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this problem by reducing adhesion formation. At present, no such system is available for routine use
in clinical practice. Here, we propose the development of a bilayer membrane combining a nanofibrous
poly(e-caprolactone) (PCL) electrospun mesh with a layer of self-assembling peptide hydrogel (SAPH)

Keywords: laden with type-B synoviocytes. This bilayer membrane would act as an anti-adhesion system capable of
Tendon synovial sheath restoring tendon lubrication, while assisting with synovial sheath regeneration. The PCL mesh showed ad-
Anti-adhesion equate mechanical properties (Young's modulus=194+4 MPa, ultimate tensile stress=9.6+1.7 MPa, failure
Hyaluronic acid load=0.54+0.1 N), indicating that the membrane is easy to handle and capable to withstand the frictional

Peptide hydrogel

forces generated on the tendon’s surface during movement (~0.3 N). Morphological analysis confirmed
Polycaprolactone

the generation of a mesh with nanosized PCL fibres and small pores (< 3 pwm), which prevented fibrob-
last infiltration to impede extrinsic healing but still allowing diffusion of nutrients and waste. Rheological
tests showed that incorporation of SAPH layer allows good lubrication properties when the membrane is
articulated against porcine tendon or hypodermis, suggesting that restoration of tendon gliding is possible
upon implantation. Moreover, viability and metabolic activity tests indicated that the SAPH was conducive
to rabbit synoviocyte growth and proliferation over 28 days of 3D culture, sustaining cell production of
specific matrix components, particularly hyaluronic acid. Synoviocyte-laden peptide hydrogel promoted
a sustained endogenous production of hyaluronic acid, providing an anti-friction layer that potentially
restores the tendon gliding environment.
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tendon function. In this study, we engineered a biologically
active bilayer biomembrane by incorporating a synoviocyte-
laden peptide hydrogel into a polymeric electrospun mesh.
Our work clearly shows that the polymeric mesh acts as a
physical barrier to adhesion-forming cells, while the peptide
hydrogel layer provides anti-friction properties and supports
3D synoviocyte culture. In particular, encapsulated cells have
the potential to restore tendon gliding performance and func-
tion in the long term via hyaluronic acid production. There-

Post-operative tendon adhesions represent one of the most
common complications in tendon surgery. Current treatments
relying on inert physical barriers to obstacle adhesion for-
mation lack bioactive cues to aid regeneration and restore
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fore, this cell-hydrogel-fibre composite harbours significant
potential as a clinical tool for the treatment of tendon post-
operative adhesions.

1. Introduction

Poor recovery from flexor tendon injury can lead to pain and
disability, which in turn significantly impact upon an individual’s
global hand function, ability to work and confidence to contribute
to society [1]. Currently, the gold standard for the management of
flexor tendon injuries is based on strong suture repair methods and
early-active hand therapy [2]. Although tenorrhaphy and mobili-
sation allow to re-join severed tendons and facilitate tissue heal-
ing, around 28% of cases present with poor restoration of function
secondary to adhesions [3,4]. To date, several methods have been
adopted for the treatment of adhesions, including various post-
operative rehabilitation regimes, less invasive suture configurations
and pharmacological adjuvants [5]. Moreover, recent studies have
focused on investigating the inflammatory cascade involved in the
process of adhesion formation, in order to obtain novel insights
that could help to identify therapeutic targets to achieve scar-free
tendon repair. For example, prostaglandin E2 through EP4, one of
its downstream receptors [6], and the plasminogen activator in-
hibitor 1 (PAI-1/Serpinel) have been shown to play a regulatory
role in tendon healing [7]. However, little consensus exists on the
important factors for generating the best outcomes as, despite op-
timised care, patients can still present with poor function [8,9].

Injury to the flexor tendon results in disruption of the synovial
sheath, whose main functions in physiological conditions are to
create a protective membrane, minimise friction and lubricate ten-
don movement against a bone or a fibrous tissue [10]. To accom-
plish its functions, the parietal layer of synovial sheath acts as a bi-
ological barrier, while the visceral layer secretes the synovial fluid,
an important extrinsic source of nutrition rich in hyaluronic acid
(HA) [10]. HA, which is produced by type-B synoviocytes populat-
ing the synovial sheath [11], plays a key role in ensuring overall
tendon gliding, while promoting nutrition to the process of intrin-
sic tendon healing in injured tendons [12].

In order to recreate a smooth surface after tendon injury with-
out interfering with tendon healing and cell activity, biocompat-
ible and permeable membranes could be used. Several barriers
have been developed using poly(tetrafluoroethylene), HA, hydrox-
yapatite, bovine pericardium, as well as poly(vinyl alcohol) hydro-
gel [5,13]. However, they lack evidence on their gliding perfor-
mance, which is the primary determinant of function in the long
term, after completion of the tendon reparative phase (6-8 weeks)
[14,15]. Moreover, only preclinical data is available on these bar-
riers and too limited to support their clinical use [16]. Although
strategies for adhesion prevention are limited for tendon, there are
various options based on synthetic and natural polymeric mem-
branes (e.g. Preclude®, Seprafilm®, SurgiWrap™, Interceed®), as
well as injectable hydrogels predominantly exploiting HA-based
compounds (e.g. Hyalobarrier® and Intergel®) [17,18]. Randomised
control studies have shown their efficacy for small-bowel surgery
[19], colorectal [20] and gynaecologic [21,22] laparoscopy and open
reconstructive pelvic surgery [23]. However, their use for tendon
applications is limited due to short life-time in vivo [17], lim-
ited nutrient function at nearly avascular injury sites such as ten-
dons [24] and failure to restore the architecture of tendon synovial
sheath, thus leading to loss of barrier function.

In order to recapitulate the synovial membrane for preven-
tion of adhesions on intrasynovial tendons, electrospinning tech-
nique is considered a good candidate [25]. Indeed, electrospin-
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ning allows for manufacturing of fibrous membranes with tun-
able porosity, fibre dimension (from nano- to micro-scale) and pore
size [26]. These are key parameters to prevent fibroblast migra-
tion from surrounding tissues and ensure transport of nutrients
and waste. Several nanofibrous membranes for prevention of post-
operative peritendinous adhesions have been prepared using differ-
ent synthetic polymers, including poly(e-caprolactone) (PCL) [25],
poly(ethylene glycol)/PCL [27] and celecoxib-loaded poly(L-lactic
acid/poly(ethylene glycol) [28], all showing good barrier function
against adhesion formation.

In order to ensure restoration of tendon glide, electrospun
meshes can be coupled with hydrogels [25,28], where irregular
friction surfaces are anticipated. Their high water content pro-
vides low-friction properties and injectability contributes to fa-
cilitate application [29]. Among the various classes of hydrogels,
self-assembling peptide hydrogels (SAPHs) have recently attracted
significant attention as they provide a water-rich (> 90%) self-
supporting matrix that closely mimics the natural extracellular ma-
trix (ECM), while offering immunocompatibility, biodegradability,
tunable mechanical and structural properties and ease of handling
[30]. Moreover, they are entirely synthetic, making them more
reproducible and less immunogenic than their naturally-derived
counterparts [31]. Among them, the class of S-sheet forming pep-
tide hydrogels has been shown to exhibit shear-thinning properties
that make them suitable for minimally invasive cell therapies [32].
In addition, their structure allows for ease of functionalisation by
exploiting their molecular design [33].

Although SAPHs could potentially help tendon gliding in the
first stages of tissue healing, they quickly degrade in vivo [34], thus
being poorly efficient for long-term lubrication. For this reason, in-
corporating a source of endogenous production of HA (type-B syn-
oviocytes) could offer an avenue to create a de novo matrix, which
is fundamental to aid the regeneration of the synovial sheath and
ensure low-friction properties also in late stages of tendon healing
[35].

The aim of this study is to develop a bilayer biomembrane to be
wrapped around the injured tendon with the potential to hinder
post-operative adhesions, restore tendon gliding ability and sup-
port synovial sheath repair, as illustrated in Fig. 1. We hypothe-
sised that an electrospun nanofibrous PCL mesh placed externally
could provide mechanical stability to the biomembrane, while im-
peding infiltration of adhesion-forming cells. On the other side,
a hydrogel layer based on a commercial 8-sheet forming SAPH,
Alpha4 from Manchester Biogel (UK), placed in contact with the
tendon surface could facilitate smooth tendon motion in the early
stages of tendon healing, while creating an ECM-like environment
for encapsulated type-B synoviocytes. The latter are expected to
secrete HA and provide bioactivity to the membrane for long-term
lubrication purposes. To the best of authors’ knowledge, this is the
first time that Alpha4 was used as a 3D scaffold for the culture of
synoviocytes. In this approach, the incorporation of a synoviocyte-
laden hydrogel into a physical barrier represents a unique added
value to the design of this biomembrane.

2. Materials and Methods
2.1. Fabrication of PCL electrospun mesh

PCL in the form of pellets (M,=50,000) was purchased from
Perstorp (UK) and used to generate electrospun polymeric meshes.
Initially, a 10% (w/v) PCL solution was prepared by dissolving
PCL pellets in 1,1,1,3,3,3,-hexafluoro-2-propanol (Sigma Aldrich, UK)
overnight at room temperature. Afterwards, employing a Spray-
base® electrospinning system (Profector Life Sciences, Ireland)
equipped with a 18 G needle and flat collector, and setting the
process parameters at 1 ml/h flow rate, 20 kV high voltage, 20 cm



A. Imere, C. Ligorio, M. O'Brien et al.

Acta Biomaterialia 119 (2021) 140-154

A)

Adhesions

synoviocyte mesh

Self-assembling
peptide hydrogel

Hypodermis Tendon failure Hypodermis
and repair
Underlying bone Underlying bone
Tendon Synovial Disrupted Exposed Tendon
sheath synovial sheath
B) Type-B PCL electrospun

Hypodermis

Underlying bone

Bilayer biomembrane
wrapped around the tendon

Fig. 1. Overview of bilayer biomembrane for prevention of post-operative tendon adhesions. A) Schematic of native synovial sheath around the tendon (left) and disrup-
tion of tendon synovial sheath upon tendon failure and repair, which leads to the formation of adhesions between the exposed tendon and hypodermis (right). B) Schematic
of proposed approach to impede adhesion formations. A bilayer biomembrane is wrapped around the tendon. This bilayer biomembrane is formed by an external PCL elec-
trospun mesh that acts as a physical barrier to stop the infiltration of adhesion-forming cells and provides mechanical stability to the biomembrane for ease of use. The
second layer, in contact with the tendon, is a SAPH that ensures early-stage lubrication and provides an ECM-like environment for encapsulated type-B synoviocytes. These

cells produce HA and are responsible for tendon long-term lubrication.

needle-collector distance and 1 h spinning time, it was possible to
obtain electrospun PCL meshes. Finally, the meshes were removed
from the collector and dried under vacuum for 24 h before further
characterisation in order to allow complete evaporation of solvent
residues.

2.2. Morphological characterisation of PCL mesh

PCL meshes were mounted on standard Scanning Electron Mi-
croscopy (SEM) pin stubs using conductive double-sided adhesive
carbon tabs, sputter coated with Gold-Palladium (3 nm-thick coat-
ing) and imaged with a Hitachi S-3000N SEM. Fibre diameters
were analysed using Image] (v.1.53e) and fibre distributions were
obtained from a minimum of 300 fibres.

Pore size was obtained using Image] (v.1.53e) by segmenting the
SEM images with the IsoData thresholding technique. Using the
“analysing particle” tool, pore areas were recorded and converted
into equivalent pore diameter.

The apparent porosity (Pspp) of the PCL mesh (n=6) was ob-
tained, as previously described, using the following equation:

o M
Papp (%) = (1 - p—v> x 100 (1)
where M is the mass of the fibrous mesh, p is the PCL density
(1145 g cm~3), and V is the volume of the mesh [36].

2.3. Mechanical characterisation of PCL mesh

Mechanical tests were performed based on previous works
[37,38]. Samples (n=8) were prepared by cutting strips of PCL
mesh (width: 5 mm, length: 57 mm) that were mounted on card-
board windows (window width: 10 mm, window length: 25 mm)
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with double-sided tape. Mounted windows were gripped within
the tensile grips and the cardboard sides cut. Tensile tests were
performed in dry conditions using an Instron 3344 equipped with
a 10 N load cell at strain rate of 5 mm/min. Cross-sectional area
was assumed to be rectangular and was determined by multiply-
ing the sample width by the thickness. Load, displacement, stress
and strain data was collected and analysed to obtain Young’s mod-
ulus, ultimate tensile stress, strain at failure and failure load. The
Young's modulus was obtained as the slope of the stress-strain
curve in the elastic linear region, which was determined by a linear
fit having R? >0.98. The ultimate tensile stress was evaluated as
the maximum stress experienced by the meshes, while the strain
and load at the breaking point were used as strain and load at fail-
ure respectively.

2.4. Migration study

3T3 cells (mammalian fibroblast line) were cultured in Dul-
becco’s Modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated Foetal Bovine Serum (FBS) and 1% Antibi-
otic/Antimycotic (A/A) solution. All supplies were purchased from
Sigma Aldrich (UK). Fibroblast migration was estimated using a
double chamber system (n=3 per condition), as illustrated in
Fig. 3A. PCL meshes were mounted onto 24-well inserts (Grenier
Bio-One, UK) after removal of the insert membrane using the Dow-
Corning 732 Silicone Sealant and sterilised by exposing to 70%
ethanol and UV-light for 1 h. Insert membranes (8 um pore diam-
eter) were used as negative control. Meshes were pre-conditioned
in serum-free medium for 2 h at 37°C and 5% CO, and then media
was removed prior to cell culture. Cells were seeded at passage 4
onto the upper chamber at 0.5x10° cells per well using serum-free
DMEM and allowed to migrate to the lower chamber (containing
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10% FBS DMEM) for 24 h at 37°C and 5% CO,. Following incuba-
tion, cell migration was evaluated using immunofluorescence and
AlamarBlue assay.

For AlamarBlue assay, migrated cells were detached by adding
trypsin to the receiver well. After deactivation with 10% FBS me-
dia, cells were exposed to 10% AlamarBlue in DMEM for 4 h at
37°C and 5% CO,. Following incubation, the solution was trans-
ferred to a 96-well plate (200 wl per well in triplicates) and flu-
orescence intensity measured using FLUOstar OPTIMA plate reader
(excitation wavelength: 530 nm; emission wavelength: 590 nm).
The measured fluorescence intensity was normalised to the fluo-
rescence intensity of blanks (acellular AlamarBlue working solution
in well) subtracting the average fluorescence intensity of blanks to
each value.

To confirm outcomes from AlamarBlue assay, immunofluores-
cence staining was performed on migrated cells after 24 h of in-
cubation. Non-migrated cells were removed from the upper cham-
ber using a cotton swab. Inserts were then fixed in 10% neutral
buffered formalin (NBF) for 30 min. Samples were permealised for
5 min with a 0.2 M glycine and 0.5% Triton-X-100 permealysing so-
lution and exposed for 30 min to 2% fish skin gelatin (FSG) (Sigma
Aldrich, UK). Finally, samples were stained for F-actin and nuclei
using Alexa Fluor 488® phalloidin (1:40 dilution in 2% FSG) and
DAPI (1:1000 dilution in 2% FSG) respectively. After mounting with
Prolong Diamond Antifade, samples were imaged using CQ1 confo-
cal microscope (Yokogawa, Japan).

2.5. Characterisation of Alpha4 SAPH

2.5.1. Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR)

Secondary structure of Alpha4 SAPH (Manchester BIOGEL, UK)
was investigated with ATR-FTIR. Measurements were performed on
a Thermo-Fisher Nicolet 5700 FTIR spectrophotometer equipped
with an attenuated total reflectance (ATR) diamond accessory.
20 ul of hydrogel was pipetted onto the crystal surface of the spec-
trophotometer and the beam path purged with dry CO,-scrubbed
air. Absorbance spectra were obtained using the average of 128
scans with a 4 cm~! resolution. High pressure liquid chromatog-
raphy grade water background was subtracted from each spectra
using the built-in OMNIC software provided with the instrument.
All measurements were performed in triplicates. The FTIR spec-
tra were smoothed using a Savitzsky-Golay filter with a 9-points
window. A baseline was subtracted in the Amide I region (1500-
1700 cm~!) from the original spectra using OriginPro 2017 soft-
ware.

2.5.2. Atomic force microscopy (AFM)

Alpha4 hydrogel was first diluted 20-fold using double distilled
water (ddH,0). 50 pl of diluted hydrogel were then drop-cast on
freshly cleaved mica and left to adhere for 2 min. Excess solu-
tion was then removed from the surface of the specimens and the
mica stubs rinsed 10-times by pipetting 100 ul of ddH,O directly
onto the surface. Excess liquid was finally removed using What-
man No. 1 filter paper. Samples were left to air-dry overnight be-
fore imaging. AFM imaging was performed on a Bruker Multimode
8 instrument (Bruker, USA). Samples were scanned in air at room
temperature in ScanAsyst mode, using a ScanAsyst-Air probe with
a resonant frequency of 70 kHz and a nominal spring constant of
0.4 N m~!. AFM images were acquired at a 512x512 pixels reso-
lution over scanning areas ranging from 1.5x1.5 wm to 5x5 um
at a scan frequency of 1 Hz and analysed with Nanoscope Analysis
1.40 software. Fibre height distribution was obtained from approx-
imately 100 fibres.
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2.5.3. Oscillatory shear rheology

Rheological properties of acellular and cellular Alpha4 hydro-
gel were investigated using a Discovery Hybrid 2 (DHR-2) rheome-
ter (TA Instruments, USA) using a 20 mm parallel plate geometry
with a gap size of 500 pm (axial force at equilibrium ~0.05 N). For
acellular hydrogels, “dry” samples were tested as formulated pipet-
ting 200 wul of Alpha4 hydrogel onto the bottom rheometer plate.
Acellular media-conditioned samples were prepared by pipetting
200 ul of Alpha4 hydrogel into 24-well inserts (1 wm pore size
Greiner Bio-One, UK). The inserts were then placed into 24-well
plates and incubated at 37°C and 5% CO, overnight in synoviocyte
culture media (see Section 2.7). Cellular samples (200 ul) were
tested at day 1 and 28 after culture and prepared as described
in Section 2.7. After media exposure (acellular hydrogels) or des-
ignated culture time (cellular hydrogels), samples were removed
from the inserts and transferred onto the rheometer plate. Then,
the upper rheometer head was lowered to the desired gap size
and samples were left to equilibrate for 3 min at 37°C. Amplitude
sweep experiments were performed at 1 Hz frequency in the os-
cillation strain range of 0.01-100%. Frequency sweep experiments
were performed at 0.2% strain, within the linear viscoelastic region
(LVR) in the frequency range of 0.01-10 Hz. For recovery exper-
iments, samples were tested in time-sweep mode by alternating
cycles of low shear (300 s at 0.2% strain and 1 Hz frequency) with
cycles of high shear (300 s at 100% strain and 1 Hz frequency).
Flow sweep experiments were performed in the shear rate range of
1-1000 s~1. All measurements were performed in triplicates (n=3)
to ensure reproducibility.

2.5.4. Evaluation of anti-friction properties of the bilayer
biomembrane

Characterisation of the bilayer membrane anti-friction proper-
ties was performed by oscillatory shear rheometric measurements
using a Discovery Hybrid 2 (DHR-2) rheometer (TA Instruments,
USA) using a 20 mm parallel plate geometry. Gap size was ad-
justed for each measurement in order to maintain a constant ax-
ial force of ~0.05 N at equilibrium. Tendon, hypodermis and syn-
ovial sheath samples were dissected from the central two toes of
fresh porcine forelimb trotters and stored in Dulbecco’s Phosphate-
buffered saline (D-PBS) to maintain tissue hydration. Tissue sam-
ples were tested on the day of dissection within 8 h of slaughter.
Four different samples were tested: porcine synovial sheath was
used as positive control; gel only was used to determine the fail-
ure mode; PCL electrospun mesh with Alpha4 hydrogel - named
‘Membrane (Gel) - was used as test; PCL mesh with Dow-Corning
732 Silicone glue - named ‘Membrane (Glue) was used as nega-
tive control. These samples were mounted on the upper rheometer
head (Fig. 6A i-iii). When tendon or hypodermis were used as con-
tact surface, the tissues were fixed to the rheometer bottom plate
(Fig. 6A iv-vi).

Once samples were loaded on the rheometer, the upper
rheometer head was lowered to the desired gap size and samples
were left to equilibrate for 3 min at 37 °C. Stress ramp experiments
were performed in linear mode in the shear stress range of 0-300
Pa at a rate of 1.5 Pa s~!. All measurements were repeated in trip-
licates (n=3) to ensure reproducibility. Yield stress values were ob-
tained as the shear stress at peak viscosity observed in the stress
ramp. For samples containing glue, no peak viscosity was observed,
therefore, in order to compare with other samples, the yield stress
value was obtained as the shear stress at maximum viscosity.

2.6. Synoviocyte cell culture and encapsulation
HIG-82 cells (rabbit synoviocytes, ATCC® CRL-1832™) were

cultured in Ham’s F12 medium (Lonza, Switzerland) supplemented
with 10% non heat-inactivated FBS (Sigma Aldrich, UK) and 1% A/A.
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In order to prepare cells for encapsulation, after trypsinisation and
counting, a cell suspension containing the required number of cells
was centrifuged to obtain a cell pellet. Supernatant medium was
removed and cell pellet re-suspended in media at a concentration
of 4x107 cells/ml of media. Cells up to passage 5 were encapsu-
lated in Alpha4 hydrogel by gently mixing the cell suspension in
the gel to obtain a final concentration of 4x106 cells/ml of gel. Af-
ter encapsulation, 100 ul of cell-laden gel was pipetted into 24-
well inserts (1 wm pore membrane), which were then placed into
a 24-well culture plate. Culture media (800 wl) was added into the
lower chamber and cell-laden gel was left to settle for 5 min be-
fore adding 200 ul of media onto the sample in the upper cham-
ber. After preparation, samples were incubated at 37°C and 5% CO,
and media was changed twice in the first hour without disturb-
ing the hydrogel in order to neutralise gel’s pH. After the first day,
media was replaced every other day for the entire culture period.

2.7. Assessment of synoviocyte viability

Cell viability was assessed after 1, 3, 7, 14, 21 and 28 days
from encapsulation by LIVE/DEAD assay (Life Technologies Ltd.,
UK) (n=3 per time point). The working solution was prepared by
adding 1 pl of 2 pM calcein AM and 4 pl of 4 uM EthD-1 in 2
ml of D-PBS. Before staining cell-laden gels, media was removed
and samples were covered with 1 ml of working solution and incu-
bated for 1 h at 37°C and 5% CO,. After incubation, samples were
washed with D-PBS, moved onto glass slides and squashed using
glass coverslips for imaging. Fluorescence microscopy was used for
observations using an Eclipse 50i fluorescence microscope (Nikon
UK Ltd., UK) with 494 nm (green, calcein AM) and 535 nm (red,
EthD-1) emission filters. Quantification of cell viability was per-
formed as previously described [32]. Briefly, fluorescence compos-
ite images were split in red, green and blue channels using Image]
(v.1.53e) to produce three 8-bit greyscale images. Greyscale images
were subject to thresholding using Huang’s method [39] and a wa-
tershed algorithm was applied to separate touching cells. Using the
“analysing particle” plugin, the number of live and dead cells was
obtained from the greyscale images of the green and red channel
respectively. Percentage viability was calculated as 100 x [number
of live cells/total number of cells].

2.8. Assessment of synoviocyte metabolic activity

Cell metabolic activity and proliferation was assessed after 1,
3, 7, 14, 21 and 28 days from encapsulation by AlamarBlue assay
(n=3 per time point). Media was gently removed and 10% Alamar-
Blue in Ham’s F12 was added on upper and lower chamber. Af-
ter 4 h of incubation at 37°C and 5% CO,, the AlamarBlue solution
was gently removed from the top chamber and mixed with the
lower chamber solution. Then, the mixed solution was transferred
to a 96-well plate (200 ul per sample in triplicates) and fluores-
cence intensity was measured using FLUOstar OPTIMA plate reader
(excitation wavelength: 530 nm; emission wavelength: 590 nm).
The measured fluorescence intensity was normalised to the fluo-
rescence intensity of blanks (hydrogels with no cells) subtracting
the average fluorescence intensity of blanks to each value.

2.9. Histological evaluation of synoviocyte-laden hydrogel

Histological evaluation of synoviocyte-laden Alpha4 constructs
was performed after 28 days of culture. Samples (n=3) were fixed
in 10% NBF for 30 min and washed twice with D-PBS. Once fixed,
hydrogels were processed overnight using a VIP 2000 (Vacuum In-
filtration Processor, Miles Scientific, UK). Samples were embedded
in paraplast paraffin wax (Sigma Aldrich, UK) and sectioned along
the longitudinal plane using a Leica RM2145 microtome. Sample
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were cut as 5 pm-thick slices and deposited on SuperFrost™ glass
slides (ThermoScientific, UK). Sections were de-waxed in xylene,
followed by re-hydration in descending grades of ethanol to water.
They were stained separately with haematoxylin and eosin (H&E),
Gomori trichrome, Picrosirius Red (PSR) and Alcian Blue according
to Scott Method, as previously described [35]. Acellular hydrogel
constructs and human synovium tissue obtained from the knee of
2 patients were used as negative and positive controls, respectively.

Immunohistochemical evaluation of synoviocyte-laden Alpha4
constructs was performed after 28 days. Samples were initially
processed as described above and deposited on SuperFrost™ Plus
glass slides (ThermoScientific, UK). Sections were de-waxed in xy-
lene for 5 min, followed by rinsing in descending grades of ethanol.
Antigen retrieval was performed using EDTA pH9 and proteinase K
buffers for HA and type-I collagen (incubation for 30 and 10 min
respectively at 90°C and 37°C). Histological sections were blocked
in 2.5% goat serum or horse serum (10 min at room temperature)
followed by staining overnight at 4°C with anti-HA primary anti-
body (1:50 dilution, mouse monoclonal, product code: LS-C315053
(LS Biosciences, UK)) or anti-collagen I primary antibody (1:100
dilution, goat polyclonal, product code: 1310-10 (SouthernBiotech,
US)). After removal of primary antibody, sections were treated with
secondary antibody (1:200, biotinylated goat anti-mouse or horse
anti-goat, 30 min at room temperature). Sections were then treated
with avidin-biotin complex (Vector, UK) for 30 min at room tem-
perature, washed in PBS for 5 min and then treated with DAB sub-
strate (Vector, UK) for 5 min. Nuclear fast red was used for the
counter-staining. Hydrogel constructs and human synovium tissue
not exposed to a primary antibody were used as negative controls.
Acellular constructs were also used as further negative controls to
ensure no positive staining of the hydrogel, while human synovium
tissue was used as positive control for direct comparison with cel-
lular hydrogel. Validation of primary antibodies was performed on
human synovium tissue (HA) and porcine skin (collagen I) (Fig. ESI
1).

All sections were de-hydrated in ascending grades of ethanol,
cleared in xylene and coverslips applied using DPX moun-
tant (Sigma Aldrich, UK). Samples were imaged using a LEICA
DM2700M microscope.

2.10. Statistical analysis

All results were reported as mean =+ standard deviation (SD),
unless otherwise stated. Statistical comparison between multiple
groups was analysed by One-Way ANOVA with Tukey post-hoc test
using OriginPro 2017 at 95%, 99% and 99.9% confidence levels.

2.11. Ethical consideration

Ethical approval for the use of human synovium tissue
was obtained by the North West - Liverpool Central Research
Ethics Committee through the Liverpool Musculoskeletal Biobank
(15/NW/0661). The study was conducted in full conformance with
principles of the “Declaration of Helsinki”, Good Clinical Practice
(GCP) and within the laws and regulations of the country in which
the research was conducted. Informed consent was also obtained
from all the patients involved in the study and confidentiality of
clinical details and personal information of the patients was main-
tained.

3. Results and Discussion
3.1. Characterisation of PCL electrospun mesh

In this study, a bilayer biomembrane is proposed for the pre-
vention of post-operative tendon adhesions and restoration of ten-
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stress (n=8; Data shown as mean+SD). D) SEM image, showing morphology of PCL mesh. E) Distribution of mesh fibre diameter. F) Distribution of equivalent pore diameter

indicates the average dimension of the mesh pores.

don gliding ability. In view of use in a clinical setting, the product
needs to be easily manoeuvrable and controllable by the surgeon
[16]. Therefore, a PCL mesh was obtained using electrospinning
process to create the structural support of the bilayer biomem-
brane. As demonstrated in Fig. 2A, the PCL mesh could be easily
handled and stretched up to 55% its initial length without any visi-
ble tearing or major deformations by naked eye observation. More-
over, the PCL membrane shows a predominantly elastic behaviour
under tension and limited plastic deformation (Fig. 2B), with a
strain at failure of 5548%, indicating the ability of the product to
be easily handled and anchored in place without the risk of break-
ing during implantation. Indeed, these mechanical behaviour is in
accordance with the results obtained on similar nanofibrous PCL
meshes that have been successfully implanted in vivo for tendon
anti-adhesion applications [25,27].

The mechanical behaviour of the PCL electrospun membrane
also plays a key role in determining the final biomembrane re-
sistance to the frictional forces generated during tendon move-
ment. Frictional forces arising from the movement of flexor dig-
itorum profundus tendon relative to the sheath (A2 pulley) have
been reported to range from 0.02 N to 0.31 N when a 4.9 N load
is applied to the tendon [40]. In this study, the PCL electrospun
mesh possesses high mechanical properties in terms of Young’s
modulus (19+4 MPa) and ultimate tensile stress (9.6+1.7 MPa)
(Fig. 2C) and withstands a maximum load of 0.5+£0.1 N without
breaking, as shown in Fig. ESI 2. Although these mechanical prop-
erties have been tested in dry conditions, it is expected that the
changes due to a moist environment would still be appropriate,
since wet conditions would determine only a slight decrease in
stiffness, in favour of a drastic increase in strain at failure and con-
sequently toughness, as previously reported [41]. Moreover, the hy-
drophobic nature of PCL reduces its degradation kinetics and helps
maintaining mechanical resistance over time [42]. These results in-
dicate that the mesh could provide mechanical stability to the pro-
posed bilayer biomembrane, without failing during tendon move-
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ment, since the mesh failure load (0.5+0.1 N) is higher than the
expected frictional forces (0.2-0.31 N). The membrane mechanical
integrity is mainly required until completion of the tendon repara-
tive phase, which has been reported to last for 6-8 weeks [14,15].
As described by Bolgen et al., the molecular weight of PCL elec-
trospun meshes upon subdermal implantation in a rat model de-
creases by 10% in the first 45 days, while a 27% drop is observed
after 90 days [43]. Although the PCL degradation rate is highly af-
fected by its shape and surface area-to-volume ratio, the litera-
ture suggests that the degradation profile of PCL electrospun mem-
branes is slow enough to guarantee the appropriate mechanical in-
tegrity required for tendon healing [43].

In addition to mechanical stability, the PCL mesh was also con-
ceived to act as a physical barrier to fibroblast migration to reduce
tendon extrinsic healing. Indeed, recruitment and infiltration of fi-
broblasts from surrounding tissues during tendon healing was re-
ported to contribute to the process of scarring and adhesion for-
mation [44,45]. In order to effectively block cell infiltration, the
barrier must possess a pore size that is small enough to impede
cell migration, still ensuring nutrients and waste exchange. Pre-
vious studies have demonstrated that fibre diameter strongly af-
fects pore size [46], which in turn determines cell behaviour in
terms of adhesion, proliferation and infiltration [47-49]. In partic-
ular, it has been shown that larger fibres produce a smaller pore
size as result of increased fibre packing density during the elec-
trospinning process [47-49]. Analysis of SEM images (Fig. 2D-F)
shows that the selected spinning parameters produce a homoge-
neous mesh with an average fibre diameter smaller than 0.3 um
(Mean = 0.25 pum, Median = 0.20 um). As expected, the nanofi-
brous PCL mesh exhibits a small equivalent pore size (Mean = 0.70
um, Median = 0.54 um), as shown in Fig. 2F, still maintaining
a high apparent porosity (Papp = 88.5+1.1%) for nutrients, oxygen
and waste exchange. Considering that the average dimension of fi-
broblast cells is ~10 um (50 wm when cells spread out and flatten)
[48], this value of pore size suggests that the mesh has the poten-
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tial to stop the infiltration of adhesion-forming cells. Moreover, it
has been reported that fibre morphology influences cell ability to
bind across and align along individual fibres. If fibres are in the
micrometre range, cells are able to align to fibres and closely in-
teract with them [50], while if nanosized fibres are present, cells
tend to distribute randomly on the scaffold and their infiltration is
dampened as result of decreased pore size [50,51].

Although a small pore size is a theoretical indicator of the
mesh capability to stop the infiltration of adhesion-forming cells,
it is imperative to corroborate this hypothesis with experimen-
tal data. Confirmation that the PCL mesh acts as physical bar-
rier was demonstrated by studying the ability of fibroblasts to
migrate through the polymeric membrane under the effect of a
serum concentration gradient (Fig. 3A). Immunofluorescence anal-
ysis (Fig. 3B) indicates that fibroblasts are not able to pass through
the PCL mesh, although they migrate across a membrane with
larger pores (8 wum) used as negative control. The anti-adhesion
and blocking effect of the PCL mesh was also validated by Ala-
marBlue assay, as reported in Fig. 3C. Other studies have evaluated
the underlying mechanism of anti-adhesion effect of various mem-
branes using similar in vitro experimental settings [24,25,27]. These
authors showed that the ability of a membrane to stop the migra-
tion and infiltration of fibroblasts resulted also in reduced adhe-
sions in vivo [24,25,27]. Therefore, we envisage that the PCL mesh
can create a physical barrier not only in vitro, but that this action
could be also replicated in vivo. Although the scope of this publi-
cation focuses on in vitro assessment of this new approach, future
work will include corroborating this assumption by performing an-
imal studies.
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3.2. Characterisation of Alpha4 SAPH

While the PCL electrospun mesh has been shown to possess
sufficient mechanical properties to facilitate biomembrane appli-
cation and stability during and after surgery and to create a physi-
cal separation between the tendon and surrounding tissues, it does
not provide any support towards recovery of tendon gliding ability.
Therefore, a hydrogel was employed as an early-stage lubrication
layer in the biomembrane in order to help tendon gliding in the
early phases of tissue healing. Among all, synthetic peptide hy-
drogels were identified as suitable candidates due to their inher-
ent tailorable properties that can support various cell types [52].
To the best of authors’ knowledge, no other works have applied
peptide-based hydrogels for synovial sheath regeneration. There-
fore, after screening of four different SAPHs available in the mar-
ket, Alpha4 was chosen as it was considered the most adequate
for its intended use in terms of biocompatibility and viscoelastic
properties (for details see Fig. ESI 3).

Alpha4 belongs to a class of hydrogels based on the bottom-
up design of B-sheet forming peptides, which has been previ-
ously used in TE, with different cell types both as cell carri-
ers [32,53,54] or drug delivery platforms [55-57]. Microstructural
characterisation of Alpha4 hydrogel was performed using AFM and
ATR-FTIR (Fig. 4). Alpha4 forms a uniform nanofibrous network (fi-
bre height = 1.6+0.2 nm) that presents with characteristic inter-
mediate structures typical of S-sheet forming peptides [58] (inset
ii in Fig. 4A). To confirm that S-sheet rich nanofibres are formed
in the hydrogel, ATR-FTIR spectra were recorded in the amide re-
gion (1700-1500 cm~1), as shown in Fig. 4 C. Data indicates a peak
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(Data is shown as mean+SD; ***p-value < 0.001).

at 1618 cm~! that, paired with a small shoulder at 1691 cm™!,
demonstrates anti-parallel S-sheet packing [59,60].

Rheological properties of Alpha4 hydrogel were investigated in
dry conditions and after media conditioning to understand the
mechanical properties that are experienced by the cells during
encapsulation (dry) and cell culture (media-conditioned). Ampli-
tude sweep experiments show that the length of the LVR is not
altered by addition of culture media, even though the breaking
point shifts from 28% in dry conditions to 21% in media (Fig. 5A).
Moreover, addition of media results in significant decrease of stor-
age modulus (G’), as shown in Fig. 5B (data obtained from fre-
quency sweep experiments in Fig. ESI 4). After media condition-
ing (pH = 7.4), Alpha4 hydrogel has been reported to be pos-
itively charged [61]. Other studies demonstrated that neutral or
positively charged SAPHs tend to increase their mechanical proper-
ties when exposed to DMEM due to charge screening and promo-
tion of inter-chain connections, such as hydrophobic interactions
and fibre bundling [32,62,63]. In this work, no such increase in
mechanical properties is observed with Alpha4. This disagreement
might be due to the different recipe of cell culture media utilised
(Ham’s F12 rather than DMEM), in particular salts and their ions,
which have been reported to be the major contributors to changes
in mechanical properties and self-assembly of SAPHs [62,64]. Al-
though the mechanism behind a reduction of mechanical proper-
ties of Alpha4 upon conditioning with Ham’s F12 media remains
unclear, further investigations are beyond the scope of this study.

In the biomembrane, Alpha4 SAPH needs to be deposited on
the PCL mesh by injection to obtain the final bilayer product.
For this reason, hydrogel’s recovery and shear-thinning proper-
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ties were investigated via recovery and flow sweep experiments.
Fig. 5C shows that, when sheared at high shear strain (100%%),
Alpha4 becomes liquid-like (G’'<G”), while when the shear strain
falls within the LVR (0.2%%), the hydrogel recovers its solid-like be-
haviour (G'>G"), also after multiple cycles of high/low shear strain
applied. Moreover, Alpha4 demonstrates shear-thinning properties
(Fig. 5D), as viscosity (1) decreases with increase in shear rate (y).
Shear-thinning behaviour is also confirmed by power law model

(Eq. 2):

n= k]'/”‘l (2)

where k is the consistency coefficient and n is the power law in-
dex; for shear-thinning materials, 0 <n <1 and the more shear-
thinning the fluid, the closer n is to zero [65]. In Alpha4 sys-
tem, the value of n is 0.0240.01, indicating rheological proper-
ties close to those of ideally shear-thinning fluids. The shear-
thinning behaviour of similar S-sheet forming SAPHs has already
been reported in the literature. For example, Schneider and Pochan
showed that similar peptide-based hydrogels under shear were
disrupted into smaller (~200 nm) isotropic domains, which were
able to glide over each other resulting in the hydrogel to flow [66].
The formation of these domains is also responsible for the fast re-
covery of the hydrogel, since once the shear is removed percolation
happens at the hydrogel domains’ boundaries, conferring rapid re-
covery of initial shape and integrity [66]. Due to its recovery and
shear-thinning behaviour, Alpha4 hydrogel is considered an ideal
candidate for the fabrication of the anti-adhesive biomembrane.
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3.3. Anti-friction properties of the bilayer biomembrane

Investigating the product anti-friction properties when artic-
ulating against the tendon or the surrounding tissue is key to
understand if the membrane can improve tendon gliding ability.
Membrane lubrication properties on a model tissue (porcine ten-
don and hypodermis) were investigated by oscillatory rheology, us-
ing yield-stress measurements. This approach was adapted from
a previous work performed by Stapleton et al, who correlated
adhesion/friction properties of hydrogels to their yield stress be-
haviour when articulated against a tissue [67]. In particular, the
yield stress can be identified as the stress at which a fluid breaks
down and starts to flow. If this concept is translated to a hydrogel
that flows on a tissue, the yield stress would represent the highest
friction between the biomembrane and the tendon. In this study,
porcine tendon was considered an adequate model tissue due to
its anatomical similarity to human tendons [68], while porcine hy-
podermis was used to investigate the lubrication ability of the hy-
drogel layer when in contact with the surrounding tissues (i.e. hy-
podermis).

Results in Fig. 6C show that the membrane containing the pep-
tide hydrogel maintains the same yield stress whether it is on tis-
sue or not, indicating that gliding happens due to mechanical fail-
ure occurring within the hydrogel layer (cohesive yielding) rather
than adhesion failure at the interface between the tissue (tendon
or hypodermis) and the hydrogel. According to Stapleton et al., co-
hesive yielding paired with recovery and shear-thinning properties
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(as shown in Fig. 5C-D) suggest that the hydrogel layer could be
smeared or spread on the tissue surface without delaminating [67].
This results in the hydrogel being able to flow when a shear stress
is applied during tendon movement without detaching from the
target tissue [67]. In addition, since the hydrogel rapidly recovers
its solid-like behaviour after flowing, it can be argued that the hy-
drogel quickly adheres and settles on the tissue surface [67].

The lubrication properties of the membrane are also confirmed
by the yield stress behaviour of the membrane compared to
the synovial sheath (Fig. 6). Indeed, the shear stress at which
the synovial sheath starts to glide on the tendon (50.9549.24
Pa) is not statistically different from that of the biomembrane
(PCL+hydrogel) on the tendon (55.97+7.15 Pa). Moreover, the fin-
gerprint of the viscosity-shear stress curves is similar (Fig. 6B), in-
dicating that the friction forces at tendon-membrane interface are
physiologically comparable. The presence of a yield point in the
viscosity curve is fundamental to start the breakdown of the hy-
drogel layer and consequent gliding. A silicone glue used as a nega-
tive control (Fig. 6A ii) shows no yielding behaviour and increased
viscosity, resulting in no motion at the interface between glue and
tissue.

Mobilisation after tendon repair is considered one of the most
important means to minimise adhesion formation and restore nor-
mal gliding ability after surgery [8,9]. In order to improve post-
surgery outcomes, it is imperative to adopt rehabilitation regimes
promptly after operation with early-active programmes [5,69]. The
presence of a membrane between the tendon and surrounding tis-
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sue should support early-active mobilisation. For this reason, the
anti-friction properties of the acellular product are key to evaluate
tendon gliding and facilitate short-term functionality.

3.4. Encapsulation of synoviocytes in Alpha4 for long-term
regeneration

The membrane described in this work has the capability to
prevent infiltration of fibroblasts and provide short-term lubrica-
tion. However, in its acellular form, it does not assist in the re-
generation of the tendon synovial sheath. Therefore, introducing a
cellular component in the hydrogel layer could be potentially ex-
ploited to achieve effective repair of the synovial sheath by reca-
pitulating the native matrix through deposition of essential ECM
components. In particular, type-B synoviocytes are involved in en-
docrine and sensory function of synovial sheath, as well as pro-
duction of specialised matrix components including HA and colla-
gen fibres within the intimal interstitium and synovial fluid [11].
For this reason, the incorporation of type-B synoviocytes in a tis-
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sue engineered construct would be particularly appealing to obtain
improved regeneration and functionality in the long term. Within
the tendon synovial sheath, type-B synoviocytes play a key role for
lubrication at the interface of two tissues, being responsible for the
production of HA [70]. For this reason, HIG-82s, a continuous cell
line obtained from knee synovium of rabbits [71] that resembles
type-B synoviocytes, was used in this study to provide proof-of-
concept of improved biomembrane functionality in the long term
through cell encapsulation in Alpha4-covered PCL mesh.

Cells were encapsulated in Alpha4 hydrogel and cultured for
28 days. Synoviocyte viability remains high throughout the en-
tire period of culture (Fig. 7B), showing an increased density of
live cells forming clusters from day 14 onwards (Fig. 7A). Within
the first 72 hours of 3D culture, HIG-82s exhibit a rounded shape
(Fig. 7A) and metabolic activity remains stable (Fig. 7C), proba-
bly due to the rearrangement of cells and adaptation to the new
3D environment. Characteristic spindle-like morphology of syn-
oviocytes starts to be visible after 7 days of encapsulation, while
after 2 weeks the elongated morphology is also accompanied by

PSR (polarised)

Collagen |

Positive Negative

Acellular

Positive

Negative

Cellular

Human
synovium

Fig. 8. Histological assessment of HIG-82 synoviocytes encapsulated in Alpha4 hydrogel after 28 days (Cellular) compared to acellular controls and human synovium
tissue. A) H&E shows that synoviocytes deposit their own ECM and form a compact and dense layer resembling the cellular organisation of the intimal layer in the human
synovium. Gomori trichrome and PSR for collagen detection indicate deposition of collagen fibres (PSR staining under polarised light shows birefringence; green = type-III
collagen, red =type-I collagen). B) Immunohistochemical detection of HA and type-I collagen indicates that synoviocytes produce HA in the pericellular matrix but not type-I
collagen, mimicking human synovium composition. Positive (enclosed in red dashed boxes) = construct/tissue exposed to primary antibody; Negative = construct/tissue not
exposed to primary antibody. Red arrows point at immunopositive cells, while yellow arrows point at immunonegative cells. (Scale bar = 50 pm).
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a significant increase in metabolic activity (1.4-fold) compared to
day 7. After 3 and 4 weeks of culture, the metabolic activity con-
tinues to grow, showing a significant increase compared to week
1 of culture (3-fold and 4-fold increase after 21 and 28 days re-
spectively). These results suggest that Alpha4 provides an ECM-
like environment, which is able to promote synoviocyte growth
and proliferation by providing a suitable platform for 3D cell cul-
ture of this cell line. Other ionic-complementary SAPHs have been
used for different tissue engineering (TE) applications [30,72,73],
but the use of this hydrogels as niches and cell carriers for ten-
don TE is still in its infancy. Recently, Yin et al. have demonstrated
that RADA peptide hydrogels and their RGD-functionalised coun-
terparts recapitulate the specific features of tendon 3D microenvi-
ronment, with the effect of rejuvenating aged/degenerative human
tendon stem/progenitor cells [74]. These hydrogels created a nano-
and micro-fibrous network that resembled that of the native ten-
don tissue, guiding aged/degenerative cells to recover the pheno-
type typical of younger cells [74].

In order to evaluate whether Alpha4 hydrogel can be consid-
ered as a good candidate to offer a suitable ECM microenvironment
for encapsulated synoviocytes, cell-laden constructs were tested for
deposition of specific matrix components, in particular collagens
and HA. Indeed, it is imperative that the hydrogel layer supports
endogenous production of HA to ensure prolonged restoration of
tendon gliding after degradation of the hydrogel phase in vivo. In
fact, as shown in Fig. ESI 5, Alpha4 hydrogel degrades in vitro
probably due to bulk erosion of the hydrogel network [75]. Addi-

tionally, the incorporation of synoviocytes caused an average in-
crease in the degradation level (+14% in weight loss over 28 days)
compared to acellular hydrogels, indicating an involvement of en-
capsulated cells in the degradation of the hydrogel constructs due
to enzymatic activity [34]. These results suggest that the hydrogel
implanted in vivo may experience degradation due to a combina-
tion of physical erosion and cellular activity.

Overall, synoviocytes encapsulated in Alpha4 hydrogel show
visible ECM deposition after 4 weeks of culture (Fig. 8A). H&E
staining shows that cells formed a compact and dense layer resem-
bling the cellular organisation of human synovium in the intimal
layer [76]. Although the hydrogel tends to be stained, collagen fi-
bres can be observed with Gomori trichrome and PSR staining and
distinguished from the peptide matrix. In particular, looking at PSR
staining under polarised light, it is possible to observe that type-III
collagen is deposited by synoviocytes, recapitulating the content of
collagen in the intimal matrix of human synovium [76]. Similarly
to the content of human synovium, very little amount of type-I
collagen is produced, as confirmed by immunohistochemistry de-
tection of the protein (Fig. 8B). These outcomes would suggest that
the cells encapsulated in Alpha4 SAPH would not contribute to the
process of adhesion formation, since scarring and fibrosis rely on
type-I collagen deposition for tissue repair [15].

HA production by synoviocytes was also evaluated with im-
munostaining (Fig. 8B) and Alcian Blue staining according to Scott
method (Fig. ESI 6). Alpha4 is conducive to deposition of HA,
which is predominant in the pericellular matrix. Immunopositive
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cells are observed after 28 days of culture (Fig. 8B), indicating that
at that time point synoviocytes have not only produced and de-
posited HA around them, but they are still in the process of HA
production at cellular level. These outcomes indicate that synovio-
cytes encapsulated in Alpha4 hydrogel produce a matrix that is
reminiscent of that of the native tissue, since the staining pattern
closely resembles that of the human synovium. Consequently, it
can be argued that the proposed biomembrane has the potential
to ensure long-term lubrication due to the constant and prolonged
production of HA, which in turn could help to restore and maintain
tendon functionality. The incorporation of an endogenous source
of HA could potentially substitute the hydrogel in its role as lu-
bricant after degradation, ensuring low friction properties also in
the late stages of tendon healing [35]. The proposed biomembrane
represents an alternative and unique approach for the treatment of
tendon adhesions because it offers a way to overcome the issues
typical of commercial anti-adhesion membranes.

In terms of mechanical behaviour, the incorporation of synovio-
cytes and their deposition of ECM do not significantly alter the
overall rheological properties of the hydrogel. Indeed, G’ and G”
in acellular hydrogels conditioned with media (Fig. 5A-B) and cel-
lular gels at day 28 (Fig. 9A-B) are comparable. On the contrary,
a difference in G’ was observed between media-conditioned acel-
lular hydrogels and cell-laden constructs at day 1, probably due to
a rearrangement of the peptide chains as result of the perturba-
tion caused by the incorporation of cells. This potentially leads to a
more heterogeneous 3D network having lower capacity to store en-
ergy compared to acellular counterparts. Although hydrogel degra-
dation is observed in cell-laden hydrogels over the 28-days obser-
vation period, a slight increase in G’ can be detected after 28 days
of culture compared to day 1 (Fig. 9A and B, whose data were ob-
tained from frequency sweep experiments shown in Fig. ESI 7), al-
though this difference is not statistically significant. This increase
in G’ is probably due to an effect of the de novo tissue, which
compensates the difference in mechanical properties observed be-
tween acellular and cellular hydrogels after day 1 of culture. In-
deed, cells are able to remodel the surrounding network, degrading
and replacing it with newly deposited ECM deposition, as shown
in Fig. 8. Comparing recovery cycles in acellular gels and cellular
constructs at both day 1 and 28, it is possible to notice a signifi-
cant difference in G’ values. This difference is due to testing con-
ditions, since acellular hydrogels reported in Fig. 5C were tested
in ‘dry’ status, while cellular constructs (Fig. 9C and Fig. ESI 8)
were buffered with media. Interestingly, the self-healing and shear-
thinning behaviour of Alpha4 hydrogel is retained also after cell
encapsulation and media conditioning, as demonstrated in Fig. 9C-
D and Fig. ESI 8. These outcomes suggest that the performance of
the cell-laden constructs would be comparable to that of the acel-
lular hydrogels described in Fig. 6 if articulated against the tendon
tissue. Therefore, it could be speculated that the presence of syn-
oviocytes does not alter the ability of the hydrogel layer to act as
lubricant, without delaminating or leaving the tissue target.

For clinical translation, we envisage that this bilayer membrane
could be sutured in place in the first instance and, once in situ, fi-
brous adhesion between the hypodermis and the PCL mesh would
also hold it in place. Specifically, the bilayer scaffold would be
carefully sutured between the pulleys, to reform the flexor ten-
don sheath, so that the gliding layer is interacting with tendon
and the adherent PCL surface is in contact with the hypodermis.
In sites where pulleys are absent, the bilayer biomembrane would
be sutured onto the hypodermis, so that, when the skin is closed,
the scaffold would form a wrap around the tendon. The skin clo-
sure would ensure that the membrane is adherent to the hypoder-
mis (on the PCL side), whereas the gliding layer (hydrogel) would
produce an artificial flexor tendon sheath replacement. Over a few
minutes, the PCL mesh would be adherent to the hypodermis due
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to fibrin forming on its raw surface. This would provide enough
strength to resist the force needed to induce gliding within the hy-
drogel layer.

4. Conclusion

This study constitutes a proof-of-concept that could potentially
overcome the current issues of fast degradation, short-term effec-
tiveness and poor synovial sheath regeneration related to acellu-
lar non-biomimetic anti-adhesion barriers. To achieve this, we pro-
posed a bilayer biomembrane to be wrapped around the tendon,
composed of a nanofibrous PCL mesh and Alpha4 SAPH. The PCL
mesh acted as a physical barrier to adhesion-forming fibroblasts,
suggesting prevention of peritendinous adhesions after surgery.
Addition of the hydrogel layer to the polymeric membrane pro-
vided anti-friction properties to the tendon comparable to those
found in physiological conditions (native synovial sheath), indi-
cating that smooth movement of the tendon could be achieved
upon membrane implantation. Moreover, a biologically active com-
ponent was introduced into the biomembrane by incorporating
type-B synoviocytes. In a clinical scenario, this cellular compo-
nent would be an added value to facilitate tendon motion through
the fibro-osseous cavity, after in vivo dissolution of the SAPH. In
fact, the presence of type-B synoviocytes allowed the production
of a de novo matrix, which could compensate any degradation of
the hydrogel phase and actively contribute to the process of syn-
ovial sheath repair. The prolonged secretion of endogenous HA by
synoviocytes could potentially improve tendon functionality in the
long term. Further experiments are currently being carried out
to assess the lubrication and gliding ability of the cell-laden hy-
drogel/PCL membrane in vitro and ex vivo. Furthermore, future in
vivo studies are under consideration to further assess the perfor-
mance of the system under relevant physiological conditions. Fi-
nally, we envisage that the bilayer biomembrane model proposed
in this work could also find application as post-operative tool to
tackle adhesion formation also in other tissue targets, such as
intra-abdominal and gynaecological areas.
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