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Abstract

For years, researchers have searched for a suitable biomaterial to regenerate the intervertebral disc
(IVD). A promising candidate is silk, as there have been several approaches in the past where silk
fibroin was used to repair the IVD’s nucleus pulposus (NP) and annulus fibrosus (AF). However, to
date, nobody has attempted to recreate IVD tissue with dimensions and cell densities comparable to a
human IVD using silk and human mesenchymal stromal cells (MSC). Therefore, silk scaffolds were
produced from Bombyx mori yarn. To mimic the AF, the yarn was embroidered into a ring-like structure
or patch. To mimic the NP, fibre-additive manufacturing was applied to create highly porous constructs.
Half of the NP scaffolds were functionalized with the growth differentiation factor 5 (GDF5). The
scaffolds were seeded with MSCs from five human donors in a density of one-third of the density found
in the human IVD and cultured for 7, 14 or 21 days in transforming growth factor 1 (TGF-f1)-enriched
medium. All scaffolds were biocompatible as cell numbers increased by a factor 4-5. Furthermore, the
scaffolds generally showed an anabolic phenotype, which was positively influenced by GDEF5, and
tissue-like characteristics were promoted based on the scaffolds” morphology. In conclusion, the here
proposed silk scaffolds showed IVD-like characteristics with a size and cell density comparable to
human IVD tissue.
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List of Abbreviations

a-MEM a-minimal essential medium

ACAN aggrecan

ADAMTS4 ADAM metallopeptidase
with thrombospondin type 1
motif 4

AF annulus fibrosus

CD24 cluster of differentiation 24

CD146 cluster of differentiation 146

COL1 collagen type 1

COL2 collagen type 2

COL10 collagen type 10

DABA 4-dimethylamino-benzaldehyd

ECM extracellular matrix

EDC N-ethyl-N-(3-dimethylaminopro
pyl)carbodiimide hydrochloride

FAM fibre-additive manufacturing

FBLN1 fibulin 1

FBS fetal bovine serum

FGF2 fibroblast growth factor 2

GAG glycosaminoglycan

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

GDF5 growth differentiation factor 5

GDFé6 growth differentiation factor 6

HYP hydroxyproline

IBSP integrin binding sialoprotein

IDD intervertebral disc degeneration

ITS insulin, transferrin, selenium

IVD intervertebral disc

KRTS8 cytokeratin 8

KRT19 cytokeratin 19

LBP low back pain

LG-DMEM low-glucose Dulbecco’s Modified
Eagle Medium

MES 2-(N-morpholino) ethanesulfonic
acid

MMP13 matrix metallopeptidase 13

MSC mesenchymal stromal cell

NHS N-hydroxysuccinimide

Nm number metric

NP nucleus pulposus

PBS phosphate buffered saline

qPCR quantitative polymerase chain
reaction

SEM scanning electron microscope

SF silk fibroin

SOX9 SRY-box transcription factor 9
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TGF-$31 transforming growth factor 31

Introduction

With a global one-year prevalence of up to 40 %,
low back pain (LBP) affects a large number of
people worldwide and produces immense costs
for the health care system and burdens the
economy due to loss of working force (Dagenais
et al., 2008; Hoy et al., 2012). In 2020, an estimated
600 M patients suffered from LBP and latest
numbers prognose an increase of 200 M patients
by 2050 (Ferreira et al., 2023). The causes of LBP
are diverse: from muscular issues and systemic
diseases to fractures (Deyo and Weinstein, 2001).
Although exact mechanisms have yet to be
discovered, (IVD)
degeneration (IDD) is highly correlated with
unspecific LBP and is thought to be the strongest
contributor to the problem (Brinjikji et al., 2015).
The first signs of IDD usually appear in the IVD’s
highly hydrated and collagen type II (COL2) rich
core tissue, the nucleus pulposus (NP) (Adams
and Roughley, 2006). To keep the NP in place, it
is surrounded by a more resilient and collagen
type I (COL1) rich tissue, the annulus fibrosus
(AF) (Inoue and Takeda, 1975). During IDD, the
IVD tissue is characterized by an increased rate of
cell death and a subsequent decreased
extracellular matrix (ECM) synthesis due to an

intervertebral disc

overactivity of catabolic processes that are mainly
mediated by metalloproteinases and
aggrecanases (Eyre and Muir, 1976; Oichi et al.,
2020). Consequently, the IVD’s height diminishes
as the NP loses its water binding capacity and
morphological changes like fissures appear
within the AF, which can induce disc herniation
(Oichi et al., 2020).

An emerging field to treat IDD is tissue
engineering, as scaffolds, cells, and biologically
active molecules can be combined to restore
tissue or to create tissue-like structures
(Berthiaume et al., 2011). A promising candidate
for IVD tissue engineering is silk harvested from
the silkworm Bombyx mori Linnaeus, 1758
(Bhunia et al, 2018). Especially the silk’s
structural core protein, silk fibroin (SF), fulfils all
the important requirements for an optimal
biomaterial. It displays a low immunogenicity,
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great biocompatible and mechanical properties,
adaptable  biodegradation, and
structural and
functionalization are possible (Altman et al., 2003;
Yang et al., 2020). Especially the latter makes SF
tissue engineering, as
cytokines and growth factors can be conjugated
to the SF’s side chains, enabling a long-term
supply or controlled release of certain molecules
to enhance the tissue-specific biological
properties of the scaffold (Croft et al., 2022). An
interesting molecule that has received increasing
attention in IDD-related therapy is growth
differentiation factor 5 (GDF5) (Lv et al., 2022).
GDF5 has been correlated with IVD growth and
homeostasis, as it can increase the proteoglycan
content in the NP and restore the IVD’s height
(Chujo et al., 2006). Furthermore, studies have
demonstrated that GDF5 can be wused to
differentiate human mesenchymal stromal cells
(MSC) towards NP-like cells, especially when
GDF5 is combined with transforming growth
factor 31 (TGF-1) (Colombier et al., 2016;
Gantenbein-Ritter et al., 2011). This tissue-specific
differentiation of MSCs is essential, otherwise the
chances are low that the un- or incorrectly
conditioned cells would successfully adapt and
survive long-term in the distinct and harsh
environment of the IVD (Wuertz et al., 2009;
Wouertz et al., 2008). The difficulty here is to guide
the differentiation of the MSCs towards an NP or
AF cell-like phenotype instead of a general
chondrogenic phenotype (Colombier et al., 2016).
Over time, a series of molecular markers have
been identified to distinguish NP, AF cells and
chondrocytes from each other, including
cytokeratin 19 (KRT19), cytokeratin 8 (KRTS), cluster
of differentiation 24 (CD24), aggrecan (ACAN) and
COL2 for NP cells and cluster of differentiation 146
(CD146), fibulin 1 (FBLN1), integrin binding
sialoprotein (IBSP), and COL1 for AF cells,
respectively (Du et al., 2022; Minogue et al., 2010;
Peng et al., 2021; Risbud et al., 2015). Apart from
the chemical cues of the growth factors, the
morphology of the culture substrate itself is also
known to influence the cell’s fate. For example,
AF cells that are cultured on a scaffold with
lamellar features like native AF tissue better
maintain an AF-like phenotype than the cells
porous scaffold that is
morphologically less similar to native AF tissue

versatile

chemical modifications like

very attractive for

cultured on a
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(Nerurkar et al., 2009; Park et al., 2012b). Hence,
previous studies have suggested that MSCs
cultured on softer substrates are more likely to
differentiate towards an NP-like phenotype,
whereas stiffer substrates are more likely to
promote an AF-like phenotype (Feng et al., 2020;
Peng et al., 2021). In this context, multiple studies
have specifically used silk as a scaffold or
hydrogel to repair the IVD or to promote the
synthesis of NP-like or AF-like tissue (Croft et al.,
2022). However, cell densities similar to what can
be found in human NP or AF tissue have often
been neglected (Zeng ef al., 2014; Zhang et al.,
2020) or no cells were incorporated at all
(Frauchiger et al, 2018b; Hu et al, 2017).
Moreover, virtually all silk-based IVD scaffolds
from previous studies have been scaled down
considerably, corresponding to only a fraction of
the actual IVD tissue in the human body
(Bhattacharjee et al., 2012; Park et al., 2012a; Zeng
et al., 2014). So far, the only study that aimed to
create IVD tissue with an entire human-sized
structure using SF was conducted by Costa et al.
(2019). Here, they reverse-engineered AF tissue
based on an MRI scan of a human IVD and 3D
printed the scaffold at a 1:1 scale. However, the in
vitro study did not assess any IVD-cell like
differentiation.

With all that in mind, we hypothesized
whether human NP- and AF-like tissue could be
made by combining functionalized silk scaffolds
designed to morphologically mimic NP and AF
tissue with human bone marrow-derived MSCs
cultured in TGF-Bl-enriched chondrogenic
inductive medium. Moreover, we hypothesized
that the morphology of the silk scaffolds on its
own could promote tissue-specific differentiation
and that the differentiation could be further
enhanced when adding GDEF5. Therefore, we
aimed to create tissue with NP- and AF-like
characteristics with a size and cell density
comparable to what can be found in a
physiological human IVD.

Materials and Methods

Silk scaffolds

The silk scaffolds were fabricated as previously
described (Woltje et al., 2023). In brief, the
fabrication of the silk scaffolds went as follows:

www.ecmjournal.org
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NP scaffolds
The NP scaffolds were made of Grege silk yarn
(40/42 den; Plauener Seidenweberei GmbH,
Plauen, Germany), which were cut into short
fibres with a length of 1 mm. For the assembly of
the textile NP structure with an average porosity
of 94 %, fibre-additive manufacturing (FAM) was
used. FAM is a solid free forming approach
where textile fibres are processed into 3D non-
woven structures without the need for negative
moulds, or forging dies (Hild et al., 2014). Here,
the creation of the NP scaffolds included the
following steps: (i) a layer of anisotropic silk
fibres was deposited, (ii) regenerated SF adhesive
was spread spatially over the silk fibres drop by
drop, (iii) a new silk fibre layer was placed on top,
which was bonded to the previous layer by the SF
adhesive. After each manufactured layer, the
fabrication slide was moved down by the
thickness of one layer. This process was then
repeated until the desired dimensions (diameter
= 15 mm, height = 3 mm) of the scaffold was
achieved (Fig. 1a).

Once manufactured, half of the NP scaffolds
were functionalized with GDF5.

Functionalization of NP scaffolds

First, the NP scaffolds were disinfected with 70 %
EtOH for 30 minutes. Then, the EtOH was
aspirated and the scaffolds were washed three
times with sterile ddH20. The scaffolds were then
dried in a clean bench. All subsequent work was
performed aseptically under a clean bench only.
For functionalization by carbodiimide chemistry,
the NP scaffolds were first placed in 0.1 M 2-(N-
morpholino) ethanesulfonic acid (MES) buffer
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany;
#4256.2) for 30 minutes and the buffer was then
aspirated. This was followed by activation of the
carboxyl groups of the amino acids aspartic acid
and glutamic acid of the fibroin molecules of the
silk yarn. For this purpose, a 5.2 mM N-ethyl-N-
(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC; Pierce/Fisher Scientific, Schwerte,
Germany; #PG82073) and a 1216 mM N-
hydroxysuccinimide (NHS; Merck KGaA,
Darmstadt, Germany; #56485) solution were
prepared in MES immediately before use, mixed
in a 1:1 ratio, and added to the NP scaffolds. After
15 minutes, the EDC-NHS solution was aspirated
and the activated NP scaffolds were incubated
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with 400 ng GDF5 (PreproTech, Hamburg,
Germany; #120-01) each for 1 hour at room
temperature. Then, the solution was aspirated
from the scaffolds and washed three times with
phosphate buffered saline (PBS) intensively.
Finally, the scaffolds functionalized with GDF5
were dried inside the clean bench at room
temperature and stored after drying at 4 °C until
use.

Despite the interconnecting pore structure,
direct quantification of covalently bound GDF5
molecules using GDF5 antibodies as used for
ELISAs was difficult because a complete washout
of unbound detection antibodies could not be
guaranteed. Therefore, a reporter
(alkaline phosphatase) was covalently coupled to
the silk scaffold using carbodiimide chemistry. A
calibration curve was used to correlate the
substrate turnover with the coupled enzyme
amount. The coupling efficiency achieved here
was 30.7 %. In addition, the experiment showed
that the EDC/NHS chemistry does not affect the
bioactivity of the coupled protein (data not
shown). Under the same experimental conditions
for the coupling of the GDF5 to the FAM scaffold
and the premise of the same coupling efficiency,
this results in a GDF5 amount per scaffold of
122.8 ng for an initial GDF5 amount of 400 ng per
scaffold.

Furthermore, to
covalently bound GDF5 was released during the
culture period, one non-functionalized NP
Control scaffold and one GDF5-functionalized
NP scaffold were incubated for 24 days in PBS.
The PBS was collected every three to four days
and replaced with fresh PBS. After 24 days, the
amount released GDF5 was measured from every
timepoint following the instruction manual of a
GDF5 ELISA kit (Cloud-Clone Corporation,
Houston, USA; #SEC110Hu).

enzyme

determine that no

AF samples

For the AF scaffolds, a twisted schappe silk yarn
(Plauener GmbH, Plauen,
Germany) with a fineness 140/2 Nm (number
metric) was used. This silk yarn was then
embroidered into a ribbon, which contained four
layers of yarn and based on the natural structure
of the AF, each layer was embroidered with an
alternating orientation of — 30 ° and + 30 ° (ZSK
Racer 1W, Stickmaschinen GmbH, Krefeld,

Seidenweberei
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Germany). The distance of the yarn deposit was
set at 0.7 mm, and the silk yarn in each layer was
embroidered on the water-soluble embroidery
ground (Gunold GmbH, Stockstadt, Germany,
#41825). After embroidery, the silk ribbons were
removed from the embroidery ground using a
two-step washing procedure and then dried.
Once dried, the ribbon was assembled by
winding it into a snail-like shape. Like this, the
AF scaffold consisted of a total of 16 fibre layers,
a diameter of 35 mm and a height of 8 mm (Fig.
1c). Finally, to prevent the scaffold from
unwinding itself, the ribbon was fixed at two
positions by manual stitching.

However, due to the size of the AF scaffolds
and the resulting cell numbers needed for
seeding (20 million cells per scaffold), high
numbers of replicates for all conditions were not
feasible due to logistical reasons, meaning that
only data for day 0 and day 21 could be collected
for the AF scaffolds. To compensate for this issue,
8 x 8 mm big AF patches were cut from an AF
scaffold (Fig. 1b). With these AF patches, it was
then possible to analyze all four time points and
not just day 0 and day 21. Since the AF patches
were fragments of one AF scaffold, they differed
from the scaffolds only in size and the way they
were cultured. Due to the snail-like structure of
the AF scaffold, these could be cultured in an
upright position. However, an AF patch had to be
placed with one side facing down towards the
plastic well in which it was cultured.

Cell culture

Human bone marrow aspirates were collected
from the vertebral bodies of trauma patients
(donor characteristics and cell passages are
summarized in Table 1). All patients provided
written consent, and the procedure was approved
by the ethics committee of the Canton of Bern
(with either of the two valid ethical permissions:
either SwissEthics #2019-00097, or the general
consent of the Insel University Hospital,
respectively). The MSCs were then extracted
using Histopaque-1077 (Sigma-Aldrich, Buchs,
Switzerland; #10771) and expanded in o-minimal
essential (a-MEM;  Gibco, Life
Technologies, Zug, Switzerland; #12000063)
enriched with 22 g/L sodium hydrogen
carbonate (NaHCOs; Sigma-Aldrich; #31437), 10 %
fetal bovine serum (FBS; Capricorn scientific,

medium
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Ebsdorfergrund, Germany; #FBS-11A), 1 %
penicillin/streptomycin (Sigma-Aldrich;
penicillin: #5161, streptomycin: #5711), 1 %
HEPES buffer (Thermo Fisher Scientific, Waltham,
MA, USA; #15630-056) and 2.5 ng/mL fibroblast
growth factor 2 (FGF2; PeproTech; #100-18B-
100UG). The cells were passaged once they
reached a confluency of 80-90 %. As soon as
enough MCSs were available, they were seeded
onto the silk scaffolds. To ensure that the cells
exclusively attach to the silk, the plastic surfaces
on which the scaffolds were placed were pre-
coated with 2 % agarose (Sigma-Aldrich; #A9539-
100G). The number of cells to be seeded per
scaffold was calculated based on the cell densities
found in healthy IVDs, which average 4,000
cellssmm3 in human NP tissue and 9,000
cells/mm3 in human AF tissue (Maroudas et al.,
1975). However, to allow further cell divisions
during the culture period on the scaffold, only a
third of the physiological cell density was taken,
resulting in 1,333 cells/mm? for the NP scaffolds
and 3,000 cells/mm? for the AF samples. Taking
the scaffolds” volume and the above mentioned
cell densities into account, the following cell
numbers were used for seeding: 710,000 for the
NP scaffolds, 310,000 for the AF patches, and 20
million cells for the AF scaffolds. After the MSCs
had been pipetted evenly onto the scaffolds, the
cells were given the chance to acclimatize to their
new environment. For this reason, they were first
cultured for three days in low-glucose (1 g/L)
Dulbecco’s Modified Eagle Medium (LG-DMEM;
Gibco; #31600083) with added 2.2 g/L NaHCOs, 1 %
penicillin/streptomycin, 1 % HEPES buffer, and
10 % FBS. Once this three-day acclimatization
period was over, day 0 control samples of each
scaffold/patch were isolated. For the remaining
samples, the medium was exchanged for
chondrogenic which
consisted of the same ingredients as the enriched
LG-DMEM used for acclimatization, but the FBS
was omitted and replaced with 1 % ITS+ (Insulin,
transferrin, selenium, bovine serum albumin and
linoleic acid; Sigma-Aldrich; #12521), 1 % non-
essential amino acids (Gibco; #11140-035), 172
uM L-ascorbic-acid 2 phosphate (Sigma-Aldrich;
#A8960), 100 nM dexamethasone (Sigma-Aldrich;
#D4902-25MG), and 10 ng/mL TGF-p1
(PeproTech; #100-21C). On day 7 and 14, only NP
scaffolds and AF patches were isolated for further

inductive  medium,
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downstream analysis and then on day 21, Oz and 5 % CO, and the medium was changed
samples from all conditions were collected (Fig.  twice a week.
2). All samples were cultured at 37 °C with 20 %

Table 1. Donor characteristics, including the gender and age at the time of cell extraction, as well as
the passage number with which the cells were seeded onto the silk scaffolds. Abbreviations: AF:

annulus fibrosus, NP: nucleus pulposus.

N° Gender Age [years] Passage
1 Male 66 3 (NP scaffolds), 4 (AF scaffolds)
2 Female 19 4
3 Female 69 5 (NP scaffolds), 3 (AF scaffolds)
4 Female 75 3
5 Male 34 3
Mean N/A 52.6 N/A

&

AF scaffold

T e

Fig. 1. Macroscopic and scanning electron microscope (SEM) imaging of the silk samples.
Macroscopic pictures of the (a) NP scaffolds, (b) AF patch, and (c) AF scaffold, scale bar =2 cm. (d) SEM
image of a plain NP scaffold, (e) SEM image of a plain AF patch/scaffold, (f) SEM images of an AF
patch/scaffold with human mesenchymal stromal cells (MSC), scale bar =500 pm.

eCELL\&

MATERIALS www.ecmjournal.org



AS Croft et al.

Disc made of silk and mesenchymal stromal cells

NP Control

e NP GDF5
@. : vl r b, ol
—
’ — &
_ i
Seeding
Histopaque — AF patch
B
— 47
Bone marrow MSC
aspiration and expansion
MSC isolation AR satiol

Controls

e —@- :

Acclimatization

Downstream

Samples day 7 Samples day 14 Samples day 21
P y .. p Y‘~ p! Y -«

Day 0 ‘-' Day 7

Day 14 Day 21

S

Differentiation 21 days in chondrogenic inductive medium

3 days in LG-DMEM
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Fig. 2. Overview of the experimental design. MSCs from bone marrow aspirates were isolated and
expanded in vitro and then seeded onto the different scaffolds. After three days of acclimatization, they

were collected as controls or cultivated for an additional either 7, 14 or 21 days in chondrogenic

inductive medium.

Metabolic activity and sample digestion

To measure the metabolic activity, a whole AF
patch, half of a NP scaffold and approximately %o
of an AF scaffold were immersed into 50 uM
resazurin sodium salt (Sigma-Aldrich; #R7017-1G)
dissolved in FBS-free LG-DMEM (1 mL per AF
patch and 2 mL per NP and AF scaffold piece).
Then, all samples were incubated at 37 °C. After
60 minutes, the fluorescence was measured at 544
nm excitation and 590 nm emission using an
ELISA reader (Spectramax M5, Bucher Biotec,
Basel, Switzerland). The relative fluorescence
unit (RFU) was normalized to the amount of
DNA per sample.

As soon as the RFU was measured, the
patches and scaffolds were washed and put into
1 mL or 2 mL papain solution respectively, which
was composed of 3.9 U/mL papain (Sigma-
Aldrich; #P-3125) and 5 mM L-cysteine
hydrochloride (Sigma-Aldrich; #1161509). The
samples were then digested over night at 60 °C
and on the following day, the remaining residues
were removed by centrifugation at 13,000 RPM
for eight minutes. These samples were then used
to determine the DNA, glycosaminoglycan
(GAG), and hydroxyproline (HYP) content.

© gomm
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DNA content

The DNA was measured using Quant-iT™
PicoGreen® dsDNA reagent (Thermo Fisher
Scientific; #P7589). Therefore, samples were
mixed 1:1 with the diluted PicoGreen® and
incubated for four minutes. Once incubated, the
fluorescence was measured at 487 nm excitation
and 525 nm emission.

Glycosaminoglycan content

The amount of GAG produced in the silk
scaffolds was determined using 1,9-dimethyl-
methylene blue (Sigma-Aldrich; #341088). Thus,
the absorbance was measured at a wavelength of
600 nm and the results were extrapolated using a
standard curve based on chondroitin sulphate
(Sigma-Aldrich; #C6737).

Hydroxyproline content

A HYP assay was performed to estimate the
amount of collagen produced by the cells since
mammalian collagen comprises approximately
13.5 % HYP. Therefore, the digested samples
were mixed 1:1 with 12M HCL (Sigma-Aldrich;
#30721) and incubated at 95 °C for 20 hours. On
the following day, the samples were neutralized
with 10M NaOH (Sigma-Aldrich; #71690) and
blended with a 1:1 charcoal/resin mix (Sigma-

www.ecmjournal.org
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Aldrich; #05105 / Bio-Rad Laboratories, Cressier,
Switzerland; #143-7425). After centrifugation, the
supernatant was mixed with saturated NaCl
(Sigma-Aldrich; #71380) and Chloramin T
(Sigma-Aldrich; #31224). Then, the samples and
standard were mixed with 4-Dimethylamino-
Benzaldehyd (DABA; Sigma-Aldrich, #39070).
After 15 minutes of incubation at 60 °C, the
samples’ absorption was measured at 560 nm and
compared to a standard made of L-4-Hydroxy-
Proline (Sigma-Aldrich; #56250).

Gene expression

One whole AF patch, half of a NP scaffold and
approximately %o of an AF scaffold per condition
were immersed into lysis buffer (Sigma-Aldrich;
#L.8285-70ML) containing 2-mercaptoethanol
(Sigma-Aldrich; M3148-9ML). The RNA was
extracted using the GenElute™ Mammalian Total
RNA Miniprep kit (Sigma-Aldrich; #RTN70-1KT)
and genomic DNA was digested using on column
DNase I (Sigma-Aldrich; #DNASE70-1SET). Once

Table 2. Overview of all genes investigated, and the corresponding primers used for qPCR in this

study.
NCBI )
Gene type Full name Symbol Forward and reverse primer sequences
gene ID
Reference Glyceraldehyde-3- f- AAT CCC ATC ACC ATCTTC CAG
GAPDH 2597
gene Phosphate Dehydrogenase r-GAGCCCCAGCCTTCTCCAT
f- CAT CAC TGC AGC TGT CAC
Aggrecan ACAN 176
r- AGC AGC ACT ACCTCCTTC
SRY-box transcription factor| $0X9 6662 f-GAG ACT TCT GAA CGA GAG
9 r- GGC TGG TAC TTG TAA TCC
Anabolic | Collagen Type 1, Alpha 2 COL1 1278 f- GTG GCA GTG ATG GAA GTG
markers Chain r- CAC CAG TAA GGC CGT TTG
Collagen Type 2, Alpha 1 coL2 1280 f- AGCAGCAAGAGCAAGGAGAA
Chain r - GTA GGA AGG TCA TCT GGA
Collagen Type 10, Alpha 1 COLIO 1300 f- GAA TGC CTG TGT CTG CTT
Chain r- TCA TAA TGC TGT TGC CTG TTA
ADAM Metallopeptidase
f- TTC CTG GAC AAT GGC TAT GG
. [with Thrombospondin Typel ADAMTS4| 9507
Catabolic . r - GTG GAC AAT GGC GTG AGT
1 Motif 4
markers
) . f - AGT GGT GGT GAT GAA GAT
Matrix Metallopeptidase 13| MMP13 4322
r- CTA AGG TGT TAT CGT CAA GIT
f- GCT CCT ACC CAC GCA GATTTA
Cluster of Differentiation 24| CD24  [100133941
r- GCC TTG GTG GTG GCA TTA GT
Nucleus
i f- CCA GGA GAA GGA GCA GAT
pulposus Cytokeratin 8 KRT8 3856
X r- CGC CTA AGGTTG TTG ATG TA
markers
. f - TAT GAG GTC ATG GCC GAG CA
Cytokeratin 19 KRT19 3880
r- GGT TCA ATT CTT CAG TCC GGC
Cluster of Differentiation D146 116 f - GGA GCC TGA GGA GGT CGCTA
Arnul 146 r- ACT CCA CAG TCT GGG ACG AC
s Integrin Binding f- AGG GCA GTA GTG ACT CAT CCG
fibrosus . . IBSP 3381
K Sialoprotein r-AGC CCA GTGTTGTAG CAGAAAG
markers
o f- TCT CTG TGG ATG GCA GGT CA
Fibulin 1 FBLN1 2192
r- ACA CTG GTA GGA GCC GTA GA
Co= .
C:LL)&m ATERIALS o www.ecmjournal.org
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the RNA was extracted, cONA was synthesized
using the High-Capacity ¢cDNA kit (Thermo
Fisher Scientific; #4368814) with a MyCycler™
Thermal Cycler system (Bio-Rad; #1709703). For
the subsequent quantitative polymerase chain
reaction (qPCR), the cDNA was mixed with the
primers of interest (Table 2) and with iTaq
Universal SYBR Green Supermix (Bio-Rad;
#1725122). Finally, the qPCR was performed
using a CFX96™ Real-Time System (Bio-Rad;
#185-5096) and the relative gene expression was
determined with the 2-24¢t method while using
GAPDH as a reference gene (Livak and
Schmittgen, 2001). All gene expressions were
calculated relative to the day 0 value within the
same group, except for the NP GDF5 group
where the gene expression was calculated relative
to day 0 of the NP Control group to observe the
direct influence of GDF5.

Imaging

Histology

The silk scaffolds and patches were first fixed for
48 hours in 4 % formalin (VWR, Radnor, USA;
#9713-9010). After fixation, the formalin was
rinsed out and in a next step all samples were
dehydrated, embedded into paraffin, and then
cut into 15 um thin sections (Microm HM355;
Thermo Fisher Scientific). Once mounted onto
polysine adhesion slides (Thermo Fisher
Scientific; #]2800AMNZ), the samples were dried
overnight and then stained with Alcian blue
(Sigma-Aldrich; #A5268-10G). Closeup images
were taken using a Nikon Eclipse E800 (Nikon,
Minato, Japan).

Scanning electron microscopy

250,000 MSCs were seeded onto an AF patch and
cultured for 24 hours in LG-DMEM-based
expansion medium supplemented with 10 % FBS.
On the following day, the expansion medium was
replaced with chondrogenic inductive medium
and the cells were cultured for another week.
Both the expansion- and the chondrogenic
inductive medium were the same used for the
main study. After one week, the AF patches and
plain NP scaffolds were washed with PBS and
fixed with 2.5 % glutaraldehyde for one hour.
Then, the samples were washed with 0.1 M
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cacodylate buffer and postfixed with 1 % OsOa. In
a next step, critical point drying was applied
(Leica EM CPD300;
Heerbrugg, Switzerland) and then 10 nm
platinum was sputtered onto the samples (BalTec
SCDO004; Leica Microsystems). Finally, images
were taken with a digital field emission scanning
electron microscope (SEM; DSM 982 Gemini; Carl
Zeiss, Jena, Germany) at an accelerating voltage
of 4.2-5 kV and a working distance of 6.7-11 mm.

Leica Microsystems,

Statistical analysis

Up to five biological replicates/human cell donors
(N) and between 1 and 3 technical replicates (n)
were used for each experiment. The exact number
of replicates is given in the respective figure’s
legend. Data are presented as mean + standard
deviation (SD), except for the gene expression,
which is presented as mean + SD, and the GDF5
release profile, which is presented as mean of the
technical replicates. For comparisons within a
group, a Kruskal-Wallis test with Dunn
correction was applied for the NP scaffolds and
AF patches and a Mann-Whitney U test for the AF
scaffolds. For
unpaired and unmatched two-way ANOVA was
used for multiple comparison and corrected by a
Tukey multiple comparison test. A p-value less
than 0.05 was considered statistically significant.
All statistical tests were carried out using
GraphPad Prism (Version 9.5.1 for macOS,
GraphPad Software, San Diego, California, USA).

inter-group comparisons, an

Results

GDF?5 release profile

The standard curve demonstrated reactivity and
accuracy and a detection limit of 6.7 pg/mL of
GDF5 could theoretically be detected (Fig. 3a). No
GDF5 was detected in the solutions that were
incubated with the NP Control scaffold (Fig. 3b).
In addition, the solutions that were incubated
with the GDF5-functinalized NP scaffold
contained no detectable GDF5 (Fig. 3b).
Therefore, all the GDF5 that was coupled onto the
scaffold remained on the scaffold during the
entire culture period and thus was available for
signalling.
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DNA content and metabolic activity

On day 0, the donors within each individual
condition showed a comparable amount of DNA.
During the 21-day culture period, the amount of
DNA generally increased in all conditions,
however, only in the GDF5 NP scaffolds a
significant (p < 0.05) increase was recorded,
where a five-fold augmentation was observed
compared to day O (Fig. 4a). Furthermore, a
strong trend (p = 0.062) towards increasing DNA
could be seen in the AF patches. Regarding the
metabolic activity of the cells, the highest values
were observed in the NP scaffolds on day 0, but
then significantly (p < 0.05) decreased after 21
days (Fig. 4b). Notably, no significant changes in
cell activity were found for the AF scaffolds and
patches.

Gene expression

Anabolic genes

The anabolic genes were generally upregulated
throughout the culture period. ACAN, for
example, steadily increased in all conditions and
displayed a significant (p < 0.05) upregulation in
the NP GDF5 group (254 + 265.2-fold increase)
and in the AF scaffolds (21 + 19.4-fold increase)
after 21 days (Fig. 5a). SRY transcription factor 9
(SOX9) remained unchanged regardless of the
culture duration and the silk scaffold tested (Fig.
5b). COL1 only showed significant changes in the
AF groups and not in the NP scaffolds (Fig. 5c).
Here, a significant upregulation was seen in the
AF patch on day 7 (p < 0.05) and day 14 (p < 0.05)
and a strong trend on day 21 (p =0.08). Moreover,
COL1 was also significantly (p <0.05) upregulated
in the AF scaffold after 21 days. Next, COL2
showed a similar, but much more prominent
pattern than ACAN (Fig. 5d). COL2 was
significantly higher expressed in all groups at the
end of the culture (p <0.05 for the AF scaffold, p <
0.01 for the rest). However, the NP scaffolds
showed an almost ten times higher upregulation
of COL2 than the AF samples. Again, the highest
expression was found in the NP GDEF5 scaffolds
(1.2 million + 1.28 million-fold increase). Finally,
collagen type 10 (COL10) gradually increased
during the culture period and was already
significantly (p < 0.05) upregulated in the NP
Control group and in the AF patches after 14 days
and eventually in all groups after 21 days (p <0.05
for the AF scaffold, p <0.01 for the rest) (Fig. 5e).
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Catabolic genes

The catabolic A disintegrin  and
metalloproteinase with thrombospondin motifs 4
(ADAMTS4) was usually highest at the beginning
of the culture but then gradually decreased
towards the end (Fig. 5f). At day 7, ADAMTS4
was significantly upregulated in the AF patches
but not anymore at day 14 and day 21. In addition,
ADAMTS4 was significantly downregulated in
the NP GDF5 scaffolds on day 21 compared to
day 7. The collagenase Matrix Metallopeptidase 13
(MMP13) was only found to be significantly
upregulated in the AF samples (Fig. 5g). Here, the
AF patch showed a significant upregulation after
seven days and the AF scaffold after 21 days (p <
0.05). Furthermore, MMP13 was significantly (p <
0.001) higher in the AF scaffold on day 21 than the
other conditions on the same day.

marker

Nucleus pulposus markers

CD24 was significantly (p < 0.05) upregulated in
the NP scaffolds and AF patches after 14 days of
culture with chondrogenic inductive medium
and it stayed at a high level for the remaining
time (ranging between 305-fold and 566-fold
upregulation) (Fig. 6a). Notably, however, in the
NP GDF5 scaffolds it was already significantly (p
< 0.05) upregulated after 7 days. KRT8 remained
unchanged in the NP scaffolds but was
significantly downregulated in the AF patches on
day 14 (Fig. 6b). The final NP marker, KRT19,
decreased continuously in the NP scaffolds and
the AF patch (Fig. 6¢). The lowest point was
reached at day 21 where the expression of KRT19
was significantly (p < 0.05 for NP Control and p <
0.01 for NP GDF5 and the AF patch) lower and
approximately ten times less compared to day 0.

Annulus fibrosus markers

CD146 was significantly (p < 0.05) upregulated in
both the AF patches and AF scaffolds at every
time point tested (Fig. 6d). Moreover, CD146 was
also significantly (p < 0.05) upregulated in the NP
scaffolds, however, only until day 14 in the NP
Control samples and only on day 7 in the NP
GDF5 samples. Next, IBSP was exclusively
significantly (p <0.05) higher expressed in the AF
patches when comparing day 7 with day 21 (Fig.
6e). No significant differences were observed in
the NP scaffolds. Finally, although FBLN1 did not
significantly change during a culture period of 21

www.ecmjournal.org



AS Croft et al.

Disc made of silk and mesenchymal stromal cells

days, it tended to be more downregulated in the
NP scaffolds than in the AF samples (Fig. 6f).

Extracellular matrix production

The GAG content, which was normalized to the
amount of DNA, stayed relatively constant over
the culture period without any significant
changes (Fig. 7a). Only the AF scaffolds showed a
trend (p = 0.11) of increased GAG at day 21.
Comparable results were also found with the
amount of HYP per DNA, where no differences

could be detected between the different time
points in all groups (Fig. 7b). Finally, the ratio
between GAG and HYP was estimated to
determine the tissue specific differentiation
towards NP-like tissue. Here, a significant (p <
0.05) increase in the ratio was seen in the NP
GDF5 scaffolds from day 7 to day 21 and the
highest value was found in the NP Control
scaffold on day 21 (4.6 £ 3.6) (Fig. 7c).
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Imaging

The images taken by the SEM revealed the
isotropic fibre network with interconnected pores
of the NP scaffolds (Fig. 1d) and the mesh-like
structure with alternating orientation of the silk
yarns in the AF constructs (Fig. 1e). Furthermore,
the images also showed how the MSCs spread
over the silk and how they tightly entangled the
silk yarns (Fig. 1f).
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To visualize the sulphated GAG within the silk,
they were stained with Alcian blue. In the NP
scaffolds, a considerable increase in the intensity
of the stain could be seen from day 0 to day 21
(Fig. 8a-d). Moreover, a notable difference was
observed between the NP GDF5 and the NP
Control scaffold on day 21, indicating a higher
amount of GAG in the NP GDF5 scaffolds (Fig.
8b,d). A similar tendency was visible for the AF
scaffold and AF patches but much less prominent
compared to the NP scaffolds (Fig. 8e-h).
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Discussion

In the present study, we aimed to create NP- and
AF-like tissue made of novel silk scaffolds and
human MSCs with a size and cell density similar
to what can be found in a healthy human IVD.
Regarding the cell density, the MSCs were
originally seeded with one third of the average
number found in a healthy adult IVD (Maroudas
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et al., 1975). At day 0, three days after the cells
were seeded onto the silk scaffolds, all donors
within the same group displayed a very similar
DNA content, which indicated that seeding of the
different donors was performed uniformly. From
day 7 onwards, however, the donor variability
increased notably. For the majority of the donors,
the DNA content increased by a factor 4-5.
However, there was one donor whose DNA
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content did not increase at all and another
donor’s DNA increased by a factor 6 by the end
of the culture period. Nevertheless, the amount of
DNA increased on average by a factor 4-5, instead
of the anticipated 3-fold increase that would have
led to a physiological value. However, when
taking into account that probably not all cells
survived the transfer process onto the silk and
presumably a certain number of cells did not
attach to the scaffolds, a 4-5-fold increase in the
initial cell density seems appropriate. Now
regarding the MSCs’” metabolic activity, it started
with a relative high value and then in the case of
the NP scaffolds gradually decreased during the
experiment. Despite this, the cells remained very
much alive and proliferated, as shown by the
DNA content. From this we conclude that the
cells were able to adapt on the NP scaffolds but
were probably metabolically more active during
the expansion on plastic. Furthermore, the
majority of the changes happened during the first
week of culture with chondrogenic inductive
medium. After the first week, the cell
proliferation as well as the metabolic activity
seemed to have reached a “steady state” in which
the cells their
proliferation rate, but also stabilized their
metabolic activity until the end of the culture.
Interestingly, this gradual decrease of the
metabolic activity was not found with the AF
samples. Here, the activity stayed very stable
throughout the culture period. This is in
accordance with the results of See et al., where the
metabolic activity of rabbit MSCs on a silk
scaffold mimicking the lamellae of an AF
remained unchanged for four weeks (See et al.,
2011).

One of the aims of this study was to evaluate
if human MSCs can be guided towards an NP-
AF-like phenotype based on the
morphology of the silk scaffold itself and whether
functionalization with GDF5 would further
enhance the cellular phenotype. First of all, we
can deduct from the gene expression profile that
the cells overall displayed a highly anabolic
phenotype. All anabolic markers except for SOX9
significantly upregulated at multiple
occasions during the 21-day culture period with
chondrogenic inductive medium. In particular,
the extent of COL2 upregulation came as a
surprise, since in comparable studies, in which

noticeably slowed down

and/or

were
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MSCs were also cultured in a 3D environment
with a similar chondrogenic inductive medium,
COL2 upregulation was observed in the 10- to
100-folds rather than in the 100,000-folds as in our
study (Clarke et al., 2014; Frauchiger et al., 2018a;
Salonius et al., 2020). The effect of this anabolic
gene expression profile was also well visible on
the NP scaffolds stained with Alcian blue.
Especially the addition of GDF5 enhanced the
production of sulphated GAG in the scaffold, as
the Alcian blue stain was more intense than with
TGF-B1 alone. What further underlined the
anabolic phenotype was the significant
downregulation of the catabolic marker
ADAMTS4, which peaked at day 7 but then
gradually declined to baseline levels. The only
incidence of increased catabolic gene expression
at day 21 was found for MMPI13 in the AF
scaffolds, where it was significantly higher
expressed than all other conditions. Another gene
that was also significantly upregulated in all
samples was COL10. COL10 is
overexpressed in MSC culture with chondrogenic
inductive medium containing TGF-$ and
unfortunately, our experiments are no exception
here (Mueller et al., 2010; Pelttari et al., 2006). A
high COL10 expression usually indicates that the
cells have a hypertrophic phenotype in the
chondrogenic lineage and are heading towards
an osteogenic transition and apoptosis (Hallett et
al., 2021). Nevertheless, the strong anabolic
phenotype of our silk samples is promising as it
represents healthy tissue.

Now regarding the IVD tissue specific
differentiation, some interesting differences were
discovered between the NP scaffolds and the AF
samples. On the one hand, COLI was only
significantly upregulated in the AF samples and
not in the NP scaffolds. On the other hand, the
expression of COL2 was almost ten times higher
in the NP scaffolds than in the AF samples and
the highest expression was found in the GDF5-
funcitonalized group. Moreover, although ACAN
was also significantly upregulated in the AF
scaffolds by day 21, the gene was more than ten
times higher expressed in the GDF5-
functionalized NP scaffolds. As a matter of fact,
human NP tissue is rich in proteoglycans like
ACAN and out of all collagens, COL2 is the one
that predominates, whereas in the outer AF
tissue, COL1 predominates and the proteoglycan

often
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content is also lower than in the NP (Adams et al.,
1977; latridis et al., 2007). Therefore, based on
these results, we concluded that our NP scaffolds,
particularly the GDF5-functionalized scaffolds,
displayed more characteristics of native NP
tissue, while the AF samples showed more
characteristics of AF tissue.

Although the tissues’ expression of certain
collagens and proteoglycans indicated some
typical characteristics that can be found in NP
and AF tissue, other NP- and AF-specific markers
only partially confirmed these findings. CD24, a
molecular marker to distinguish NP cells from
other cell types, was upregulated in all
conditions. Thus, it confirmed the NP-like
characteristics of the NP scaffolds, it also revealed
some NP-like features on the AF samples. The
other NP markers KRT8 and KRT19 were either
unchanged or significantly downregulated and
failed to verify the NP-like characteristics of the
NP scaffolds proposed by the anabolic markers
and CD24. Notably, when Clarke et al. (2014)
worked with bone marrow MSCs, they were also
unsuccessful to enhance the expression of KRTS
and KRT19 with GDF5-enriched culture medium,
but managed to significantly upregulate these
genes when adipose MSCs were used instead. A
significant upregulation of these NP-specific
markers with bone marrow MSCs could only be
achieved when GDF5 was exchanged for growth
differentiation factor 6 (GDF6). Interestingly,
Frauchiger et al. (2018a) also used GDEF6 to
differentiate bone marrow MSCs towards an
IVD-like phenotype. Similar to our study, their
MSCs were cultured on silk patches. After 21
days, they also found an upregulation of anabolic
markers, however, in contrast to Clarke et al,,
KRT8 and KRT19 were generally downregulated.
Strikingly, the positive impact of TGF-g1
combined with GDF5 that we previously found
in the anabolic markers was absent in the NP-
specific markers. The idea of combining these
two growth factors to further improve NP-like
cell differentiation was originally realized by
(Colombier et al., 2016). TGF-p1 or GDF5 alone
already had some notable effects on the
differentiation potential of adipose MSCs,
however, the full potential was reached when
both growth factors were combined, as this
resulted in a significantly higher expression of
anabolic genes and NP markers. Although we
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were able to confirm some anabolic benefits
when GDF5 was added to TGF-1, the effects
were substantially more mellow to what
Colombier et al. (2016) reported and it did not
significantly upregulate NP-specific markers
compared to TGF-f1 alone. The AF markers
revealed a somewhat clearer picture than the NP-
specific markers. For example, CD146 was
already significantly higher expressed in the AF
samples on day 7 and stayed significantly
upregulated until the end of the culture period.
In contrast, CDI146 remained significantly
upregulated in the NP Control scaffolds for 14
days and in in the NP GDF5 scaffolds only for the
first week. Consequently, based on the
expression of CD146, the AF-like characteristics
persisted longer in the AF samples than in the NP
scaffolds. Moreover, IBSP, a second marker used
to distinguish AF-like cells from NP-like cells,
was significantly upregulated exclusively in the
AF patches. The only AF marker that showed no
significant changes was FBLN1. However, FBLN1
tended to be more downregulated in the NP
samples than the AF samples. Therefore, with the
COL1 expression in mind, we concluded that the

MSCs  managed to  differentiate  into
chondrogenic cells with some  AF-like
characteristics.

In contrast to the relatively high expression
of ACAN and the histological findings, the actual
tissue matrix production proved to be rather low
in our study. In a comparable study, the
GAG/DNA gradually increased and ranged
between 10-25 (ug/ug) after 21 days of culture
(Frauchiger et al., 2018a). The same low trend
could also be observed when the amount of HYP
was measured and normalized to the DNA
content. Since the HYP content correlates with the
amount of collagen, the here found results are in
direct contradiction to the COL1 and especially to
the very high COL2 expression found in all
conditions. An explanation why the measured
ECM production did not match with the results
found in the qPCR data and the histology could
be that potentially only a fraction of the
synthesized GAG and collagen was extracted
after the overnight papain digestion of the
samples. This would indicate that a large portion
of the ECM was still attached to the undigested
silk residue, which could not be analysed.
However, at least when the GAG was normalized
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to the HYP, a clear direction was visible with the
NP scaffolds. The GDF5-functionalized scaffolds
showed significant increase in the GAG to HYP
ratio from day 7 to day 21. The higher the GAG to
HYP ratio, the closer the de novo formed tissue
resembles juvenile NP tissue (Risbud et al., 2015).
In fact, the ratio found in the juvenile NP is
usually around 27:1 and decreases with age to
about 5:1. With that in mind, our NP scaffolds
would more closely resemble older NP tissue.

Interestingly, although the AF patches and
AF scaffolds generally performed similarly, there
were some discrepancies. This included (i) the
expression of MMP13, which was significantly
higher expressed in the AF scaffolds compared to
the AF patches, (ii) ADAMTS4, which tended to
be downregulated in the AF scaffolds but was
upregulated in the AF patches, and (iii) a slightly
higher metabolic activity in the AF patches than
in the AF scaffolds. Even though the AF samples
had the same morphological surface structure,
the AF scaffolds were wound into a snail-like
shape, likely allowing for more cell-cell-contact
and consequently more cell-cell-interaction
compared to the AF patches. An increased cell-
cell-contact is known to cause a stronger
mediation of Notch signalling, which plays an
essential role in the chondrogenic differentiation
of MSCs (Chen et al, 2015). Consequently,
changes in cell-cell-contact or -interaction could
lead to a different cell behaviour.

In addition to the biological compatibility of
the silk scaffolds, there is understandably also the
question of how suitable the scaffolds are under
mechanical load and how much the mechanical
properties resemble those of a native IVD.
Therefore, a very recent study by Woltje et al.
(2023) tested the tensile strength and stiffness of
the exact same AF scaffolds used in this study. In
a wet state, the AF scaffolds presented a tensile
strength of 12.2 MPa, which is very close to the
tensile strength found in a human AF (4 to 10
MPa) (Green et al., 1993; Skaggs et al., 1994). The
Young’s modulus of the wet AF scaffolds was
measured at 317 MPa. As the Young’s modulus
of human AF is usually within a range of 10 to 40
MPa, the AF scaffolds we used in this study were
approximately ten times stiffer than native AF
tissue (Acaroglu et al., 1995; Elliott and Setton,
2001; O'Connell et al., 2012; Wagner and Lotz,
2004).
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Finally, there are some limitations to this
study, which we would like to address. As
mentioned earlier, one major problem we faced
was to efficiently degrade the silk scaffolds to
extract the produced extracellular matrix.
Although SF is a protein and is consequently
subjected to proteolytic digestion, it is known to
be very resilient as it is able to retain its tensile
integrity for a long time in vivo (> 50 % tensile
integrity after 60 days) (Altman et al., 2003). The
most efficient enzymes known to degrade SF-
films or -sheets are proteinase K and protease XIV
(Brown et al., 2015; Li et al., 2003). We tried to
digest the scaffolds with proteinase K or protease
XIV at concentrations up to 32 U/mL or using our
standard papain protocol (3.9 U/mL). However,
after one week of incubation with proteinase K,
protease XIV, or papain, all samples were poorly
digested and differed little from each other. The
reason for the impaired digestion was probably
that we were working with scaffolds and not with
films or fleeces as previously described by Brown
et al. (2015) and Li et al. (2003). Therefore, we
assumed that certain contradictions between the
GAG/DNA content and the gene expression
profile, as well as some discrepancies between
the DNA content and the metabolic activity, were
due to the inability to properly digest the silk. A
possible alternative in future studies could be to
analyse certain proteins such as COL1 or COL2
directly on the scaffolds themselves by means of
immunofluorescence staining, rather than trying
to extract the produced ECM from the scaffolds.
Another limitation we faced was that we were
unable to display the AF scaffolds’ DNA content
in a representative way. As we could not measure
the DNA of a whole AF scaffold, approximately
one tenth of an AF scaffold was actually used for
further downstream analysis. However, since
one tenth of a scaffold was an approximation, the
DNA content would have varied greatly based on
the size of the cut. For this reason, we have chosen
not to display the AF scaffolds’ DNA content at
any given time point.

Conclusions

In conclusion, we managed to create tissue with a
cell density and size similar to what can be found
in a healthy human IVD with some NP-like and
AF-like characteristics. The biocompatibility of
the silk scaffolds was given because the cells
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proliferated throughout the culture period.
Furthermore, the tissue-specific morphologies of
the silk scaffolds differently influenced the
differentiation potential of the cultured MSCs, as
the cells on the NP scaffolds exhibited more NP-
like characteristics, while the cells on the AF
scaffolds  displayed @ more of  AF-like
characteristics. The addition of GDF5 to TGF-f31
mainly positively affected the anabolic gene
expression of the MSCs but showed no impact on
enhanced NP-like cell differentiation than TGF-
pl1  alone. Overall, although  further
improvements and investigations need to be
made on the silk scaffolds, characteristics of an
NP-like and AF-like tissue are present. Therefore,
we believe that the here proposed silk constructs
and the knowledge gained from this study opens
new possibilities how tissue engineered
approaches can be used to regenerate damaged
and/or degenerated IVDs.
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