28 days of cultivation on the uncoated collagen
scaffold. The green fluorescence shows that osteocalcin is
present in large amounts concentrated at the surface of the
chitosan fibers. The sectional planes confirm the position of
osteocalcin asillustrated by the ortho-representation of the same
image in panel b of Figure 9. Detection of osteocalcin on the
collagen-coated scaffolds is slightly disturbed by autofluores-
cence of the scaffold.
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Figure 8. SEM images of 7F2 osteoblasts 24 h (a) or 14 days (b—d) cultivated on the uncoated collagen scaffolds.

Matrix Mineralization. In this study, we tested the miner-
alization behavior of the cells when cultivated on the uncoated
as well as on collagen-coated chitosan scaffolds. Detection of
the mineral was performed quantitatively by a colorimetric assay
and qualitatively by microscopy as well as EDX spectroscopy.

The calcium concentration in the cell lysates increased
continuously from day 10 to day 28 (Figure 10). The levels are
significantly higher for the collagen-coated samples. Tetracycline
staining (Figure 11), which is based on the incorporation of
the fluorescent compound into newly formed calcium phosphate,
showed the regular distribution of tetracycline detected in the
extracellular matrix formed by the cells during a cultivation
period of 28 days on the uncoated chitosan scaffold. Detection
of tetracycline on the collagen-coated scaffolds is affected by
the autofluorescence of the scaffold again.

The same samples were analyzed using SEM. Figure 12
shows the uncoated and collagen-coated scaffolds overgrown
densely by the osteoblasts. In contrast to the SEM images taken
after 14 days of cultivation, a large amount of mineral phase
was detected, visible as spherical particles or agglomerates
embedded in the extracellular matrix. Single particles exhibit a
size of about 1—2 um. EDX mapping of the shown areas
revealed an increased presence of calcium and phosphorus
located at the particles (Supporting Information). These elements
are characteristic for biogenic mineral.

Discussion
Concerning the high demand of bone replacement materials
to reconstruct bony defects, numerous biomaterials consisting
of different chemica substances were developed for the ap-
plication in the field of bone tissue engineering. Scaffolds not

only function as adelivery vehicle for growth factors and living
cells, but aso support and regulate bone regeneration by
functioning as the fibrillar part of extracellular matrix and
maintaining the space and shape of the defect for the regenerated
bone.* Collagen and chitosan have intrinsic properties that
support growth and differentiation of osteoblasts. The effect of
the collagen coating on the adhesion, proliferation and dif-
ferentiation of osteoblasts was investigated and is discussed.

Until now, randomly oriented chitosan fibers forming a nest-
like structure have been used as substrate for cell culture
experiments.® In the present study the chitosan fibers were
processed to two scaffold models optimized for quantitative or
qudlitative anadysis methods. Supported chitosan fibers were best
suited for microscopy analysis. We used textile techniques for
the preparation of uniform stand-alone chitosan scaffolds
exhibiting an ordered structure of fiber bundles. The typical
structure of the scaffolds will meet the demand of porosity
essential for ingrowth of cells and migration of vascular tissue.*
The rough surface morphology of the individua fibers is
determined by the wet spinning process and is similar to that
of equivalents known from the literature.3°

Coating tissue engineering scaffolds with collagen is a
common procedure to enhance the biocompatibility.>*38 In this
study, a part of the chitosan scaffolds was coated with fibrillar
collagen to study its influence on cell adhesion, proliferation,
differentiation, and mineralization. The coating procedure
modifies both the chemical features and the morphology by
forming additional surfaces of different roughness, porosity, and
curvature. Both are known to be important for the behavior of
cells in contact. In this study, the coating was realized by
fibrillation of a tropocollagen solution directly on the chitosan
scaffolds. SEM confirmed the formation of collagen layers
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Figure 9. 3D reconstruction from 15 cLSM images of 7F2 osteoblasts
after 28 days of cultivation on the uncoated chitosan scaffolds (a).
ortho-Representation showing a single image of the stack and cross-
sections along the colored lines (b). Cell nuclei are visualized blue,
actin skeletons red, and osteocalcin green.
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Figure 10. Calcium concentration measured in the lysate of 7F2
osteoblasts cultivated on the uncoated (bright) and collagen-coated
(dark) chitosan scaffolds.

spanning between severd chitosan fibers. However, the scaffold
is not enclosed by the collagen coating, which is important
regarding the useful porosity features. Due to the chosen coating
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Figure 11. Confocal LSM image of the tetracycline (yellow) embedded
in mineral formed by 7F2 osteoblasts during 28 days of cultivation
on the uncoated scaffold. The chitosan fibers are visualized as violet
pseudocolor.

Figure 12. SEM images of cells, extracellular matrix, and the mineral
phase formed by 7F2 osteoblasts during 28 days of cultivation on
the uncoated (@) or collagen-coated (b) chitosan scaffolds.

technique, the characteristic structure specified by the fiber
construct is preserved. Furthermore, the described collagen
layers can be found deep inside the scaffolds.

All cell culture experiments, which concentrated on the
adhesion, proliferation, and differentiation of the 7F2 osteoblasts,
were performed for the uncoated and for the collagen-coated
chitosan scaffolds. CLSM showed the cells to be adhered to
the uncoated and coated scaffolds within afew minutes. Further
imaging confirmed that cell spreading is faster on the collagen-
coated scaffolds. Obviously, the additional collagen layers
braced in patches facilitate cell spreading. More time is used
by the cells to adapt to the cylindrical shape of the uncoated
chitosan fibers. After 24 h, on both scaffold types, the cells are
well adapted to the morphology of the given substrate by
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enveloping the chitosan fibers, which is best demonstrated by
the combination of both cLSM and SEM.

Extensive proliferation of the cells is recorded for both
scaffold types. During the cultivation time of 28 days, prolifera-
tion rate on the uncoated chitosan scaffolds is nearly equal to
that on the collagen-coated samples. For chitosan sponges, it is
postulated that interactions of the positive chitosan charges and
negative charges on the cell surface may enhance the cell’s
metabolic activity.>® Further studies confirmed that chitosan
enhances angiogenesis and supports growth and differentiation
of osteoblasts.*®** Microscopy investigations after 28 days of
cultivation demonstrated that the osteoblasts form a dense layer
around as well as in between the chitosan fibers. Furthermore,
the porosity of the scaffold alows ingrowth of the cells. During
28 days of cultivation there are no significant differences
between uncoated and collagen-coated chitosan scaffolds.

The phenotype of the cells cultured on chitosan scaffolds was
retained as shown by the typical pattern of alkaline phosphatase
activity.*? From the start of cultivation the ALP activity increases
significantly. At day 3, S-glycerol phosphate is added to the
medium, which is known to promote maturation of the osteo-
blasts. This means that ALP activity will be down-regulated
and the mineralization stage begins.?’ Maintenance of the
osteoblastic phenotype was furthermore confirmed by micro-
scopic detection of osteocalcin. The marker is particularly
located around the chitosan fibers because the cells directly
attached to the fibers are most progressed in growth and
expression of extracellular matrix. Cells later developed in the
spaces between the fibers also started to express osteocalcin.

Quantitative cal cium measurements showed significantly higher
levels of calcium on the collagen-coated chitosan scaffolds. This
result corresponds to previous reports that described positive effects
of collagen coating.®** In particular, Arpornmaeklong et dl.
reported that the mineral formation of the murine M C3T3 osteoblast
cel line is higher when cultivated on collagen-modified chitosan
scaffolds than on uncoated chitosan.**

Furthermore, the minerdization of the cells was visualized by
cLSM using the tetracycline staining and additionad SEM. The
element composition of the minerdized cdll layers on the scaffolds
was determined by EDX. The result showed ardtio of the elements
cacium and phosphorus that characterizes hydroxyapatite, the
major component of the inorganic part of bone.™®

Conclusion

In the present study, we demonstrated the excellent suitability
of chitosan fiber scaffolds for the expansion and differentiation
of murine osteoblasts. Collagen | coating of the textile scaffolds
did not further improve their biocompatibility. With regard to
apotentia application in bone tissue engineering, further in vitro
investigations should clarify the suitability of the material for
the cultivation of human cells. Corresponding experiments with
human mesenchymal stem cells are currently performed.

Supporting Information Available. Illustration of the crown
knot technique and EDX mapping of cell-formed mineral. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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