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Abstract

To engineer functional tissue substitutes, it is required a multi-component, multi-scale
approach that combines both physical, chemical and biological cues. Fiber-based
techniques have been explored in the field of tissue engineering to produce structures
recapitulating tissue architecture and mechanical properties. In this work, we
engineered biofunctional composite living fibers (CLF) as multi-compartment fibers
with a mechanically competent core and a hydrogel layer. For this purpese,
commercial silk suture threads were coated with a platelet lysate (PIy) hydrogel by
first embedding the threads in a thrombin solution and then incubating in PL. The
fabrication set-up was optimized and the biological performance-was"studied by
encapsulating human adipose-derived stem cells (hASCs): The developed coating
process rendered CLF with a homogenous PL hydrogel layer covering suture threads.
Encapsulated hASCs were viable up to 14 days in culture and.were able to align at the
surface of the core fiber and deposit collagen types.I and III:

In summary, the study shows that PL-hASCs hydrogel coated suture threads represent
a simple multi-compartment and multifunctional system?with PL hydrogel offering
biofunctionality to guide the biological activities of'encapsulated cells in addition to

the replication of tissue-level mechanical supportprovided by the suture threads.

Keywords: Biofunctional compeosite living sutures; Cell encapsulation; Cell-laden

fibers; Fiber-based techniques; Multi-compartment fibers; Tissue engineering
N

Page 2 of 21



Page 3 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BMM-102731.R1

1. Introduction

Fiber-based techniques and fibrous structures have been widely explored in the field
of tissue engineering owing to their potential to emulate the architecture and
mechanical properties of different tissues, from cardiac muscle to musculoskeletal
tissues, as skeletal muscle, tendons and ligaments [1-5]. Over the past decades,
several fabrication methods have been used and refined to produce cell-laden fibers;
namely electrospinning [3], wetspinning [6], microfluidics [7], microfluidics spinning
[8], microfluidics combined with polyelectrolyte complexation [95u10]. However,
engineering functional tissues frequently requires a multi-component, multi-scale
approach to simultaneously fulfill physical, chemical and biological requirements of
native tissues. Hence, the concept of composite living fiberss(CLFs) has been recently
proposed [11, 12]. These multi-compartment fibers comprise a robust core to replicate
physical properties at the tissue-level, providing mechanical support to the engineered
or healing tissue. Additionally, an outer hydrogel layer offers,a hydrated biomimetic
environment adequate for cell encapsulation. Pfeviously, developed CLFs have been
demonstrated to support cell survival and to"withstand ?extile assembling [11, 12].
One of the most attractive features of CLF is the possibility of tuning the properties of
each compartment independently. We have further developed composite suture
threads based on CLF biofabrication concept by coating commercial silk sutures with
a hydrogel composed of alginate and methacrylated gelatin (ALG:GelMA) [13]. After
encapsulating human tendon_derived cells (hTDCs), we have demonstrated cell
migration and alignment, as well "as up-regulation of genes associated with
tenogenesis and matrix remoaéling [13]. This previously developed system has shown
interesting features, but lacked /biofunctionality. Therefore, in the present study, we
further introduced‘a source of human factors with therapeutic value in a cost-effective
manner by taking adavantage of the intrinsic biofunctional properties of platelet lysate
(PL) as a coating for composite living fibers.

Platelet-rich hemoderivatives (PRHd) have been capturing great attention in the
biomedical field.as alternative cost-effective sources of biomolecules with therapeutic
value [14-16]. Particularly, PL can be obtained from platelet concentrates by the
cryogenic disruption of platelets and constitutes a protein-rich cocktail comprising
several /growth factors (e.g., platelet-derived growth factor (PDGF), transforming
growth factor (TGF)-f, vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), insulin-like growth factor (IGF), among others) and molecules
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involved in cell adhesion (e.g., fibrin, fibronectin and vitronectin) [14, 15]. PL-
derived biomaterials, including hydrogels [17-20], scaffolds [21-23] and patches [24,
25], have been receiving great attention toward overcoming some limitations
associated to bolus injections of therapeutic growth factors or platelet-derived
preparations (e.g., rapid leakage, short half-life of soluble factors, denaturation,
injection risks, etc.), constituting a promising strategy for endogenous regenerative
medicine.

In this study, we engineered platelet lysate hydrogel-coated«ssuture, threads
encapsulating human adipose-derived stem cells (hASCs)  as prospective
biofunctional composite living fibers. Herein, we devised @ coating platform to
generate PL hydrogel-coated sutures as a way to modify therouter layer of CLF while
maintaining the mechanical robustness of core multifilament silk'suture threads. We
evaluated the effects of different incubation times with-¢lotting factors in inducing PL
fibrillation and hydrogel coating formation. To assess the bielogical performance of
PL-hydrogel coated suture threads, hASCs were'encapsulated within the PL hydrogel
layer. Upon encapsulation, proof-of-concept studies on :ellular viability, alignment

and matrix deposition were performed overtime in culture.

2. Materials and methods

2.1. Materials

Non-absorbable braided surgical, suturing threads (SURGISILK, DW2901R) were
purchased from Sutures (Sutures Ltd.; UK) and used as received. Calcium chloride
(CaCly), bovine thrombin (th%mbin from bovine plasma lyophilized powder, 40-300
NIH units/mg protein), Phosphate-Buffered Saline (PBS), glutaraldehyde (Grade I,
25% in Hy0), Triton, X-100, Bovine Serum Albumin (BSA), phalloidin solution
(Phalloidin-Tetramethylrhodamine B isothiocyanate) and 4,6-Diamino-2-phenyindole
dilactate (DAPL,. 5 pg/ul) solution were purchased from Sigma-Aldrich (Sigma-
Aldrich Corporation, 'WSA). Minimum Essential Medium alpha (a-MEM), fetal
bovine serum(EBS), and an antibiotic/antimycotic solution (AB/AM) were purchased

from Life Technologies. A final a-MEM solution was prepared with 10% (v/v) FBS
and 1% AB/AM(v/v). Alamar Blue was purchased from SeroTec (Biorad, Portugal)

and, formalin (10 % neutral buffered formalin) was purchased from Thermo Scientific

(Thermo Fisher Scientific, USA).
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2.2. Preparation of platelet lysate (PL)

Platelet lysate (PL) was prepared using platelet concentrates (PC) from healthy human
blood donors provided by Hospital de Sdo Jodo (Servico de Imunohemoterapia do
Centro Hospitalar S3o Jodo, Porto, Portugal) under a cooperation protocol, as
previously described [24-26]. Briefly, PC with a platelet count ofsl million
platelets/uL were used. PC were pooled using ten donors and then subjected to three
freeze/thaw cycles using liquid nitrogen at -196 'C and a 37.+°€ water bath,
respectively, to promote platelet lysis and protein content release. Platelet debris was
removed by centrifugation at 1400g for 10 minutes at 4 "C. Supernatant§"were stored

at -80 'C and thawed immediately prior to use.

2.3. Fabrication of PL hydrogel coated sutures

Suture threads were coated with a hydrogel layer composed of PL. For this purpose,
sutures were fixed inside a circular mold and subsequently immersed into thrombin
solution prepared in 5 mM CacCl, at a final concentration~0f 2 U/mL. A total volume
of 1 mL was used for an approximate length of 200eém. Different incubation periods
were tested (15, 30, 45 and 90 minutes) and, sutures were incubated at room
temperature. Then, sutures were transferted.to.a clean channel, which was then filled
with equal amounts of fresh. PL solution(57.5 mg.mL™" of total protein). Sutures were
incubated in PL at 37 'C for 2vhours under humidified conditions to allow for PL
gelation. Upon hydrogel optimization, 90 minutes incubation in thrombin:CaCl,
solution was selected /for ﬁbsequent assays. In optimized conditions, after the
incubation period, the ‘gelation is complete and the mixture (either PL alone or PL-
hASCs in the cellularassays) is entirely coating the core thread. The final hydrogel
coating is composed of 100% of PL, which is composed of albumin, growth factors,
cytokines and structural proteins (e.g., fibrinogen, vitronectin and fibronectin).

The morphology of PL hydrogel coated sutures was analyzed by optical microscopy
(DM750y Leica, Schweiz), in order to observe hydrogel layer formation around suture
threads core. Herein, eight images per suture were acquired immediately after the
coating process (Day 0) and after 24 hours (Day 1), and the PL hydrogel layer

thickness was assessed using Image J software 1.8.0 112 version.

2.4. Cell culture and encapsulation



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BMM-102731.R1

Human lipoaspirate samples were obtained from healthy patients undergoing plastic
surgery under informed consent, according to the Declaration of Helsinki and to
protocols approved by the Ethical Committee of Hospital da Prelada (Porto, Portugal).
Human adipose-derived stem cells (hASCs) were isolated through enzymatie
digestion, following previously described protocols [27, 28]. Human ASCs were

expanded and cultured in a-MEM supplemented with 10% (v/v) FBS,and 1%
AB/AM(v/v) and used at passages 2—4.

For experiments, cells were trypsinized at 80% confluency and suspended in PL
solution using a concentration of 5.5x10° cells mL™'. Cell-PL mixture was used to coat
suture threads as described above. After encapsulation, PL-hASCs hydrogel-coated
suture threads were imaged under an optical microscope and.hydrogel thickness was

determined overtime.

2.5. Cell viability by live/dead and Alamar Blue assays,

Live/dead assay: Viability of encapsulated hASCs was determined by fluorescence
labeling through live/dead assay. After 1,3, 7 and 14 days in culture, PL-hASCs
hydrogel coated suture threads were removed from culture medium, washed with
sterile PBS and then incubated with 1 mg/mL calcein acetoxymethyl (Invitrogen,
1:500) and 1.5 mM propidium iodide (PI,Invitrogen, 1:1000) solution in PBS for 20
minutes at 37 ‘C. After, samples were washed with sterile PBS and visualized under a
fluorescence mircospose (Imager Z1m, Zeiss).

Alamar Blue assay: The mc%lbolic activity of encapsulated hASCs was evaluated
after 1, 3, 7 and 14 days in culture by Alamar Blue assay, according to manufacturer's
instructions. At each time point, culture medium was removed, samples were washed
with sterile PBS and incubated in 10% (v/v) Alamar Blue solution in culture medium
at 37 "C, 5% C0, for 4 hours. The fluorescence of the supernatant was measured
using a plate reader (Synergy HT, Bio-Tek Instruments, 560 nm of excitation and 590
nm of emission): Then, samples were washed twice with sterile PBS and fresh culture
medium was/added. Data for each individual sample were normalized to day 1. Cell-

free fibers were used as controls.

2.6. Morphological characterization by SEM
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The morphology of PL-hASCs hydrogel coated suture threads was assessed by
scanning electron microscopy (SEM). For this purpose, samples were collected after
1, 3, 7 and 14 days of culture and fixed with 2.5% of glutaraldehyde at 4 "C. Then,
samples were dehydrated in a series of increasing concentrations of ethanol (205730
50, 80, 90 and 95% v/v), being incubated in 100% ethanol overnight. Alr-dried
specimens were carefully mounted on sample holders using double-sided carbon
adhesive tape and sputter coated with platinum prior to morphological observation by
High-Resolution Field Emission SEM (FIB-SEM, Auriga Compacty Zeiss) at an

accelerating voltage of 5 kV.

2.7. Immunocytochemistry

To assess the ability of encapsulated cells to produce ECM proteins, cell-laden fibers
were processed for immunofluorescence analysis. Afterl, 3,7 and 14 days of culture,
samples were fixed in 10% (v/v) neutral buffered formalin solution for 20 minutes at
room temperature and permeabilized using a0.25% (v/v, in PBS) Triton X- 100
(Sigma) solution. Non-specific binding was' blocked u;ing 1% (w/v, in PBS) of
bovine serum albumin (BSA, Sigma) and all antibodies were diluted in the blocking
solution. Samples were incubated with rabbitypolyclonal anti-human collagen I
(abcam, ab292, dilution 1:500) or rabbitipelyclonal anti-human collagen III (abcam,
ab7778, dilution 1:100) for, 1 hour at roem temperature, being then washed in PBS
and subsequently incubated withithe secondary antibody Alexafluor 488 donkey anti-
rabbit (Life Technologies, A21206, dilution 1:1000) for 1 hour at room temperature.
Finally, F-actin filaments “of the cytoskeleton were stained with phalloidin
(Phalloidin-Tetramethylthodamine B isothiocyanate from Amanita phalloides, P1951,
Sigma, 1:200 in PBS) for 20 minutes; and nuclei were counterstained with 4,6 —
Diamidino-2-phenyindole dilactate (DAPI, 5 pg/ul, D9564, Sigma) for 10 minutes.
Negative controls were performed in the absence of the primary antibody. All samples
were visualizéed using, a confocal laser scanning microscope (Leica TCS SPS,

Microsystems, Wetzlar, Germany).

2.8. Actin filaments organization by 2D-FFT
The degree of F-actin alignment on encapsulated hASCs was evaluated by 2D-fast
Fourier transform (2D-FFT) using confocal images of phalloidin staining, as

previously described [29]. Confocal images from days 3 and 14 were first converted
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to 8-bit grayscale and cropped 1002 — 1002 pixels for 2D-FFT analysis with Image J
software (NIH, USA), supported by oval profile plug-in
(http://rsbweb.nih.gov/ij/plugins/oval-profile.html). The radial intensities of the 2D-
FFT frequency plots were calculated and plotted against the angle of rotation from'0°
to 360°. To compare directly the samples, the exported values of intensity were

normalized and plotted in arbitrary units.

2.9. Morphometric analysis

Nuclei aspect ratio of encapsulated hASCs was determined after 3, 7 and 14 days in
culture by analyzing confocal images of DAPI staining using ImageJ.seftware. Nuclei
aspect ratio was determined by measuring and dividing the length by the width of
each nucleus. A total of 50 nuclei were measured in each condition using different

confocal images.

4
2.10. Statistical analyses

Results were obtained from at least three independent experiments with a minimum of
three replicates for each condition. Results are presented as mean + standard error of
the mean (SEM). Statistical analyses were. performed using GraphPad Prism 7.04
version software. One-way, and two-waynanalyses of variance (ANOVA) with post-
hoc Tukey’s and Sidak’s multiple comparison tests were used. A difference between
experimental groups was considered significant with a confidence interval of 95%,

whenever p<0.05. >

3. Results

3.1. Fabrication of multi-compartment biofunctional PL hydrogel-coated suture
threads

Commer¢ially’ available multifilament silk sutures were used as core threads to
develepymulti-compartment biofunctional composite living fibers. To achieve PL
gelation and consequent hydrogel formation, thrombin needs to be added to the
system in‘order to induce fibrinogen self-assembly. Herein, suture threads were first
fixed inside a mold and immersed in a solution containing thrombin and calcium ions
(Figure 1A-i). Different incubation periods were tested. Afterwards, suture threads

were carefully transferred to clean molds and further incubated with PL solution for 2

Page 8 of 21



Page 9 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BMM-102731.R1

hours at 37 "C inside a customized humidified chamber (Figure 1A-ii), enabling PL
matrix polymerization and crosslinking.
A Optimization of PL hydrogel coating

STEP 1 STEP 2

=y - D=

Thrombin
/ Lysate
‘ol e oom temperature Y555 379C, Humidified environent
" |
i Iv_
B Development of composite living fibers C Biofunctional compasite living fibers
~

Preparation of PL-hASCs hASCs encapsulatedin PL hydrogel
suapc nsion

{ ° Core suture thread
L e ® .
l | o Hydrogel layer
Human | — { A <
ASCS  p———) ‘
| m———)

F'la elet

Lysat
ysele 37°C, Humidified environment

Figure 1. Schematic illustration of the fabrication process of blofunctlonal
composite living fibers. (A) Steps for the optimization of hydrogel coating by
incubating silk suture threads for diffeérent incubation times in thrombin/CaCl,
solution and subsequently immersing the threads in PL. Upon optimization and
selection of an incubation timé, the“development of composite living fibers was
achieved by first incubating silk suture threads in thrombin/CaCl, for 90 minutes and
then in (B) a solution of humansadipose-derived stem cells (ASCs) suspended in PL
solution. (C) Representation of the concept of biofunctional composite living fibers,
which comprise a PL Mydrogel;.as a cocktail of soluble factors with therapeutic

potential, encapsulating human ASCs.

Preliminary assessments showed that this incubation period is needed to enable the
generation of @ homogeneous PL hydrogel layer around the core thread (Figure S1).
Figure 2A shows theraspect of PL hydrogel-coated suture threads immediately upon
fabrication (Day 0, top) and after 1 day in aqueous environment (PBS solution, Day 1,
bottom). Hydrogel thickness was determined at both times (Figure 2B). After
fabrication; hydrogel layer thickness varied between 42.7 + 5.5 pm and 73.5 + 9.2
pum. Incubating suture threads for a period of 15 minutes in thrombin/CaCl, solution
resulted in a significantly thinner hydrogel layer (p<0.0001). After 1 day, threads

incubated during 15 minutes in thrombin/CaCl, had a reduction of approximately
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20% in hydrogel layer thickness. Although no differences were found between 30 and
45 minutes of incubation, 1 day after fabrication, these threads exhibited a reduction
in hydrogel layer thickness of approximately 13% and 12%, respectively (p=0.0331
for 30 minutes). Threads incubated for 90 minutes in thrombin/CaCl, solution resulted
in thinner hydrogel layers, in comparison to 45 minutes (p=0.0499), but no significant
reduction in the hydrogel was found (approximately 6% from day 0 to daysl). Hence;
this condition was selected for further cell encapsulation studies (Figure 1B, Figure

20).

A 15 min 30 min 45 min 90 ming

o

o

©

a

o>

©

a

B C

g Incubation time
e Thrombin/CaCl; (minutes)
Q@
B
o€
°
1 ™ Hydroge
5 thickness
>
& Distribution/
[ coverage
& :
= Stabity
>
I

15 30 45 a0
ThrombindGaCl; ingubationdime (minutes)

Figure 2. Morphology ©f multi-compartment biofunctional composite living
fibers and hydregel. thickness. (A) Representative optical microscopy images of
multi-compartment fibers. Scale bars, 200 um. (B) Variation of hydrogel thickness as
a function of thrembin/CaCl, incubation time. Statistically significant differences are
shown as *, p<0.05; #*** p»<0.0001 and o, p<0.0001 in comparison to 15 minutes
incubation at_the correspondent day. (C) Schematic summary of the effects of
increasing incubation times with thrombin/CaCl, solution in hydrogel layer properties.
Distribution/coverage refers to the overall coverage of the silk suture thread with a

homogeneous PL hydrogel layer.

3.2. Cell encapsulation and viability

10
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The biological activity of the developed system was evaluated by encapsulating
hASCs. For this purpose, cells were mixed with PL solution prior to coating. Upon
fabrication, a uniform distribution of PL-hASCs hydrogel layer could be achieved
around the suture thread (Figure 3A). Immediately after encapsulation, a grossdayer
of PL hydrogel with round cells could be observed with an average thicknesstof 45.9
+ 1.8 um (Figure 3A, Day 0), but this PL-hASCs hydrogel layer changed, overtime
(Figure 3A, Day 1 — Day 14). Indeed, hydrogel layer thickness significantly decreased
with time in culture (Figure 3B; p<0.0001, for all time points in comparison to day 0).
From day 1 to day 7 (Figure 3B), PL-hASCs hydrogel layer thickness showed a
reduction from 30.0 = 1.3 um (Day 1) to 21.3 = 1.6 um (Day 7; p<0.0001; Day 3
versus Day 7, p= 0.0002). Strikingly, after 14 days in culture, PL-hASCs hydrogel
layer thickness significantly increased (35.7 = 2.3 um; p= 0.0010, in comparison to
Day 1; p<0.0001, in comparison to Day 3 and Day 7)yalthough still thinner than in
Day 0 (p<0.0001).

Cell viability and metabolic activity upon encapsulation were respectively assessed by
live/dead staining (Figure 3C) and Alamar Blue assay (Fi;ure 3D). Figure 3C depicts
high cellular viability 1 day after hASCs encapsulation and up to 14 days in culture.
Furthermore, cellular metabolic activity significantly increased over time in culture
(Figure 3D; p<0.0001, Day 1/Day 3.versus:Day 7 and Day 14). Together, these results
indicate that PL hydrogel-coated sutute, threads are suitable to support cellular
growth.

11
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Figure 3. Cell encapsulation and viability. (A) Opticafmicroscope images of PL-
hASCs composite living fibers immediately after fabeication (day 0) and after 1, 7 and
14 days in culture. Scale bar, 100 um.\(B) Hydrogel layer thickness upon cell
encapsulation (PL-hASCs hydrogel“layer, day 0) and up to 14 days in culture.
Statistically significant differences are shown as *** p<0.01; **** p<(0.0001 and o,
»<0.0001 in comparison to Day.0. (C) Fluorescence microscope images of live/dead
staining of biofunctional composite living fibers after 1, 3, 7 and 14 days in culture.
Live cells are green (calceinsAM)and dead cells are red (propidium iodide). Scale
bar, 100 um. (D) Cellular' metabolic activity determined using Alamar Blue assay.
Results are normalized with respect to the values for day 1. Statistically significant

differences are Shownyas #*** »<(0.0001.

3.3. Cellular organization and alignment

Distribution’ and organization of encapsulated hASCs were studied in biofunctional
composite living fibers. Again, a homogeneous layer of cells could be observed
around the‘core suture threads over time in culture (Figure 4A). Interestingly,
encapsulated hASCs were able to organize in an aligned manner as soon as after 7
days'in culture (Figure 4A). Indeed, staining of cytoskeletal actin filaments (Figure

4A, bottom panel) suggests that encapsulated cells could migrate from the hydrogel

12
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compartment, reaching the surface of the core thread and aligning following the
direction of the microfibers composing the suture. The alignment of actin filaments
was further assessed by 2D fast Fourier transform (2D-FFT) analysis, comparing Day
3 vs. Day 14 (Figure 4B). Cytoskeleton alignment is evident after 14 days in cultute;
as seen by the two symmetric sharp peaks (Figure 4B), suggesting ani$otropic
alignment of encapsulated hASCs, which is less evident at Day 3. Furthermeore, nuclei
aspect ratio was determined in encapsulated hASCs. As depicted in Figure 4C, a value
closer to 1 corresponds to rounded nuclei. The average aspect ratiorof cell nuclei
significantly increased with time in culture (from 1.4 + 0.4 at Day 3 to 2.4 + 0.5 at
Day 14, p<0.0001, Figure 4C). ~

A
Day 3 Day 7 Day 14

- 100 pm
B Cc

Nuclei aspect ratio

F-actin alignment 4

o
025 +— Day3 ‘-5 veee

. 2= Day 14 a x 3

§ oss{ /| ‘& S 2
& d i b b <
E o10f J H ! 4 -

[+ A /' \ 8 1
008 WWWW z

2.00 ' alb=1 alb>1 0

0, 50 100 150 200 250 300 350 400 Day 3 Day 7 Day 14
Degrees (*)

Figure 4. Morphometric analysis of encapsulated hASCs. (A) Confocal images of
nuclei (DAPI, blue) and actin filaments (F-actin, red) staining after 3, 7 and 14 days

13
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in culture upon encapsulation. Scale bar, 100 pm. (B) 2D-FFT frequency plots
comparing actin filaments alignment between day 3 and day 14. (C) Average nuclei
aspect ratio (length versus width of nucleus) at days 3, 7 and 14. Statistically

significant differences are shown as ****  p<0.0001.

3.4. ECM production and organization

The deposition of newly synthesized ECM components by hASCs ‘encapsulated
within PL hydrogel layer was evaluated. Figure 5 shows the morphelogical. changes
occurring over time in culture. Indeed, until Day 3, the surface topography of the core
suture is clearly seen (Figure 5, bottom panel). From Day 3 to Day 7; this initial
topography becomes less evident, suggesting that the outer compartment composed of
PL-hASCs hydrogel is being remodeled, which occurs simultaneously with a
significant decrease in thickness, as described above. After 14 days in culture, a
complete cell-ECM layer covering the suture thread was observed (Figure 5, right

panel).

Figure 5. Morphelogy of biofunctional composite living fibers. SEM images of PL

hydrogel coated suture threads after 1, 3, 7 and 14 days in culture. Scale bars, 100 ym
(top panel) and 50 um (bottom panel, higher magnifications). Stars represent areas in

which the ofiginal suture can easily be distinguished.

Additionally, the expression of collagenous proteins was investigated. Encapsulated
hASCs were found to express both type I and III collagen (Figure 6). Initially, after 7
days both ECM proteins were mainly localized intracellularly (Figure 6, left panel),
whereas after 14 days, a notable layer of collagen type I appeared to be organizing

following the anisotropic alignment of encapsulated hASCs (Figure 6, top-right

14
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image). These results suggest that the developed biofunctional composite living
fibers could support cellular activities of remodeling their surrounding

microenvironment, particularly through the production of a collagen-rich matrix.

100 pm
—

Figure 6. ECM deposition by hASCs in biofunctional composite living fibers.
Confocal images of immunostainings,against collagen type I (green, top panel) and
collagen type III (green, bottom panel) after 7 and 14 days in culture. Nuclei were
counterstained with DAPI (blue). Seale bar, 100 pm.
N

Discussion

Over the years, biotechnological progresses have been disrupting biomaterial design
strategies. The fields of tissue engineering and regenerative medicine have become
strongly dependent onthe development of advanced and complex bioengineered
materials. Nonetheless, translation of such advances can be limited by difficulties in
matching tissue- and cell-level properties simultaneously. Composite living fibers are
composed of ‘a mechanically robust core and a hydrated environment that supports
and nurtures encapsulated cells, enabling the generation of complex living constructs.
Multi-component approaches frequently involve firstly the fabrication of a scaffold,
which.is then embedded into a hydrogel precursor solution and further crosslinked.

Alternatively, CLF allow for a fine control over cell distribution within the final
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construct. Indeed, the intertwining of different cell-laden fibers provides the
possibility of precisely positioning cells from the inside outwards of a 3D construct
[11, 13], prospectively enabling tissue regeneration to occur within the dimensions of
the whole construct. Herein, we explored the concept of composite living fibers using
commercially available silk suture threads coated with platelet lysate, a cocktail of
therapeutic factors that can be either obtained from the patient or as a cemmercial
GMP conform clinical grade preparation.

As a proof-of-concept study, we developed a coating strategy and further assessed the
effects of PL hydrogel-coated suture threads on encapsulated hASCs. The use of stem
cells, has been exploited to overcome the limitations associated to tissue=specific cell
sources, like difficulties in tissue harvesting and cell isolation, cell yields and limited
proliferation. Human ASCs were selected as an adult stem cell source with interesting
advantages over other commonly used stem cell poepulations/(e.g. bone marrow
mesenchymal stem cells), including, among other interesting features, higher
proliferation rates, easier accessibility for tissuecollection and increased cell numbers
upon isolation [30]. 4

Hydrogels based on PL have been increasingly investigated either employing self-
crosslinking mechanisms [17-19] or incorporating PL in hydrogel matrices [31-33].
Altogether, existing studies have beeny demonstrating a sustained release of
endogenous biomolecules . from PL-based hydrogels, resulting in a bioactive
functionality and consequent nmodulation of cell behavior (e.g., stem cell
differentiation, endothelial| cell orgamization, etc.). Considering these remarkable
aspects, we incorporated the biofunctionality of PL to advance our previously
developed system based on ALG:GelMA hydrogel coating of silk suture threads [13].
In previously developed CLF, mechanical performance would be provided by the core
fiber and the system would provide support to encapsulated cells. In ALG:GelMA
hydrogels, although GeIMA contains cell-binding motifs, like RGD sequences, and
MMP-sensitive degradation sites [13] that are not present in ALG, the introduction of
methcaeryloyl__moieties represents an artificial matrix lacking adequate
biofunctionality. In this study, we proposed a PL hydrogel coating simultaneoulsy as
an ECM-biomimetic fibrillar structure and a cocktail of biomolecules to encapsulate

hASCs.
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Herein, the fabrication process of coating suture threads with PL hydrogel was first
optimized. For this purpose, suture threads were initially embedded in an activation
solution containing thrombin and CaCl,. Different incubation times were tested to
evaluate their influence on the formation of PL hydrogel coating. Subsequently;
suture threads were immersed in PL solution and incubated for 2 hours at 37°C, as
previously described [19]. The presence of these clotting factors induces atrapid self-
assembly of PL into a 3D hydrogel [17]. In preliminary studies, a short incubation
period of 5 minutes in thrombin/CaCl, solution and a subsequent immersion of sutures
in PL immediately led to the formation of a PL hydrogel coating (Figure S1).
Nonetheless, this resulted in a heterogeneous hydrogel distribution.aleng the suture
thread. Furthermore, this incubation step also influenced thesthickness of the hydrogel
coating. Longer incubation times resulted in the formation of a thicker, more
homogenous and stable PL hydrogel layer. Hence, a.90-minutedncubation period in
thrombin/CaCl; solution was selected for the development of biofunctional composite
living fibers. Cell encapsulation resulted in aswell-distributed layer of PL-hASCs
hydrogel, covering the suture thread similarly to p;eviously reported coating
processes [11, 13]. Encapsulated hASCs were viable immediately after fabrication
and up to 14 days in culture. Strikingly, cells were able to remodel their
microenvironment, as seen by the variation in PL-hASCs hydrogel layer thickness
over time in culture, owing to the cellisupportive properties of PL. PL hydrogel
retraction has been described as a result of fibrin matrix contraction by pulling forces
exerted by encapsulated cells [19]."The existence of different compartments within
the developed system proviHEs an additional support for cellular activities during
culture, overcoming the dimitations of extensive hydrogel retraction. Accordingly,
highly elongated cellymorphologies induced by contact guidance mechanisms were
evident as soon as 7 days in culture and even after prolonged culture periods. Human
ASCs aligned following the topography of the microfilaments composing silk suture
threads. Previously developed composite suture threads coated with ALG:GelMA
hydrogel also.supported the elongation and alignment of encapsulated hTDCs; due to
the 'slower degradation of ALG:GelMA hydrogel, two cellular regions have been
shown after 7 days in culture — round cells embedded within the hydrogel layer and
elongated cells at the surface of the suture thread [13]. Alternatively, PL hydrogel
represents an ECM mimetic fibrillar network that is rich in cell binding sites and

molecules involved in cell adhesion [34], possibly enabling faster migration and
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microenvironment remodeling, in comparison to the previously developed
ALG:GelMA hydrogel as seen by the presence of round hASCs within the hydrogel
layer at day 7 (Figure S2). Notably, the (bio)chemical composition of the hydrogel
coating can potentially influence the behavior of different cell types. Indeed, when
encapsulating hASCs in our previously reported composite sutures, cells rémained
round within the ALG:GelMA hydrogel layer even after 7 days of sulture, in
comparison to hTDCs, which were already migrating and elongating at the surface of
the core thread (Figure S2). Hence, this study also showed the potential of tailoring
the outer compartment of composite living fibers, independently of the core thread, to
impact the behavior of encapsulated cells. ~

Furthermore, hASCs encapsulated in PL hydrogel rapidly deposited a highly oriented
collagen-rich matrix. Collagen type I is a key protein in the ECM of several tissues of
the human body, including bone, skin, tendons and ligaments. Farthermore, collagen
type III is involved in the regulation of collagen type I fibrillogenesis and in tissue
repair through a temporospatial coordinated expression, during healing phases [35,
36]. In this work, hASCs strongly expressed and depgsited both collagen types,
further suggesting a highly supportive tole,of PL to"maintain cellular functions over
time in culture. Moreover, encapsulated hASCs eould establish connections between
independent fibers inside the sam¢ culture well (Figure S3), as a result of the
chemotactic properties described for PL'and other platelet preparations [37, 38].
Additionally, composite living fibers have been reported to withstand handling and
textile assembling [11, 13]./The coating of suture threads with PL hydrogel enables a
faster in vitro maturatioft of the developed construct through an accelerated hydrogel
layer contraction, migration of encapsulated cells to the core fiber and rapid triggering
of microenvironmentiremodeling. Thus, PL-hASCs hydrogel coated suture threads
may be used as living'sutures aiming at potentially enhancing tissue repair or further

assembled to generate living scaffolds.

Conclusion

In this work, we explored the concept of composite living fibers using suture threads
coated with a hydrogel layer based on platelet lysates. Developed PL-hASCs
hydrogel-coated suture threads represent a simple multi-compartment and
multifunctional system. Core suture threads can provide the mechanical compliance

required at the tissue level, whereas PL hydrogel, as a cocktail of growth factors and

18

Page 18 of 21



Page 19 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BMM-102731.R1

other biomolecules, offers biofunctionality to guide the biological activities of
encapsulated cells and, possibly, recruited cells in vivo. Altogether, our results
represent a promising strategy to be explored either as living sutures toward
enhancing tissue repair, ultimately guiding regeneration or as living scaffolds once

assembled by textile techniques.
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