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Abstract: Tendon injuries still pose a challenge to reconstructive surgeons. Tendon tissue is a

bradytrophic tissue and has a poor tendency to heal. Autologous tendon grafts are, therefore, still

the gold standard in restorative operations but are associated with significant donor side morbidity.

The experimental approach of the present study focused on the use of the biomaterial spider silk

as a biocompatible and very stable carrier matrix in combination with a collagen type I hydrogel

and adipose-derived stromal cells. The constructs were differentiated by axial strain to tendon-like

tissue using a custom-made bioreactor. Macroscopically, tendon-like tissue could be detected which

histologically showed high cell vitality even in long-term cultivation. In addition, cell morphology

comparable to tenocytes could be detected in the bioreactor-stimulated tendon-like constructs com-

pared to the controls. Immunohistochemically, tendon tissue-specific markers could be detected.

Therefore, the developed tendon-like construct represents a promising approach towards patient

specific tendon reconstruction, but further studies are needed.

Keywords: tendon tissue engineering; spider silk scaffold; ASC; bioreactor; mechanotransduction

1. Introduction

Tendons and ligaments are among the most important structures in the locomotive
system. They play a significant role in biomechanical stability and force transmission
between muscle to bone (tendon) and bone to bone (ligament). While bone and cartilage
tissues are hard tissue and have high compressive strength, ligaments and tendons are
considered as soft tissue and have high tensile strength [1]. While bone and muscle have a
high regenerative capacity, tendons and cartilage display slow and poor healing abilities,
i.e., fibrotic scar healing in tendons and minimal to no healing at all in cartilage [2,3]. Ten-
dons are specialized tissues with a relative hypocellularity, low vascularity, low metabolic
rate and a resulting degree of hypoxia, which are required to bear tension for extended
durations, but not to suffer ischemia and therefore necrosis [4]. Tendons have a poor natu-
ral healing capacity due to low cellularity and low vascularity and, therefore, prolonged
and incomplete healing can cause a higher risk of re-injury or joint malfunction. Tendon
injuries, representing a prevalent clinical picture, are responsible for considerable morbid-
ity in athletes, working and elder populations and, therefore, causing significant social
and economic costs for treatment, rehabilitation and prevention [5,6]. However, tendon
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injuries are still a challenge for reconstructive surgery and, therefore, either restorative
operations or versatile grafts are needed to fully replace their function. High failure and
recurrence rates have implicated the usage of autograft, allograft and xenograft in tissue
replacement [7]. Therefore tissue engineering of tendon tissue might play a significant role
for future therapeutic strategies and clinical applications. Choosing the most favorable
biomaterial as scaffold for tendon tissue engineering is still challenging as it has to have
several features that could translate it into functional tendon tissue [8]. For tendon tissue
engineering, mechanical stimulation by means of strain seemed to induce further differ-
entiation in terms of cell shape, production of extracellular matrix (ECM) and expression
of tissue-specific markers [9–12]. Applied strain results in straightening, realignment and
sliding of tendon and, therefore, collagen fibers, ultimately subjecting tenocyte nuclei
under strain [13,14]. This consecutively leads to interference of their mechanotransduc-
tion pathways and fibril alignment [15]. Studies focusing on bioreactor-based systems
led to insights in engineering tendon-like constructs (TLC). Loading amplitudes affect
cell and tissue properties with physiological loads leading to overall anabolic response
and increased strength of the construct. In contrast, no mechanical stimulation or high
amplitude loads lead to a catabolic response [16]. Probably the most favorable approaches
are those based on functional tissue engineering with special regard to in vitro-to-in vivo
strategies, which ultimately aim to allow early implantation while at the same time tolerate
substantial in vivo forces early postoperatively and even larger forces once patients resume
to normal activities of daily living [16]. Many biomaterials have been investigated as
scaffold for tendon tissue engineering purposes including collagen, silk, alginate, chitosan,
polycaprolactone, polyglycolic acid and polylactic acid. In addition, several techniques
have been investigated, such as electrospinning, electrochemical alignment, knitting and
freeze-drying to create tendon-like constructs [17]. However, current tendon tissue en-
gineering approaches showed promising short-term results but failed over time. The
ideal scaffold material should be biodegradable and biocompatible as well as providing
sufficient mechanical properties [7,18]. The stability of the biomaterial chosen depends on
mechanical strength, elasticity and biodegradation. Therefore, matching the mechanical
properties of a scaffold to those of native ECM is important to ensure that tissue growth is
not limited by mechanical failure of the scaffold [7]. Based on these necessities, a potential
biomaterial for tissue engineering of tendon tissue could be spider silk due to its unrivaled
biomechanical properties. As there are actually seven different types of silk with unique
biomechanical features in each, the silk type with the properties most suitable to the desired
tissue can be chosen [19]. For example, silk from the tubuliform gland, used for the outer
egg cases, shows a porous structure and a high toughness in terms of energy to break
(up to 1 × 109 J kg−1), while dragline silk from the major ampullate gland has a unique
tensile strength (up to 4 × 109 N m−1) [20]. Additionally, spider silk has shown a very
good biocompatibility in vitro and in vivo [21,22].

Adipose-derived stromal cells (ASC) represent a promising cell population for tissue
engineering due to their easy accessibility [23]. Regarding tendon tissue engineering, suc-
cessful approaches included ASC as well [24]. The concept of this study was to investigate
spider drag line silk in combination with a collagen type I hydrogel as scaffolds for ASC in
a bioreactor model using cyclic strain with the intention to engineer tendon-like tissue. Cell
morphology and matrix composition were examined using histological staining. To prove
differentiation of ASC into tenocytes, immunohistochemical staining for tendon specific
markers was performed. Biomechanical testing indicated loading capacity of our tendon
like construct. Overall, the present study can be considered as a pilot study.

2. Materials and Methods

2.1. Isolation and Expansion of Adipose-Derived Stromal Cells (ASC)

Human adipose-derived stromal cells were isolated from adipose tissue after ab-
dominoplasty surgery from a female donor, aged 41 years, with informant consent of the
patient and approval by the Ethics Committee of Hannover Medical School (Ethics Ap-
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proval No. 3475-2017; Date of approval: 15 February 2017). Isolation and characterization of
ASC were performed according to standardized methods described earlier [25]. Briefly, fat
tissue was digested, centrifuged and seeded, followed by a washing off of the non-adherent
cells. All experiments were performed to internal standardized protocols and followed
good-manufacturing practice. Cells were cultured in Dulbecco’s modified Eagle’s growth
medium (DMEM-F12) (Gibco, Life Technologies, Darmstadt, Germany) with L-glutamine
and without phenol red, adding 10% (v/v) fetal bovine serum (FCS) (Biochrom, Berlin, Ger-
many), 1% (v/v) 10,000 µg/mL penicillin and streptomycin (Biochrom, Berlin, Germany)
and 0.1% (v/v) 50 mg/mL ascorbic acid-2-phosphate. ASC were incubated at 37 ◦C and 5%
CO2 in a humidified atmosphere. ASC of passage 1 were used for all experiments.

2.2. Isolation of Collagen Type I

Collagen type I was isolated from rat-tail tendons of 14-week-old male Lewis rats
(Charles River, Wilmington, Massachusetts, USA) provided as donor animals for tail
amputation and tendon preparation according to the German Animal Welfare Law. The rat-
tails came as a contribution from the animal experiments of another work group. Collagen
type I was isolated by acetic acid extraction. Briefly, a series of acidic dissolution and
dialysis were performed, sterility tests confirmed sterile conditions [26]. Protein molecule
size was characterized with 7.5% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE)
electrophoresis. The SDS-PAGE gel was stained with GelCode® Blue Stain Reagent (Life
Technologies, Darmstadt, Germany) according to the manufacturer instructions. The
concentration of collagen was measured with a NanoDrop ND-1000 spectrophotometer
(ThermoFisher Scientific, Walldorf, Germany) according to manufacturer instruction and
as published elsewhere [27]. The soluble collagen type I with a final concentration of
6.22 mg/mL was stored at 4 ◦C prior to preparation of TLCs.

2.3. Animal Handling and Harvesting Procedure of Spider Silk

Studies including spiders as an invertebrate species do not require any ethical or
legal approval according to the German Animal Welfare Law. Spiders of the species
Nephila edulis were kept in 25 ◦C warm and humidified rooms in our local laboratory
facilities [28]. Dragline silk from the major ampullate gland was harvested as described
earlier [28,29]. The dragline silk was reeled 100 times around a custom-made stainless steel
frame measuring 15.0 × 1.0 × 0.1 cm (Figure 1). The frames holding the silk were steam
sterilized at 121 ◦C, 100% water saturation and 2 bar of pressure for 15 min prior to their
further use.

Figure 1. Custom-made casting chamber for fabrication of tendon-like constructs.

2.4. Preparation of Tendon-Like Constructs

To form a stable construct, a custom-made casting chamber made from teflon and steel
was designed and manufactured in local facilities of the Central Research Devices Service
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Unit of Hannover Medical School. The steel frames with the spider silk on them were
clamped in the casting chambers and seeded under sterile conditions with 10 mL hydrogel
composed of collagen type I and ASC dissolved in a solution of phosphate-buffered saline
(PBS) (Gibco, Life Technologies, Darmstadt, Germany) and 10× concentrated DMEM-F12
(Biochrom, Berlin, Germany). 7.5% v/v sodium hydrogen carbonate solution (Sigma-
Aldrich, St. Louis, MA, USA) was added to neutralize the collagen solution and achieve a
final pH value of 7. Constructs were incubated for 90 min at 37 ◦C and 7% CO2 (Figure 1).
Steel frames with constructs were transferred to cell culture flasks afterwards and further
incubated with DMEM-F12 medium. After 2 days of incubation, steel frames were cut
off following another 7 days of incubation before either transferring the constructs to
the custom-made bioreactor to undergo mechanical stressing or incubation for another
21 days. Cell culture medium was changed three times weekly. After in total 30 days
of incubation, all constructs were processed for further examinations. Constructs where
divided in 4 experimental groups as seen in Table 1.

Table 1. Overview of experimental groups for mechanical stimulation using the bioreactor and corresponding controls.

Bioreactor (9 Days of Incubation Followed
by 21 days of Mechanical Stimulation)

Controls (9 Days of Incubation Followed
by 21 days of Unstressed Culture)

Constructs with spider silk A (n = 6) C (n = 6)
Constructs without spider silk B (n = 6) D (n = 6)

2.5. Contraction Assay

Prior to the first stressing using the bioreactor, contraction properties of collagen gels
and the optimal number of cells required for experiments were determined by measuring
contraction in width and length over a period of 30 days in constructs containing different
numbers of ASC. Constructs were divided into 4 groups: 5.0 × 105 cells and spider silk,
5.0 × 105 cells without spider silk, 5.0 × 106 cells with spider silk and 5.0 × 106 without
spider silk (Table 2). Every group consisted of 3 constructs to achieve comparable results.
Constructs were incubated over a period of 30 days in DMEM-F12 medium, changing the
medium three times weekly. No mechanical stress by use of the bioreactor was applied to
observe contraction properties alone. Width and length were measured using a vernier
caliper at days 0, 2, 9, 16, 23 and 30. All results were analyzed using Microsoft Excel
software. The contraction properties are represented in the form of mean ± standard
deviations. All further experiments were performed with 5.0 × 105 ASC.

Table 2. Overview of experimental groups for contraction assay with different numbers of adipose

derived stromal cells (ASC)

5.0 × 105 ASC 5.0 × 106 ASC

Constructs with spider silk E (n = 3) G (n = 3)
Constructs without spider silk F (n = 3) H (n = 3)

2.6. Concept of Bioreactor Cultivation and Mechanical Induction of Differentiation

Based on the conceptual design published earlier [30] an optimized and modified
custom-made bioreactor system was designed (Figure 2) and built using Teflon, glass and
stainless steel in local facilities of the Central Research Devices Service Unit of Hannover
Medical School. The main component of the bioreactor was an incubation chamber made
of glass, which could be hermetically sealed by means of a glass lid. A filter inserted in
the lid allowed gas exchange. One mounting was fixed whereas the other was connected
via the transmission shaft with the drive motor. In order to enable cyclic axial stressing of
the constructs, they were suspended horizontally between two anchorages by means of
two vessel clamps per construct on the metal pins provided for this purpose. The vessel
clamps (Schwartz Micro Serrefine (Fine Science Tools, Heidelberg, Germany)) were used to
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prevent the constructs from cutting into the metal pins during direct impaling. An external
motor, which is not visible in Figure 2, controlled the drive shaft. Constructs underwent
cyclic uniaxial stressing over a distance of 3 mm/sec (i.e., 2% strain from original length)
for eight hours daily with a frequency of 1 Hz. A rest of 16 h followed every stressing. As
described above, constructs were incubated nine days prior to mechanical stressing for
21 days to allow cell adhesion and proliferation. The medium was changed after two days
under sterile conditions. Unstressed constructs were incubated in DMEM-F12 medium for
21 days instead and served as controls. After 30 days in total, constructs were processed
for further histological examinations.

Figure 2. Custom-made bioreactor for uniaxial cyclic strain of tendon like constructs. (A): Design

drawing of the bioreactor. (B): Top view of the bioreactor filled with constructs and cell medium. (C):

General view of the bioreactor with drive motor, but without control unit.

2.7. Cell Viability Analysis

Cell viability in small pieces of tendon-like constructs of all experimental groups
was evaluated using a LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells (Life
Technologies, Darmstadt, Germany) according to the manufacturer instructions. To reduce
non-specific background staining, tissue pieces were washed with PBS prior to fluorescent
microscopy with a Keyence BZ-8000K microscope (Keyence, Neu-Isenburg, Germany).

2.8. Histology

From every experimental group according to Table 1, samples measuring approx-
imately 1.0 cm were collected for histological staining. Constructs were fixed with 4%
buffered formalin (Carl Roth, Karlsruhe, Germany), dehydrated in a graded series of
increasing alcohol concentrations, cleared in xylene, embedded in standard procedure
in paraffin, and cut into 10 µm sections with a microtome (Microm International GmbH,
Walldorf, Germany). Slides were deparaffinated, rehydrated by descendent alcohol concen-
trations and stained with Masson–Goldner Trichrome stain. The sections were first stained
for 2 min in an iron hematoxylin solution consisting of iron hematoxylin A according to
Weigert (Carl Roth GmbH, Karlsruhe, Germany) and iron hematoxylin B according to
Weigert (Carl Roth GmbH, Karlsruhe, Germany) mixed in a 1:1 ratio immediately prior to
staining. This was followed by blueing under running tap water for 15 min and rinsing
in 0.5% (v/v) phosphotungstic acid for a few seconds. After washing in 1% (v/v) acetic
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acid (Carl Roth GmbH, Karlsruhe, Germany) the cytoplasm was stained for 1 min with a
Ponceau acid foxsin solution. The sections were washed again in double-distilled water
and 1% (v/v) acetic acid before being stained for 10 min with a phosphotungstic acid
orange G solution. In a final staining step, the collagenous connective tissue was stained
with light green for 5 min after renewed washing with double-distilled water and 1% (v/v)
acetic acid.

To exclude osteogenic mineralization and adipogenic differentiation of ASC, slides
were stained with Oil Red O as specific adipogenic dye and Alizerin Red as specific
osteogenic dye. Bright-field microscopy with a Keyence BZ-8000K microscope (Keyence,
Neu-Isenburg, Germany) was performed to view stained sections. Oil Red O and Alizerin
Red stains are not shown in the manuscript as no osteogenic or adipogenic differentiation
could be observed.

2.9. Immunofluorescence Staining

To analyze protein expression levels within tendon-like tissue, indirect immunoflu-
orescence staining was performed on paraffin embedded sections. A single sample was
used for each immunofluorescence staining. Samples were permeated with 0.1% Tritron
X-100 (Carl Roth, Karlsruhe, Germany) and blocked with 2% BSA. The primary antibodies
used in this study were goat anti-human collagen I polyclonal antibody (abcam, Cam-
bridge, UK), mouse anti-human collagen III monoclonal antibody (abcam, Cambridge,
UK), rabbit anti-human Scleraxis polyclonal antibody (abcam, Cambridge, UK) as well as
mouse anti-human Tenascin C monoclonal antibody (abcam, Cambridge, UK). Primary
antibodies were applied for 1 h followed by extensive washing with PBS. Alexa Fluor® 488
conjugated chicken anti-rabbit antibody (ThermoFisher Scientific, Walldorf, Germany) and
Alexa Fluor® 546 conjugated goat anti-mouse antibody (ThermoFisher Scientific, Walldorf,
Germany) were used as secondary antibodies. Sections were covered and counterstained
with 4′,6-diamidino-2-phenylindole (DAPI) according to the manufacturer’s instructions.
Inverse fluorescence microscopy with a Zeiss Axiovert 200 M microscope (Carl Zeiss,
Oberkochen, Germany) was performed to view stained sections.

3. Results

In this study, a TLC was developed based on collagen type I hydrogel, ASC and spider
silk scaffolds. Handmade spider silk scaffolds were seeded as mentioned with a combina-
tion of rat collagen type I hydrogel and ASC. Constructs were divided into 4 groups as seen
in Table 1. All constructs were incubated 9 days prior to further incubation in either the
bioreactor or cell culture to allow cell adhesion and proliferation. After 9 days, constructs
of experimental groups A and B underwent mechanical stimulation using the bioreactor
for 21 days to induce differentiation of ASC. Experimental groups C and D were unstressed
and cultured for 21 days and therefore served as controls. Every experimental group
consisted of 2 constructs per cycle and 3 cycles were performed, receiving 6 constructs per
experimental group. After a total of 30 days of incubation, all constructs were processed for
further examinations. Histological and immunohistochemical staining as well as live-dead
assays were performed after 30 days.

3.1. Successful Preparation of Tendon-Like Constructs with 4 × 105 ASC and Collagen
Type I Hydrogel

Drag line silk of spiders of the species Nephila edulis was harvested and collected on
custom-made stainless steel frames. As described above, a custom-made casting chamber
was used to form stable TLCs (Figure 1). Steel frames with or without spider silk were
placed in the casting chamber and the lid was closed. The hydrogel composing of collagen
I and ASC was added using a pipette. After 90 min of incubation, stable constructs
were achieved that underwent further incubation prior to mechanical stimulation using
the bioreactor.
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Prior to first stressing using the bioreactor, contraction properties of collagen gels with
and without spider silk as well as the optimal number of cells required for experiments
were determined by measuring contraction characteristics of constructs. Table 2 displays an
overview of experimental groups with different numbers of ASC for the contraction assay.

Every experimental group consisted of 3 constructs to achieve comparable results. A
minimum length of 4.5 cm was required to ensure a stable fixation of constructs in the
bioreactor for further experiments. After two days of incubation, steel frames were cut
off following another 28 days of incubation. The medium was changed every two days.
The measurement results of the contraction assay with respect to the length of TLC are
displayed in Table 3. The results are shown as mean value with the corresponding standard
deviation in cm. Figure 3 shows a graphical overview of the contraction assay with respect
to the length shortening according to Table 2.

Table 3. Results of the contraction assay with respect to the length of tendon-like constructs (TLC). The results are shown as

mean value with the corresponding standard deviation in cm.

Experimental
Group (n = 3)

Day 0 Day 1 Day 2 Day 9 Day 16 Day 23 Day 30

E 15.00 ± 0.00 14.83 ± 0.29 13.70 ± 0.46 11.07 ± 0.23 7.23 ± 1.63 6.20 ± 2.18 5.73 ± 1.99
F 15.00 ± 0.00 14.83 ± 0.29 14.33 ± 0.21 11.10 ± 1.13 5.47 ± 1.24 5.00 ± 1.57 4.67 ± 1.78
G 15.00 ± 0.00 15.00 ± 0.00 13.00 ± 0.40 3.27 ± 0.32 2.63 ± 0.45 2.30 ± 0.17 2.07 ± 0.20
H 15.00 ± 0.00 15.00 ± 0.00 14.23 ± 0.30 5.20 ± 2.95 3.00 ± 0.36 2.50 ± 0.10 2.27 ± 0.15

Figure 3. Graphical evaluation of the contraction assay with respect to the length shortening according to Table 2. Experimental

group E: TLC with spider silk and 5.0 × 105 ASC. Experimental group F: TLC without spider silk and with 5.0 × 105 ASC.

Experimental group G: TLC with spider silk and 5.0 × 106 ASC. Experimental group H: Construct without spider silk and with

5.0 × 106 ASC. All measurements were made as triplicate (n = 3) and are graphically shown as mean ± standard deviation.

As shown in Table 2 and Figure 3, the constructs with spider silk showed a more
pronounced contraction with respect to length. In the averaged triplicate, constructs of
experimental group E had shrunk to 38.2 ± 13.3% of their initial length whereas constructs
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of experimental group F had shrunk to 31.1 ± 11.9% of their initial length after 30 days of
incubation. In comparison, constructs of experimental group G had shrunk to 13.8 ± 1.3%
of their initial length whereas constructs of experimental group H had shrunk to 15.1 ± 1.0%
of their initial length. To sum up, constructs with 5 × 106 ASC showed a more pronounced
contraction over the study period of 30 days. Constructs of experimental group G and
H were too short to ensure a stable fixation of constructs in the bioreactor. Consequently,
5 × 105 ASC were used for all further experiments.

3.2. Mechanical Induction of ASC Differentiation Using the Custom-Made Bioreactor Showed
Macroscopic Results Comparable to Tendon Tissue

As described above, custom-modified bioreactors were made and constructs stressed
with a uniaxial strain. A total of five constructs could be cultivated in parallel in the
bioreactor. Two constructs with spider silk (experimental group A) and two constructs
without spider silk (experimental group B) were stressed in the bioreactor per cycle and the
three cycles were performed in total. No bacterial contamination was observed over the
experimental period of 30 days. It was macroscopically observed that constructs containing
spider silk were more stable in handling. Furthermore, after 21 days of mechanical stressing
the constructs showed a phenotype which had the first morphological signs that could
be indicative of ASC differentiation towards tenocytes. No differences could be observed
between experimental groups A and B (Figure 4).

Figure 4. Tendon like constructs after 21 days of mechanical stressing using the bioreactor. The top

one contains spider silk (experimental group A), the bottom one is manufactured without spider silk

(experimental group B). The constructs showed phenotypes comparable to tendon tissue with no

difference between experimental groups A and B.

3.3. Histological Analysis Shows Long-Term Cell Survival and Histological Patterns Comparable
to Tendon Tissue

The LIVE/DEAD stain showed that the majority of cells were viable in all experimental
and control groups after a period of 30 days (Figure 5). Only a negligible number of cells
were dead. In addition, a low cell density was observed in all constructs and no significant
differences between experimental groups could be detected. As seen in Figure 5A,C,
truncated spider silk fibers showed a reddish autofluorescence. However, an orientation
of cells and silk fibers towards the direction of mechanical stimulation was observed in
experimental groups (Figure 5A,B). Compared to those constructs, controls showed a
less aligned orientation of cells (Figure 5C,D). On trend, lower cell density was found in
constructs with mechanical stimulation compared to those without mechanical stimulation.
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Figure 5. LIVE/DEAD-Assay of all experimental groups. Green fluorescent dye shows vital cells, red fluorescent dye

indicates dead cells. (A). Construct containing spider silk and bioreactor cultivation (experimental group A). (B). Construct

without spider silk and with bioreactor cultivation (experimental group B). (C). Construct with spider silk and without

mechanical stimulation (experimental group C). (D). Construct without spider silk and without mechanical stimulation

(experimental group D).

In Masson–Golder Trichrome staining, microscopically collagenous connective tissue
is green, the nuclei brown-black, the cytoplasm red and the muscles pale red. Elastic
fibers often do not show a specific color and can be greenish or light red. The tendon-like
constructs of the experimental group A showed a clear orientation of the collagen fibrils
and the spider silk fibers along the direction of mechanical tension (Figure 6A). The cells
showed an elongated cell phenotype comparable to tenocytes (Figure 6A). In experimental
group B, collagen fibrils and spider silk fibers showed an orientation along the direction of
the mechanical tension as well (Figure 6B). Overall, cells in the mechanically stimulated
TLC showed a broad distribution within the matrix (Figure 6A,B) whereas the unstimulated
controls showed the formation of coherent cell formations (Figure 6C,D).

Compared to experimental group A, cells showed an elongated cell phenotype as well
but also formed coherent cell formations especially at the edges of the tendon-like constructs
(Figure 6B). In experimental group C and D, collagen fibrils as well as spider silk fibers
showed no coherent orientation and cells showed a more roundish phenotype (Figure 6C,D).
As already seen in the LIVE/DEAD-Assay, a lower cell density was observed in stressed
tendon-like constructs (Figure 6A,B) compared to unstressed controls (Figure 6C,D).
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Figure 6. Masson–Goldner Trichrome stainings of all experimental groups. Collagenous connective tissue is stained green,

the nuclei brown-black and the cytoplasm red. Elastic fibers often do not show a specific color and can be greenish or light

red in color. The measuring bars represent 200 micrometers. (A). Construct containing spider silk and bioreactor cultivation

(experimental group A). (B). Construct without spider silk and with bioreactor cultivation (experimental group B). (C).

Construct with spider silk and without mechanical stimulation (experimental group C). (D). Construct without spider silk

and without mechanical stimulation (experimental group D).

3.4. Immunohistochemical Staining Showed Production of Own Extracellular Matrix and
Expression of Tendon Specific Markers

To analyze protein expression levels within TLC, indirect immunofluorescence stain-
ing was performed on paraffin embedded sections. Immunohistochemical staining was
performed for human collagen I and III as well as Tenascin C and Scleraxis as tendon
tissue-specific markers. Staining procedures followed standardized internal protocols and
good manufacturing practice. The results are shown in Figure 7. Interestingly, Scleraxis
could not be stained in any sample. As shown in Figure 7A, TLC showed the expression of
human collagen I and III as well as Tenascin C after 21 days of mechanical stimulation in
the bioreactor. TLC of experimental group B showed the expression of human collagen
I and III as well as Tenascin C as shown in Figure 7B. Therefore, production of human
extracellular matrix as well as expression of tendon specific markers can be postulated after
mechanical induction of differentiation of ASC. As seen in Figure 7A,C, truncated spider
silk fibers showed a reddish autofluorescence. As shown in Figure 7C,D, the unstressed
TLC showed a significantly reduced immunofluorescence or only a background staining
without staining of the target proteins.
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Figure 7. Results of the immunohistological staining. The cell nuclei were stained with 4′,6-diamidino-2-phenylindole

(DAPI) and can be recognized by a blue fluorescence. The target proteins each show a green fluorescence. The spider silk

shows a red autofluorescence. The measurement bars represent 200 micrometers. (A) Results of experimental group A. (B)

Results of experimental group B. (C) Results of experimental group C. (D) Results of experimental group D.

4. Discussion

In the study at hand, we employed spider silk to stabilize collagen gels for tissue
engineering of TLCs. To further improve cell distribution and induce mechanotransduction,
cyclic uniaxial strain was applied. The frequency of the cyclic strain was with 1 Hz
lower than the stride frequency found in equine canter, which is approximately 2 Hz, but
comparable to the strain used by other studies, in particular for the promotion of stem cell
differentiation towards tenocytes [31–33]. While some studies applied strain for as little
as 15 to 20 min per 24 h, as 15 min per 24 h were sufficient for a notable effect regarding
mechanical induction, longer application periods were suggested [33,34]. To mimic the
mechanical requirements of daily life activities, we chose much longer periods (i.e., 8 h
per day), however, an interesting concept for future research might be the investigation of
changes due to different periods of strain application between 15 min and 8 h or several
periods per day.
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Biomechanical analysis of the TLCs in terms of traditional tensile testing was intended
to be performed with a tensile test machine but turned out to be unsuccessful as TLCs
displayed a fragile, soft and wet morphology and, therefore, were irrevocably damaged on
loading in the tensile testing machine as it was described by other authors [33,35]. This is
clearly a limitation of the feasibility study at hand which needs to be overcome by future
studies further characterizing spider silk-based TLCs as a biomechanical similarity to the
natural tissue is necessary. A possible solution might be involvement of dynamic shear
analysis, dynamic scanning calorimetry or Fourier-transform infrared spectroscopy [26].
However, spectroscopic analysis might be susceptible to interference of autofluorescence
of spider silk as described before [30]. Nevertheless, mechanical properties close to or
surpassing the mechanical properties of natural tendon tissue can be assumed as spider
silk (which functions as a stabilizing backbone for the constructs in this study) has been
shown to possess extraordinary properties. For example, bundles of native spider silk
were investigated as a tendon tissue suture and showed tensile strength comparable to
polypropylene sutures and a superior resistance to mechanical fatigue [36].

Concerning the viability, most of the cells in the TLC were viable. Interestingly, fur-
ther analysis revealed differences regarding cell morphology and distribution dependent
on whether axial stimulation was present or not. In both TLCs with or without spider
silk, cell distribution and morphology in constructs without mechanical stimulation were
more likely to show a higher cell density with round cell bodies. In contrast, mechanical
stimulation led to a lower cell density with tenocyte-like morphology. In mature tendons,
two different zones can be distinguished: the gliding zone with chondrocyte-like cells at
regions of pressure at the hypomochlion and the traction zone with elongated tenocytes
parallel to the collagen fibers [37]. In the TLCs in this study, areas without mechanical stim-
ulation displayed histological features of a gliding zone in tendons while those areas where
uniaxial strain was applied displayed histological features of a traction zone. Therefore,
the whole construct may be regarded as traction zone equivalent.

A red fluorescence was noticed in the LIVE/DEAD-Assay as well as in the immunoflu-
orescence staining (Figures 5 and 7). This fluorescence might be caused either by autofluo-
rescence of collagen type I or autofluorescence of spider silk. While spider silk displayed
autofluorescence in the wavelength spectrum of 488 to 546 nm probably due to its amount
of phosphorus [29,38], the autofluorescence spectrum of collagen caused by the amino
acids tyrosine and tryptophan lies more in wavelength spectrum of 305–380 nm [39].

Cell contraction in collagen gels has been described before [40], but could be only
divided into two phases contrary to the three phases of native cells. As in the study at
hand, mesenchymal MSC in collagen gels were found to show higher contraction rates than
described for fibroblasts [41]. Collagen gel contraction is commonly used as a measure of
cell-mediated matrix reorganization [42], therefore our theorem of a differentiation process
in the TLC is further supported.

Among the specific markers described to be expressed by tendon tissue are scleraxis
(Scx), tenomodulin (TNMD), thrombospondin-4 (TSP-4), tenascin-C (TNC), type I collagen
(Col I) and type III collagen (Col III). However, they show different expression level and pat-
tern dependent from kind of tissue or duration of cultivation ex vivo [43]. Specific markers
for a differentiation towards tenocytes were found in TLCs differentiated from ASCs.

Col I is of utmost importance for the stability of tendons as well as remodeling of
the ECM during tendon healing as it makes up more than 90% of the structural elements
in normal tendon tissue [44]. Expression of Col I and III is up-regulated as a response to
mechanical loading, which is consistent with our study as we found qualitatively more Col
I- and Col III-positive cells in TLC with mechanical stimulation [45,46]. This is probably
due to adaption by strengthening of the ECM.

Regarding the course of markers, it has to be considered that ASCs as a stem cell
population were deployed to differentiate into tendon tissue instead of mature tenocytes
or tendon progenitor cells. It has been reported that there are certain differences whether
tendon tissue samples or tenocytes in cell cultures were investigated. When tenocytes were
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isolated and cultivated, only the markers Col I, Col III and TNC were significantly higher
than in MSC cultures while Scx, TNMD, TSP-4 dropped immediately after plating isolated
tenocytes into Passage 1 [43]. As we investigated TLC derived from differentiated ASC and
not in vivo tissue samples, it was not surprising that these markers were positive at all.

While they have been used to engineer tendon tissue, either co-cultures or addition of
growth factors (i.e., bone morphogenetic ptotein-12) were applied to achieve TLCs [47,48].
ASCs have been described to support tendon healing in vivo by inducing neovasculariza-
tion [49]. To our knowledge, this is the first study using ASC for TLC engineering without
supplementary addition of growth factors. However, one limitation is the use of ASC that
came from only one fat tissue donor. As described elsewhere, the age of the donor, the
localization of adipose tissue harvesting for stem cell isolation, and other factors play a
crucial role for the multipotency of ASC [25,50]. The presented study was approved by
the ethics committee of Hannover Medical School therefore no changes could be made to
the experimental setup. For future experiments, cell pooling would be useful to eliminate
donor-specific differences.

Spider silk is known as the world’s toughest biomaterial surpassing the tensile strength
of many biomaterials and the breaking strength of any artificial material reaching up to
520 MJ/kg3 [51]. In earlier studies utilizing spider silk as tendon suture material, no
significant decrease in failure load was reported after 1000 fatigue cycles of strain [36].
Therefore, it seems predestined for the use of tendon tissue engineering. A electro spun
composite of spider silk and carbon nano-tubes was employed in a robotic human hand
and withstood up to 40,000 bending-stretching cycles while at the same time being able
to transmit force as well as electronic signals in term of a feedback system [52]. This
application implies possible modifications of native spider silk as well as use of those
composites for use in myoelectric prosthetics. On the other hand, further investigations
optimizing the conditions of tissue engineering of the pilot study presented herein might
lead to optimization of TLC for early in vitro-to-in vivo-strategies. Future studies could
also focus on the use of spider silk proteins for 3D tissue printing for example using silk
inks [53,54]. How, beyond the hype and before 3D bioprinted organs are ready to be
transplanted into humans, several important ethical issues and regulatory concerns need
to be addressed [55,56].

Another limitation of the study remains the unclear immunocompatibility of the
developed TLC. Since the present study is a proof-of-concept study, further investigations
are necessary to make conclusive statements about the biocompatibility of the TLC. The use
of rat collagen type I would most likely lead to an immunological reaction of the recipient
organism, so that an intervention in the intrinsic alloreactivity, e.g., by the use of immuno-
suppressive drugs, would be necessary. It is also conceivable that rat collagen type I is not
an optimal matrix material [57]. As published elsewhere, collagens of jellyfish have been in-
tensively studied and showed nearly complete degradation post implantation after 60 days
in a rodent model. Furthermore, the degradation process ended in a vessel-rich connective
tissue that is understood to be an optimal basis for tissue regeneration [58]. Due to its
proven promising immunological properties of native spider silk of species Nephila edulis, it
is possible to speak overall of a future-oriented biomaterial [22]. However, further analyses
are required to determine the optimal composition of the TLC presented here.

In the present study, Scx could not be detected in the constructs and no quantitative
values could be determined due to interferences of spider silk fibers in polymerase chain
reaction (PCR) analysis. Therefore, no definitive conclusion can be made of the influence of
mechanical stimulation regarding whether it is superior in terms of expression of different
tendon specific markers. However, morphologic analysis revealed better cell alignment
towards a tenocyte phenotype.
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