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Summary

Background: For tendon tissue engineering, teno-
cyte-seeded scaffolds are a promising approach.
Under conventional 2D culture however, teno-
cytes show rapid senescene and phenotype loss.
We hypothesized that phenotype loss could be
counteracted by simulated microgravity condi-
tions.
Methods: Human tenocytes were exposed to mi-
crogravity for 9 days on a Random Positioning
Machine (RPM). Formation of 3D-structures
(spheroids) was observed under light mi-
croscopy, gene expression was measured by real-
time PCR. Cells under conventional 2D-culture
served as control group. 
Results: Simulated microgravity reached a value
of as low as 0.003g. Spheroid formation was ob-
served after 4 days, and spheroids showed stable
existance to the end of the observation period. Af-
ter 9 days, spheroids showed a significantly high-
er gene expression of collagen 1 (Col1A1) com-
pared to adherent cells under microgravity (4.4x,
p=0.04) and compared to the control group (5.6x,
p=0.02). Gene expression of collagen 3 (COL3A1)
was significantly increased in spheroids com-
pared to the control group (2.3x, p=0.03). Gene
expressions of the extracellular matrix genes
Tenascin C und Fibronectin (TNC and FN) were in-
creased in adherent cells under microgravity
compared to the 1g-control group, not reaching

statistical significance (p=0.1 and p=0.3). For the
gene expression of vimentin, no significant alter-
ation was observed both in the adherent cells and
in the spheroids compared to the 1g control
group. Gene expression of the tenocyte-specific
transcription factor scleraxis (SCX) was signifi-
cantly increased in spheroids compared to the
control group (3.7x, p=0.03).
Conclusion: Simulated microgravity could coun-
teract tenocyte senescence in vitro and serve as a
promising model for scaffold-free 3D cell cultur-
ing and tissue engineering. 
Level of evidence: V (laboratory study).

KEY WORDS: microgravity, cell senescence, teno-
cytes, tendon, tissue engineering.

Introduction

In complex hand injuries, tendon grafting is often re-
quired. However, the number of suitable autologous
donor tendons is limited, so that there is a demand
for tissue engineered tendon grafts. These contructs
consist of an acellular scaffold providing mechanical
stability, and a seeded cell line providing regenera-
tion and tissue function. Several scaffold materials
have been used with some success so far, such as
chitosan, silk fibroin, PLGA or decellularized cadaver
tendons1-4. Compared to other cell lines such as skin
fibroblast and adipose stem cells5, 6, tenocytes seem
highly suitable or scaffold seeding as the most origi-
nal cell line7. However, tenocytes are difficult to ob-
tain in sufficient number, and when expanded in vitro,
they quickly lose their original phenotype. Yao et al.4
observed changes in morphology and rapid decrease
in cell proliferation, collagen 1 production and decorin
expression during 2D in vitro culture after as few as
four passages. Attempts with 3D culture models have
been undertaken to overcome this problem of in vitro
senescence. Stoll et al.8 could show higher expres-
sion of tendon related genes such as collagen 1,
scleraxis, aggrecan, COMP and decorin in both high-
density cultures of tenocytes and in a PLGA matrix
compared to conventional 2D culture. 
As both culture in artificial matrices and high-density
cultures are difficult to handle technically, it was our
aim to establish a 3D culture model by use of simulat-
ed microgravity. Simulated microgravity has been
shown to induce three-dimensional cell formation
(spheroids) in various cell types, such as thyroid can-
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cer cells9, corneal stroma cells10 or endothelial
cells11. We therefore hypothesized that spheroid for-
mation will also take place in human tenocytes ex-
posed to microgravity and that spheroid formation will
counteract in vitro senescence in analogy to the 3D
culture models mentioned above. 

Methods

Cell culture
Specimens of human tendons were obtained from pa-
tients undergoing hand surgery. Tissue that had to be
resected and would have been discarded otherwise
was collected. Written consent was obtained from the
patients prior to surgery and the procedure was ap-
proved by the institutional review board. 
The Authors meet the ethical standards of this journal
as described by Padulo et al. previously12.
Tendon samples from four patients were used for teno-
cyte cultivation, cells were pooled in the experiments in
order to compensate for interindividual differences that
could falsify the results. Tendon specimens were
minced into 1mm pieces in a sterile fashion and placed
into cell culture tubes. Sterile trypsine (Sigma Aldrich,
MO) was added in a volume 5 times the one of the ten-
don sample and samples were incubated at 37°C for 15
minutes. The suspension was centrifuges at 2000rpm
for 5 minutes and the supernatant was removed. Ten-
don fragments were then incubated in collagenase type
I (Sigma) at a concentration of 5mg/ml in phosphate-
buffered saline (PBS) for 1 hour. The suspension was
then passed through a sterile cell strainer to remove
debris and the filtrate was centrifuged at 2000rpm for
15 minutes. The remaining cell pellet was resuspended
in culture medium (Ham’s F12 with 10% fetal bovine
serum, both from Invitrogen, MO). For the experiments,
tenocytes of passage 4 were used, as an expansion
until 4th passage was necessary to obtain a sufficient
cell number.  During the culture period, no alteration of
cell morphology or growth speed had been observed
neither in this experiment nor in our prior studies with
tenocytes.

Random positioning machine (RPM)
The exact function of the RPM used in this study has
been described in detail elsewhere13. Briefly, an incu-
bator had been installed on rotating frames.  The in-
cubator is rotated at constant velocity, but the rotation
direction is inverted at random time points, averaging
the gravity vector. Good correlation of microgravity
simulated by this method was found to microgravity in
space experiments14,15.
5 T25 culture flasks were seeded with 5 × 105 human
tenocytes respectively and incubated over night at
37°C and 5% CO2 in a standard incubator to ensure
attachment of the cells to the bottom of the culture
flask. The next day, the flasks were completely filled
with medium carefully avoiding air bubbles. 5 T25
flasks were fixed on the RPM, as close as possible to
the center of the platform, which was then rotated at
a speed of 60°/s in real random mode. The RPM was

positioned in a commercially available incubator set
at 37°C and supplied with 5% CO2. An equal number
of T25 culture flasks were kept in an incubator at 1g
as control group, at 37°C and 5% CO2. Cell flasks
were kept under microgravity conditions for 9 days.
Control flask were filled in exactly the same fashion
without air bubbles as the flasks in the experimental
group. Half of the medium was changed in both the
experimental and the control group after 5 days. In-
terruption of microgravity was kept to a period as
short as possible.

Phase contrast microscopy
Spheroid formation was observed under phase con-
trast microscopy after 4 and 8 days. Interruption of
microgravity conditions for this purpose was limited to
a duration as short as possible. The Axiovert 25 Mi-
croscope (Carl Zeiss Microscopy, Germany) was
used for this purpose. 

Real-time PCR

RNA isolation 
RNA isolation was performed using the RNeasy© Mi-
ni Kit (Qiagen) according to the manufacturer’s rec-
ommendations. Cells were detached from the culture
wells with 0.25% trypsine (Sigma). A cell count was
performed using a hemocytometer to allow for ap-
proximately equal starting number of cells. The cell
suspension was spun in an RNase-free tube for 5
minutes at 300g. The pellet was lysed by adding 350
μl of the lysis buffer (RLT). Cell-inherent RNases
were inactivated by adding 1% β-ME. The lysate was
homogenized by the QIAshredder© system (Qiagen).
It was then stabilized by adding 1 volume of 70%
ethanol. DNase (Qiagen, Hilden, Germany) was
added in the process of RNA isolation, in order to di-
minish residual DNA contaminations. The solution
was then added to an RNeasy© Spin Column and
centrifuged in a microcentrifuge at 10,000 rpm for 15
seconds. The flow-through was discarded. Subse-
quently, 700μl of the washing-buffer RW1 was added
to the spin column and the column was centrifuged
again at 10,000 rpm for 15 seconds, the flow-through
was discarded. 500μl of the eluting buffer RPE were
added to the spin column and centrifuged at 10,000
rpm for 15 seconds. This step was repeated after dis-
carding the flow-through. The spin column was then
placed into an RNase-free collection tube and the
RNA was eluted with 30 μl of RNase-free water. RNA
amount was measured using the absorbance at 260
nm. The A260/280 ratio was measured to determine
RNA purity. RNA content of the solution was quanti-
fied via Photometer Ultrospec2010 (Amersham Bio-
sciences, Freiburg, Germany).

Reverse transcription
Reverse transcription was performed using the first
strand cDNA synthesis kit (ThermoFisher Scientific,
Waltham, US), following manufacturer’s instructions.
Briefly, total cellular RNA was incubated together with
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random hexamer primers, reverse transcriptase, nu-
cleotides, RNase inhibitor in reaction buffer. Temper-
ature profile was 25°C for 5 minutes followed by 42°C
for 60 minutes. The same device was used for crea-
ting reverse transcription temperature profile and per-
forming real-time PCR (7500 Fast Real-Time PCR
System, Applied Biosystems, Darmstadt, Germany).
CDNA solution was stored at -20°C if not used for
real-time PCR immediately.

Real-Time PCR
Real-time PCR was performed with a 7500 Fast Real-
Time PCR System using Fast SYBR Green PCR
Master Mix (both Applied Biosystems). Experimental
data was normalized to the input amount of RNA.
Primers for collagen I and III, tenascin C, fibronectin,
vimentin and scleraxis were identified from literature
as indicated in Table I and manufactured by TibMol-
Biol, Berlin Germany. For scleraxis, a commercially
available primer assay was used (RT2 qPCR Assay
for Human SCXB, SABiosciences, sequence not re-
vealed by manufacturer). Primers were synthesized
by TIB Molbiol (Berlin, Germany), sequences are
shown in Table I. SYBR Green Master Mix (Applied
Biosystems) was used for amplification of target cD-
NA. The following cycling steps were performed:
95°C for 10 minutes (enzyme activation), 95°C for 15
seconds, 60°C for 1 minute (40 cycles). Specific am-
plification was confirmed by dissociation curves. For
calculating x-fold changes in gene expression com-
pared to the control, the 2ΔΔCt method was applied.
Differences in the Ct values were normalized to the
expression of 18s as a housekeeping gene, 1g condi-
tions were set as 100%. 

Statistics
All statistical analyses were performed using SPSS
21.0 (SPSS, Inc., Chicago, IL, USA, 2012). The data
was analyzed with the Mann-Whitney U tests. Calcu-

ations were performed using the 2^delta Ct values.
The data was expressed as means ± standard devia-
tion (SD). Differences were considered significant at
p < 0.05. The post-hoc power calculation revealed
97% power to determine a 100% difference in gene
expression for the group number of n=5.

Results

Simulated microgravity reached a value as low as
0.003g.

Phase contrast microscopy
After 4 days, formation of tenocyte spheroids consist-
ing of three to five cells was observed, with no obvi-
ous impaction of cell viability (Fig. 1 a, b). After 8
days, size of spheroids appeared slightly increased,
with a cell number of up to ten per spheroid. All
spheroids showed cluster-shaped size. Part of the
cells kept attached to the culture vessel under micro-
gravity conditions, regular attachment of the teno-
cytes to cell culture flask was observed in the control
group (Fig. 2 a, b). 

Gene expression
After 9 days, tenocye spheroids showed a significant-
ly higher gene expression of collagen 1 (Col1A1)
compared to the 1g control group (5.6x, SD=1.60,
p=0.02) and to the adherent cells under microgravity
(4,4x, SD=1.20, p=0,04, Fig. 3 a). Gene expression of
collagen 3 (COL3A1) was significantly increased in
spheroids compared to the control group (2.3x,
SD=0.37, p=0.03, Fig. 3 b), but not for the adherent
group (p=0.06). Gene expressions of the extracellular
matrix genes Tenascin C und Fibronectin (TNC and
FN) were increased in adherent cells under micro-
gravity compared to the 1g-control group, not reach-
ing statistical significance (1.5x, SD=0.07 for tenascin
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Table I. Primer sequences.

Primer Gene Source

Fwd 5´TCTCTCCTCTGAAACCCTCCTC3´ Collagen I (15)
Rev 5´GTGCTTTGGGAAGTTGTCTCTG3´

Fwd 5′GCTGGCTACTTCTCGCTCTG3´ Collagen III (16)
Rev 5′TTGGCATGGTTCTGGCTTCC3´

Fwd 5´GAGATATGGGGACAATAACCACAG3´ Tenascin C (15)
Rev 5´ATTTCTGAAGTTGCTTGGTCTCAG3´

Fwd 5´CCGTGGGCAACTCTGTC3´ Fibronectin (17)
Rev 5´TGCGGCAGTTGTCACAG3´

Fwd 5´GACACTATTGGCCGCCTGCAGGATGAG3´ Vimentin (18)
Rev 5´ACTGCAGAAAGGCACTTGAAAGC3´

sequence not revealed by manufacturer Scleraxis SCX B RT2 qPCR Primer Assay, Qiagen



C, p=0.1, and 2.1x, SD=0.63, for fibronectin, p=0,3
Fig. 3 c, d). For the gene expression of vimentin, no
significance alteration was observed both in the ad-
herent cells and in the spheroids compared to the 1g
control group (Fig. 3 e). Gene expression of the teno-
cyte-specific transcription factor scleraxis (SCX) was
significantly increased in spheroids compared to the
control group (3.7x, SD=0.69, p=0.03, Fig. 3 f).

Discussion

As tenocytes are hard to obtain in a number sufficient

for tendon tissue engineering, expansion in vitro is in-
evitable to the date. Under conventional culture con-
ditions in a dish or flask, cells are plated in 2-dimen-
sional layer, which builts a fairly artificial environ-
ment, that has been shown to be detrimental to phe-
notype preservation in various cell lines. Loss of dif-
ferentiation potential into osteogenic and adipogenic
lineage has been described for adipose-derived stem
cells20,21 during monolayer culture. On the other
hand, by 3D-cultivation in microfibers, human pluripo-
tent stem cells have preserved their undifferentiated
phenotype to a significantly higher passage than in
culture on a matrigel surface22. Similarly, phenotype
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Figure 1 a,b. a. Spheroid formation of tenocytes after four days under microgravity. b. 1g control group after 4 days. All cells
are attached to the surface.

a b

Figure 2 a,b. a. Spheroid formation of tenocytes after 8 days under microgravity, part of the cells still attached to the surface,
good cell viability and increase in the size of the spheroids. b. Control group after 8 days – all cells attached to the surface.



loss of somatic cell has been reported in monolayer
culture. Chondrocytes showed loss of chondrogenic
gene expression (Sox-9, c-fos, and c-jun)23. Further-
more renal mesangial cells show phenotype loss dur-
ing the first five passages24. As known from our own
prior experiments25 and investigated by Yao et al. in
detail4, dedifferentiation of human tenocytes occurs
after early passaging. Three-dimensional culture

models have been shown to counteract in vitro dedif-
ferentiation to a certain extent. 3D-culture models can
be divided into those utilizing scaffold materials and
scaffold-free, cell-only systems. Scaffold free-sys-
tems, such as hanging drop spheroid formation, have
been shown to better preserve regenerative capacity
of mesenchymal stem cells compared to monolayer
culture26. Embedding in scaffold materials such as
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Figure 3 a,b. a. Significantly higher gene expression of collagen 1 (Col1A1) in spheroids compared to adherent cells under
microgravity (4.4x, p=0.04) and compared to the control group (5.6x, p=0.02). b. Gene expression of collagen 3 (COL3A1)
was significantly increased in spheroids compared to the control group (2.3x, SD=0.37, p=0.03). c. Gene expression of
the extracellular matrix gene Tenascin C (TNC) was increased in adherent cells under microgravity compared to
the 1g-control group, not reaching statistical significance. d. Gene expression of the extracellular matrix gene Fi-
bronectin (FN) was increased in adherent cells under microgravity compared to the 1g-control group, not reach-
ing statistical significance. e. Gene expression of vimentin: no significant alteration was observed both in the ad-
herent cells and in the spheroids compared to the 1g control group. f. Gene expression of the tenocyte-specific
transcription factor scleraxis (SCX) was significantly increased in spheroids compared to the control group (3.7x,
SD=0.69 p=0.03).

a b

c d

e f



PLGA has been shown to preserve tenocyte pheno-
type better than 2D culture8. However, cell expansion
and passaging out of scaffold materials is labour-
some and not suitable for routine purposes. With sim-
ulated microgravity, we propose a 3D culture model
that has several advantages: it is a cell-only environ-
ment that avoids problems known from scaffold sys-
tems, such as difficulties in harvesting cells. Further-
more, it is not limited in size and dimension, such as
the hanging drop system, and it is not limited in its
duration of application. No impaction of cell viability
was observed in our experiments during the full ob-
servation period. Semiquantitative observation in this
study revealed a cell layer close to confluence in the
control group and in the experimental group, so that
at least no obvious deceleration of cell growth oc-
curred. Potential differences in cell proliferation will
be quantified in future experiments. We furthermore
observed higher expression of genes that reflect
tenogenic phenotype, such as collagen 1, collagen 3
and scleraxis. This occured particularly in the spher-
oids, which may indicate better phenotype preserva-
tion than in 2D culture, in analogy to other 3D culture
models. There was a tendency of increased gene ex-
pression for tenascin c, fibronectin and vimentin in
the adherent cells under microgravity, but without sig-
nificance. Upregulation of these cytoskeleton genes
in the adherent cells rather than in the spheroids
seems to follow some logic, as initial cell attachment
under low gravity might require higher expression of
cytoskeleton genes. Lack of significance in these re-
sults may be either due to an experimental group
number too low or due to a measurement time point
that was either too early or too late to detect maxi-
mum expression in these genes. Especially cy-
toskeleton is a cell compound that has been shown to
react very sensitively on gravity alterations. For chon-
drocytes, perinuclear accumulation of the cytoskeletal
component β-tubulin was detected after 16 hours in
RPM27. Our further experiments will evaluate effects
of microgravity on tenocyte cytoskeleton in more de-
tail. Tenocytes have been shown to react very sensi-
tively on force excertion. Cyclic strain has been
shown to induce collagen production, proliferation
and cytoskeleton alignment in rabbit tenocytes28. Re-
duction of forces under microgravity promises to have
various effects on tenocyte cytoskeleton that are still
to be evaluated. The question to what extent tenocyte
spheroids may withstand mechanical forces and gain
a shape that would allow them to serve directly as a
tendon replacement is still to be elucidated. Many re-
searchers and clinicians would appreciate a scaffold-
free tissue engineered tendon construct due to rea-
sons of costs and biocompatibility. Microgravity has
been shown to have beneficial effects on the cultiva-
tion of various other cell types before. For human
chondrocytes, better preservation of collagen II pro-
duction of the time under microgravity has been de-
scribed27, although effects of microgravity on cell
function are various. The ultimate evidence that can-
cer cells lose their malignancy under microgravity is
still missing, but there are some clues in this direc-

tion. Lung cancer stem cells have been observed to
lose their stemness under microgravity, downregulat-
ing Oct-4 and Nanog expression29. Thyroid cancer
cells have shown higher production of antiprolifera-
tive and antimetastatic factors30. 

Conclusion

We have proposed a 3D culture model that is easy to
use and may help to preserve tenocyte phenotype
better than conventional 2D culture. This might facili-
tate tenocyte cultivation for tissue engineering pur-
poses in the future. With further long-term expansion
of tenocyte spheroids, this could also be a step to-
wards scaffold-free tissue engineering of a tendon
construct. Future experiment will evaluate these is-
sues in detail, particularly with respect to size, shape
and mechanical stability. 
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