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Wound healing involves a complex series of events where cell-cell and cell-extracellular matrix (ECM)
interactions play a key role. Wounding can be simple, such as the loss of the epithelial integrity, or deeper
and more complex, reaching to subcutaneous tissues, including blood vessels, muscles and nerves. Rapid
neovascularisation of the wounded area is crucial for wound healing as it has a key role in supplying
oxygen and nutrients during the highly demanding proliferative phase and transmigration of inflammatory
cells to the wound area. One approach to circumvent delayed neovascularisation is the exogenous use of
pro-angiogenic factors, which is expensive, highly dose-dependent, and the delivery of them requires a
very well-controlled system to avoid leaky, highly permeable and haemorrhagic blood vessel formation. In
this study, we decorated polycaprolactone (PCL)-based polymerised high internal phase emulsion
(PolyHIPE) scaffolds with fibroblast-derived ECM to assess fibroblast, endothelial cell and keratinocyte
activity in vitro and angiogenesis in ex ovo chick chorioallantoic membrane (CAM) assays. Our results
showed that the inclusion of ECM in the scaffolds increased the metabolic activity of three types of cells
that play a key role in wound healing and stimulated angiogenesis in ex ovo CAM assays over 7 days.
Herein, we demonstrated that fibroblast-ECM functionalised PCL PolyHIPE scaffolds appear to have great

Received 12th August 2021,
Accepted 16th September 2021

DOI: 10.1039/d1bm01262b

Open Access Article. Published on 23 September 2021. Downloaded on 6/13/2026 3:09:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

rsc.li/biomaterials-science

Introduction

Skin serves as a physical barrier between the body and the exter-
nal environment. It prevents microorganism invasion," mechan-
ical, chemical, and thermal damage, and damage from exposure
to ultraviolet (UV) or dehydration.>® Skin is vulnerable to
traumas such as burns, scalding, and sharp cuts,” and wound-
ing can be either as simple as the loss of the epithelial integrity
or deeper and more complex, reaching to subcutaneous tissues,
including blood vessels, muscles and nerves.> Wound healing is
a complex series of events involving haemostasis, inflammation,
granular tissue formation, proliferation, neovascularisation and
remodelling.® When the skin is wounded, the wound site needs
to be covered immediately using appropriate wound dressings
depending on the type of wound.”®

An ideal wound dressing should provide a safe barrier layer
to ensure wound cover, preserve a moist environment, be
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potential to be used as an active wound dressing to promote angiogenesis and wound healing.

capable of absorbing any exudate from the wound surface, and
create an environment that is encouraging to wound
healing.”'® Conventional wound dressings, such as cotton and
gauze, are cost-effective and highly absorbent, but they are
passive dressings and do not promote the healing process.""

The neovascularisation of the wound healing area is crucial
and involves complex angiogenic phases of clotting and granu-
lation before capillaries begin invading the healing site.
During the haemostatic and proliferative phase of wound
healing, a large number of pro-angiogenic factors, including
vascular endothelial growth factor (VEGF), transforming
growth factor-beta (TGF-p), platelet-derived growth factor
(PDGF) and basic fibroblast growth factor (bFGF), are released
to promote angiogenesis.'>* The ECs are responsive to these
pro-angiogenic factors as well as to extracellular matrix (ECM)
molecules. Capillaries from the surrounding tissues start to
invade the formed clot and within a couple of days a microvas-
cular network forms within the area of healing.'> Angiogenesis
is essential for wound healing as it has a key role in supplying
oxygen and nutrients during the highly demanding prolifera-
tive phase and transmigration of inflaimmatory cells to the
wound area."®

The use of a variety of polymers, including polylactic

acid,"”'® polyhydroxyalkanoates, polycaprolactone
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(PCL),>*?* and polyvinyl alcohol®*** as wound dressings
materials, has been reported previously. Among these, PCL is a
biocompatible and bioresorbable synthetic polymer that is
FDA approved for several biomedical applications such as
medical sutures and drug delivery. In addition, PCL has been
reported to be used in tissue engineering (TE) as scaffolds for
both hard and soft TE due to its ease of fabrication in
different forms.?® However, one of the main challenges of PCL,
and other synthetic polymers, is its hydrophobicity, which
limits the cell-material interactions.”’® We have previously
shown the efficiency of several techniques to improve cell-
material interaction including plasma treatment,***° gelatin
coating,**> decoration with in vitro generated ECM,** and co-
culture with other cell types.** Among these techniques, decel-
lularisation of an in vitro generated ECM has considerable
potential as it naturally includes more complex ECM mole-
cules and bioactive cues.*® In recent decades, decellularised
in vitro generated ECMs have been reported to be used for
several biomaterial applications, such as for bone TE,**3>3¢
cardiovascular TE,*” as in vitro models,*® and as bio-inks for
3D bioprinting applications.*® Although it has been widely
used in the field of TE, the potential use of cell-derived ECM
in wound healing and angiogenesis studies is very limited.

Accordingly, in this study, we aimed to develop a bio-func-
tionalised PCL polymerised high internal phase emulsion
(PolyHIPE) scaffold by combining emulsion templating and
decellularisation techniques to be used as a bioactive wound
dressing. First, photocurable PCL was synthesised in house,
and the PCL PolyHIPE scaffolds were fabricated via the tech-
nique of emulsion templating, which has previously been
extensively reviewed.’® The constructs were initially cellu-
larised with human dermal fibroblasts (HDFs) to decorate
them with an in vitro ECM. In vivo, fibroblasts and fibroblast-
derived ECM plays an important role in wound healing*! and
angiogenesis.”® The scaffolds were decellularised to obtain
bio-functionalised scaffolds made of PCL and fibroblast-
derived ECM. These bio-functionalised PCL PolyHIPE con-
structs were then evaluated for their performance in improving
the metabolic activity of three different types of cells, fibro-
blasts, keratinocytes, and endothelial cells, which all actively
take part in the wound healing process. Following the in vitro
evaluation of the biological performance, the angiogenic
potential of the scaffolds was further assessed using an ex ovo
CAM assay.

This study makes a significant contribution to the world of
wound management materials. Its advantages over many other
biomaterial development techniques can be summarised as
follows: (i) ECM decoration of PCL PolyHIPE is a promising way
to improve the biological performance of synthetic patches, not
only to increase the biocompatibility but also to enhance col-
lagen deposition and to enable the induction of angiogenesis
in vivo. (ii) The biohybrid design provides an opportunity to
combine the advantages of a synthetic material (PCL), such as
tunability of mechanical and physical properties and ease of
processability, with the biological complexity of ECM. (iii) The
use of fibroblasts to produce their unique ECM is an effective
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backdoor route to include the complex biochemical cues that
take key roles in angiogenesis and wound healing without the
addition of individual biological components. (iv) This proof-of-
concept study demonstrates an effective way to develop pro-
angiogenic biomaterials for the management of wounds that do
not heal in a timely manner, and (v) the use of patient’s own
cells to provide bioactivity to PCL PolyHIPE does not possess
the risk of immune rejection upon implantation.

Materials

Pentaerythritol (98%), e-caprolactone, tin(u) 2-ethylhexanoate,
triethylamine (TEA), methacrylic anhydride (MAA), photo-
initiator (PI) (2,4,6-trimethylbenzoyl phosphine oxide/
2-hydroxy-2-methylpropiophenone blend), fungizone, fetal calf
serum (FCS), penicillin/streptomycin (PS), v-glutamine,
trypsin, 37% formaldehyde (FA) solution, resazurin sodium
salt, glutaraldehyde, ethanol, hexamethyldisilazane (HMDS),
perchloric acid, picric acid, hematoxylin solution, eosin Y solu-
tion, porcine gelatine, ascorbic acid 2-phosphate (AA2P),
Triton X-100, polydimethylsiloxane (PDMS, silicone), calcium
chloride dihydrate, chlorotoxin, ethylenediaminetetraacetic
acid (EDTA), glutaraldehyde (25%), hydrocortisone, insulin
(human recombinant), r-glutamine, penicillin, streptomycin,
trypsin  EDTA, dimethyl sulphoxide (DMSO),
AlamarBlue® resazurin sodium salt, F12-HAMS and
Dulbecco’s modified Eagle’s medium (DMEM) were purchased
from Sigma Aldrich (Poole, UK). Direct Red 80 (Sirius Red) was
purchased from Fluka (Buchs, Switzerland). Chloroform,
toluene, industrial methylated spirit (IMS), dichloromethane
(DCM), and methanol were purchased from Fisher Scientific
(Pittsburgh, PA, USA). The surfactant Hypermer B246-SO-M
was received as a sample from Croda (Goole, UK). Collagenase
A was purchased from Roche (Indianapolis, IN, USA). Human
aortic endothelial cells (HAECs) and EC growth medium (EC
GM) were purchased from PromoCell (Heidelberg, Germany).
4',6-Diamidino-2-phenylindole (DAPI) solution and phalloidin
tetramethylrhodamine (TRITC) were purchased from
ThermoFisher Scientific (San Jose, CA, USA). Optimum cutting
temperature tissue freezing medium (OCT-TFM) was pur-
chased from Leica Biosystems (Newcastle, UK). Epidermal
growth factor (EGF) was purchased from R&D systems
(Minneapolis, MN, USA).

p-glucose,

Experimental
Manufacturing of the PCL PolyHIPE scaffolds

Synthesis of PCL methacrylate. The PCL used in this study is
4-arm PCL methacrylate (4PCLMA). Throughout the paper, the
term ‘PCL PolyHIPE' will be used to describe 4PCLMA
PolyHIPE unless otherwise stated. The following protocol was
followed for the synthesis of PCLMA.

Under nitrogen flow, pentaerythritol (0.088 mol) and e-
caprolactone (0.353 mol) were mixed in a round flask at 160 °C

This journal is © The Royal Society of Chemistry 2021
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while stirring continuously at 200 rpm. When the pentaerythri-
tol was dissolved, 50 pL of tin(u) 2-ethylhexanoate was added,
and the system was removed from the oil bath to cool down.
Synthesised PCL was dissolved in 300 mL of DCM, and then
TEA (0.52 mol) was added. Reagents were stirred, and a further
200 mL of DCM was added to ensure everything was dissolved.
The flask was placed in an ice bath. MAA (0.52 mol) was dis-
solved in 100 mL DCM and transferred into a dropping
funnel. When the addition of MAA was completed, the ice bath
was removed, and the system was kept at room temperature
(RT) overnight with stirring at 375 rpm. To remove the TEA,
MAA and salts formed, the methacrylated PCL was washed
with HCl solution (1 M, 1000 mL) prepared from
concentrated HCI (37%, 12 M) and deionised water and sub-
sequently, the mixture was washed twice with deionised water.
Nearly all solvent was evaporated using a rotary evaporator.
PCLMA solution was transferred into a bottle filled with
methanol and placed in a —80 °C freezer until the precipitate
formed at the bottom (overnight). The supernatant
methanol was removed, and fresh methanol was added. These
steps were repeated at least three times. Any remaining solvent
was removed by using the rotary evaporator. PCLMA was
stored in an appropriate vessel in the freezer (—20 °C) for
further use.

Characterization of 4PCL and 4PCLMA. To confirm the
structure of 4PCL and 4PCLMA and also to measure the degree
of methacrylation, proton (*H) nuclear magnetic resonance
(NMR) spectroscopy analysis was performed on an AVANCE III
spectrometer at 400 MHz. The spectra were recorded using an
8.2 kHz acquisition window, with 64k data points in 16 transi-
ents with a 60 s recycle delay (to ensure full relaxation).
Deuterated chloroform was used as a diluent (CDCl;). Spectra
were analyzed using the MestReNova software. Chemical shifts
were referenced relative to CDCl; at 7.26 ppm.

The weight average molecular weight (M,) and number
average molecular weight (M,,) distributions of 4PCLMA were
determined using a Viscotek GPCmax VE200 gel permeation
chromatography (GPC) system with a differential refractive
index detector (Waters 410). Tetrahydrofuran was used as the
eluting solvent at a flow rate of 1 mL min™" at 40 °C, and poly-
styrene standards were used as the calibration sample.

Preparation of PCL HIPEs. 4PCLMA (1.2 g) and the surfac-
tant Hypermer B246 (10% w/w of polymer) were added into a
glass vial and heated to 40 °C to dissolve the surfactant, which
is crucial for emulsion stability. Solvent blend (150% w/w of
polymer, 90% chloroform, 10% toluene (w/w)) and photo-
initiator (10% w/w of polymer) were added in the 4PCLMA-sur-
factant mixture and mixed at 375 rpm using a magnetic stirrer
for 1 minute at RT. Once the homogeneous mixture formed,
6 mL of water was added dropwise in 2 minutes and the emul-
sion was mixed for a further 2 minutes.

Manufacturing of PCL PolyHIPE scaffolds. PCL HIPEs were
manufactured by polymerisation in silicone moulding and sec-
tioning of 250 pm samples using a vibratome (Bio-Rad Polaron
Division). For the fabrication of PCL PolyHIPE scaffolds,
250 pm sections of PCL PolyHIPE were used.

This journal is © The Royal Society of Chemistry 2021
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Briefly, PCL HIPE was pipetted into silicon templates and
cured for 3 minutes on both sides using a UV curer with a 100
W em™ UV bulb (Omnicure Series 1000, Lumen Dynamics,
Canada). The resulting parts were recovered, soaked in 100%
methanol for 24 hours with four changes to remove any remain-
ing contaminants of surfactant, solvent or uncured material.
Then the samples were left in methanol (50% (v/v) in water) for
24 hours and water for a further 24 hours. Finally, the samples
were taken out of the water and left in the freezer (—80 °C) for
an hour then transferred into a vacuum oven and left for a day
to preserve the porous structure of PCL PolyHIPE without any
collapse. Scaffolds were cut into 5 mm circles using a biopsy
punch (Stiefel, Slough, UK) for further experiments.

Air plasma (Diener Electronic, Ebhausen, Germany) was
applied on both surfaces of the PCL PolyHIPE with a power of 50
W and a pressure of 0.8 mbar for 60 seconds to improve cell attach-
ment to the hydrophobic surfaces, as demonstrated previously.>>*>

Morphological characterisation of PCL PolyHIPE scaffolds.
Scanning electron microscopy (SEM) was used to investigate
the microarchitecture of the scaffolds. Samples were gold
sputter-coated in 15 kV for 2.5 minutes to increase conduc-
tivityy A FEI Inspect F SEM (Philips/FEI XL-20 SEM,
Cambridge, UK) was used with 10 kV power and 60 pores and
60 windows were selected randomly from 3 different areas of 3
different scaffolds, with the average pore and window sizes
measured using Image] as described previously.*® A statistical
correction factor (2/\/3) was applied to micropore measure-
ments to adjust the underestimation of the diameter because
of uneven sectioning.***?

Measurement of the liquid absorption capabilities of PCL
PolyHIPE scaffolds. Liquid absorption capabilities of scaffolds
were assessed by incubating weighed 5 mm circular scaffolds,
either treated with air plasma or as non-treated, in 5 mL of
PBS. Six samples for each group were measured. Scaffolds were
incubated at 37 °C for 2 hours. At 10, 20, 30, 45, 60, and
120 minutes, they were blotted with filter paper to remove
excess surface water and weighed. Percentage liquid absorp-
tion capabilities of the PCL PolyHIPE scaffolds were deter-
mined by using the following formula:

(Weight,,e, — weightqr, ) /weightgry x 100

Investigation of the effect of ascorbic acid 2-phosphate (AA2P)
on the metabolic activity and collagen production of HDFs

Isolation of human dermal fibroblasts (HDFs). All experi-
ments were performed in accordance with the Guidelines of
the National Research Ethics Service (NRES), and experiments
were approved by the ethics committee at the Sheffield
University Hospitals (REC ref., 15/YH/0177; REC opinion date,
03/06/2015). Informed consents were obtained from human
participants of this study.

HDFs were isolated from skin grafts taken from patients
using a well-established protocol.** Briefly, the dermis was
minced into 10 mm® pieces and the pieces were incubated
overnight at 37 °C in 0.5% (w/v) collagenase A solution. The
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cell suspension was then centrifuged at 1000 rpm (approxi-
mately 150g) for 5 minutes and resuspended and cultured in
DMEM containing 10% (v/v) FBS, 100 IU mL™"' penicillin,
100 mg mL™"' streptomycin, 2 mM r-glutamine and 0.625 pg
mL~" amphotericin B. HDFs were used between passage 4-8.
The investigations were carried out following the rules of the
Declaration of Helsinki, 1975. Ethical approval for the tissue
acquisition was granted by the National Research Ethics
Service (NRES) Committee Yorkshire & The Humber-Sheffield
(REC ref: 15/YH/0177, REC opinion date: 03/06/2015).

Measurement of metabolic activity and collagen production
of HDFs. 4 x 10* HDFs were trypsinised, resuspended in 15 pl
of DMEM, either supplemented with 50 pg mL™" AA2P or non-
supplemented and seeded to PCL PolyHIPE scaffolds and to
48-well plates. Cells were returned to an incubator (37 °C, 5%
CO,) for 2 hours to allow cells to attach prior to adding 1 mL
of growth medium. Scaffolds were transferred into a fresh well
plate the next day, and the growth medium was refreshed every
2-3 days.

AlamarBlue® assay and Sirius Red staining were performed
to investigate the effect of AA2P on the metabolic activity and
collagen production of HDFs, respectively, over 21 days.”
Briefly, 0.1 mM AlamarBlue® working solution was prepared
by 10x dilution of the 1 mM AlamarBlue® stock solution with
growth medium. On days 1, 7, 14, and 21, growth media were
removed, and the samples were washed with PBS. 1 mL of
AlamarBlue® working solution was added to each well and
incubated at 37 °C for 4 hours. After an incubation period,
200 pl of the solution was transferred into a 96-well plate, and
the fluorescence readings were done at an excitation wave-
length of 540 nm and an emission wavelength of 635 nm.
Fresh samples were used for the measurements at each time
point.

For collagen deposition, Sirius Red (direct 80) powder was
dissolved in saturated picric acid (1 w/v%) to form Sirius Red
solution (SRS) and filtered to ensure no particles remain. At
days 1, 7, 14, and 21, growth media were removed, and the
samples were washed with PBS. 1 mL of SRS was added to
samples and incubated for 1 hour at room temperature (RT).
SRS was removed, and the samples were washed every five
minutes with deionized water and gentle orbital shaking until
the water remained clear. They were submerged with 1 mL of
0.2 M sodium hydroxide (NaOH): methanol (1:1) to destain
and left for 30 minutes with gentle orbital shaking at RT.
150 pL of the destain solution in triplicate was transferred into
a clear 96 well plate and read at an absorbance of 405 nm.

Preparation of the bio-functionalised PCL PolyHIPE
scaffolds. Bio-functionalised scaffolds were prepared by cellu-
larisation with human dermal fibroblasts (HDFs) and decellu-
larisation of them after fibroblast-derived ECM decoration.
Manufacturing routes of the PCL PolyHIPE (Fig. 1A) and the
bio-functionalised PCL PolyHIPE scaffolds (Fig. 1B) are given
in Fig. 1.

Cellularisation of PCL PolyHIPE scaffolds with HDF. PCL
PolyHIPE scaffolds were washed with 100% ethanol four times
(24 hours each) to remove any remaining contaminants of sur-
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Fig. 1 Fabrication and bio-functionalisation of the constructs. (A)
Preparation of the emulsions made of photocurable PCL and water and
polymerisation to form PCL PolyHIPE structure and (B) culture of HDFs
and ECM deposition on PCL PolyHIPE scaffolds and decellularisation to
prepare the bio-functionalised PCL PolyHIPE scaffolds.

factant, solvent or uncured material. Then, they were left in
70% ethanol for 2 hours and then transferred into PBS in
sterile conditions; four PBS washes were applied in 24 hours. 4
x 10* HDFs were trypsinised, resuspended in 15 ul of DMEM
and seeded to PCL PolyHIPE scaffolds (5 mm diameter), and
the scaffolds were returned to an incubator (37 °C, 5% CO,)
for 2 hours to allow cells to attach. After 2 hours, 1 mL of
growth medium supplemented with 50 pg mL™' AA2P was
added to each well and incubated overnight. Scaffolds were
transferred into a fresh well plate the next day, and AA2P sup-
plemented DMEM was refreshed every 3 days. HDFs were cul-
tured for 14 days on PCL PolyHIPE scaffolds under AA2P
enriched conditions before decellularisation.

Decellularisation of the PCL PolyHIPE scaffolds cellularised
with HDFs and the confirmation of DNA removal. Freezing
and thawing (FT) + DNAse were used for the decellularisation
of the scaffolds. Although FT has been found to be inefficient
as a single-step method for the removal of native DNA,* we
have previously reported its efficiency when combined with
DNAse.”® DNAse has also been reported as a safe method for
the preservation of ECM while
material.**™*®

For decellularisation of the PCL PolyHIPE scaffolds, con-
secutive three FT cycles were applied to the scaffolds. For one
FT cycle, scaffolds were left at —80 °C for 15 minutes and trans-
ferred into a 37 °C water bath for 30 minutes. Following the FT
cycles, scaffolds were incubated in 1 mL of DNAse solution
(0.2 mg mL™") at 37 °C for 1 hour prior to washing with PBS.

A Quant-iT™ Pijcogreen® (PG) dsDNA kit (Invitrogen,
Orlando, USA) was used to quantify the remaining DNA
content and determine the effectiveness of the decellularisa-
tion protocol. Cellular and decellularised PCL PolyHIPE

removing the genetic

This journal is © The Royal Society of Chemistry 2021
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scaffolds (5 mm diameter) were washed with PBS three times
and transferred into 24-well plates. 500 ul of cell digestion
buffer (10 mM Tris-HCl, 1 mM ZnCl, and 1% Triton-X100 in
distilled water) was added onto the samples and incubated for
30 min at RT. Samples were then vortexed for 60 seconds and
kept overnight at 4 °C. PG working solution was prepared by
diluting 20x Tris-EDTA (TrE) 1:20 in dH,O (1x TrE) and dilut-
ing PG reagent 1:200 in 1x TrE. The scaffolds then underwent
3% FT cycles (10 min at —80 °C and 20 minutes at 37 °C, 15
seconds vortex between FT cycles). 100 pl of the lysate was
mixed with 100 pl PG working solution in 96-well plates
wrapped in foil and incubated at RT for 10 minutes.
Fluorescence reading was done at an excitation wavelength of
485 nm and an emission wavelength of 528 nm. The efficiency
of decellularisation was determined by comparing %DNA
content in the cellular and decellularised scaffolds.** "

The remaining collagen content after decellularisation was
determined using Sirius Red staining as described in previous
sections. Briefly, Sirius Red powder was dissolved in saturated
picric acid (1% (w/v)) to form SRS and filtered to ensure no
particles remained. Scaffolds were submerged in 1 mL of SRS
and incubated for 1 hour. The solution was then removed, and
scaffolds were washed every five minutes with distilled water
while being mixed until the water remained clear. Scaffolds
were submerged with a known volume of 5% perchloric acid
or 0.2 M NaOH:methanol (1:1) to destain Sirius Red for
1 hour with gentle orbital shaking. 150 pL of the destain solu-
tion in triplicate was transferred into a clear 96 well plate and
read at an absorbance of 405 nm.

In addition to quantitative methods, DNA removal and
ECM preservation were also verified via fluorescent staining.
Briefly, cellular and decellularised PCL PolyHIPE scaffolds
were fixed in 3.7% formaldehyde (after 14 days of culture) and
washed gently with PBS and submerged into 0.1% (v/v) Triton
X 100 (in PBS) solution for 20 min. After serial PBS washes,
phalloidin-TRITC (1:500 diluted in PBS from stock solution)
solution was added onto samples to visualize F-actin and incu-
bated for 30 min at RT in the dark. The samples were washed
three times with PBS. In order to stain cell nuclei, 4',6-di-
amidino-2-phenylindole (DAPI) solution (1:1000 diluted in
PBS) was added onto the scaffolds and incubated for
10-15 min at RT in the dark, samples were then washed 3
times with PBS and directly imaged under a fluorescent micro-
scope (Olympus IX3, Tokyo, Japan).

Mechanical characterisation of the scaffolds. Following the
decellularisation, mechanical properties of the plain and
decellularised dressings were measured using a uniaxial
mechanical testing device. First, mechanical testing samples
were cut into 20 mm x 5 mm pieces and clamped to the device
with two tensile grips, and the tensile tests were performed on
each sample using a Zwick Roell Z 0.5 mechanical testing
machine equipped with a 500 N load cell as described pre-
viously.>® Grip distance and extension rate were set to 10 mm
and 0.02 mm s, respectively. Both the force and elongation
data were recorded. The Young’s modulus was calculated
using the linear-elastic region of each sample’s stress—strain
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curves. The ultimate tensile strength (UTS) was calculated as
that of the maximum force applied divided by the cross-sec-
tional area of the sample. Elongation at yield is determined as
the percentage elongation at the end of the linear-elastic
region.

SEM of biological samples. Cellular and decellularised PCL
PolyHIPE scaffolds at days 1, 7, 14, and 21 were washed three
times with PBS after removing culture media and fixed in 2.5%
(in PBS) glutaraldehyde at RT for 1 hour to preserve cell struc-
ture. They were rinsed with PBS for 15 minutes (3 times) and
soaked in dH,O for 5 minutes. Following this, samples were
subjected to serial ethanol washes to be dehydrated (35%, 60%,
80%, 90%, and 100% for 15 minutes for each concentration).
Finally, samples were treated with drying agent HMDS/ethanol
(1:1) for 1 hour and 100% HMDS for 5 minutes. Scaffolds were
air-dried overnight in a fume hood and gold-coated at a current
of 15 mA for 2.5 min with a gold sputter (Edwards sputter
coater S150B, Crawley, England) prior to imaging under SEM
(Philips/FEI XL-20 SEM; Cambridge, UK).

Evaluation of the efficiency of bio-functionalised PCL
PolyHIPE scaffolds in terms of metabolic activity of human
endothelial, fibroblast and keratinocyte cells. The bio-functio-
nalised PCL PolyHIPE scaffolds were recellularised with three
different cell types: (i) human aortic endothelial cells (HAECs),
(if) human dermal fibroblasts (HDFs), and (iii) human epider-
mal keratinocytes (HEKs), in order to evaluate the efficiency of
them in terms of enhancing the metabolic activity as an indi-
cator of wound healing in vitro.

Cellularisation of the bio-functionalised scaffolds with
HDFs. HDFs were isolated and cultured as described in pre-
vious sections. Briefly, 4 x 10* HDFs were trypsinised, resus-
pended in 15 pl of DMEM and seeded to either bio-functiona-
lised or plain PCL PolyHIPE scaffolds (5 mm diameter), and
the scaffolds were returned to an incubator (37 °C, 5% CO,)
for 2 hours to allow cells to attach. After 2 hours, 1 mL of
growth medium was added to each well and incubated over-
night. Scaffolds were transferred into a fresh well plate the
next day, and the growth medium was refreshed every 3 days.
HDFs were cultured for 7 days on PCL PolyHIPE scaffolds, and
the AlamarBlue assay was used to track the activity of HDFs on
days 1, 4, and 7 on bio-functionalised and plain PCL PolyHIPE
scaffolds as described in the previous sections.

Cellularisation of the bio-functionalised scaffolds with
HEKs. HEKs were isolated from the skin, as described pre-
viously.>® Briefly, skin samples were cut into 0.5 cm® pieces
and incubated overnight in Difco-trypsin (0.1% (w/v) trypsin,
0.1% (w/v) p-glucose in PBS, pH 7.45) before being washed and
maintained in PBS. Skin samples were transferred into a Petri
dish and the epidermis was peeled off, the papillary surface of
the epidermis was gently scraped, and basal keratinocytes were
collected into the growth media. Cells were then harvested by
centrifuging at 1000 rpm (approximately 150g) for 5 minutes,
resuspended and seeded into 75 cm? tissue culture flasks with
the presence of a feeder layer (irradiated mouse 3T3 (i3T3)
cells) and cultured in Green’s media (66% DMEM (v/v), 21.6%
F12-HAMS (v/v), 10% FCS (v/v), 0.5% insulin, 0.5% adenine,
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0.1% T/T, 0.1% chlorotoxin, 0.016% hydrocortisone, 0.01%
EGF, 100 IU ml™" penicillin, 100 pg ml™" streptomycin, 2 mM
r-glutamine and 0.625 pg ml~* amphotericin B).

The i3T3 feeder layer was removed first using 5 mL of 0.5 M
sterile EDTA solution with 3-5 minutes incubation at 37 °C.
After removal of the feeder layer, 4 x 10* HEKs were trypsi-
nised, resuspended in 15 pl of Green’s media and seeded to
either bio-functionalised or plain PCL PolyHIPE scaffolds
(5 mm diameter). The scaffolds were returned to an incubator
(37 °C, 5% CO,) for 2 hours to allow the cells to attach. After
2 hours, 1 mL of growth medium was added to each well and
incubated overnight. Scaffolds were transferred into a fresh
well plate the next day, and the growth medium was refreshed
every 3 days. HEKs were cultured for 7 days on PCL PolyHIPE
scaffolds, and the AlamarBlue assay was used to track the
activity of HEKs on days 1, 4, and 7 on bio-functionalised and
plain PCL PolyHIPE scaffolds as described in the previous
sections.

Cellularisation of the bio-functionalised scaffolds with
HAECs. HAECs (purchased from Promocell, Heidelberg,
Germany) removed from liquid nitrogen were immediately
thawed at 37 °C and transferred to a container with 10 mL of
endothelial cell growth medium (EC GM). Cells were centri-
fuged, and the cell pellet was re-suspended in EC GM (sup-
plemented with a total of 5% FBS and growth medium 2 kit
supplements). The cell suspension was then transferred into
75 cm” flasks and incubated at 37 °C, 5% CO, (Thermo
Scientific, Massachusetts, USA). The culture media was
replaced every 3 days until they reached ~80-90% confluency.
HAECs were used between passages 2 and 6.

4 x 10" HAECs were trypsinised, resuspended in 15 pl of EC
GM and seeded to either bio-functionalised or plain PCL
PolyHIPE scaffolds (5 mm diameter), and the scaffolds were
returned to an incubator (37 °C, 5% CO,) for 2 hours to allow
the cells to attach. After 2 hours, 1 mL of growth medium was
added to each well and incubated overnight. Scaffolds were
transferred into a fresh well plate the next day, and the growth
medium was replenished every 3 days. HAECs were cultured
for 7 days on PCL PolyHIPE scaffolds, and the AlamarBlue
assay was used to track the activity of HAECs on days 1, 4, and
7 on bio-functionalised and plain PCL PolyHIPE scaffolds as
described in the previous sections.

Haematoxylin and eosin (H&E) staining. Haematoxylin and
eosin (H&E) staining of the PolyHIPE scaffolds has been per-
formed as described previously.>>>*** Briefly, on day 7, bio-
functionalised and plain PCL PolyHIPE scaffolds cellularised
with HDFs, HEKs, and HAECs were washed with PBS and fixed
with 3.7% formaldehyde. Scaffolds were then transferred into
cryomolds filled with freezing media and frozen. Sections with
6-10 pm thickness were taken on glass slides using the cryo-
stat (Leica CM1860 UV, Milton Keynes, UK). Slides were
stained with hematoxylin for 1.5 minutes and with eosin for
5 minutes. After washing with distilled water, slides were de-
hydrated in serial IMS washes and dunked into xylene. The
slides were then mounted with DPX, and the images were cap-
tured using a light microscope (Motic BA210, China).
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Evaluation of the angiogenic potential of the bio-
functionalised PCL PolyHIPE scaffolds using the ex ovo chick
chorioallantoic membrane (CAM) assay

Implantation of the bio-functionalised and plain PCL
PolyHIPE scaffolds to CAM. The detailed protocol of the CAM
assay has previously been described elsewhere.’>>> In brief,
fertilised chicken eggs (Gallus gallus domesticus) were pur-
chased from Henry Stewart & Co. MedEggs (Norwich, UK) and
cleaned with 20% industrial methylated spirit solution. Eggs
were incubated at 37.5 °C for 3 days (until embryonic develop-
ment day (EDD) 3) in a rocking egg incubator (RCOM King
SURO, P&T Poultry, Powys, Wales). On EDD 3, the embryos
were transferred gently into sterile Petri dishes and incubated
at 38 °C in a cell culture incubator (Binder, Tuttlingen,
Germany). The CAM assay was conducted with care using the
guidelines of the Home Office, UK.

On EDD 7, bio-functionalised and plain PCL PolyHIPE
scaffolds (5 mm diameter) were implanted onto the CAM.
Images of the CAM area implanted with the scaffolds were
acquired using a digital microscope, and the embryos were
euthanised immediately after image acquisition on EDD 12.

Histological evaluation of the scaffolds on CAM.
Hematoxylin and eosin (H&E) staining was performed as
described previously.>" Briefly, scaffolds were cut together with
a rim of surrounding CAM tissue and fixed in 3.7% formal-
dehyde, and the fixed samples were embedded in optimal
cutting temperature freezing medium and frozen in liquid
nitrogen for 3 minutes. Sections were cut 8-10 pm thick using
a cryostat (Leica Biosystems, Nussloch, Germany) at —20 °C.
Sections were then stained with hematoxylin for 90 seconds
and eosin for 5 minutes. Finally, histological images were
acquired under a light microscope (Motic BA210, China).

Fluorescent staining. For fluorescent staining, cellular and
decellularised PCL PolyHIPE scaffolds on CAM were cut
together with a rim of surrounding CAM tissue and fixed in
3.7% formaldehyde and washed gently with PBS. The phalloi-
din-TRITC and DAPI staining were performed as described in
previous sections. Stained sections were directly imaged under
a fluorescent microscope (Olympus IX3, Tokyo, Japan).

Quantification of angiogenesis. The angiogenic activity on
CAM was quantified by using three different methods:

(i) From macro images by counting the blood vessels that
converged towards the scaffolds as described previously.”®
Briefly, all discernible blood vessels that are growing towards
the scaffolds in a spoke wheel pattern within a 1 mm imagin-
ary circle drawn around the scaffold were carefully counted. As
described by Ribatti et al., the blood vessels branching inside
of the imaginary circle are counted as one blood vessel,
whereas they are counted as two or more if the branching
occurs outside the circle.””

(if) From the processed macro images by calculating the
total branch points as an indicator of formation of new blood
vessels via sprouting angiogenesis.>® Briefly, a 12 x 12 mm?®
area was cropped, and the color raw image was converted to
greyscale for further analysis. To improve the discernability of

This journal is © The Royal Society of Chemistry 2021
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the blood vessels, the following parameters were set to all
images in Image] (Wayne Rasband, National Institutes of
Health, USA); bandpass filter (filter large structures down to
40 pixels, filter small structures up to 3 pixels, and 5% toler-
ance of direction). Following the bandpass filter, all images
were skeletonised using the find maxima command in Image ]
(prominence is set to 10 and output type is selected as seg-
mented particles). Finally, the output skeletonised images
were imported to AngioTool software (National Cancer
Institute, USA) for quantifying the number of branch points.

(iif) From histological images by counting the blood vessels
present.”! Briefly, all discernible blood vessels in the H&E-
stained slides adjacent to the scaffolds were counted by two
independent researchers using two independent microscopes
at 10x magnification.

Statistical analysis

Statistical analysis was carried out using one-way and two-way
analysis of variance (ANOVA) using statistical analysis software
(GraphPad Prism, California, USA). Where relevant, n values
are given in figure captions. Error bars indicate standard devi-
ations in the graphs unless otherwise stated.

Results and discussion
Synthesis and characterisation of 4PCL and 4PCLMA

The chemical structure and 'H NMR spectra of 4PCL and
4PCLMA are given in Fig. 2. The peaks of the hydroxyl ends (-OH)
are framed and labelled with “a”. These peaks represent the ends
that were not methacrylated. The peaks of the methacrylate group
are framed and labelled with “b”, “c” and “d”. These peaks only
appear in the PCLMA and verify the metacrylation reaction. This
'H NMR data correlates well with the PCL methacrylate syn-
thesized by Messori et al.”>® GPC results showed that the M,, and
M, values were 2556 ¢ mol™" and 2214 g mol ", respectively, and
the polydispersity index (M,,/M,, PDI) was calculated as 1.15.

4PCL 4PCLMA

(4] HO OH o ou
Ho/jCOH R1°Jb/ 1Py O ok, R0
OR, Iy

pentaerythritol R,0 s R,0 OR,
+ Ring opening methacrylation
° polymerisation OR; OR,
[*]
]
E-caprolactone
pa | :
€oci3 b G E
4PCLVA l EL l al 1
75 7.0 6.5 E 6.0 5.5 i 5.0 a5 GADE 3.53 3.0 25 EZ:ﬂ ; 15 10
Fig. 2 (A) Synthesis of 4PCL from the monomers via ring-opening

polymerization and methacrylate functionalization of the hydroxyl end
groups (4PCLMA), (B) chemical structure diagram and proton NMR spec-
trum of 4PCL and 4PCLMA and the relative assignments.
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Fabrication and characterisation of the PCL PolyHIPE
scaffolds

The images of the PCL PolyHIPE scaffolds showed that the
scaffolds had a highly porous and open-cell morphology,
characterised by the presence of windows on the walls of the
pores (Fig. 3A). The pore sizes of the PCL PolyHIPE scaffold
ranged from 6 to 110 um; the average pore size (D) was 34.3 =
11.8 um, and 93% of the pores have pore sizes between
20-60 pm (Fig. 3B). The window sizes ranged from 2 to 22 um,
and the average window size (d) was 7.5 = 3.6 um (Fig. 3C),
which gives the degree of interconnectivity (d/D) as 0.22 which
is in line with the reported values in the literature.’>*>
Similarly, in our previous study, the same solvent composition
was used to dilute PCL, and the average pore size and the
window size was found to be 34 + 13 and 6 + 2 um, respect-
ively.>® Pore size and interconnectivity are critical for the cell-
scaffold interaction in terms of cell attachment, infiltration>®®°
6162 Lordache et al. reported that a pore
size range between 5 and 15 pm was enough to support fibro-
blast growth, and 20-125 um was optimal for skin regener-
ation.®® Similarly, Yannas et al. reported that the minimum
wound contraction time for the partial regeneration of adult
mammalian skin was observed when collagen-glycosaminogly-
can scaffolds with a pore size range of 20 + 4 pm to 125 *
35 um were implanted into guinea pigs.®* For vascularisation,
there is a range of different pore sizes that have been shown to
support blood vessel ingrowth. Although the general consen-
sus on the optimal pore size of vascularisation is to have pores
of 100-300 um, many reports demonstrated that a minimum
of 50% porosity with approximately 30-100 um pore size range

and vascularisation.
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Fig. 3 (A) The SEM images of the PCL PolyHIPE showing the micro-
porous and interconnected structure of the constructs. (B) Pore size and
(C) window size distribution of PCL PolyHIPE. (D) Liquid absorption
capability of the plasma-treated and non-treated PCL PolyHIPE
scaffolds. ** p < 0.01, * p < 0.05, ns not significant, p > 0.05, n = 3 + SD.
Scale bar represents 200 pm.
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is suitable for supporting new blood vessel formation within
the scaffolds.>*?%>7¢7

Although PCL is one of the most widely used polymers in
TE applications due to its advantages, such as being biocom-
patible, bioresorbable, and FDA approved as surgical sutures
and for drug delivery applications,*®>***%® the main drawback
of PCL is its hydrophobicity, which limits the cell-material
interaction. To overcome this, surface plasma treatment is one
of the most popular methods for enhancing cell attachment
and growth.*>®*7? In our previous studies, we demonstrated
that air plasma treatment changed the surface characteristics
of polymers from hydrophobic to hydrophilic which consecu-
tively improved cell attachment and cellular infiltration.
Contact angles of the water droplets on non-treated and air
plasma treated PCL PolyHIPEs were measured as 67 + 4° and
96 + 4°, respectively.>®*?

The absorption capacity of wound dressings for wound
exudate is a critical factor in their use.” Our results showed
that PCL PolyHIPE was able to take up approximately 400% as
much liquid as its weight in less than 1 hour. Although
plasma treatment enhanced the initial absorption capacity of
the PCL PolyHIPE, it did not affect the total amount of
absorbed liquid (Fig. 3D).

The effect of AA2P on the metabolic activity and collagen
production of HDFs on PCL PolyHIPE

AA2P was added to cell cultures to see if it could stimulate
ECM production of cells on the scaffolds. The results of the
AlamarBlue assay showed that the addition of AA2P to the
growth medium significantly improved the metabolic activity
of HDFs on PCL PolyHIPE on days 14 and 21, but not on day 7.
Although it slightly increased the activity of HDFs growing on
TCP at all time points, the difference was not statistically sig-
nificant (Fig. 4B). The H&E-stained sections of the scaffolds
also showed that cell density and localisation were higher
within the scaffolds when the scaffolds were cultured in AA2P-
supplemented media (Fig. 4A).

Similarly, supplementing AA2P significantly improved the
collagen production of HDFs growing on PCL PolyHIPE
scaffolds on day 14 but not on days 7 and 21 (Fig. 4C). No stat-
istical difference was observed between days 14 and 21 in
AA2P-supplemented groups. This data was confirmed by the
Sirius Red staining of the sections. The results showed that
AA2P significantly increased collagen production compared
with the non-supplemented group (Fig. 4A).

The SEM images of the HDFs cultured on PCL PolyHIPE
scaffolds over 21 days either in the presence or absence of
AA2P is given in Fig. 5. The images showed that in the AA2P-
supplemented group, the surface was completely covered with
HDFs after day 14, whereas in the non-supplemented group
there were uncovered areas on day 14. The effect of AA2P on
HDFs was more visible on day 7. The addition of AA2P signifi-
cantly improved the coverage of the scaffold surface while the
area covered by HDFs was lower in the control group.

Ascorbic acid plays an important role in the synthesis and
modification of collagen.”* This is likely to be due to the fact
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Fig. 4 (A) H&E and Sirius Red-stained sections of the recellularised PCL
PolyHIPE scaffolds with HDFs over 21 days. Circular images show the
macro images of the Sirius Red-stained scaffolds. (B) AlamarBlue assay
and (C) Sirius Red assay results showing cell viability and collagen pro-
duction, respectively, over 21 days. AA2P was observed to increase both
metabolic activity and collagen production compared with non-sup-
plemented controls. Scale bars represent 100 ym. *** p < 0.001, * p <
0.05, ns not significant, p > 0.05, n = 3 + SD.

Day 14

Dayl Day 7

Fig. 5 The SEM images of the HDFs cultured on PCL PolyHIPE scaffolds
over 21 days either in the presence or absence of AA2P.

that; (i) ascorbic acid acts as a co-factor for prolyl hydroxylase,
an enzyme that is responsible for the cross-linking of collagen
to form the triple helix structure,” (ii) it stimulates collagen
gene expression,’ (iii) it activates the gene transcription of col-
lagen and stabilises the pro-collagen mRNA.”””® r-Ascorbic
acid is the naturally occurring form and its use for increasing
the collagen production of human fibroblasts dates back to
the 1970s.”° However, ascorbic acid has been shown to have
low chemical stability in culture.’ AA2P is the widely used
form of ascorbic acid in cell culture applications and has been
proven to be effective besides its stability.®"

This journal is © The Royal Society of Chemistry 2021
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Decellularisation of the PCL PolyHIPE scaffolds populated
with HDFs

The overall aim of decellularisation is the successful removal
of genetic material to avoid a possible immune response®>
while preserving the ECM.*® Several decellularisation methods
have been described in the literature, including chemical,
enzymatic, and mechanical techniques. For decellularisation
of the whole organs or tissues, it is desirable to combine mul-
tiple methods with longer washing steps.*>®* In contrast, for
decellularisation of the in vitro generated ECM, less disruptive
methods are preferable.>®*%%4-87

In this study, we used FT + DNAse to decellularise our
scaffolds. Decellularisation was confirmed by quantification of
the DNA content and the verification of the removal of DNA in
DAPI-stained sections. The remnant DNA remaining at the end
of decellularisation was low enough to satisfy the suggested
criteria for a successful decellularisation.®® The results demon-
strated that FT + DNAse was effective in removing the genetic
material up to 95.6% while preserving 87.1% of the deposited
collagen onto PCL PolyHIPE (Fig. 6E and F). The removal of
the DNA was further confirmed with DAPI/phalloidin stained
sections (Fig. 6C and D). The SEM images of the decellularised

Mean: 87.1%
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Fig. 6 SEM images of the (A) surface and (B) cross-sections of the
decellularised PCL PolyHIPE scaffolds. DAPI (blue) and phalloidin-TRITC
(red) stained sections of the (C) cellular and (D) decellularised scaffolds.
Graphs show the confirmation of (E) the DNA removal with Picogreen
assay and (F) the preservation of the deposited collagen with Sirius Red
assay. Scale bars represent 100 pm for fluorescent images. *** p <
0.001, ns not significant, p > 0.05, n = 3 + SD.
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scaffolds showed that the multiple steps of the decellularisa-
tion process seemed to disrupt the cell layer covering the
surface of the scaffold and created a porous structure when
compared with cellular scaffolds which were covered comple-
tely with HDFs after 14 days of culture (Fig. 6A and B). We have
previously evaluated the efficiency of several decellularisation
techniques and demonstrated that FT + DNAse is an effective
method for the decellularisation of the scaffolds.*?

Mechanical characterisation of the bio-functionalised PCL
PolyHIPE scaffolds

No statistical difference was observed between PCL and PCL
with ECM groups in terms of Young’s modulus, UTS, and
elongation at yield. The results showed that the decellularisa-
tion technique used in this study and the deposition of ECM
onto the PCL PolyHIPE scaffolds did not alter the mechanical
properties. The Young’s moduli of the scaffolds were calcu-
lated as 0.35 + 0.01 MPa and 0.37 + 0.02 MPa for PCL and PCL
with ECM scaffolds, respectively. The UTS of the scaffolds were
0.31 + 0.03 MPa and 0.30 + 0.03 MPa for PCL and PCL with
ECM scaffolds, respectively. Finally, maximum elongations
within the elastic region for PCL and PCL with ECM scaffolds
were 92.10 + 2.40% and 89.40 + 3.10%, respectively. Very
similar mechanical testing results have previously been
measured for different applications of PCL PolyHIPE scaffolds
with a similar composition.>**° The mechanical testing results
of plain and ECM containing PCL PolyHIPE scaffolds are sum-
marised in Fig. 7.

Investigation of bio-functionalised PCL PolyHIPE scaffolds on
the metabolic activity of HDFs, HEKs and HAECs in vitro

Several types of cells, including neutrophils, macrophages,
mast cells, T cells and B cells, take part in the inflammatory
phase of wound healing.®**° Following the inflammatory
phase, fibroblasts play critical roles in the tissue repair
phase®%* and keratinocytes in the re-epithelialisation phase.’?
Neovascularisation (endothelial cells) take important roles in
inflammation and tissue repair phases for providing oxygen
and nutrients, waste removal, and transmigration of inflam-
matory cells to the wound area.'>'*'® Considering the
complex stages of wound healing, one approach is to investi-
gate the metabolic activity and proliferation of cells that play a
key role in wound healing to estimate the wound healing per-
formance in vitro.*>**> Accordingly, we investigated the effect of
in vitro generated fibroblast-derived ECM for improving the
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Fig. 7 The mechanical testing results (Young's modulus, UTS, and
elongation at yield) of plain and ECM containing PCL PolyHIPE scaffolds.
ns not significant, p > 0.05, n = 3 + SD.
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activity of fibroblasts, endothelial cells and keratinocyte cell
types.

AlamarBlue assay results showed that when HDFs, HAECs,
and HEKs were cultured on plain PCL scaffolds there was no
significant increase in their activities at any time point over 7
days. In contrast, all three types of cells showed an increase in
their metabolic activities over 7 days when cultured on bio-
functionalised PCL PolyHIPE scaffolds (Fig. 8B, D and F). This
data was further confirmed with the H&E-stained sections of
scaffolds cultured with HDFs (Fig. 8A), HAECs (Fig. 8C), and
HEKs (Fig. 8E) at the end of 7-day culture. Although the histo-
logical images clearly showed the positive impact of the pres-
ence of in vitro generated ECM on their growth on the PCL
PolyHIPE scaffolds for all three cells, the most significant
difference was observed for HEKs where the proliferation and
infiltration were dramatically higher in bio-functionalised
scaffolds compared with the controls (Fig. 8E).

This increase in the attachment and growth of HDFs,
HAECs, and HEKs when an in vitro fibroblast-derived matrix
was present in the scaffolds was likely to be due to several
reasons. Cell adhesion is modulated by integrins that can
recognise ECM proteins.”® Besides the effect of better adhesion
on the viability of cells, ECM proteins have also been reported
to improve cell attachment and growth.®"°”°® Wong et al. have
previously demonstrated that fibroblast-derived ECM contains
laminin, collagen IV and fibronectin, alongside various other
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Fig. 8 (A) H&E-stained sections of the HDFs cultured for 7 days on bio-
functionalised scaffolds and (B) the metabolic activity of HDFs over 7
days. (C) H&E-stained sections of the HAECs cultured for 7 days on bio-
functionalised scaffolds and (D) the metabolic activity of HAECs over 7
days. (E) HGE stained sections of the HEKs cultured for 7 days on bio-
functionalised scaffolds and (F) the metabolic activity of HEKs over 7
days. Scale bars represent 100 um. *** p < 0.001, ** p < 0.01, * p < 0.05,
n=3+SD.
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ECM proteins and some ECM associated proteins.’® Similarly,
Castaldo et al. showed the presence of fibronectin, collagen,
laminin, and tenascin in the composition of a fibroblast-
derived matrix."®® In addition to the bioactive ECM com-
ponents, the deposition of ECM onto the surfaces has been
shown to increase the surface roughness which is likely to
enhance the initial cell attachment.'®’

The increase in the metabolic activity of HAECs in the pres-
ence of fibroblast-derived ECM is likely to be due to fibroblasts
playing a key role in endothelial cell regulation by producing
significant amounts of ECM and pro-angiogenic factors which
control the shape and density of blood vessels.'*'°* Although
fibroblasts can secrete pro-angiogenic factors, their main role
is to form a rich extracellular environment in which endo-
thelial cells can be embedded to form tubules.'®* We have pre-
viously reported the positive impact of HDFs on the metabolic
activity®' and monolayer formation of endothelial cells.>

The significant effect of the fibroblast-derived matrix on
HEK metabolic activity and infiltration can be explained by the
interplay between fibroblasts and keratinocytes in their natural
environment.”’ This has been widely studied, and the litera-
ture provides consistent evidence that keratinocytes show
enhanced proliferation, differentiation, basement membrane
deposition, and reduced apoptosis in the presence of
fibroblasts.'%>'°® This cross-talk is mostly regulated via growth
factors which may potentially be trapped in the ECM deposited
by the HDFs. Fibroblasts have been shown to enhance the re-
epithelialisation of the superficial incisional wounds created
in human skin equivalents.'®” In addition to the physical pres-
ence of fibroblasts, the presence of fibroblast-derived ECM has
also been shown to support keratinocyte proliferation and
control differentiation.®

Investigation of the angiogenic potential of the bio-
functionalised PCL PolyHIPE scaffolds in ex ovo CAM assay

The CAM assay is a well-established protocol, not only for the
assessment of angiogenic potential, but also for the initial
in vivo response to biomaterials.??313233:35:36

Our group, alongside others, has been trying to reduce the
number of higher-order animals used in animal experiments
during pre-clinical trials. Towards this aim, we adapted a chick
chorioallantoic membrane (CAM) assay for testing pro-angio-
genic biomaterials prior to detailed pre-clinical tests.

The CAM assay is a very well-known angiogenesis model
that has been approved by the United States Food and Drug
Administration (FDA) in 2006 to be used in the development of
products for chronic cutaneous ulcer and burn wounds with a
guidance for industry.’°® In this guidance, it is stated that the
stimulation of angiogenesis associated with wound healing
can be tested using the CAM model (article 3, subparagraph A,
animal wound models). With this guideline, the CAM model
has been approved as one of the pre-clinical tests for the pro-
duction of therapeutic products for chronic and burn wounds
and has taken an important step towards expanding its use
both in industry and research.'*

This journal is © The Royal Society of Chemistry 2021
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The current direction in animal research is focused on
reducing the use of animals, improving the well-being of lab-
oratory animals used, and producing high-quality science even
when these conditions are met. Accordingly, the CAM assay is
one of the most supportive models of the 3R (replace, reduce,
refine) approach introduced by Russel & Burch''® because
CAM is a membrane that dynamically produces new blood
vessels in response to biomaterials and drugs, and it is not
innervated in the first 14 days of embryo development. The
American institutional animal care and use board (IACUC)""
and the National Institutes of Health (NIH)''* stated that a
chick embryo that has not reached the 15th day of the develop-
ment period will not experience pain and therefore there are
no ethical restrictions or pre-protocol. CAM is easily accessible
for experimental interventions as it remains above the develop-
ing embryo (especially the ex ovo version of the CAM assay).
Thus, being able to study in vivo angiogenesis without being in
direct contact with the embryo makes it ethically more accepta-
ble than many animal models, and it is the main reason why
the FDA supports the use of this model by researchers before
detailed animal experiments.

The ex ovo CAM assay results demonstrated that bio-functio-
nalised PCL PolyHIPE scaffolds stimulated angiogenesis over 5
days. None of the implanted scaffolds affected the embryo sur-
vival rate, which was over 75% for all groups. In our previous
protocol paper, we reported the average survival rates of the ex
ovo (shell-less) cultured chick embryos as 25%, 68%, and 83%
by inexperienced, intermediate, and experienced users,
respectively.”®

Assessment of blood vessel formation on the CAM showed
that the inclusion of ECM had a dramatic effect on the
number of discernible blood vessels and branching points
(Fig. 9A). Blood vessels observed in the histological slides went
up by a factor of 2.1 in the presence of in vitro generated ECM
on the scaffolds compared with plain controls (Fig. 9B and C).

As well as the angiogenic performance of the bio-functiona-
lised scaffolds, evaluation of the H&E and fluorescent stained
sections of the scaffolds on CAM revealed that tissue inte-
gration to bio-functionalised scaffolds was significantly higher
when compared with controls. In contrast, as can be seen in
the H&E and fluorescent stained sections, there was limited
tissue infiltration into plain PCL PolyHIPE which was loosely
attached to the CAMs and peeled off from the surface of the
CAM after the termination of the assay (Fig. 9D).

Fibroblasts have previously been demonstrated to have
important roles in the angiogenic process by generating ECM
molecules such as collagen and fibronectin,"">'* growth
factors, and pro-angiogenic factors.'*'®® Several ECM mole-
cules, including collagen, fibronectin, and laminin, have been
shown to possess important characteristics for angiogenesis
and wound healing."*>"'*® All these three ECM molecules have
been reported to be present in fibroblast-derived ECM.%'°
Alongside the ECM components that have the potential to
promote angiogenesis, the fibroblast-derived matrix has also
been shown to store pro-angiogenic factors such as
VEGF,""”"''® bFGF and hepatocyte growth factor (HGF).''® In

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Evaluation of the angiogenic performance of the plain PCL and
bio-functionalised scaffolds. (A) Macro images, (B) lower and (C) higher
magnifications of the H&E-stained sections. Blood vessels are shown
with green arrows. (D) Phalloidin-TRITC (red)/DAPI (blue) stained sec-
tions of the scaffolds. Graphs show the quantified results. Scale bars
represent 2 mm for macro images of the CAM (A) and 100 um for H&E (B
and C) and fluorescent stained (D) sections. ***p < 0.001, **p < 0.01, n =
3+ SD.

addition, in vitro generated ECM has previously been shown to
promote the vascularisation of the implanted constructs in a
rat animal model® and in a CAM assay,>® and the authors
hypothesised that increased angiogenic activity was due to the
bioactive ECM components and angiogenic factors that are
stored in the generated ECM.

Conclusions

In this study, bio-functionalised constructs were manufactured
successfully by decellularisation of 14-day cultured HDFs on
PCL PolyHIPE scaffolds. The decoration of PCL PolyHIPE
scaffolds with fibroblast-derived ECM demonstrated an
effective way not to enhance the metabolic activities of three
major cell types that play a critical role in wound healing, but
also markedly induce angiogenesis in ex ovo CAM assays. This
proof-of-concept study provided a unique methodology to
combine the advantages of a PCL PolyHIPE, including high
tunability of mechanical and physical properties and ease of
processing, with the biological complexity of fibroblast ECM to
stimulate angiogenesis and help drive wound healing. The use
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of cells to deposit their own matrix resolves the need for the
addition of each and every biologically active component
exogenously. Finally, when looked at from a clinical point of
view, using a patient’s own cells prior to wound management
removes any risk of disease transmission and avoids the risk of
immune rejection.

In conclusion, fibroblast-ECM functionalised PCL PolyHIPE
scaffolds appear to have great potential to be used as an active
wound dressing to promote angiogenesis and accelerate
wound healing. This study can easily be adapted for its use in
patient-specific wound healing applications with the use of
autologous fibroblasts isolated from the patient. Given the suc-
cessful outcome of the detailed analysis of our scaffolds on the
CAM bioassay, we are confident that we can proceed to further
animal trials of the ECM-decorated PCL PolyHIPE scaffolds in
our follow-up studies.
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