Elsevier Editorial System(tm) for Acta
Biomaterialia
Manuscript Draft

Manuscript Number: AB-17-2249R2

Title: Heparin functionalization increases retention of TGF-p2 and GDF5
on biphasic silk fibroin scaffolds for tendon/ligament-to-bone tissue
engineering

Article Type: Full length article

Keywords: Enthesis, Heparin, Transforming growth factor (2,
Growth/differentiation factor 5, Silk fibroin, Tissue engineering

Corresponding Author: Dr. Elizabeth R. Balmayor, Ph.D.
Corresponding Author's Institution: Technical University of Munich
First Author: Sonia Font Tellado, M.Sc

Order of Authors: Sdonia Font Tellado, M.Sc; Silvia Chiera; Walter Bonani;
Patrina S. P. Poh, PhD; Claudio Migliaresi; Antonella Motta; Elizabeth R.
Balmayor; Martijn van Griensven

Abstract: The tendon/ligament-to-bone transition (enthesis) is a highly
specialized interface tissue with structural gradients of extracellular
matrix composition, collagen molecule alignment and mineralization. These
structural features are essential for enthesis function, but are often
not regenerated after injury. Tissue engineering is a promising strategy
for enthesis repair. Engineering of complex tissue interfaces such as the
enthesis is likely to require a combination of biophysical, biological
and chemical cues to achieve functional tissue regeneration. In this
study, we cultured human primary adipose-derived mesenchymal stem cells
(AdMCs) on biphasic silk fibroin scaffolds with integrated anisotropic
(tendon/ligament-1like) and isotropic (bone/cartilage like) pore
alignment. We functionalized those scaffolds with heparin and explored
their ability to deliver transforming growth factor B2 (TGF-B2) and
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Abstract

The tendon/ligament-to-bone transition (enthesis) is a highly specialized interface tissue with
structural gradients of extracellular matrix composition, collagen molecule alignment and
mineralization. These structural features are essential for enthesis function, but are often not
regenerated after injury. Tissue engineering is a promising strategy for enthesis repair.
Engineering of complex tissue interfaces such as the enthesis is likely to require a combination
of biophysical, biological and chemical cues to achieve functional tissue regeneration. In this
study, we cultured human primary adipose-derived mesenchymal stem cells (AdMCs) on
biphasic silk fibroin scaffolds with integrated anisotropic (tendon/ligament-like) and isotropic
(bone/cartilage like) pore alignment. We functionalized those scaffolds with heparin and
explored their ability to deliver transforming growth factor P2 (TGF-B2) and
growth/differentiation factor 5 (GDF5). Heparin functionalization increased the amount of
TGF-B2 and GDF5 remaining attached to the scaffold matrix and resulted in biological effects at
low growth factor doses. We analyzed the combined impact of pore alignment and growth
factors on AdMSCs. TGF-B2 and pore anisotropy synergistically increased the expression of
tendon/ligament markers and collagen | protein content. In addition, the combined delivery of
TGF-B2 and GDF5 enhanced the expression of cartilage markers and collagen Il protein content
on substrates with isotropic porosity, whereas enthesis markers were enhanced in areas of
mixed anisotropic/isotropic porosity. Altogether, the data obtained in this study improves
current understanding on the combined effects of biological and structural cues on stem cell

fate and presents a promising strategy for tendon/ligament-to-bone regeneration.
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1. Introduction

The tendon/ligament-to-bone interface (enthesis) is a highly heterogeneous and specialized
transition tissue that integrates tendons and ligaments with bones and stabilizes joints
facilitating motion. Fibrocartilaginous entheses consist of 4 regions: tendon/ligament, non-
mineralized fibrocartilage, mineralized fibrocartilage and bone [1, 2]. Extracellular matrix
(ECM) composition and cell type are specific for each region. Tendons and ligaments are
composed of highly aligned collagen | fibers and populated by elongated fibroblasts. Due to
the high alignment of the collagen fibers, tendons and ligaments are mechanically anisotropic.
Enthesis fibrocartilage is rich in collagen type Il, collagen type Ill and proteoglycans, and is
populated by round fibrochondrocytes. Bone is composed of oriented collagen | fibers, which
are more isotropic compared to tendons and ligaments. The mechanical properties of bone are
dominated by its mineral phase. Bone tissue is populated by osteoblasts, osteocytes and
osteoclasts. Of note, collagen molecule alignment increases gradually towards the
tendon/ligament zone, whereas mineral content increases gradually towards the bone zone
[2]. These structural and ECM composition gradients result in progressive changes of
mechanical properties that enable a smooth transfer of mechanical stresses from
tendons/ligaments to bone. However, the structure of the enthesis is often not regenerated
after injury, resulting in increased re-rupture rates and compromising long term tissue

functionality and clinical outcome [1].

Tissue engineering is an attractive strategy for enthesis regeneration. Given the tight
relationship between enthesis structure and function, tissue engineering strategies will benefit
from scaffolds mimicking native structural features [1, 3]. Topographical cues such as the
morphology, size and alignment of scaffold pores or fibers have been shown to significantly
influence mechanical properties and cell behavior in bone, cartilage, tendon, and ligament

tissue engineering studies [4, 5]. However, the effects of topographical cues on enthesis



regeneration have been less characterized. Recently, we fabricated biphasic silk fibroin
scaffolds with anisotropic porosity at the tendon/ligament part, isotropic porosity at the bone
part and mixed porosity at the transition that mimic the change in collagen molecule
alignment along the native enthesis [6]. Silk fibroin is a highly biocompatible natural polymer.
In its native state, the mechanical properties of silk fibers are close to those of human
ligaments and tendons [6, 7]. We previously showed that pore morphology and alignment of
biphasic silk fibroin scaffolds significantly influenced the cytoskeletal alignment and gene

expression of human adipose-derived mesenchymal stem cells (AdMSCs) [6].

Although topographical cues play a key role in scaffold properties and cell responses,
engineering of complex tissues such as the enthesis is likely to require further stimuli in the
form of chemical and/or mechanical cues to achieve functional tissue regeneration [1, 8].
Growth factors are potent molecules to regulate stem cell behavior. However, growth factor
therapies have been limited by the short half-lives of growth factors [9]. Safety and cost-
effectiveness concerns result from the burst release kinetics of growth factors when
administrated without optimal delivery systems. [10]. Thus, it is necessary to develop new
strategies to keep growth factors local and increase their stability and/or biological activity

with the objective to lower the doses needed to obtain biological effects.

In vivo growth factors are stored in the ECM, where they are protected from degradation and
released upon need. In tissue engineering approaches, scaffolds can be used as a growth factor
reservoir to keep growth factors local and protect them from degradation [8, 11]. The sulfated
glycosaminoglycan (GAG) heparin can be incorporated to scaffolds to improve growth factor
retention on scaffold matrices. Heparin has been FDA approved for clinical use [10, 12] and can
bind growth factors electrostatically, protecting them from enzymatic degradation and
controlling their availability and local concentration [9, 13, 14]. In addition, binding to heparin

can maintain and even increase the biological activity of growth factors [15-18]. This



represents an advantage compared to direct covalent binding of growth factors to scaffold
matrices, in which protein activity can be compromised [12, 19]. In previous studies, heparin-
based delivery systems have achieved sustained release of BMP-2 [20, 21], FGF-2 [10, 15],

VEGF [22, 23], TGF-1 [24], GDF5 [25] and platelet-derived growth factor (PDGF) [26].

Growth factors from the TGF-B family play key roles in musculoskeletal development and
homeostasis. In particular, TGF-B1 and TGF-B3 are well established chondrogenic inductors
[27, 28]. On the other hand, the effects of TGF-B growth factors on the differentiation of
mesenchymal stem cells towards tendon/ligament fibroblasts and enthesis fibrochondrocytes
are less understood. In this study, we focus on two TGF-f3 family growth factors containing
heparin-binding domains: TGF-B2 and GDF5. TGF-B2 is required for fetal tendon development
in mice [29] and has been shown to induce scleraxis (scx) expression in mouse [29] and chick
[30] embryos. GDF5 has been shown to be important for the formation of bone, cartilage,
ligaments and tendons [31]. Interestingly, some studies report that treatment with GDF5
increases GAG and collagen Il production from chondrocytes without increasing that of
collagen X, a marker for cartilage hypertrophy [32]. In addition, GDF5 has been suggested to
play an important role during enthesis development [33]. Despite that, the effects of TGF-2
and GDF5 in in vitro differentiation protocols for musculoskeletal tissue engineering have been

under-studied in comparison to other TGF-B family members such as TGF-f1/3.

The main aims of this study were 1) to functionalize biphasic silk fibroin scaffolds with heparin
to improve their bioactivity and capacity to retain growth factors, 2) to characterize the
incorporation and release kinetics of TGF-B2 and GDF5 in heparin-functionalized vs. non-
functionalized scaffolds, 3) to analyze the combined impact of chemical (growth factors) and
biophysical (pore alignment) cues on AdMSCs gene expression and 4) to identify relevant cues

able to selectively enhance specific tenogenic/ligamentogenic, fibrochondrogenic and



chondrogenic differentiation pathways for tendon/ligament-to-bone interface tissue

engineering.



2. Materials and methods

All materials were purchased from Sigma-Aldrich (USA) unless otherwise stated.

2.1 Fabrication of biphasic silk fibroin scaffolds

Silk fibroin processing and scaffold fabrication were performed as described in [6]. Biphasic
scaffolds with anisotropic and isotropic pores were fabricated using 8% silk fibroin solution
following a two-step protocol [6]. In the first step, the isotropic part of the scaffold was
produced by solvent casting/particulate leaching using NaCl salt crystals (400-800um) as
porogen. Disc-shaped scaffolds of 8mm diameter and 1.5mm thickness were obtained. In the
second step, isotropic scaffolds were placed at the bottom of an 8mm polypropylene (PP)
cylinder and covered with 800ul of 8% fibroin solution. The PP cylinder was tightly inserted in a
cylindrical polystyrene foam mold, covering only the lateral surface of the cylinder, and placed
at -20°C for 24h. The polystyrene mold acted as a heat insulator along the lateral surface of the
cylinder, exposing only the free surface of the fibroin solution. This induced the formation of
vertically oriented ice crystals by directional freezing along the main axis of the cylinder.
Finally, the frozen scaffolds were lyophilized in an Alpha 1-2 LDplus freeze-dryer (Martin
Christ, Germany) for 48h. Biphasic scaffolds (8mm diameter x 10mm length) with integrated
anisotropic and isotropic porosities were obtained. Scaffolds were punched to a final
dimension of 4mm diameter x 8mm length using biopsy punches (Stiefel, USA) and sterilized

with 70% ethanol.

2.2 Characterization of biphasic silk fibroin scaffolds

The structure, pore morphology and pore alignment of biphasic silk fibroin scaffolds were
characterized by observational light microscopy (VHX-900F, Keyence, Japan), micro-computed

tomography (uCT) (Skyscan1176, Bruker, Belgium), scanning electron microscopy (SEM)



(Phenom Pro, LOT-Quantum Design, Germany) and fluorescent microscopy (BZ-9000, Keyence,

Japan).

For uCT, scaffolds were scanned at 40kV with a voxel size of 9 um. Image reconstruction was
performed using NRecon (Versionl.7.3; Bruker, Belgium). Scaffold characterization was
performed using CTAn (Version 1.13, Bruker, Belgium). Firstly, three volumes of interest (VOI)
were selected, representing the anisotropic (200 slices), transition (30 slices) and isotropic (60
slices) regions of the scaffold. Then, adaptive thresholding was implemented for the
binarization of images. Finally, using CTAn built in algorithm for 3D structure analysis, the pore
size distribution, porosity, fractal dimension (FD) and degree of anisotropic (DA) for each

region was calculated (n= 6).

Scaffolds for light microscopy, SEM and fluorescent microscopy were cut in transversal
sections of 1-1.5mm thickness using a scalpel. The characterization of the surface topography
was performed in the VHX-900F microscope using a version 1.6.1.0 software and the VH-Z20R
objective. Scaffolds used for SEM were coated with Pt/Pd alloy (80/20) using a Q150R sputter
coater (LOT-Quantum Design, Germany). Scaffolds for fluorescence microscopy were stained

with DAPI following the manufacturer’s instructions.

2.3 Covalent binding of heparin to silk fibroin scaffolds

Heparin sodium salt from porcine intestinal mucosa was covalently attached to biphasic silk
fibroin scaffolds after fabrication using carbodiimide chemistry. Prior to conjugation, silk
fibroin scaffolds were incubated for 30 min in 0.1 M 2-(N-morpholino) ethanesulfonic acid
(MES) buffer (pH 5.8). Next, heparin was dissolved in MES buffer at a concentration of 3% and
sterile filtered using 0.20 um filters (Sarstedt, Germany). 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) (Carl Roth, Germany) and N-hydroxysuccinimide (NHS) (Carl
Roth, Germany) were added to the heparin solution at final concentrations of 0.25M and

0.125M, respectively, to activate carboxyl groups in heparin molecules. The reaction was
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performed at room temperature (RT) for 15 min under shaking and quenched by adding 0.2M
2-mercaptoethanol. Subsequently, 1ml of heparin solution/scaffold was added to induce a
covalent binding between activated carboxyl groups in heparin and primary amines in fibroin.
The reaction was performed for 4h at RT under shaking. Scaffolds reacted with heparin in the
presence of EDC/NHS are hereafter termed “scaffolds cross-linked with heparin”. In addition,
3% heparin solution was added to silk fibroin scaffolds in absence of EDC/NHS. Those scaffolds
are hereafter termed “scaffolds non-cross-linked with heparin”. Untreated scaffolds will be
termed “unmodified scaffolds”. After conjugation, all scaffolds were washed 5 times with MES
buffer and 3 times with ddH,0 to remove unreacted heparin. Scaffolds used for growth factor
incorporation and cell culture were additionally incubated for 3 days in ddH,0 under shaking
to ensure complete removal of residual heparin (complete washing). Conjugation and washing

were performed in sterile conditions.

2.4 Heparin conjugation efficiency and release

Heparin was quantified using a Blyscan Sulfated Glycosaminoglycan (GAG) assay (Bicolor,
United Kingdom) following the instructions of the manufacturer. Binding efficiency of heparin
to scaffolds (cross-linked vs. non-cross-linked) (n=6) was determined indirectly by measuring
the amount of unbound heparin in MES buffer after the conjugation reaction (before washing).
Unreacted 3% heparin solution was used as control of known concentration. Next, scaffolds
were washed 5 times with 0.1M MES buffer and 3 times with ddH,0. Subsequently, scaffolds
were incubated in 1ml ddH,0 for quantification of heparin release. After 1h, 3h, 1d, 3d and 7d
of incubation, 100ul of ddH,0 were taken for heparin quantification and replaced with 100l
fresh ddH,0. To calculate the proportion of heparin remaining bound to scaffolds after
complete washing, the amount of heparin released after 3 days in ddH,0 was subtracted from

the total incorporated after conjugation.

2.5 TGF-B2 and GDF5 binding to silk fibroin scaffolds



Human recombinant TGF-B2 and GDF5 were purchased from PeproTech (USA). Silk fibroin
scaffolds (unmodified, non-cross-linked with heparin and cross-linked with heparin) were
loaded with TGF-B2, GDF5 or their combination. Growth factor loading was performed in
whole scaffolds or in the anisotropic and isotropic parts separately. For growth factor loading
on complete scaffolds, scaffolds of 4mm diameter x 8mm length were immersed in 500ul of a
PBS solution containing 200ng/ml of TGF-B2 or GDF5 (single growth factor loading) or
100ng/ml of TGFB2 and 100ng/ml of GDF5 (double growth factor loading). For growth factor
loading on the anisotropic and isotropic parts separately, scaffolds were cut at the border
between the two parts using a scalpel. Next, each scaffold part was incubated in a volume of
growth factor solution proportional to its weight. The weight ratio between the anisotropic
and isotropic parts was 2.5:1. Accordingly, the anisotropic part was incubated in 358l of a PBS
solution containing 200ng/ml of TGF-B2 or GDF5 (single growth factor loading). Similarly, a
solution containing 100ng/ml of both growth factors, i.e. TGFB2 and GDF5 was used for double
growth factor loading. The isotropic part was incubated in 142ul of the same solutions. All

scaffolds were incubated in the growth factor solution for 3h at RT while shaking.

2.6 Binding efficiency and release of TGF-B2 and GDF5

The efficiency of growth factor incorporation on scaffolds was evaluated indirectly by
quantifying the amount of unbound growth factor in PBS after loading. TGF-$2 was quantified
using a Human TGF-B2 ELISA kit (Diaclone, France) (n=3) and GDF5 using a GDF5 Quantikine
ELISA kit (R&D, USA) (n=3) following the manufacturer’s instructions. Analysis of cumulative
growth factor release was performed by incubating the scaffolds (or individual scaffold parts)
in 500ul DMEM containing 2% fetal calf serum (FCS) and 1% penicillin/streptomycin (P/S) at
37°C. Quantification was performed 1h, 3h, 1d, 3d, 7d and 14d after growth factor loading.

100ul of supernatant were removed, used for protein quantification and replenished with
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100ul fresh medium at each measuring point. The amount of incorporated growth factor was

expressed as percentage respect to the initial loading amount.

2.7 Adipose-derived mesenchymal stem cell (AdMSCs) isolation and expansion

Human adipose tissue was obtained from healthy donors (N=3) after written informed
patient’s consent. This study was approved by the Local Ethics Committee of the “Klinikum
Rechts der Isar”” at the Technical University of Munich, Germany. Isolation of AdMSCs from fat
tissue was performed as reported in [34]. Briefly, fat tissue was cut in small pieces and placed
in 15 ml PP tubes (Eppendorf, Germany). Next, the tissue was centrifuged at 430g to separate
the stromal fraction. After centrifugation, fat tissue was digested with 1.45% collagenase
solution (Merck Millipore, USA) for 30 min at 37°C and centrifuged at 600g to obtain a cell
pellet. Cells were cultured in 175 cm? cell culture flasks (Eppendorf, Germany) in DMEM
medium supplemented with 10% FCS and 1% P/S (AdMSCs growth medium). Cells were
cultured at 37°C and 5% CO, in a humidified atmosphere. Medium was changed twice a week

and cells were passaged when reaching 80% confluence.

2.8 AdMSCs culture on biphasic silk fibroin scaffolds

AdMSCs (passage 3) were seeded on biphasic silk fibroin scaffolds at a density of 4 x 10°
cells/scaffold. To improve cell attachment, scaffolds were incubated in AdMSCs growth
medium overnight before seeding. Cells were seeded on both scaffold sides (anisotropic and
isotropic) in a volume of 60ul / scaffold (30ul on each side). Cells were left to attach for 2h at
37°C before replenishing with fresh medium. Culture medium was DMEM supplemented with

2% FCS and 1% P/S. Cells from 3 different donors were used for all experiments (N = 3).

2.9 Seeding efficiency and metabolic activity

AdMSCs metabolic activity and seeding efficiency on biphasic silk fibroin scaffolds was

evaluated by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT) assay. AdMSCs
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were cultured for 1, 3 or 7 days on unmodified scaffolds, scaffolds cross-linked with heparin
without growth factors (unloaded) or scaffolds cross-linked with heparin and loaded with TGF-
B2, GDF5 or their combination. After culture, scaffolds were washed with PBS and incubated
for 2h in MTT solution (1.2 mM in PBS) (Roth). Blue precipitates formed as a consequence of
cell metabolic activity. Next, the precipitates were dissolved by incubating the samples for 1h
in isopropanol. Absorbance at 570 and 690nm was measured using a FLUOstar Omega
photometer (Labtech, Germany). Seeding efficiency after 24h was calculated by determining
the percentage of metabolically active cells on the scaffolds compared to the metabolic
activity of total cells seeded. This was done by calculating the ratio between the OD of total

cells seeded and the OD of cells attached to the scaffolds.

2.10 Gene expression

The gene expression of tendon/ligament markers (scx, collagen I, mohawk and tenascin C),
cartilage markers (SRY-box 9 (sox9), collagen Il and aggrecan) and enthesis markers (sox9, scx,
collagen I, collagen Ill, tenascin C and aggrecan) were analyzed by quantitative polymerase
chain reaction (gqPCR). The primers used are shown in table 1. AdMSCs (N=3, n=9) were
cultured for 7 or 14 days on biphasic silk fibroin scaffolds. Four groups were analyzed: scaffolds
without growth factors (unloaded), scaffolds loaded with TGF-B2, scaffolds loaded with GDF5
and scaffolds loaded with TGF-B2 + GDF5 (all cross-linked with heparin). After culture, samples
were washed with PBS and cut in 3 parts: anisotropic, transition and isotropic. The anisotropic
and isotropic regions can be visually distinguished. The transition region was defined as the
1mm thick area around the border between the anisotropic and isotropic regions (0.5mm up
and 0.5mm down the border). Scaffold pieces were stored at -80°C in TRIreagent for at least
24h. RNA isolation was performed by chloroform extraction in each of the 3 scaffold parts
(anisotropic, transition and isotropic) separately. RNA quantification and quality control were

done with NanoDrop (Nanodrop Tech, USA). Reverse transcription to cDNA was performed in a
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C1000 Touch Thermal Cycler (Eppendorf, Germany) using a first strand cDNA synthesis kit
(Thermo Scientific, USA) and following the instructions of the manufacturer. gPCR was
performed in a CFX96 Real Time System thermocycler using Sso Fast EvaGreen supermix
(BioRad, Hercules, CA, USA) as a detection reagent. Gene expression data from scaffolds

AACT

loaded with growth factors was expressed as 2" relative to the housekeeper (B-Tubulin) and

to the scaffolds without growth factors (unloaded).

Table 1. Primers used for qPCR

Target Forward (5’ = 3’) Reverse (5" 2 3’)

Aggrecan TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA

B-Tubulin GAGGGCGAGGACGAGGCTTA TCTAACAGAGGCAAAACTGAGCACC

Collagen 1 A1 | AGCGGACGCTAACCCCCTCC CAGACGGGACAGCACTCGCC

Collagen i AACCAGATTGAGAGCATCCG ACCTTCATGGCGTCCAAG
Collagen il TACTTCTCGCTCTGCTTCATCC GAACGGATCCTGAGTCACAGAC
Mohawk TGGTTTGCTAATGCAAGACG CCTTCGTTCATGTGGGTTCT
Scleraxis CAGCCCAAACAGATCTGCACCTT | CTGTCTTTCTGTCGCGGTCCTT
Sox9 GAGCCGAAAGCGGAGCTGGAA | ACAGCTGCCCGCTCCAAGTG

2.11 Immunofluorescence and confocal microscopy

The presence of collagens type |, Il and Il in biphasic silk fibroin scaffolds was evaluated by
immunofluorescence staining. The samples were imaged using a confocal microscope (Nikon
A1, Nikon Instruments, The Netherlands). AdMSCs were cultured for 14 days on heparin-cross-
linked biphasic silk fibroin scaffolds. Four groups were analyzed: scaffolds without growth
factors (unloaded), scaffolds loaded with TGF-B2, scaffolds loaded with GDF5 and scaffolds

loaded with TGF-B2 + GDF5 (all cross-linked with heparin). After 14 days of culture, samples
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were washed 3 times with PBS at 37°C and fixed with 10% formalin solution for 40 min at RT.
After fixation, samples were washed with PBS and blocked with 1% bovine serum albumin
(BSA) solution in PBS for 1h at RT. Staining with primary antibodies (Abcam, Germany) for
collagen | (ab34710, 1:500 in 1% BSA), collagen Il (ab34712, 1:200 in 1% BSA) and collagen Il
(ab7778, 1:200 in 1% BSA) was performed overnight at 4°C. Next, samples were washed 3
times with PBS and incubated with secondary fluorescent antibody solution (Abcam ab150077,
1:1000 in PBS) for 1h at RT. Subsequently, samples were stained with DAPI and Alexa Fluor 594
Phalloidin (Thermo Fisher Scientific, USA) and stored in PBS until imaging. Semi-quantification
of collagen expression was performed using Imagel software (v1.50i, NIH, Bethesda, USA,
https://imagej.nih.gov/ij). For this, three regions of interest (ROls) were defined for each
scaffold by manually defining the contours of each part, i.e. anisotropic, transition and
isotropic using the freehand selection tool. Next, each ROl was analyzed using the color
threshold function to identify areas of collagen positive staining (green) within the scaffold
regions. The semi-quantification routine was performed for all the images under the same
conditions (previously adjusted in the software). Six different scientists independently
performed the selection of the ROIs and semi-quantification of all the images. Finally, the
thresholded area (positive collagen expression) was divided by the total area to calculate the

percentage.

2.12 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5.00 (GraphPad software,
USA). Data was analyzed by One-way ANOVA and Tukey correction (more than two groups,
Gaussian distribution), Kruskal-Wallis and Dunn’s correction (more than two groups, non-
Gaussian distribution) or Student’s t-test (two groups, Gaussian distribution). Values were

considered significant at p<0.05.
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3. Results

3.1 Morphology and pore alignment of biphasic silk fibroin scaffolds recreates the bony and

tendon/ligament part of the native enthesis

Biphasic silk fibroin scaffolds have a porous structure and cylindrical shape. Scaffold
dimensions are 4 mm in diameter and 8 mm in length. The scaffolds are composed of two

regions, i.e. anisotropic (tendon/ligament part) and isotropic (bony part) (figures 1A and 1B).

Macroscopic view of scaffold (figure 1A) show lamellar-like structure on the tendon/ligament
part and trabecular-like structure on the bony part, with a smooth transition of the structures
across the two regions. Further evaluation of the scaffolds’ surface topography (Figure 1A,
right upper corner) show relatively smoother surfaces on the bony part as compared to the
tendon/ligament and transition regions. Three-dimensional evaluation of the scaffolds
properties by UCT (figure 1B) revealed a fractal pattern of the scaffold structures (FD value
between 2 to 3) and ellipsoidal pores throughout the entire construct. The tendon/ligament
part comprised of larger pores compared to that of transition and bony part. This observation
was in line with pore-size distribution between the three regions (figure 1C), whereby the bony
part shows significantly higher proportion of pores > 500 um compared to the transition and
bony part (24.71% vs 7.98% and 9.48%). Analysis of DA indicated that the pores at the
tendon/ligament part were better aligned the longitudinal plane compared to that of the
transition and bony part. Similar pores structure was observed microscopically by SEM (figure
1D). Notably, porosity of scaffolds was maintained at ~65-70% across the structure with

negligible close porosity, indicating highly interconnected pores.

3.2 Heparin was stably bound on the scaffolds’ surface

Heparin incorporation in biphasic silk fibroin scaffolds was quantified as the percentage of

heparin bound to the scaffolds with respect to the total amount supplemented for
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conjugation. The efficiency of heparin incorporation in the scaffolds changed depending on the
use of EDC/NHS cross-linkers during conjugation (figure 2A, patterned bars). In non-cross-
linked scaffolds, the percentage of heparin bound to scaffolds after conjugation (before
washing) was 6.0+ 2.3%. Using EDC/NHS for scaffold functionalization, the percentage of

bound heparin increased (before washing) to 29.5 + 4.4% (p<0.001).

In order to evaluate the stability of the heparin incorporation, its cumulative release in ddH,0
was quantified over a period of 7 days. The amount of heparin released from the scaffolds was
expressed as percentage relative to the total amount of heparin bound to the scaffolds after
conjugation (figure 2B). In both, heparin cross-linked and non-cross-linked scaffolds, between
9-9.5% of total incorporated heparin was released over a period of 7 days. In absence of
EDC/NHS, heparin release happened faster. In this case, 6% of incorporated heparin was
released already after 24h. In the presence of cross-linkers, heparin release was more
sustained with 3.5% being released 24h after conjugation. In both groups, heparin release
peaked at 3 days, whereas the amount released between 3 and 7 days was negligible (<0.01%).
According to these results, scaffolds used for growth factor incorporation and cell culture

where washed for 3 days in ddH,0 to ensure complete removal of unbound heparin.

The proportion of heparin bound to the scaffolds after 3 days washing in ddH,0 was quantified
to determine the amount of heparin available at the moment of growth factor conjugation. In
non-cross-linked scaffolds, the amount of bound heparin after washing was 5.5 + 2.1%,
corresponding to a total of 0.09 + 0.002 mg of heparin/mg of scaffold (1.6 + 0.03 mg
heparin/scaffold) (figure 2A, plain bars). In heparin-cross-linked scaffolds, the amount of
bound heparin after washing was significantly higher (p<0.001) and averaged 26.6 + 4%,
corresponding to a total of 0.47 + 0.02 mg of heparin/mg of scaffold (8.0 + 0.3 mg

heparin/scaffold) (figure 2A, plain bars).
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3.3 Heparin functionalization did not impact growth factor incorporation, that overall

resulted higher than 90%

The loading efficiency of TGF-B2 and GDF5 on biphasic scaffolds was quantified as the
percentage of growth factors bound to the scaffolds with respect to the total amount of

growth factors added for loading (figure 3).

For the entire scaffolds, loading efficiency of TGF-B2 averaged 94% in untreated scaffolds
(without heparin), 92% in non-cross-linked scaffolds (heparin) and 96% in heparin-cross-linked
scaffolds (heparin in presence of EDC/NHS) (figure 3A). Similarly, the amount of incorporated
GDF5 in whole scaffolds averaged 96% in unmodified scaffolds, 92% in non-cross-linked
scaffolds and 94% in heparin-cross-linked scaffolds (figure 3B). There were no statistically

significant differences between groups.

Next, the growth factor loading efficiencies in the anisotropic (tendon/ligament) and isotropic
(bone) regions was individually evaluated. In figures 3C and 3D, it can be observed that loading
efficiency tended to be higher at the isotropic region. For TGF-B2, loading efficiency in the
isotropic region averaged 98% in unmodified scaffolds, 97% in non-crosslinked scaffolds and
96% in heparin-crosslinked scaffolds (figure 3C). In the anisotropic region, TGF-B2 loading
efficiency averaged 89% in untreated scaffolds, 88% in non-crosslinked scaffolds and 95% in
heparin-crosslinked scaffolds (figure 3C). Both the differences between scaffold types
(untreated, non-crosslinked and heparin-crosslinked) and between scaffold regions
(anisotropic and isotropic) were not statistically significant. For GDF5, loading efficiency in the
isotropic region averaged 97% in unmodified scaffolds, 92% in non-crosslinked scaffolds and
94% in heparin-crosslinked scaffolds (figure 3D). In the anisotropic region, GDF5 loading
efficiency averaged 90% in untreated scaffolds, 75% in non-crosslinked scaffolds and 91% in
heparin-crosslinked scaffolds (figure 3D). In non-crosslinked scaffolds, GDF5 incorporation was

significantly higher in the isotropic compared to the anisotropic regions (p<0.05). On the other
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hand, there were no statistically significant differences on GDF5 loading efficiency when

comparing the anisotropic and isotropic parts of unmodified and heparin-crosslinked scaffolds.

3.4 Heparin functionalization increased growth factor retention on the scaffolds. Growth

factors release is faster from the bony part than from the tendon/ligament part

The amount of TGF-B2 and GDF5 released from the scaffolds in cell culture medium was
guantified over a period of 14 days. The amount of released growth factor was expressed as

percentage relative to the amount of growth factor supplemented for loading.

When analyzing the growth factor release from whole scaffolds, the main amount of growth
factors was released 24h after loading in all types of scaffolds (figures 3E and 3F). However,
the patterns of growth factor release were different depending on the type of scaffold. In
unmodified scaffolds or scaffolds not cross-linked with heparin, between 40 - 47% of
incorporated TGF-B2 was released after 24h (figure 3E). On the other hand, only 21% of
incorporated TGF-B2 was released after 24h when heparin was previously cross-linked to the
scaffolds (p<0.001). At the end of the observation period, i.e. 14 days, 58% of incorporated
TGF-B2 was released in unmodified scaffolds or scaffolds not cross-linked with heparin.
Scaffold functionalization with heparin using EDC/NHS cross-linkers resulted in retardation of
the TGF-B2 release to 26% (figure 3E, 14 days, p<0.001). GDF5 release from the scaffolds
(analyzed as entire scaffold) followed a pattern similar to TGF-B2, but the differences between
groups were more pronounced (figure 3F). Up to 80% GDF5 was released after 24h from
unmodified scaffolds or scaffolds not cross-linked with heparin (figure 3F). In scaffolds in which
heparin was previously cross-linked with EDC/NHS, GDF5 release decreased to 10% after 24h
(p<0.001). After 14 days, up to 92% GDF5 was released from unmodified scaffolds or scaffolds
not cross-linked with heparin, while heparin cross-linking decreased the amount of released
GDF5 to 18% (p<0.001). Remarkably, the functionalization with heparin via EDC/NHS resulted

in significant retardation of the release of both growth factors.
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Growth factor release was also individually quantified in the anisotropic (tendon/ligament) and
isotropic (bone) regions of the scaffolds (figures 3G and 3H). In general, growth factor release
kinetics in the individual regions followed similar patterns to growth factor release from entire
scaffolds (figures 3E to 3H). For both TGF-B2 and GDFS5, the release from the anisotropic and
isotropic regions was significantly higher (p<0.01) in unmodified and non-cross-linked scaffolds
compared to the scaffolds cross-linked with heparin (figures 3G and 3H). When comparing the
anisotropic and isotropic regions of each type of scaffold, there were significant differences in
the amount of growth factors released. In unmodified scaffolds, total TGF-B2 released at 14
days was 74% at the isotropic part and 64% at the anisotropic part (p<0.05) (figure 3G).
Similarly, in non-crosslinked scaffolds, total TGF-B2 released at 14 days was 65% from the
isotropic part and 59% from the anisotropic part (p<0.05). In scaffolds cross-linked with
heparin, TGF-B2 release at 14 days was slightly higher at the isotropic region (29%) compared
to the anisotropic region (26%), but differences were not statistically significant. GDF5 release
from unmodified scaffolds was faster in the isotropic compared to the anisotropic parts. After
24h, 73% GDF5 was released from the isotropic part of unmodified scaffolds compared to 66%
from the anisotropic part (figure 3H). However, total release at 14 days was not significantly
different in the isotropic (79%) compared to the anisotropic (76%) regions. In scaffolds non-
cross-linked with heparin, GDF5 release at 14 days was significantly higher at the isotropic
region (92%) compared to the anisotropic region (85%) (p<0.05). In scaffolds crosslinked with
heparin, 27% GDF5 was released from the isotropic region and 19% from the anisotropic

region at 14 days. Differences were not statistically significant.

Overall, the release of both growth factors tended to be faster from the isotropic (bone) part

compared to the anisotropic (tendon/ligament) part.

3.5 Heparin functionalization and growth factor incorporation on the scaffolds did not

influence cell seeding or metabolic activity of AAMSCs
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The effect of heparin and/or growth factor incorporation on cell seeding efficiency was
evaluated 24h after seeding on scaffolds. Seeding efficiency was calculated as the percentage
metabolic activity of cells attached to the scaffold respect to the metabolic activity of total
cells seeded. AdMSCs seeding efficiency oscillated around 80% in all types of biphasic
scaffolds, independently of heparin cross-linking and/or growth factor incorporation (figure

4A). There were no statistically significant differences between groups.

The effect of heparin and/or growth factor incorporation on AdMSCs metabolic activity was
evaluated over a period of 7 days (figure 4B). The metabolic activity of AdMSCs on unmodified
scaffolds, i.e. without heparin or growth factors is presented as dashed line for comparison.
After 1 day of culture, the metabolic activity of AMSCs growing on all scaffolds analyzed was
comparable. Noteworthy, AMSCs seeded on scaffolds with heparin cross-linking and on
scaffolds loaded with TGF-B2 showed less metabolic activity. Nevertheless, no statistical
significance was found between the groups. On the other hand, after 3 days of culture, the
metabolic activity of AdMSCs clearly increased in all scaffolds although no statistical
significance was found. At the end of the observation period, the metabolic activity of the cells
slightly decreased when compared to day 3 of culture. This was not observed for the cells
seeded on heparin cross-linked scaffolds for which metabolic activity remained consistent. This
decrease was more noticeable for AMSCs seeded on scaffolds loaded with TGF-B2. No

statistical differences were obtained between the groups.

3.6 Incorporation of TGF-B2 favors correct gene expression in the tendon/ligament part,
while the combination of TGF-B2/GDF5 enhances gene expression suitable for regeneration

of the bony part and the interphase
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Growth factor incorporation on scaffolds impacted the gene expression of tendon/ligament,
enthesis and cartilage markers on AdMSCs. The effects of growth factors on gene expression

varied depending on scaffold region (anisotropic, transition or isotropic).

The highest increase in scx expression (4-fold upregulation) was observed in the isotropic
(bone) part of scaffolds loaded with TGF-B2 + GDF5 after 7 days (figure 5A). Scaffolds loaded
with GDF5 alone showed similar levels of scx expression as unloaded scaffolds in all scaffold
regions. In scaffolds loaded with TGF-B2 alone, scx expression levels tended to be either
downregulated or similar to unloaded scaffolds. Overall, growth factor incorporation did not

have any statistically significant effects on scx expression.

The effects of growth factor incorporation on collagen | expression markedly changed over
time. Collagen | expression levels at 7 days were similar or lower than those of unloaded
scaffolds, whereas after 14 days collagen | was upregulated in growth factor-loaded compared
to unloaded scaffolds (figure 5B). In particular, collagen | expression was the highest in the
anisotropic (tendon/ligament) part of scaffolds loaded with TGF-B2 at 14 days. In addition,
collagen | expression was significantly upregulated in the anisotropic (tendon/ligament) and
transition (enthesis) parts of scaffolds loaded with TGF-B2 + GDF5 compared to their isotropic
(bone) part at 7 days (p<0.05). On the other hand, collagen | expression was significantly
downregulated in the transition region of scaffolds loaded with GDF5 compared to the same

region in unloaded scaffolds (p<0.05).

The expression pattern of mohawk is comparable to that of collagen | (figure 5C). After 7 days
of culture, mohawk expression in growth factor-loaded scaffolds appeared to be either
downregulated or similar to unloaded scaffolds. After 14 days of culture, mohawk expression
was 3-fold upregulated in the anisotropic (tendon/ligament) part of scaffolds loaded with
TGF-B2 and 6-fold upregulated in the transition (enthesis) part of scaffolds loaded with TGF-f2

+ GDF5. However, these differences were not statistically significant.
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The expression pattern of tenascin C also matched that of collagen | and mohawk (figure 5D).
After 7 days, tenascin C expression levels tended to be similar or lower in growth factor-loaded
scaffolds in comparison to unloaded scaffolds. In particular, tenascin C expression was
significantly downregulated in the anisotropic (tendon/ligament) region of scaffolds loaded
with TGF-B2 + GDF5 compared to the same region in unloaded scaffolds (p<0.05). Interestingly,
14 days after culture, tenascin C expression tended to be upregulated in the anisotropic
(tendon/ligament) compared to the transition (enthesis) and isotropic (bone) parts of scaffolds
loaded with growth factors. Differences were statistically significant only in scaffolds loaded

with TGF-B2 + GDF5 (p<0.05)

Sox9 expression was similar in all conditions after 7 days of culture (figure 5E). The highest
upregulation (2-3 fold) was observed in the isotropic (bone) part of scaffolds loaded with
TGF-B2 + GDF5 although no statistical significance was obtained. After 14 days, sox9 was
significantly upregulated in the transition (enthesis) region of scaffolds loaded with TGF-f2 +
GDF5 (p<0.05). Noteworthy, an upregulation of sox9 was also observed in the anisotropic
(tendon/ligament) part of scaffolds loaded with either TGF-B2 alone or TGF-f2 + GDF5

combination. However, these differences were not statistically significant.

Collagen Il expression at 7 days was similar in unloaded compared to growth factor-loaded
scaffolds (figure 5F). At 14 days, collagen Il was significantly upregulated (p<0.05) in the
anisotropic (tendon/ligament) part of scaffolds loaded with TGF-B2 + GDF5 compared to the
same region in unloaded scaffolds. Interestingly, collagen Il was also upregulated (around 3-
fold) in the same region (anisotropic) of scaffolds containing GDF5 (p>0.05). Similar
upregulation was observed for the transition (enthesis) region of TGF-B2 scaffolds and the
isotropic (bone) region of TGF-B2 + GDF5 scaffolds when compared to unloaded scaffolds.

However, these differences were not statistically significant.
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Aggrecan expression was significantly upregulated in the isotropic (bone) part compared to the
anisotropic (tendon/ligament) region of scaffolds loaded with growth factors at 7 days after
culture (figure 5G, p<0.05 for TGF-B2 and TGF-B2 + GDF5 whereas p>0.05 for GDF5).
Interestingly, aggrecan was significantly downregulated in the anisotropic (tendon/ligament)
part of scaffolds loaded with TGF-B2 + GDF5 compared to the same region in unloaded
scaffolds (p<0.05). After 14 days of culture, the expression of aggrecan notably increased for
this scaffold region (TGF-B2 + GDF5 loaded, anisotropic), although differences are not
statistically significant. This tendency of increment on aggrecan expression for the anisotropic
(tendon/ligament) regions was observed for all scaffolds loaded with growth factors at this

time of observation (p>0.05).

Collagen Ill expression followed a similar pattern to collagen I. At 7 days, collagen Ill expression
was downregulated in all scaffolds containing growth factors compared to unloaded scaffolds
(figure 5H). These differences were statistically significant in the transition (enthesis) part of
scaffolds loaded with TGF-B2 (p<0.05) and in all parts of scaffolds loaded with TGF-B2 + GDF5
(p<0.05, p<0.01). On the contrary, after 14 days of culture collagen Ill expression tended to be
upregulated in growth factor-loaded compared to unloaded scaffolds. The highest increase in
gene expression was observed for the TGF-B2 + GDF5 group, in which collagen Il was
upregulated in all scaffold regions. In scaffolds containing TGF-2, collagen Ill expression was
upregulated in the anisotropic (tendon/ligament) and transition (enthesis) regions, while in
scaffolds containing GDF5 it was only upregulated in the anisotropic (tendon/ligament) region.
No statistical significance was obtained for any of the comparisons performed at 14 days of

culture.

3.7 TGF-B2 increases collagen type | deposition in the bony and tendon/ligament part. In the
tendon/ligament part and interphase, collagen type Il deposition is enhanced by GDF5 alone

and collagen type Il deposition by TGF-B2/GDF5
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The presence of collagens |, Il and Il was evaluated on biphasic silk fibroin scaffolds after 14
days of culture. The experimental groups analyzed were scaffolds without growth factors
(heparin cross-linked, unloaded) and scaffolds loaded with TGF-B2, GDF5 or their combination.
An overview of the presence of collagens type |, Il and Il in the anisotropic (tendon/ligament),
transition (enthesis), and isotropic (bone) regions of the scaffolds is shown in figures 6, 7 and

8, respectively (left panels).

Qualitatively, collagen | appeared to be more abundant in the scaffold loaded with TGF-2
compared to the other groups (figure 6A, left panel). Within that scaffold, collagen | staining
was stronger at both ends of the anisotropic and isotropic parts compared to the inner region
(core). These observations matched the semi-quantification results (figure 6B), were the area
positive for collagen | in each region of the TGF-B2 scaffolds resulted significantly higher when
compared to the correspondent scaffold region on the rest of analyzed groups (i.e. for the
anisotropic region p<0.0001, for the transition p<0.0001 vs. unloaded and p<0.0034 vs. GDF5
and TGF-B2 + GDFS5, and for the isotropic region p<0.0001). The confocal images corresponding
to these groups, showed more collagen | located at the isotropic (bone) part of the scaffolds
compared to the transition (enthesis) and anisotropic (tendon/ligament) parts. This

observation was confirmed by the semi-quantification results illustrated in figure 6B.

Collagen Il staining was more abundant in scaffolds loaded with GDF5 compared to the other
groups (figure 7A, left panel). In this group, collagen Il seemed more abundant in the
anisotropic (tendon/ligament) and transition (enthesis) parts compared to the isotropic (bone)
part. The semi-quantitative analysis partially confirmed this observation (figure 7B).
Unexpectedly, the isotropic (bone) part of the unloaded scaffolds resulted in the higher area
positive for collagen Il (p<0.0001, all groups compared by ANOVA). Scaffolds loaded with TGF-

B2 + GDF5 showed comparatively more collagen |l staining than the unloaded and TGF-32
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groups. In these scaffolds, collagen Il concentrated at the transition (enthesis) and isotropic

(bone) parts of the scaffold.

Collagen Il staining appeared to be the strongest in scaffolds loaded with TGF-B2 + GDF5
(figure 8A). In these scaffolds, collagen Il concentrated at the anisotropic (tendon/ligament)
and transition (enthesis) regions. This was confirmed by the semi-quantitative analysis, that
showed significantly higher collagen Il stained area for TGF-B2 + GDF5 scaffolds when
compared to the rest of the analyzed groups (figure 8B; matching scaffold regions compared
among them; p<0.0001 for anisotropic and for the transition). Interestingly, unloaded scaffolds
also seemed to result in relatively high collagen Ill deposition. Scaffolds loaded with single
growth factor, i.e. TGF-B2 or GDF5 seemed to have lower collagen Il deposits compared to
unloaded scaffolds and scaffolds loaded with both growth factors combined (figure 8B).
Noteworthy is the negligent collagen Il deposition in the anisotropic (tendon/ligament) part of

the TGF-B2 loaded scaffold (figure 1B, p<0.05).

In all types of scaffolds, the actin cytoskeleton aligned in the direction of the scaffold’s pores
(figures 6A, 7A, and 8A- middle and right columns). The cell cytoskeleton appeared elongated
in the anisotropic (tendon/ligament) part of the scaffolds, while there was no apparent

alignment in the isotropic (bone) part.
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4. Discussion and conclusions

Functional repair of soft-to-hard tissue interfaces, such as the tendon/ligament-to-bone
transition (enthesis), remains a challenge in orthopedics. Tissue engineering is a potential
strategy for enthesis regeneration. However, the gradual change in tissue structure,
composition, mechanical properties and cell phenotype of the enthesis poses important

challenges for tissue engineering.

In this study, we developed integrated tendon/ligament-to-bone constructs cultured with
human AdMSCs as an in vitro platform to study enthesis regeneration. The constructs are
biphasic silk fibroin scaffolds that mimic the gradual change of collagen molecule alignment of
the native enthesis. The scaffolds are composed of two continuous regions with different pore
alignment: anisotropic (tendon/ligament-like) and isotropic (bone-like). The anisotropic and
isotropic regions are integrated in a transition region (enthesis-like) with mixed aligned and
non-aligned porosity. The scaffold dimensions (4Amm diameter x 8mm length) were optimized
for in vitro analysis and future implantation in small animal models (e.g. rat). The transition
region (enthesis-like) spans over an area of ~500-700um, which would be suitable for scaling

up to larger animal models [35].

In a recent study, we showed that pore alignment of biphasic silk fibroin scaffolds impacted
cytoskeletal alignment and gene expression of AdMSCs [6]. However, structural cues alone
were not enough to promote mature stem cell chondrogenesis, fibrochondrogenesis and
tenogenesis/ligamentogenesis. In the present study, we added a level of complexity to our in
vitro model by functionalizing biphasic silk fibroin scaffolds with heparin and loading them with
TGF-B2 and/or GDF5. Our hypothesis was that the combined effects of pore alignment
(structural cues) and TGF-B2/GDF5 (biochemical cues) will favorably impact stem cell

differentiation in the context of enthesis regeneration.
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Growth factors are potent tools to influence cell behavior. However, growth factor half-lives
are short when supplemented without appropriate delivery systems [11]. In the study, TGF-p2
and/or GDF5 were delivered through covalent binding to heparin-group functionalized on the
silk fibroin scaffolds’ surfaces. Although no differences were observed in terms of amount of
growth factors incorporated on scaffolds with or without heparin functionalization, a change in
the TGF-B2 and/or GDF5 release kinetics was observed. This indicated that heparin
functionalization resulted in increased growth factor retention on the scaffolds, thereby
reducing burst-like release. This may result in an increase of local growth factor
concentrations. The use of heparin as chemical agent to immobilize growth factors into
biomaterials surface has been previously reported (reviewed in [14]). A large number of
growth factors bind to heparin with relatively high affinity. This makes heparin-based delivery
systems very attractive [14]. In particular for biomedical applications, the reported results are
encouraging. In a recent study, Lee et al. successfully incorporated GDF5 into the surface of
titanium dental implants via heparin chemistry [25]. The authors reported an effective
immobilization of GDF5 as well as a sustained release of the grow factor from the heparin
functionalized titanium surface. Jha et al. did report an increase of TGF-B1 immobilization on
hyaluronic acid matrices that resulted proportional to the heparin concentration used [13].
The authors concluded that heparin functionalization favored both the loading and the

retention of TGF-B1 into the developed hyaluronic acid materials.

Furthermore, our results are in line with those of Lee et al. that reported a GDF5 release of
around 30% from heparin functionalize titanium materials after 14 days [25]. A similar
behavior was also observed by Manning et al. [36] when evaluating the PDGF release from
heparin/fibrin nanofibrous scaffold. The authors reported that 22% of the loaded growth
factor was released during the first days of observation, and the growth factor retention was

increased by the use of heparin. Our results, supported by published data, indicate that a high
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proportion of growth factors remained bound to the heparin functionalized scaffold matrix,

and thus a retardation on the release is obtained.

In unmodified scaffolds, growth factors bound to scaffolds through electrostatic interactions.
The weak electrostatic interactions of TGF- B2 (isoelectric point (pl)= 8.82) and GDF5 (pl = 9.82)
with negatively charged fibroin scaffolds resulted in burst release behavior. In an illustrative
study, bovine serum albumin (BSA) (pl = 5.8) released significantly faster than VEGF (pl = 8.5),
which released significantly faster than BMP-2 (pl = 8.5-9.2) from negatively charged
hyaluronic acid hydrogels [37]. Burst release profile of growth factors was also observed in
scaffolds functionalized with non-crosslinked heparin. This is most likely due to the dissociation
of the heparin-growth factors complexes from the fibroin surfaces, due to the weak
interactions between negatively charged non-crosslinked heparin (non-activated carboxyl

group) and fibroin [16].

Further in vitro evaluation of scaffolds was performed using the cross-linked heparin scaffolds.
The functionalization of fibroin scaffolds with cross-linked heparin with or without growth
factors did not affect the cell seeding efficiency and were non-cytotoxic to AdMSCs. Similar
results were reported on cell viability and proliferation of diverse cell types seeded on TGF-B1

and GDF5 loaded biomaterials via heparin conjugation [13, 25].

To further evaluate the potential of our engineered scaffolds for local delivery of TGF-2 and
GDF5 to promote enthesis regeneration, the AdMSCs differentiation and ECM productions
towards the enthesis phenotype was evaluated by gene expression and collagen deposition.
Scaffolds were cultured as a whole; however, evaluation was additionally also performed after
separation of the scaffolds into three compartments (isotropic, interphase, and anisotropic) to
enable the evaluation of cell responses in the different regions of the scaffolds, corresponding

to the different internal architecture. Indeed, from gene expression, collagen I, Il and lll

28



deposition patterns to cell morphology observation, cells responses differently in each scaffold

compartment.

In the anisotropic part (tendon/ligament region), single TGF-B2/GDF5 supplementation did not
enhance scx (master transcription factor for tenogenesis/ ligamentogenesis [38]) expression.
Similar results were obtained by Caliari et al. [4], who did not observe any effect on scx
upregulation between scaffold anisotropy and 100ng/ml GDF5/7 in human bone marrow-
derived mesenchymal stem cells (BM-MSCs). Notably, in the presence of TGF-2, collagen |
(most abundant extracellular matrix protein in tendons and ligaments [39]), mohawk (a critical
regulator of tendon development [40]) and tenascin C (extracellular matrix protein present in
tendon/ligament and enthesis [41]) were upregulated in the tendon part. This corresponded
with the observation of the highest abundance of collagen | protein in the anisotropy region of

scaffolds loaded with TGF-B2 compared to all other groups.

In the isotropic part (bony region), gene expression results indicated osteogenesis by way of
endochondral ossification, whereby human MSCs can recapitulate endochondral ossification to
form mature bone [42]. Among all the conditions evaluated in this study, just after 7 days, TGF-
B2 + GDF5 enhanced sox9 (early marker for chondrogenic differentiation [43]), collagen I
(most abundant type of collagen in articular cartilage [43]) and aggrecan (an abundant GAG in
articular cartilage and is commonly used as a marker for cartilage ECM [43]) expression in
AdMSCs while maintaining lower levels of collagen | and mohawk. Collagen Il has a similar
amount on protein level at the isotropic region for both GDF5 and TGF-B2 + GDF5 loaded
scaffolds. Notably, abundance of collagen Il protein was presence in the anisotropic region of
GDF5 loaded scaffolds compared to that of TGF-B2 + GDF5 loaded scaffolds. This indicated that
GDF5 promoted collagen Il production [32]. However, when loaded together with TGF-B2, the
effect was restricted to the interphase and isotropic region of the scaffolds. The molecular

mechanism behind the synergistic effect of TGF-B2 and GDF5 in regulating the spatial
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production of collagen Il is not known. We stipulate that the topological cues of the scaffolds
may have contributed towards the spatial expression of collagen Il in the TGF-2 + GDF5
loaded scaffolds, as the collagen Il protein spatial expression is very similar to that of unloaded
scaffolds. This indicated that in addition to the growth factors, the scaffold’s internal
architecture (e.g. pore shape, size) synergistically provides topological cues to direct AdMSCs

activities [6].

The interphase of the scaffold represents the enthesis fibrocartilage region, which is still poorly
understood to date. However, it has been shown that scx and sox9 are important for
fibrocartilage development [44, 45]. Other fibrocartilage markers are the extracellular matrix
proteins collagen 1, collagen Il and tenascin C and the GAG aggrecan [33, 41]. The
combination of TGF-B2 + GDF5 enhanced the expression of sox9, collagen Ill and aggrecan in
the interphase (enthesis) region of biphasic silk fibroin scaffolds. These results are supported
by elevated collagen Il staining at the interphase region of scaffolds loaded with TGF-B2 +

GDF5 compared to all other groups.

In conclusion, our study provides new insights in the combinational effects of scaffold internal
architecture and growth factors (i.e. TGF-B2 and/or GDF5) on regulation of AAMSC behaviors
towards enthesis regeneration. The scaffolds’ manufacturing technique coupled with activated
heparin-functionalization for growth factor delivery represent a viable method for sustained
and local delivery of therapeutic agents to facilitates enthesis regeneration. Indeed, TGF-2
and GDF5 can direct AMSCs towards the desired phenotypes for enthesis regeneration.
Future improvement to our current engineered enthesis scaffolds should include spatial
positioning of growth factors at designated regions and better control over the temporal

release of growth factors.

The combination of highly porous lamellar-like structure with TGF-B2 loading resulted in

upregulation of tendon/ligament markers. Interestingly, the addition of GDF5 to this construct
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favored the expression of cartilage markers while enhancing the expression of the enthesis

marker sox9 at the interface region of the biphasic scaffolds.

Limitations of our study include the lack of cell proliferation analysis over time (including long
time of observation). In addition, it cannot be concluded from this study if the observed effects
on gene expression are a consequence of heparin-bound or released growth factor. Future
studies may benefit from comparing the effects of soluble vs. surface-bound growth factors.
Further studies are needed to demonstrate the efficacy of the developed growth factor loaded

biphasic silk fibroin scaffolds in vivo in a model of tendon/ligament-to-bone enthesis repair.
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*Statement of Significance

Statement of significance

Regeneration of the tendon/ligament-to-bone interface (enthesis) is of significance in the repair of
ruptured tendons/ligaments to bone to improve implant integration and clinical outcome. This study
proposes a novel approach for enthesis regeneration based on a biomimetic and integrated
tendon/ligament-to-bone construct, stem cells and heparin-based delivery of growth factors. We show
that heparin can keep growth factors local and biologically active at low doses, which is critical to avoid
supraphysiological doses and associated side effects. In addition, we identify synergistic effects of
biological (growth factors) and structural (pore alighment) cues on stem cells. These results improve
current understanding on the combined impact of biological and structural cues on the multi-lineage

differentiation capacity of stem cells for regenerating complex tissue interfaces.
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Figure 1. Morphological characterization of biphasic silk fibroin scaffolds. A) Digital light microscopy
images showing transversal sections of a biphasic silk fibroin scaffold. The inner region of the scaffold is
shown in the left panel, while the surface is shown in the right panel. The parts of the scaffold
corresponding to the anisotropic (tendon/ligament), transition and isotropic (bone) regions are indicated
by colored boxes added to the images. Scaffold dimensions are 4mm diameter x 8mm length. Scale bars
= 1mm. The left panel shows the surface roughness of each region of the scaffolds. B) 3D reconstruction
of a biphasic silk fibroin scaffold performed with micro-computed tomography. The 3D reconstruction
shows a scaffold transversal section, where pore morphology and alignment can be appreciated. The
anisotropic (tendon/ligament), transition and isotropic (bone) regions are indicated by colored boxes
added to the image. Relevant parameters for 3D structural analysis, i.e. fractal dimension (FD), degree of
anisotropic (DA) as well as C) porosity and pore size distribution were calculated for each region (n= 6).
D) Scanning electron microscopy images (first and third) and fluorescence microscopy images (second
and fourth, DAPI staining) showing pore morphology and alignment in the anisotropic (tendon/ligament),
transition and isotropic (bone) regions of biphasic scaffolds. In the anisotropic (tendon/ligament) region,
scaffold pores are aligned and have a lamellar-like morphology. In the isotropic (bone) region, pores are
round and non-aligned. At the transition, the lamellar pores penetrate the round pores generating an
integrated area of mixed porosity. Scale bars = 300 um (first and third images) or 500um (second and

fourth images).

Figure 2. Heparin loading efficiency and release. A) Loading efficiency of heparin on biphasic silk fibroin
scaffolds in the presence (crosslinked) or absence (non-crosslinked) of EDC/NHS. The bars indicate the
amount of heparin bound to the scaffolds after conjugation (before (hatched bars) or after (solid bars)

washing the scaffolds for 3 days in ddH,0). The amount of bound heparin is expressed as percentage



relative to the amount of heparin used for conjugation (30mg/ml). n=6, mean * SEM. Statistical
significance is indicated with asterisks (***p<0.001). B) Cumulative release of heparin from biphasic silk
fibroin scaffolds (non-crosslinked or crosslinked with heparin) after 1h, 3h, 1d, 3d and 7d of incubation in
ddH,0. The amount of released heparin is expressed as percentage with respect to the amount of

heparin bound to the scaffolds after conjugation. n=6, mean + SEM.

Figure 3. Growth factor incorporation and release. Incorporation efficiency of transforming growth
factor B2 (TGF-B2) to: A) entire biphasic silk fibroin scaffold or C) to the anisotropic and isotropic regions
separately. Incorporation efficiency of growth/differentiation factor 5 (GDF5) to: B) entire biphasic silk
fibroin scaffolds or D) to the anisotropic and isotropic regions separately. The groups analyzed are
unmodified scaffolds, scaffolds non-crosslinked with heparin or scaffolds crosslinked with heparin.
Incorporation efficiency is expressed as the percentage of growth factor bound to the scaffolds of the
total supplemented for loading. n=3, mean + SEM. Cumulative release from entire biphasic silk fibroin
scaffolds: E) TGF-B2 or F) GDF5. Cumulative release from the anisotropic (tendon/ligament) and isotropic
(bone) regions separately: G) TGF-B2 or H) GDF5. The groups analyzed are unmodified scaffolds,
scaffolds non-crosslinked with heparin or scaffolds crosslinked with heparin. Growth factor release was
quantified after 1h, 3h, 1d, 3d, 7d or 14d of incubation in cell culture medium. The amount of released
growth factors is expressed as percentage of the amount of growth factor supplemented for loading
(100ng/scaffold). n=3, mean + SEM. Statistical significance is indicated with asterisks. *p<0.05, **p<0.01,

*%%0<0.001.

Figure 4. Adipose-derived mesenchymal stem cells (AdMSCs) seeding efficiency and metabolic activity.

A) Seeding efficiency of AAMSCs on biphasic silk fibroin scaffolds unmodified, crosslinked with heparin



without growth factors (unloaded) or crosslinked with heparin and loaded with TGF-B2, GDF5 or their
combination. Seeding efficiency is expressed as percentage of metabolic activity of cells attached to the
scaffolds in relation to the metabolic activity of total cells seeded. Metabolic activity was quantified 24h
after seeding. N=3, n=9, mean + SEM. B) Metabolic activity of AdMSCs cultured on biphasic silk fibroin
scaffolds crosslinked with heparin (unloaded or loaded with TGF-B2, GDF5 or their combination)
expressed as percentage of metabolic activity of AMSCs on unmodified scaffolds (dashed line).

Metabolic activity was quantified after 1, 3 or 7 days of culture. N=3, n=9, mean + SEM.

Figure 5. Influence of scaffold pore alignment and growth factors on adipose-derived mesenchymal
stem cells (AdMSCs) gene expression. Quantitative analysis of gene expression performed in AdMSCs
cultured on biphasic silk fibroin scaffolds crosslinked with heparin and loaded with TGF-B2, GDF5 or their
combination (7 and 14 days of culture). Target genes are scleraxis (A), collagen | (B), mohawk (C),
tenascin C (D), SRY-box 9 (sox9) (E), collagen Il (F), aggrecan (G) and collagen Il (H). Housekeeper gene is
B-Tubulin. Target gene expression was analyzed in each scaffold region (anisotropic (tendon/ligament),

transition and isotropic(bone)) individually and expressed as 24"

relative to the housekeeper and to
target gene expression in unloaded scaffolds (dashed line). Normalization to target gene expression in
unloaded scaffolds was performed for each scaffold region individually. N=3, n=9, mean + SEM.

Statistical significance is indicated with asterisks. *p<0.05, **p<0.01. Asterisks on top of a bar indicate

statistical significance respect to unloaded scaffolds.

Figure 6. Influence of scaffold pore alignment and growth factors on collagen | production. Collagen |
content and AdMSCs cytoskeletal morphology was analyzed after 14 days of culture on heparin-

crosslinked biphasic silk fibroin scaffolds unloaded or loaded with TGF-B2, GDF5 or their combination. A)



Left column: immunofluorescence staining of transversal sections of biphasic silk fibroin scaffolds (blue
staining, DAPI) showing collagen | content (green staining). Scale bars = 1mm. Dashed squares represent
the areas of the scaffolds where higher magnification images were taken as represented in the middle
and right columns: immunofluorescence staining images of the anisotropic (tendon/ligament) and
isotropic (bone) regions of the scaffolds at higher magnification. The images show scaffold pore
alignment (blue staining, DAPI), AdMSCs actin cytoskeleton (red staining, Phalloidin) and collagen |
(green staining). Scale bars = 200um. B) Semi-quantification of the collagen | staining performed by
Imagel) analysis. n=5, mean + SD. Statistical significance is indicated with symbols. ****p<0.0001, #

anisotropic p<0.0001, $ interface: p<0.0001 vs. unloaded and p<0.0034 vs. GDF5, & isotropic p<0.0001.

Figure 7. Influence of scaffold pore alignment and growth factors on collagen Il production. Collagen I
content and AdMSCs cytoskeletal morphology was analyzed after 14 days of culture on heparin-
crosslinked biphasic silk fibroin scaffolds unloaded or loaded with TGF-B2, GDF5 or their combination. A)
Left column: immunofluorescence staining of transversal sections of biphasic silk fibroin scaffolds (blue
staining, DAPI) showing collagen Il content (green staining). Scale bars = 1Imm. Dashed squares represent
the areas of the scaffolds where higher magnification images were taken as represented in the middle
and right columns: immunofluorescence staining images of the anisotropic and isotropic regions of the
scaffolds at higher magnification. The images show scaffold pore alignment (blue staining, DAPI),
AdMSCs actin cytoskeleton (red staining, Phalloidin) and collagen Il (green staining). Scale bars = 200um.
B) Semi-quantification of the collagen Il staining performed by Imagel) analysis. n=5, mean % SD.
Statistical significance is indicated with symbols. ***p<0.001, ****p<0.0001, # anisotropic p<0.0001, $

interface p<0.0001, & isotropic p<0.0001.



Figure 8. Influence of scaffold pore alignment and growth factors on collagen lll production. Collagen IlI
content and AdMSCs cytoskeletal morphology was analyzed after 14 days of culture on heparin-
crosslinked biphasic silk fibroin scaffolds unloaded or loaded with TGF-B2, GDF5 or their combination. A)
Left column: immunofluorescence staining of transversal sections of biphasic silk fibroin scaffolds (blue
staining, DAPI) showing collagen lll content (green staining). Scale bars = 1mm. Dashed squares
represent the areas of the scaffolds where higher magnification images were taken as represented in the
middle and right columns: immunofluorescence staining images of the anisotropic and isotropic regions
of the scaffolds at higher magnification. The images show scaffold pore alignment (blue staining, DAPI),
actin cytoskeleton (red staining, Phalloidin) and collagen Il (green staining). Scale bars = 200um. B) Semi-
guantification of the collagen Il staining performed by Image) analysis. n=5, mean + SD. Statistical
significance is indicated with symbols. ****p<0.0001, # anisotropic p<0.0001, $ interface p<0.0001, &

isotropic p<0.0001.
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