Medical Engineering and Physics 74 (2019) 58-64

Medical Engineering and Physics

journal homepage: www.elsevier.com/locate/medengphy

Contents lists available at ScienceDirect

Chondrocyte colonisation of a tissue-engineered cartilage substitute n
under a mechanical stimulus

Julia Nachtsheim®*, Gézde Dursun®?, Bernd Markert?, Marcus Stoffel?

Institute of General Mechanics, RWTH Aachen University, Germany

ARTICLE INFO

Article history:

Received 25 March 2019
Revised 30 August 2019
Accepted 29 September 2019

Keywords:

Cartilage

Human chondrocyte migration
Bioreactor system
Mechanobiology

Tissue engineering

ABSTRACT

Cell-free collagen scaffolds as cartilage substitute for small focal defects show promising results in first
clinical studies. However, chondrocyte migration between scaffolds and the colonisation process of a cell-
free implant is yet to be fully understood. We here focus on mechanobiological interdependencies be-
tween cell migration and mechanical stimulus in a 3D environment. We develop an in vitro model com-
posed of a human chondrocyte-seeded collagen base and adjacent cell-free collagen type I scaffolds of
varying collagen concentrations. Constructs are either cultured statically or dynamically under the influ-
ence of a physiological compression (0.5Hz, 0.5% initial strain). After 20 days we identify vital chondro-
cytes inside all collagen implants, proving that chondrocytes migrated from the underlying scaffold into
the implants. Chondrocytes have not colonised the entire sample and are predominantly found in the
bottom of the implant. In static culture conditions, a nearly equal cell number is found inside of all colla-
gen scaffolds. In dynamic culture, the total amount of cells is increased by 30% to 320%, with the highest
population in a commercial implant. Differences in cell population between the materials in dynamic
culturing can be referred to differences in mechanical properties of the scaffolds, such as strain-rate in-

sensitivity fostering the colonisation process.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Articular cartilage is a very sensitive part of the musculoskeletal
system redistributing loads and guaranteeing low friction move-
ments. Its mechanical structure and composition are highly com-
plex and vary zonally. Since the tissue is avascular, it exhibits
only limited self-regenerative abilities. Nonetheless, healthy carti-
lage tissue is pivotal for joint function. Untreated tissue injuries
can lead to progressive pathological changes of the entire joint
with a high risk of an incipient osteoarthritis [1,10,22,28]. Conven-
tional orthopaedic surgeries like microfracturing, autologous cell
therapies or mosaic plastics feature major disadvantages and there
is a strong need for new therapeutic approaches. In the last years
hydrogels have emerged as a promising basis for tissue-engineered
cartilage replacement constructs for small focal defects. Hydrogels
like alignate, agarose, hyaluronic acid hydrogels, collagen gels, or
synthetic hydrogels serve as extracellular matrices and are seeded
with chondrocytes which induce a native tissue formation process
inside the gel [36]. The hydrogel serves as a partly temporary envi-
ronment to mend the defect zone and to facilitate cell growth, cell
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proliferation, and tissue regeneration. In vitro studies have exten-
sively analysed tissue formation of cell-laden hydrogels and have
identified growth factors and an external mechanical stimulus as
critical factors to prevent chondrocyte dedifferentiation and to fos-
ter metabolic activity [18,35].

Hence, a variety of bioreactor systems applying direct compres-
sions, shear or hydrostatic pressure to tissue-engineered materi-
als have been developed, mimicking physiological loading regimes
and allowing for studying and improving chondrogenesis [7]. In a
compression bioreactor, tissue formation of chondrocyte-laden col-
lagen gels under static and dynamic culturing conditions was anal-
ysed, identifying a fostered increase in material stiffness in dy-
namic culturing due to collagen fibre formation [34]. Mauck et al.
[14] observed a significant increase of the equilibrium modulus of
chondrocyte-seeded agarose gels after 28 days, when applying a
dynamic compressive strain of 10% at a frequency of 1 Hz.

Although large progress has been made on cell-laden tissue-
engineered cartilage constructs, the in vitro cell culturing still has
its drawbacks. In vitro studies are predominantly performed over
a period of up to 4 weeks identifying gene expression towards
a native cartilage tissue formation with improving matrix prop-
erties. However, cartilage-like tissue formation with zonally vary-
ing matrix structure and composition with comparable mechanical
properties still remains a challenge for tissue engineering [36]. A
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Cell-free implant
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Fig. 1. Schematic figure of the in vitro model composed of a subjacent cell-seeded base and four cell-free collagen implants (left), in vitro model prepared in a petri dish

with four different collagen implants (right).

second disadvantage is the supply of autologous patient’s cells. In
autologous cell-therapy, a small amount of chondrocytes of about
2000 - 4000 cells/mg is harvested in a first surgery and are sub-
sequently cultivated to increase the cell number [6]. In gel based
repair, chondrocyte densities of more than 10 x 106 cells/mL are re-
quired with the total number of cells depending on the defect size
[9]. During this process, there is a high risk of phenotype changes
due to cell passage or monolayer culturing as reported by Darling
et al. [8]. To overcome the restriction in cell supply, stem cells or
co-cultures of chondrocytes and stem cells are used with the pur-
pose of chondrogenic differentiation [5,16,27,29,31]. Overcoming all
these limitations of in vitro cell culturing and donor site morbid-
ity, the implantation of cell-free hydrogels is a new therapeutic ap-
proach for small focal cartilage defects. For the therapeutic success,
chondrocyte migration from the adjacent healthy cartilage tissue
into the implant is pivotal to enable the above discussed chon-
drogenic tissue remodelling. The hydrogel can be implanted in a
minimally invasive one-step surgery and fills in the defect zone
instantaneously. First clinical studies have retrospectively analysed
cell-free collagen scaffolds in knee and ankle joints using the sub-
jective clinical function score [24]. A significant improvement of
the afflictions one year after surgery and a very good integration
to the surrounding cartilage tissue was observed [3,21]. In a clin-
ical case report the presence of vital chondrocytes inside the col-
lagen implant was proven, although it could not be identified if
cells have migrated from the underlying intact osseous tissue, the
surrounding cartilage or from the synovial fluid [26].

The migration of articular chondrocytes is a highly complex
process, which is influenced by various factors, such as the com-
position and structure of the extracellular matrix or chemoattrac-
tants and is yet to be fully understood [17]. Various studies have
observed chondrocyte motility in vitro with the vast majority fo-
cusing on two-dimensional chondrocyte migration [4,17]. Hamil-
ton et al. [12]| analysed the influence of surface topography on
chondrocyte motility, finding an accelerated movement on grooved
surfaces in comparison to flat surfaces. In a second study they
assessed the influence of passage number, identifying minor differ-
ences between chondrocytes of passage two and passage three in
grooved surface, but a decrease in the percentage of moving cells
on flat surfaces at increasing passage [11]. Chondrocyte migration
inside a three-dimensional 4 mg/mL collagen matrix was studied
by Shimizu et al. [30] quantifying a migration speed of 1um/h.
Parbbruwe et al. [20] identified migration of nasal chondrocytes
between two tissues, native cartilage tissue and a cell-seeded or
a cell-free collagen-based scaffold. To the knowledge of the author,
no studies have assessed the migration of chondrocytes between
two collagen based scaffolds under the influence of a physiological
mechanical stimulus.

In this study, we analyse the migration of human articular
chondrocytes into and inside different collagen scaffolds and as-
sess the effect of a physiological and dynamical compressive stim-

ulus. Therefore, we introduce an in vitro model composed of a cell-
seeded scaffold and cell-free collagen implants of varying collagen
concentrations. We compare the cell-colonisation process of the
implants in static and dynamic culturing conditions. An inhouse
bioreactor system is used to apply a physiological dynamic com-
pression to the constructs. We hypothesize that chondrocytes mi-
grate from the underlying tissue into all adjacent cell-free collagen
implants and initiate the colonisation process. Due to the limita-
tion in culturing time, we do not expect the implants to be entirely
and homogeneously seeded by chondrocytes. Furthermore, we ex-
pect the colonisation process to be accelerated in dynamic cultur-
ing conditions.

2. Materials and methods
2.1. In vitro model

The in vitro model is composed of three cell-free implants and
a subjacent cell-seeded collagen base as presented in Fig. 1.

For preparation of the cell-seeded base, human articular chon-
drocyte, purchased from PromoCell GmbH (Heidelberg, Germany)
were mixed with 2 mL bovine collagen type I (PureCol EZ gel, Ad-
vanced BioMatrix Inc., San Diego, USA) and cast into a petri dish
(35x10mm, SARSTEDT AG & Co. KG, Niirmbrecht, Germany). Two
experimental series were performed with cells at passage 2 and
passage 3. Using chondrocytes of passage two (HCH-P2), a base
with a concentration of 100,000 cells/mL was prepared. A second
test series was performed with cells of passage three (HCH-P3) and
a concentration of 80,000 cells/mL. The used cell concentrations
are significantly higher than in native cartilage [32]| and are com-
parable to chondrocyte concentrations used in in vitro experiments
[11,12,15].

Three different collagen type I based cylindrically shaped im-
plants with varying collagen concentration with a diameter of
10mm and a height of 6 mm were tested. Scaffolds with concen-
trations of 6 mg/mL (COL6) and 8 mg/mL (COL8) collagen type I
were compared to a commercially available product, see Fig. 2. To
produce COL8 specimens, an acidic collagen solution of 10 mg/mL
was mixed with a gel neutralisation solution (Meidrix Biomateri-
als GmbH, Esslingen, Germany), which neutralises the pH value of
the collagen, at a ratio of 4:1 and cast into cylindrical shape. To
prepare COL6 scaffolds, the mixture was further diluted with Dul-
becco’s Phosphate Buffered Saline (DPBS, Gibco by Fisher Scientific
GmbH, Schwerte, Germany) at a ratio of 3:1. ChondroFiller liquid
(CF1) (Meidrix Biomaterials GmbH, Esslingen, Germany) was pre-
pared according to the manufacturer’s instructions and cylindrical
samples were cast.

For each experimental series, a total of six in vitro models were
prepared, composed of cell-seeded base and three implants, three
for dynamic cultivation and three for static cultivation.
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Fig. 2. Bioreactor system composed of a sterile chamber enclosing the in vitro model. Deformation controlled compression is applied by a stepper motor at the top of the
bioreactor system. Reaction force is recorded by a load cell which is located underneath the sample.

2.2. Bioreactor system

An inhouse bioreactor system adapted from a previous study
[33] was used to culture the constructs under dynamic compres-
sion and in physiological conditions. The petri dish including the in
vitro model is encapsulated in a glass chamber and gas exchange
is allowed via two caps for cell culture flasks (VWR International
GmbH, Darmstadt, Germany) as shown in Fig. 2. A stepper motor is
positioned above the sterile chamber driving a solid and flat-ended
punch inside the chamber which applies a displacement controlled
compression to the collagen implants. At the bottom, the cham-
ber is restricted by a malleable membrane (SILPURAN Film 200 pm,
Wacker Chemie AG, Munich, Germany) transferring the reaction
force to a load cell.

2.3. Static and dynamic culturing protocols

A total of six in vitro models were prepared 24 h after cell-
seeded and cell-free collagen preparation, and consecutively
cultured either statically or dynamically for a total of 20 days
in an incubator with humidified atmosphere with 5% CO, at
37 °C. During the experiment, specimens were fully immersed
in Chondrocyte Growth Medium (PromoCell GmbH, Heidelberg,
Germany), which was exchanged at least every second day. Dy-
namically cultured in vitro models were compressed unconfined
and displacement controlled in a triangular manner at a frequency
of 0.5 Hz at an initial strain of 5% in vertical direction. Mechanical
stimulus was applied in 4 out of 6 days: 2 days static culture -
4 days dynamic culture - 2 days static culture - 4 days dynamic
culture - 2 days static culture - 4 days dynamic culture - 2 days
static culture. During each day of dynamic culture, stimulus was
applied 4 times for 30 minutes with pauses of 60 minutes. At the
end of each stimulation day, samples were taken out of the biore-
actor and culturing medium was replenished. Due to a significant
decrease in sample height, compression was decreased by 50%
after the first 4 days of dynamic cultivation.

2.4. Microscopic evaluation

Cell distribution inside the collagen implants was analysed with
a fluorescence microscope (BZ-9000, Keyence Deutschland GmbH,

Neu-Isenburg, Germany) in combination with a Live/Dead cell
staining. For Live/Dead cell staining, implants were washed with
DPBS (Gibco by Fisher Scientific GmbH, Schwerte, Germany), then
immersed for one hour in 10 uM calcein solution (Calcein, AM,
cell-permeant dye, Thermo Fisher Scientific Inc., Waltham, USA),
and subsequently for 10 minutes in propidium iodide (Thermo
Fisher Scientific Inc., Waltham, USA). After staining, specimens
were positioned on a petri dish and scanned with the fluorescence
microscope with a two-fold magnification. To cover the entire sam-
ple diameter, five adjoining Z stacks were acquired. Subsequent
image processing was performed with Fiji [23]. The five Z stacks
were merged to one single Z and the position of each cell, vital or
dead, was analysed as following: 1. the background was subtracted,
2. the threshold was adjusted for each Z stack individually, 3. the
holes were filled in, 4. the image was converted, 5. touching ob-
jects were separated by watershed algorithm, 5. 3D image counter
algorithm [2] was used to determine the position of the centroid of
volume of each cell. Statistical analysis of the depth dependent cell
distribution was subsequently performed with MATLAB (R2017b,
MathWorks Inc., Natick, USA).

2.5. Unconfined compression tests

Unconfined compression tests of the three implants were per-
formed to identify differences in material properties. Collagen sam-
ples were prepared as described previously and immersed in DPBS
until testing to avoid dehydration of the hydrogel. Unconfined
compression relaxation tests were performed on an uniaxial test-
ing machine (zwickiLine Z2.5, Zwick GmbH & Co. KG, Ulm, Ger-
many) equipped with force sensor Xforce HP with a nominal force
of 50N (Zwick GmbH & Co. KG, Ulm, Germany). Collagen gels are
positioned on a solid plate and compressed strain controlled with
a solid and flat-ended punch, see Fig. 3. Samples were approached
at a velocity of 25um/s until a pre-load of 0.02 N was reached and
held constant for 60 s. Subsequently, samples were compressed
with a velocity of 5um/s or 10um/s until a compression of 15% was
reached and relaxation was measured for 120 s. During the entire
experiment, the sample diameter was recorded with a video exten-
someter (ME46-155, Messphysik Materials Testing GmbH, Fiirsten-
feld, Austria) and used to calculate the true stress. As shown in
Fig. 3, the contrast was increased with contre-jour. A minimum of



J. Nachtsheim, G. Dursun and B. Markert et al./ Medical Engineering and Physics 74 (2019) 58-64 61

Fig. 3. Unconfined compression relaxation setup including the test machine and the video extensometer (left). Video extensometer recording the lateral sample expansion

during compression (right).
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Fig. 4. Reaction force during unconfined compression experiment of a COL8 specimen (left). Mean initial and residual stress during relaxation period, error bars describing

the standard deviation (right).

three specimens were tested for each contraction velocity. Stress-
strain behaviour was analysed in MATLAB.

3. Results and discussion
3.1. Mechanical tests

In unconfined compression tests, all three collagen gels possess
a viscoelastic material behaviour with distinct relaxation charac-
teristics. A representative force-time characteristic of a COL8 spec-
imen is shown in Fig. 4. The stress-strain correlation reveals the
linear-elastic characteristic with COL6 and COL8 materials being
strain-rate dependent, see Fig. 5. CFl in contrast does not show a
strain-rate dependent behaviour. Higher material stiffness of COL8

in comparison to COL6 and CFl can be referred to more densely
packed collagen fibres due to higher collagen concentration. During
relaxation, the strain decreases fast in all collagen gels, approach-
ing zero after 120 s. Fig. 4 compares the initial strain at the begin-
ning of the relaxation period to the residual strain after 120 sec-
onds. During compression, we observe fluid expulsion which has
been extensively analysed by Neel et al. [19]. Fluid content prior
and after testing have not been further analysed.

3.2. Cell migration

Cell migration in different collagen type I based implants is
studied in static and dynamic culture conditions. Three specimens
of COL6, COL8, and CFl are cultured dynamically and statically. Two
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Fig. 5. Stress-strain curve of unconfined compression experiments of the four collagen scaffolds.
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Fig. 6. Fluorescence microscopic imaging of a Live/Dead stained HCH-P2 inside a dynamically cultured CFl specimen at a 10-fold magnitude. Vital calcein stained chondro-

cytes on the left, dead propidium iodide stained chondrocyte on the right.
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Fig. 7. Experimental results of cell migration experiment with HCH-P2 (top) and HCH-P2 (bottom). Total number of vital cells inside the implants (left), maximal cell
migration depth describing the distance between tissue boundary and vital cell (centre), and percentage of vital cells (right). Bars graphing the mean values and error bars

describing the standard deviation.

experimental series are performed with chondrocytes of differ-
ent passages: passage two (HCH-P2) and passage three (HCH-P3).
During dynamic cultivation, one CFl implant has been destroyed in
HCH-P3 culture. For this reason, the evaluation of HCH-P3 migra-
tion includes only two CFl samples.

After 20 days of dynamic or static culturing, we have identi-
fied vital chondrocytes inside all three collagen gels. Human artic-
ular chondrocytes have migrated from the underlying tissue into
the collagen implants. Fig. 6 portrays vital and dead chondrocytes
of passage 2 inside a dynamically cultured CFl implant. The fluo-
rescence microscopic image reveals a higher amount of vital chon-
drocytes than dead chondrocytes. Moreover, the cell shape of vi-
tal chondrocytes and blurry cells outside the focal plane show that
chondrocytes reside in the three-dimensional environment of the
implant. Our finding confirms the hypothesis by Schneider et al.
[25] that some of the in vivo observed cells inside the collagen im-
plants have migrated from the surrounding healthy cartilage tissue
and do not only derive from the bone marrow in case of subchon-
dral lesion.

In Fig. 7 on the left, the total amount of vital chondrocytes
colonising the implants are displayed. We observe no differences
in HCH-P2 population between the three implants in static culture.
The same applies for HCH-P3 cells. Due to dynamic compression,
population of HCH-P2 and HCH-P3 is increased in all three colla-
gen implants. The amount of HCH-P2 colonising COL6 is raised by
55% and the amount of HCH-P2 inside COLS8 is doubled in compar-
ison to static culturing. An even larger effect of dynamic stimula-
tion is revealed for CFl with HCH-P2 population being more than
tripled. The interdependency between biological processes and me-
chanical stimulation, or in other words, the mechanobiological ac-
tivity, has already been reported in previous studies for cell-laden
scaffolds [14,34]. In the present study, this mechanobiological im-
pact on chondrocytes can also be observed fostering the colonisa-
tion process.

We identify a similar increase of the cell population due to
dynamic cultivation in COL6 and COL8 scaffolds, in comparison
to a significantly larger increase in CFl scaffolds. In unconfined
compression test we have identified differences in the material
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stiffness between COL6 and COL8 materials. At an equal level of
compressive strain, the state of stress inside COL8 scaffolds is
larger than in COL6 scaffolds. With the number of cells inside both
scaffolds being similar, we conclude that the differences in the
state of stress (which cells are exposed to inside both scaffolds)
do not influence the cell growth significantly. During dynamic
stimulation, the state of stress changes within one compressive cy-
cle to a larger extent in a strain-rate dependent material like COL6
or COL8 than in a strain-rate insensitive material like CFl. This
implies that smaller changes in the state of stress in oscillating
compressive stimulus support the colonisation process.

The quantitative differences in the total amount of HCH-P2 and
HCH-P3 inhabiting the implants can be explained by a decreased
cell proliferation rate due to higher passage number as reported
by Kang et al. [13] and by a lower HCH-P2 concentration inside
the collagen base with the growth rate following an exponential
function.

A second measure for evaluating cell migration is the cell depth
which is graphed in the middle in Fig. 7 and displays the distance
between the tissue boundary and a stained vital cell. In dynamic
HCH-P2 experiments, an increase in maximal cell depth has been
observed in COL6 and CFl. We notice that chondrocytes are only in-
habiting the bottom part of the implant (approximately 1pum) and
are not found throughout the entire sample height which would
be possible if compared to a previously reported cellular veloc-
ity of 1Tum/h in less dense collagen gels [30] and assuming mi-
gration taking place in random directions. During each stimulation
period, the collagen implants are compressed plastically, its total
height is reduced and its diameter is increased. Hence, upwards
migrated cells are pushed back towards the tissue boundary and
the measure of cell depth is reduced. Furthermore, in unconfined
compression tests, we observed water squishing out of the tissue.
The collagen gel is compressed and the local concentration of col-
lagen fibres is increased and a lateral alignment of the fibres may
result, which has been reported in a previous study [34]. In clini-
cal application, the lateral expansion of the implant is restricted by
the surrounding tissue.

Inside the CFl sample the most promising results are achieved
concerning cell migration and cell depth. Maximal depth of HCH-
P2 cells is increased by 50% due to dynamic cultivation and the
maximal depth of HCH-P3 cells is doubled. For COL6 and COL8
materials, no major differences in the maximal cell depth are re-
vealed for HCH-P3, concluding that cell motility of chondrocytes of
passage two and of passage three is similar in the here given three-
dimensional environment. This relates to the findings by Hamilton
et al. [11] that chondrocyte migration in a two-dimensional envi-
ronment depends not only on the passage number, but also on the
surface topography.

The percentage of vital cells is used as a control instance for the
experiment, as insufficient quality in biocompatibility and steril-
ity or a mechanical stimulus can result in cell death. In HCH-P2
tests, we find a high percentage of vital cells at a minimum of
80%. In HCH-P3, the average fraction of vital cells is lower and
we observe an increase in the percentage of vital cells in dynamic
culture.

In the frame of the study, we did not analyse the differences
in microscopic material composition and structure such as perme-
ability, fibre orientation or pore size. That is why we cannot relate
differences in the colonisation process to microscopic material dif-
ferences. In combination with numerical methods, relaxation char-
acteristics can reveal diffusion properties of the hydrated collagen
gels which can be associated to the potential of cells moving inside
the tissue.

It must be noted that the number of cells inside the implants
is not only dependent on the process of cell migration but also
to cell proliferation. We observe two superimposed cellular pro-

cesses which cannot be distinguished in the frame of this experi-
mental setup. Additionally, the experimental setup does not allow
for live-monitoring of the migration process, nor can we analyse
the cell distribution at multiple times to assess which influence the
pauses in dynamic cultivation have on migration and proliferation.
Nonetheless, chondrocytes can only be found inside the implants
if cells are motile and have migrated into the tissue and a distinc-
tion between the processes of proliferation and migration is not of
importance for the therapeutic success of the cell-free implant.

4. Conclusions

Here, we have introduced an in vitro model to analyse chon-
drocyte migration from a three-dimensional donor tissue towards
cell-free tissue-engineered cartilage substitutes of varying collagen
concentrations. We have confirmed that chondrocytes are motile
and alive inside a cartilage based tissue and that, under satisfac-
tory contact conditions, chondrocytes are capable to migrate be-
tween adjacent tissues towards a cell-free collagen based implant.
In dynamic culture conditions, with the application of a physio-
logically mechanical compression, cell population inside all three
tested collagen scaffolds is increased. Most promising results con-
cerning colonisation and cell depth are achieved for CFl implants.
A mechanobiological process seems to play an important role in
strain-rate insensitive materials, because the cell population and
cell depth in dynamic cultivation is several times higher than in
static culture conditions. We could not identify differences in the
mechanical properties of strain-rate sensitive implants as a driving
factor for differences in cell-population inside the implants.
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