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ABSTRACT

Tendon tissue engineering strategies that recreate the biophysical and biochemical native
microenvironment have a greater potential to achieve regeneration. Here, we developed
tendon biomimetic scaffolds using mechanically competent yarns of poly-e-caprolactone,
chitosan and cellulose nanocrystals to recreate the inherent tendon hierarchy from the
nano to macro scale. These were then coated with tropoelastin (TROPO) through
polydopamine linking (PDA), to mimic the native extracellular matrix (ECM)
composition and elasticity. Both PDA and TROPO coatings decreased surface stiffness
without masking the underlying substrate. We found that human adipose-derived stem
cells (hASCs) seeded onto these TROPO biomimetic scaffolds more rapidly acquired their
spindle-shape morphology and high aspect ratio characteristic of tenocytes.

Immunocytochemistry shows that the PDA and TROPO-coated surfaces boosted
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differentiation of hASCs towards the tenogenic lineage, with sustained expression of the
tendon-related markers scleraxis and tenomodulin up to 21 days of culture. Furthermore,
these surfaces enabled the deposition of a tendon-like ECM, supported by the expression
of collagens type I and III, tenascin and decorin. Gene expression analysis revealed a
downregulation of osteogenic and fibrosis markers in the presence of TROPO when
compared with the control groups, suggesting proper ECM deposition. Remarkably,
differentiated cells exposed to TROPO acquired an elastogenic profile due to the evident
elastin synthesis and deposition, contributing to the formation of a more mimetic matrix
in comparison with the PDA-coated and uncoated conditions. In summary, our
biomimetic substrates combining biophysical and biological cues modulate stem cell
behavior potentiating their long-term tenogenic commitment and the production of an

elastin-rich ECM.

INTRODUCTION

Tendons injuries are often painful and debilitating, and are particularly common
among elderly, athletic and actively working populations. In addition to their extremely
low and inefficient natural healing capacity due to the hypovascular and hypocellular
nature, injured tendons respond poorly to standard treatments as the native strength and

functionality of tissue prior to injury does not fully recover.!® Tissue engineering has
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contributed alternative strategies for tendon repair and regeneration, with the most
promising ones being those that mimic the composition and structure of the native tissue,
along with suitable mechanical properties.

In tendons, organization starts at the molecular level with three collagen type I
molecules crosslinking as triple helices and further assembling into collagen fibrils at
approximately 100 nm diameter. Fibrils assemble into fibers longitudinally aligned to the
tendon long axis, at 1 to 20 um diameter. These structures along with scarce spindle-
shaped cells, the tenocytes, form the fascicles.! In addition to type I collagen, which
represents 60% of the total tendon dry mass, the hydrated extracellular matrix (ECM) also
comprises up to 4% elastin, located in elastic fibers that are parallelly interspersed within
the tissue.*® Elastin is an extremely durable protein responsible for handling the
repetitive and reversible elastic recoil of tendons, and whose turnover is limited due to
reduced postnatal elastogenesis.”

The fibrillar and aligned architecture of the tendon niche in vivo has been recapitulated
in scaffolds, demonstrating the reprogramming capacity of nanotopographic cues on
stem cells phenotype and fate. In general, nanofibrous and anisotropic topographies are
prone to induce regenerative responses by cells.#® Moreover, these same features have
been combined and applied to hierarchic constructs, where they are able to drive stem

cell tenogenic differentiation and/or avoid the phenotypic drift of tenocytes.1%11
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Nonetheless, the way cells modulate their morphology and orientation reflects their
interactions with the substrate, not only by means of topography, but also through
surface chemistry and elasticity.!>!3 Hence, strategies combining both biophysical and
biological/biochemical cues are likely to induce a more adequate response towards
neotissue formation when the tendon niche is closely mimicked. The incorporation of
ECM proteins in regenerative templates to emulate the natural cell environment is an
interesting way to guide cells responses.!* Pang et al.!> recently studied the relationship
between tenocytes and fibrillar components of the native ECM, including collagen and
elastin. They show that elastin forms a thin mesh-layer around tenocytes within the
longitudinal collagen fibril network suggesting a crosstalk between these elements.

Therefore, elastin holds unexplored potential in the tendon tissue engineering field.
However its crosslinked and insoluble nature makes its processing challenging.!®
Tropoelastin (TROPO), on the other hand, is the soluble precursor of elastin and has been
used to effect in diverse applications.!” Recombinant human TROPO promotes elastin de
novo synthesis when used as a medium supplement in elastogenic cell culture.”!¥20 In a
tissue engineering perspective, TROPO has been incorporated as a bulk material to build
highly elastic hydrogels,?'?? films produced through casting® or electrospun fibrous
scaffolds?*% to enhance cell adhesion, proliferation and migration, neo-vascularization

and even direct stem cell commitment.?® TROPO has also been covalently bounded to
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plasma activated surfaces to enhance cell attachment and potentiate integration within
the body.?”?8

Based on the potential role of elastin over native tenocytes, here we propose a novel
biomimetic strategy that combines the advantages of 3D nano-to-macro hierarchical and
anisotropic scaffolds with the biological potential of TROPO. Our hypothesis is that
coating such scaffolds with TROPO will result in bioactive biomaterials that mimic the
biophysical and biochemical microenvironment, fostering stem cell differentiation
towards the tenogenic lineage and enhancing the deposition of a tendon-like matrix rich
in elastin. For this, and building on our previous tendon mimetic fibrous system,!! we
produced yarns made of continuous and aligned electrospun nanofibrous threads
(CANT) based on a poly-e-caprolactone (PCL)/chitosan (CHT) polymer blend
mechanically reinforced with cellulose nanocrystals (CNCs), which were coated with

TROPO and used as representative units (fascicles) of tendons.

MATERIALS AND METHODS

Materials. Poly-¢e-caprolactone (PCL, average Mn 80,000), chitosan medium molecular
weight (CHT), microcrystalline cellulose (MCC, Avicel PH-101), dopamine
hydrochloride, phosphate buffered saline (PBS), bovine serum albumin (BSA), phalloidin
tetramethylrhodamine B isothiocyanate (phalloidin) and collagenase type I A were

purchased from Sigma-Aldrich. Acetic acid glacial (AA), Triton X-100 and neutral
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buffered formalin 10% (v/v) were acquired from Thermo Fisher Scientific. Ribozol was
obtained from Amresco, sulfuric acid 96% from Carlo Erba, formic acid (FA) from
Panreac AppliChem, tris base and sodium dodecyl sulfate (SDS) from NZYTech, 4,6—
diamidino-2-phenyindole dilactate (DAPI) from Biotium and normal horse serum 2.5%
from Vector Laboratories. Minimum essential medium alpha (a-MEM),
antibiotic/antimycotic solution (AB/AM), fetal bovine serum (FBS) and TrypLE Express
with phenol red were purchased from Life Technologies. Antibody diluent with
background reducing components was obtained from Dako, Alexafluor 488 donkey anti-
rabbit and anti-mouse were from Invitrogen. The rabbit polyclonal anti-C-terminal
tenomodulin antibody against a synthetic polypeptide compliant to amino acids 245-252
of mouse and human, was kindly produced and provided by Prof. Denitsa Docheva.?
Production of biomimetic yarns. The CANT made of PCL/CHT/CNCs were produced
by electrospinning and assembled into yarns as described previously.'?° First, CNCs
were isolated from MCC powder through sulfuric acid hydrolysis and characterized
using atomic force microscopy (AFM) (see Supporting Information), and CHT was
purified by dissolution in an acetic acid solution followed by a series of filtration and
precipitation steps (see Supporting Information). Briefly, spray-dried CNCs (3% w/w,
relative to the polymeric blend matrix (PCL/CHT)) were first dispersed in formic acid.
Then PCL (11% w/w, relative to solvent mass) was dissolved in the suspension for 2.5 h,

and afterwards glacial acetic acid was added to make a 7:3 FA/AA volume ratio and the
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solution was left to stir, until complete dissolution of the PCL. Meanwhile, CHT was
dissolved (4% w/w) in a solvent mixture of FA/AA (7:3, v/v), with stirring for 3 h at 70°C.
The final solution of PCL/CHT/CNC was prepared by mixing solution 1 (11% w/w PCL
and CNCs contents representing 3% w/w of the final polymer blend matrix, in AA/FA)
with solution 2 (4% w/w CHT in AA/FA) at a 7:3 ratio, respectively. The CANT were
produced with a customized electrospinning device based on the setup proposed by Khil
et al.3! The polymer/CNC solution contained in a syringe (12.25 mm diameter) with a
fitted 21G needle was electrospun at a constant flow rate of 0.45 mL.h™! and an applied
voltage of 22-24 kV. A vertical distance of 14 cm from the tip of the needle to the surface
of the grounded water/ethanol (8:2, v/v) support liquid bath and a horizontal distance of
20 cm from the tip of the needle to the collecting roller were set. CANT were collected at
a constant speed of 0.01 m.s! and tendon mimetic scaffolds assembled by grouping 12
threads together and twisting 4 turns.cm™ to form yarns. Threads were collected at room
temperature (22 + 2 °C) with the humidity varying from 40 to 50%.

Surface functionalization of yarns with TROPO. The yarns previously prepared were
cut into 2 cm length pieces and coated with PDA, as suggested by Lee et al.3? with slight
modifications. Briefly, yarns were placed inside an open vessel with 10 mM Tris buffer at
pH 8.5 and dopamine hydrochloride was added to achieve a 1 mg.mL! solution,
initiating the spontaneous reaction of PDA self-polymerization. Mild shaking was

applied to avoid non-specific microparticle deposition at the surface of the yarns and
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ensure an even oxygen distribution. The coating was carried for 8 h, after which samples
were collected and rinsed thoroughly with distilled water to remove unadhered PDA
particles. Recombinant mature wild-type human TROPO without domain 26A (isoform
SHELA26A), corresponding to residues 27 to 724 of GenBank entry AAC98394 was
produced and purified from bacteria on a multi-gram scale, in the Weiss lab (Sydney,
Australia) as described elsewhere.?®> For TROPO conjugation, PDA-coated yarns were
dipped in a 20 ug.mL"! TROPO in 10 mM Tris buffer at pH 8.5, overnight (12-16h) at 4 °C
and under gentle shaking. After the coating, samples were rinsed with PBS to remove
excess unbound protein and used immediately or left to dry for further characterization.

Physical characterization of the functionalized yarns. The morphology and the
topography of the uncoated, PDA-coated and TROPO/PDA-coated yarns were assessed
by high-resolution scanning electron microscopy (SEM, Auriga CompactLV from Zeiss),
operating at an accelerating voltage of 5 kV. Prior to imaging, the samples were sputter-
coated with ~4 nm platinum (Cressington). The diameters of the yarns and nanofibers (at
least 100 randomly selected) were determined from several micrographs using Image]J
software (version: 1.50b, NIH, USA). Surface roughness and architecture were also
evaluated using AFM Dimension Icon (Bruker, USA). The scans were collected in
PeakForce QNM in air mode with a MultiMode atomic force microscope (AFM)
connected to a NanoScope V controller (Veeco, USA). AFM cantilevers (RTESPA-150,

Bruker) made of silicon were used, with spring constants of 6 N.m! and frequency of 150
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kHz. Several micrographs were collected, and these were then analyzed with the
Gwyddion software (version: 2.43) to determine the root-mean-square roughness of the
surfaces and generate the 3D projections. The nanomechanical properties of the uncoated,
PDA-coated and TROPO/PDA-coated surfaces were analyzed with an AFM
(NanoWizard 3, JPK Instruments, Germany), using ACST probes (typical k~7.8N.m},
AppNano, USA) under Force Mapping mode. Before analysis, the probe was calibrated
under PBS using the contact-based method and the sensitivity and k were determined.
For the AFM analysis, each sample was mounted under a hydrated medium (PBS, at
37°C) and 8x8 maps were recorded using square acquisition frames of 10x10um.
Individual force curves were collected using a z length of 20um and a relative setpoint of
7.5 nN. The Young’s modulus of each analyzed sample position was calculated from the
corresponding force curve by fitting the Hertz/Sneddon model using the JPK SPM Data
Processing software (JPK Instruments) and using a Poisson ratio fixed at 0.5. For all the
samples, at least 3 force maps were collected at different sample positions.

Surface characterization of the functionalized yarns. The success of the PDA coating
was assessed with spectroscopic techniques, namely Fourier transform infrared
spectroscopy in attenuated total reflectance mode (FTIR-ATR) and Raman spectroscopy
(see Supporting Information). For TROPO detection, FTIR-ATR spectra of uncoated
yarns, uncoated yarns dipped in TROPO without PDA, PDA-coated and TROPO/PDA-

coated yarns, as well as TROPO alone were first collected as described in detail in
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Supporting Information. Afterwards, spectra of samples without TROPO were
subtracted from the corresponding spectra of the TROPO-coated samples, thus obtaining
the infrared signal exclusively from the elastin precursor. For all the previous tests, at
least 5 different areas from each sample were analyzed, using 3 replicates per condition.
Moreover, the extent of covalent binding of TROPO to the surface of the yarns was
determined through antibody detection (see Supporting Information).

Cell seeding. Human adipose tissue-derived stem cells (hASCs) were isolated from
lipoaspirate samples obtained from donors that signed an informed consent according to
the Declaration of Helsinki. All the procedures were approved by the Ethical Committee
of University of Minho. The hASCs isolation and stemness characterization were
performed following a protocol described elsewhere. Briefly, the tissue samples were
thoroughly washed with PBS and digested with 0.05% collagenase Type I A in PBS for 60
min at 37 °C under gentle stirring. Then, cells were centrifuged and the cell pellet was
resuspended in complete cell culture medium (a-MEM supplemented with 10% (v/v) FBS
and 1% (v/v) AB/AM) and seeded in culture flasks. After 24h of incubation under
standard cell culturing conditions, the adherent cells were washed and their stemness
was evaluated through flow cytometry for the expression of mesenchymal stem cell
markers (CD45, CD105 and CD90), as shown previously.®® For all experiments, hASCs
were used at passage 3-5. Uncoated yarns were cut into ~2 cm pieces and vacuum dried

overnight in a desiccator, to eliminate possible solvent and/or water/ethanol residues
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remaining from the production process. These were then sterilized by immersion in 70%
(v/v) ethanol for 1 h, followed by two washes with sterile DPBS (15 min each). The yarns
were then divided by conditions, with both the PDA- and the TROPO/PDA-coatings
being kept under sterile conditions inside a laminar flow cabinet, and with solutions
being filtered prior to the coatings. Afterwards, samples were mounted onto sterile
inserts (CellCrown-24, Scaffdex, Finland) exposing 1.3 cm length of the yarns, which were
then placed in 24-well low adhesion culture plates and rinsed with sterile DPBS. Samples
were pre-incubated for ~3 h in complete cell culture medium, at 37 °C and 5% CO,, to
further promote cell adhesion. Meanwhile, hASCs were trypsinized and seeded onto the
yarns at a density of 1x10° cells per well, using 1 mL of cell suspension in complete cell
culture medium, under standard culturing conditions. The medium was changed twice
a week over the course of the different biological assays.

Cell morphology evaluation. Cell morphology and organization were assessed
through confocal microscopy, by staining cell nuclei and cytoskeleton actin filaments
with DAPI and phalloidin, respectively. Samples cultured for 5 days were fixed with
neutral buffered formalin 10% (v/v) for 20 min at room temperature, after being washed
twice with PBS. Following two other washings, samples were removed from the inserts
and cells permeabilized with 0.1% (v/v) Triton X-100 in PBS for 10 min, at room
temperature under mild agitation. To this step two washes in PBS followed, each taking

5 min. A solution of DAPI (1:1000, v/v) and phalloidin (1:200, v/v) was prepared in PBS,
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and each sample was incubated for 30 min at room temperature, with mild agitation and
protected from light. Samples were rinsed with PBS to eliminate excess dye, mounted on
microscopic sample holders and observed through confocal laser scanning microscopy
(Leica TCS SP8, Microsystems, Wetzlar, Germany). Several representative micrographs
were collected from four samples per condition. The nuclear aspect ratio of hASCs was
determined by measuring the length and width of at least 50 nuclei for each condition.
The measurements were performed using Image] software on several micrographs. The
nuclei aspect ratio (AR) was determined by dividing the length by the width of the nuclei,
which denotes elongation when higher than 1.

Cell proliferation assessment. The proliferation of hASCs was determined through
DNA quantification of cell lysates, using the Quant-iT™ PicoGreen® dsDNA kit (Life
Technologies), for days 5 and 14 of cell culture.

Immunofluorescence staining for tendon-related markers. Before staining, yarns
seeded with cells were washed twice with PBS and the cells were then fixed and
permeabilized. All samples were blocked with normal horse serum 2.5% for 40 min at
room temperature, to avoid non-specific reactions. The serum was gently removed and
the immunostaining was performed using primary antibodies against scleraxis (rabbit
anti-SCXA-aminoterminal end antibody, Abcam, ab58655, 1:200), tenomodulin (rabbit
anti-tenomodulin antibody, 1:200) and tenascin (mouse anti-tenascin-C antibody, MA1-

26779, Thermo Fisher Scientific, 1:3000), and samples incubated overnight, at 4 °C.
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Alternatively, samples were incubated with either BA4 mouse anti-elastin antibody
(E4013, Sigma-Aldrich, 1:500) or rabbit anti-collagen type I antibody (ab90395, Abcam,
1:500) for 1.5 hours at room temperature. Afterwards, all samples were incubated with
hydrogen peroxide (0.3%, v/v) for 15 min and then incubated with the respective
fluorescent-labeled secondary antibody (AlexaFluor 488 donkey anti-rabbit, A21206,
1:200 or AlexaFluor 488 donkey anti-mouse, A21202, 1:200) at room temperature for 1 h,
protected from light. All antibodies were diluted in antibody diluent with background
reducing components. Finally, samples were once again rinsed with PBS, and cell
cytoskeleton and nuclei were counterstained with phalloidin (1:200 in PBS) and DAPI
(1:1000 in PBS) respectively, at room temperature for 30 min. After washing, the samples
were kept in PBS at 4 °C until further use. Immunolabeled samples were analyzed
through confocal laser scanning microscopy. For samples stained for scleraxis,
tenomodulin, tenascin and collagen type I, a minimum of 3 Z-stacks from different fields
of view were converted to maximum projections to determine the yarn area stained with
each antibody, which was further divided by the area stained with DAPI corresponding
to cell nuclei. A threshold was applied to each channel to discard background pixels and
then the area of green pixels was divided by the area of blue pixels. For elastin-labeled
samples a minimum of 4 Z-stacks from different fields of view were converted to
maximum projections to determine the percentage of yarn area stained with the anti-

elastin antibody. The same threshold was applied to all images to discard background
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pixels and then the area of green pixels measured and converted to a percentage per total
yarn area.

Ribonucleic acid extraction and real-time polymerase chain reaction. The influence of
the substrate on the tenogenic differentiation of hASCs and ECM remodeling was
evaluated after 14 days of culture through real-time polymerase chain reaction (qPCR)
analysis. Total ribonucleic acid (RNA) was isolated with Ribozol and quantified using the
Nanodrop spectrophotometer (ThermoFisher Scientific, USA) at 260 nm. Then, solutions
of 15 pL with 1 ug of RNA were prepared, by diluting RNA samples in RNAse/DNAse
free water. Complementary DNA (cDNA) was synthesized through reverse transcription
of RNA following the supplier instructions using the qScript cONA Synthesis Kit (Quanta
Biosciences, USA). The cDNA was diluted in RN Ase/DNAse free water and samples kept
in the -20 °C until further use. JQPCR was carried out to assess the expression of the
markers presented in Table S1 (see Supporting Information) using as reference genes
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-actin (ACTB), through
SYBR green detection. In each well, 7 uL of a master mix solution (Perfecta SYBR Green
FastMix, Quanta Biosciences, USA) containing the reverse and forward primers (0.5 pM),
was mixed with 3 pL of each cDNA sample, to a final volume of 10 uL. Amplification of
the genes was performed in a thermocycler (Realplex, Eppendorf, Germany), initiated
with the pre-incubation step for denaturation of the cDNA template (5 min, 95 °C),

followed by the denaturation step including 45 cycles (10 sec, 95 °C), the annealing step
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(10 sec, 60 °C) and finally the extension step (10 sec, 72 °C). At the end of each cycle,
fluorescence was measured at 72 °C. Blanks were considered for each primer as a negative
control. Samples were normalized by the geometric mean of the expression levels of the
reference genes and the mRNA expression levels were calculated according to the AACt
method relative to the uncoated samples or, if expression was not detected for this group,
relative to the PDA samples.

Stiffness evaluation of the deposited matrices. The nanomechanical properties of the
ECM deposited on the surface of uncoated, PDA-coated and TROPO/PDA-coated
samples after 21 days of culture were analyzed using an atomic force microscope (JPK
NanoWizard 3, JPK Instruments, Germany) using qp-BioAC-CB2 probes (typical
k~0.IN.m", Nanosensors, Switzerland) under Force Mapping mode using the same
conditions as described for the cell-free samples. Cantilevers were calibrated using the
contact-based method prior analysis. Samples were mounted under cell culture medium
at 37 °C. The same procedure, as previously described for the cell-free samples, was used
to determine the Young’s modulus of each sample. At least 3 force maps were collected
at different sample positions.

Statistical analysis. Results are presented as mean values + SD (standard deviation).
The statistical analysis of data was performed using GraphPad PRISM version 7.0. After
testing for normality, one-way analysis of variance (ANOVA) followed by the Tukey post

hoc test for multiple comparisons or a Kruskal-Wallis test followed by Dunn’s test were
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performed to compare groups of variables. Statistical significance was set to p < 0.05,

represented by symbols described in the graphs.

RESULTS AND DISCUSSION

Surface functionalization and characterization of tendon hierarchical scaffolds.
CANT were produced by electrospinning a blend of PCL and CHT mechanically
reinforced with CNCs.3? Then, yarns of 12 threads were manually assembled (Figure 1A),
to obtain tendon nanocomposite hierarchical scaffolds that recreate the collagen fiber
fascicles architecture seen in native tissues, which were used as a substrate for this work.
In addition, the yarns can be further assembled into 3D scaffolds to recapitulate the
fibrous nano-to-macro hierarchical structure and the mechanical behavior of native
tendon (tensile Young's Modulus of ~200 MPa and ultimate tensile strength of ~40
MPa).!! The functionalization of anisotropic yarns surface with TROPO was performed
via PDA mediated linkage in two consecutive and straightforward dip-coating steps
(Figure 1B). Bioinspired by the adhesive properties of the Mytilus edulis foot protein 5
found in marine mussels,*® PDA has been widely used in tissue engineering strategies as
a simple, versatile and biocompatible linker to functionalize different biomaterial
surfaces without negatively impacting their bulk mechanical properties,®” an important

requisite in the context of engineered tendon scaffolds.
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Figure 1. Schematic representation of general strategy to obtain functional biomimetic
tendon scaffolds. A) Electrospinning setup for CANT production and assembly into
yarns of 12 threads mimicking tendon collagen fascicles; and B) Immobilization of

TROPO on the surfaces of yarns via PDA linking.

Physical and chemical characterization of the coatings. The surface morphology and
roughness of yarns were evaluated by SEM and AFM to ensure that the nanofibrous
architecture and topography of the starting yarns was not masked by the PDA and
TROPO coatings. SEM images revealed that all samples mimic the native tendon
anisotropic and hierarchical structure (Figure 2A-F). The diameters of yarns and
nanofibers measured from SEM micrographs of uncoated samples were 149+16 um
(Figure 2A) and 134#28 nm (Figure 2D), respectively, and in agreement with our

previously reported data.!! These dimensions are within the range of collagen fascicles
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(150-1000 um) and fibrils (20-150 nm) of the native tissue,! which is worthwhile because

previous studies using biomimetic fibrillar scaffolds for tendon tissue engineering have

oNOYTULT D WN =

9 positively correlated these parameters with tenogenic cell fate and regenerative
responses.®® The coatings did not alter the average diameter of the yarns, but slightly
14 increased the diameter of the nanofibers (144432 and 153+33 nm, for the PDA and
17 TROPO/PDA coated yarns, Figure S2), while remaining in the range of the native collagen
20 tibrils. The influence of the coatings on the roughness of the samples was studied using
22 AFM; the incorporation of PDA and TROPO in the scaffolds did not significantly alter
25 surface roughness, despite the presence of self-polymerized PDA aggregates on the
28 surface of a ~10 nm thick uniform layer of PDA, as commonly observed in other PDA

coated biomaterial surfaces.?®
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Uncoated PDA TROPO/PDA

Figure 2. Morphological characterization of developed tendon mimetic constructs. SEM
micrographs with low (A-C, scale bar: 200 um) and high (D-F, scale bar: 2 um)
magnifications and AFM 3D projections (G-I) of uncoated, PDA-coated and

TROPO/PDA-coated yarns with respective average root-mean-square roughness (Rq).

The success of the PDA coating was confirmed by FTIR and Raman spectroscopy
(Figure S3A and B) and the binding of TROPO was evaluated by subtracting the FTIR

spectra of the background material from the corresponding TROPO-coated samples

ACS Paragon Plus Environment

20

Page 20 of 51



Page 21 of 51

oNOYTULT D WN =

ACS Applied Materials & Interfaces

(Figure 3A). The resulting spectra present two well defined peaks in the presence of PDA,
at 1629 and 1517 cm!, each corresponding to the distinctive amides I and II of TROPO,
detected in its individual spectrum.?® To evaluate the extent of TROPO physical
adsorption on the yarns and the importance of PDA as an intermediate for its covalent
immobilization on the biomaterial surface, uncoated yarns incubated with TROPO
solutions were also analyzed. In the absence of PDA, the amide peaks, resulting from
spectra subtraction, were not as well defined, and their intensity was lower than on PDA-
coated samples, suggesting inferior protein retention (Figure 3A). As a result, the nature
of these chemical interactions was investigated by determining the relative amount of
TROPO that remains linked to the scaffold after a warm SDS wash (Figure S3 C). Prior to
washing, the uncoated and PDA-coated samples exhibited similar protein retention,
however following the detergent washing step, the majority of TROPO (88%) was
removed from the uncoated samples, whereas only 23% was washed from PDA-coated
yarns. These results further support the existence of a covalent grafting of TROPO on the
PDA-coated surfaces, that can proceed via Michaels’ addition and/or Schiff-base
reactions,*’ as opposed to its simple physisorption on the uncoated substrates. On this
basis, the reactive quinone species of PDA preferentially reacted with amines in lysine
residues distributed throughout the TROPO, rather than with its two closely-spaced
cysteine residues that form a disulfide bond.*! This mode of attachment contributes to a

random distribution of the cell interactive C-terminus on the surfaces of the yarns. In
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addition, we performed TROPO coatings using Tris buffer (no NaCl, pH 8.5), which
supported these types of bonds between PDA and TROPO as these are favored by the
formation of reactive quinone species in PDA at alkaline pH and stabilized by Tris
amines.’” These conditions do not impair protein functionality, as demonstrated in

previous studies where TROPO surface coatings were performed without salt and pH
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Figure 3. Physical and chemical characterization of coatings. A) FTIR spectra obtained by
subtracting the material spectra from the respective TROPO-coated samples and TROPO
spectrum; and B) Stiffness of the substrate determined through nanoindentation AFM

before and after PDA- and TROPO/PDA-coating. Statistical differences: ***p<0.0001.

In order to study the impact of the coating steps on each scaffold’s stiffness at the
nanoscale, which would be experienced by cells, we performed AFM nanoindentation
measurements in the different hydrated samples under physiological conditions. We

found that the PDA and TROPO coatings significantly decreased the stiffness of the
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scaffold’s surface from 9.0+4.8 MPa in the bare samples to 4.7+3.0 MPa and 5.6+3.6 MPa
after the PDA coating and TROPO immobilization, respectively (Figure 3B). Remarkably,
the stiffness of PDA and TROPO coated samples are of the same order as a hydrated
bovine Achilles tendon (2 to 5 MPa), determined using similar nanoindentation and
conditions.?? In a previous study, surface stiffness tuned to this range (3.5 MPa) led to an
upregulation of tenomodulin (TNMD) expression when compared with significantly

softer surfaces (0.35 MPa).*3

Cell interaction with the biomimetic substrates. The morphology of hASCs on the
different substrates was evaluated using confocal microscopy after 5 days of culture.
Figure 4A shows that adhered hASCs were elongated and spread in a preferential axis
direction, along the length of the yarns. These results are consistent with the well-known
cell contact guidance effect of substrates with anisotropic micro and nano topographies
that in general induces cell elongation with high degrees of alignment.®® Moreover,
images revealed that hASCs presented a more pronounced spindle-shape fibroblast-like
morphology characteristic of tenocytes* in the presence of TROPO, markedly after 5 days
of culture. These findings were confirmed by determining the nuclei aspect ratio (AR)
(Figure 4B), a parameter related with cell shape.!? AR was significantly higher in the
presence of TROPO (2.48 + 0.8), compared to the uncoated and PDA-coated conditions

(1.87 £ 0.5 and 2.05 * 0.5 respectively), indicating that the surface properties sensed by
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hASCs result in actin filaments arrangement, which affect their shape. Hence, considering
that in previous studies fibroblasts exhibited higher AR on stiff substrates than on soft
substrates,!? the increased AR on our TROPO/PDA samples after 5 days was probably
driven by their initial cell-TROPO interactions. Cells are able to bind to the C-terminus
and the central region of the elastin precursor, using integrin aVB3 and aVf5,
respectively.*>#¢ This is worthwhile because tropoelastin-integrin crosstalk activates the
mechanosensing pathways that result in enhanced cell focal adhesion and cytoskeleton
organization.?¢ Still, these differences in AR were no longer observed after 14 days (Figure
4B). While the AR of cells on TROPO remained unchanged from day 5 to 14, it
significantly increased on uncoated and PDA-coated samples. In addition, cell
cytoskeleton directionality analysis showed that cells align with the vyarns
nanotopography and presented similar directional distribution for the different groups
after 14 and 21 days (Figure S4 A and B). These results suggest that cells reacted to the
nanotopographical cues of the underlying substrate, acquiring a tenocyte-like
morphology,* while emphasizing the role of TROPO on promoting early and fast cell
elongation, which could impact tenogenic differentiation of stem cells, as previously
reported.!? Cell proliferation was studied by DNA quantification from cell lysates (Figure
4C); although PDA-coated yarns exhibit a catechol- and amine-rich highly hydrophilic

layer that presents reactivity towards cells,* and TROPO is known to enhance cell
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proliferation,®® the inherent biomimetic nature of our yarns allowed for a fast

proliferation from 5 to 14 days of culture, with similar behavior across the conditions.
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35 Figure 4. Morphometric analysis and cell proliferation evaluation of biomimetic yarns
38 seeded with cells: A) High magnification confocal images of hASCs nuclei (blue) and
actin filaments (red) organization on uncoated, PDA-coated and TROPO/PDA-coated
43 yarns after 5 days of culture. Scale bar: 50 um; B) Nuclei aspect ratio of hASCs at 5 days
46 and 14 days of culture. Statistical differences: *p<0.05; ***p<0.001; ****p<0.0001; and C)
49 Cell proliferation of seeded hASCs through DNA quantification after 5 and 14 days in

culture.
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Tenogenic commitment by hASCs in biomimetic constructs. To study the tenogenic
commitment of hASCs, two of the most widely accepted tenogenic markers scleraxis
(SCX) and TNMD,? were assessed by immunocytochemistry. Figure 5A evidences a
similar profile of SCX expression concentrated in the nuclei in all conditions after 14 days
of culture, which was in accordance with the gene expression analysis (Figure S5). This
expression was maintained up to 21 days in PDA and TROPO substrates, while it
significantly decreased on the uncoated samples (Figure 5B). Likewise, TNMD expression
at day 14 was similar for all the groups, which was maintained up to 21 days of culture
(Figure 5C). While SCX is a transcription factor expressed mainly during early tendon
development and present in mature tendons,** TNMD is a downstream transmembrane
protein expressed by tenocytes responsible for the proliferation and maturation of tendon
ECM.5051 Thus, we hypothesize that the lower surface stiffness of the PDA and
TROPO/PDA-coated samples activated mechanotransduction pathways that resulted in
the higher and prolonged expression of SCX, ensuring their sustained commitment
towards the tenogenic lineage. This increased the expression of the late tenogenic marker
TNMD on the coated samples after 21 days of culture. These results suggest that the
commitment of hASCs towards the tenogenic lineage might be mainly driven by the
biophysical characteristics of the yarns, ie. their nanotopography, hierarchical

architecture and stiffness.
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In addition, to evaluate the unintended trans-differentiation of hASCs, we analyzed the
expression of the pre-osteogenic gene runt-related transcription factor 2 (RUNX2) and
the myofibroblast marker alpha smooth muscle actin (ACTA?2) (Figure 5E). In particular,
the expression of RUNX2 was downregulated and significantly decreased for
TROPO/PDA scaffolds, which is consistent with a combined effect of suitable surface
elasticity (closer to the native tissue), nanotopographic cues and biological signaling.
Interestingly, Islam et al. reported an increased expression of tendon-related markers by
increasing the stiffness of collagen membranes, but this effect was also accompanied by
a simultaneous upregulation and increased expression of RUNX2.52 A recent study
reported, however, that the differentiation of tendon-derived stem cells into the tenogenic
lineage was inhibited by increasing the stiffness of gelatin hydrogels.>* Even though the
direct comparison between works should be made with caution due to differences in their
chemical nature and topography, the diverse cell responses highlight the importance of
the adequate combination of biophysical and biochemical cues to achieve tenogenic
commitment of stem cells. Additionally, ACTA2, a fibrosis-associated gene also related
to myofibroblast differentiation, and which leads to scar tissue formation with
continuous upregulation,® was downregulated on TROPO/PDA compared with PDA
coatings. We propose that the nature of PDA coating induces an unintended more pro-
osteogenic and even pro-fibrotic cell phenotype, which is counterbalanced by the

presence of TROPO. On the other hand, although TROPO has been associated with cell
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stemness maintenance, either surface-bound or as a culture medium supplement,? here,
TROPO-coated samples are clearly not impairing the tenogenic commitment. Therefore,
we hypothesize that when combined with the appropriate biophysical cues, namely
biomimetic nanotopography and lower stiffness, TROPO is able to foster and sustain the
tenogenic differentiation of hASCs. Additional studies should be conducted to further

understand this mechanism.
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52 and 21 days of culture, counterstained with cells nuclei (blue). Scale bar: 100 um; B and
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E) Gene expression analysis of other non-related markers RUNX2 and ACTA2 after 14
days of culture (n.d., not detected). Normalization was performed to GAPDH and ACTB
and data presented relative to control yarns. Statistical differences: *p<0.05; **p<0.01;

#6,<0.0001.

ECM synthesis by hASCs in developed constructs. To evaluate the impact of the
coatings on the synthesis and organization of ECM, we assessed a range of key tendon
ECM components, i.e. fibrillar proteins collagen type I (COLI), type III (COL3al) and
elastin (ELN), the proteoglycan decorin (DCN), and the glycoprotein tenascin (TNC). By
qPCR analysis, we observed that COL3al and DCN were similarly expressed between
conditions after 14 days of culture (Figure 6A). This early expression of both markers is
important for later COLI normal fibrillogenesis, thinning and alignment,'# which allows
the characteristic tendon strength and elasticity.’>> Next, the expression of COLI and
TNC was assessed through immunocytochemistry after 21 days of culture. Figure 6B and
D show that cells synthesized and deposited their own ECM containing TNC and COL]I,
with TNC being significantly more prominent in the TROPO/PDA-coated samples
(Figure 6C) and COLI being equally expressed in the different groups (Figure 6D).These
proteins appropriately followed the orientation and nanotopography of the yarns (Figure
S4 D and E), mimicking native tendon ECM anisotropy, which is critical for tendon

function.! Both markers are widely studied in the tendon tissue engineering field; while
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cells nuclei (blue) and cytoskeleton (red). Scale bar: 100 pum; and C and E) Area of TNC
and COLI staining (green) normalized by area of cell nuclei (blue). Statistical differences:

#6,<0.0001.

In order to analyze the effect of TROPO coating as a trigger for elastin synthesis by
hASCs, we analyzed gene expression and protein after 14 and 21 days of culture (Figure
7A and C). While on uncoated and PDA samples, cells were not able to synthesize and
deposit elastic fibers, cells on TROPO/PDA-coated samples showed an upregulation of
the elastin gene at day 14, accompanied by an increased synthesis and deposition of the
protein, as evidenced by the immunolabeled images. Furthermore, elastin presented a
typical fibrillar morphology interspersed within other ECM proteins, along the length of
the yarns and in between cells.!®22%8 This observation was further confirmed by the
quantification of the area of the yarn specifically stained with anti-elastin antibody
(Figure 7B). We found that this was significantly smaller for the uncoated and PDA-
coated samples than for the TROPO/PDA-coated yarns; indeed TROPO/PDA-coated
yarns showed a 2.1-fold increase in TROPO deposition at day 14 and a 15.2-fold increase
at day 21, when compared to the uncoated yarns. Although some staining was observed
for these samples, we attribute this to autofluorescence and/or background caused by

non-specific dye absorption rather than elastin synthesis. Elastic fiber assembly relies on
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the progressive binding of the secreted TROPO to cells receptors, macromolecular
assembly (coacervation) and organization in the ECM space with the intervention of
microfibrillar proteins followed by crosslinking of occasionally oxidized lysine residues,
a process that can take around 12-14 days.” Here, the increased elastin gene and protein
expression after 14 days observed for cells on TROPO/PDA yarns indicates that cells
synthesized their own TROPO or utilized TROPO that was released from the yarn surface
over time (Figure S6). We note that PDA-coated yarns expressed basal elastin mRNA
levels but did not show protein staining, so an interplay between de novo elastin synthesis
and deposition of released TROPO might have occurred. Previous studies have added
TROPO to the cell culture medium to promote elastogenesis.”!® To our knowledge this is
the first study to suggest that TROPO coatings can contribute to the synthesis of elastin
regardless of the elastogenic nature of the cells, /288 a topic that requires further
investigation. Nanomechanical properties of the deposited ECM at the surfaces of the
yarns were determined at day 21 of culture through AFM nanoidentation (Figure 7D).
We observed a tendency for the deposition of a stiffer matrix on top of the uncoated yarns
(19.4 + 12.5 kPa), compared to the PDA-coated (11.5 + 6.9 kPa) and the TROPO/PDA-
coated yarns (9.8 = 5.9 kPa), although the high variability suggests nonuniform ECM
synthesis. Moreover, the differences between PDA and TROPO/PDA samples were small,
indicating that the underlying surface stiffness might have played a role in the

mechanical properties of the newly synthesized ECM. The process of matrix remodeling
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is highly dynamic and continuous, and we only evaluated the nanomechanical
properties, thus it would be worthwhile to further explore its progression and correlate
it with cell phenotype so new insights regarding mechanotransduction mechanisms
could be achieved. It is worth emphasizing that for the first time TROPO-coated
biomimetic yarns enhanced the deposition of tendon-like matrix containing elastin,
which in the long-term has the potential to impact positively on the maintenance of the
tenogenic phenotype and the development of a successful tendon tissue engineering
strategy.

During morphogenesis, it is known that mechanical cues can be propagated over long
distances more rapidly than biochemical cues and that the transmission of forces in
highly elastic substrates is faster than in stiffer ones.®® Consequently, considering the
mechanosensitive profile of tendons, the incorporation of a bioreactor for load
application in the developed scaffolds might be another interesting approach to study
tendon ECM remodeling.®! In this study, we envision the use of scaffolds seeded with
cells for tendon regeneration and on that basis, we showed that hASCs cultured on
TROPO-coated tendon biomimetic scaffolds were able to acquire a phenotype that is
closer to the one from native tendon cells.”** Furthermore, the ability of TROPO-coated
substrates to recruit stem cells?® might augment the value of TROPO/PDA-coated woven

scaffolds in acellular strategies to attract resident stem cells.
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Figure 7. Evaluation of the expression and deposition of elastin by hASCs on the
44 biomimetic constructs. A) Confocal images of immunolabeled samples against the ECM
47 protein ELN (green) expressed by hASCs after 14 and 21 days of culture, with stained
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presented relative to PDA-coated yarns; C) Percentage of yarn area stained by the anti-
elastin antibody after 14 and 21 days of culture; and D) Young’s Modulus of the deposited
ECM at the surface of the yarns after 21 days of culture. Statistical differences: *p<0.05;

#6,<0.0001.

CONCLUSIONS

We successfully developed tendon biomimetic scaffolds by recreating its native
architecture, at the nano to macro scale, while providing necessary biochemical cues to
trigger and maintain the tenogenic phenotype. We achieved this using a simple dip-coat
method. Tropoelastin coatings promoted faster cell elongation, sustained the tenogenic
commitment of stem cells and allowed the autologous synthesis of a tendon-like ECM
rich in elastin by differentiated cells. The possibility of generating 3D hierarchical and
personalized scaffolds from the yarns through weaving techniques widens the range of
potential applications. Constructs can be tuned to patient defects, and since tropoelastin
is well tolerated in the medical field, the developed scaffolds are attractively closer to
clinical implementation. Moreover, by generating a more realistic ECM, the same yarns
have the potential of being used as models to screen inflammatory responses and study
the mechanisms that drive tenogenesis. In summary, the combination of tropoelastin with
the nanotopography of the scaffolds modulated stem cell fate towards tenogenic

differentiation and the production of a tendon-mimetic ECM.
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