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ARTICLE INFO ABSTRACT

Keywords: Tissue engineered cartilage for external ear reconstruction of congenital deformities, such as microtia or resulting
Microtia from trauma, remains a significant challenge for plastic and reconstructive surgeons. Current strategies involve
Chondrogenesis

harvesting autologous costal cartilage or expanding autologous chondrocytes ex vivo. However, these procedures
often lead to donor site morbidity and a cell source with limited expansion capacity. Stromal stem cells such as
perivascular stem cells (pericytes) offer an attractive alternative cell source, as they can be isolated from many
human tissues, readily expanded in vitro and possess chondrogenic differentiation potential. Here, we success-
fully isolate CD146+ pericytes from the microtia remnant from patients undergoing reconstructive surgery
(Microtia pericytes; MPs). Then we investigate their chondrogenic potential using the polymer poly(ethyl
acrylate) (PEA) to unfold the extracellular matrix protein fibronectin (FN). FN unfolding exposes key growth
factor (GF) and integrin binding sites on the molecule, allowing tethering of the chondrogenic GF transforming
growth factor beta 1 (TGFP1). This system leads to solid-phase, matrix-bound, GF presentation in a more
physiological-like manner than that of typical chondrogenic induction media (CM) formulations that tend to lead
to off-target effects. This simple and controlled material-based approach demonstrates similar chondrogenic
potential to CM, while minimising proclivity toward hypertrophy, without the need for complex induction media
formulations.

Ear tissue engineering
Ear reconstruction
Cartilage tissue engineering

auricles with acceptable aesthetic results [3,4].
The normal external ear is a complex three-dimensional structure,

1. Introduction

Microtia is a congenital deformity of the external ear that occurs with
degrees of severity. Malformation ranges from complex craniofacial
deformities where ears are virtually absent, to ones that are correctly
formed but smaller than usual [1]. This condition affects 1 in 6000 in-
fants born in the UK annually [1]. Currently, microtia patients are
limited in their therapeutic options. The gold standard method for
external ear reconstruction to treat microtia is autologous reconstruc-
tion using costal cartilage [1,2]. This is a complex technique employed
by relatively few, highly specialised, surgeons. There are, however,
complications associated with creation of a secondary surgical site, with
significant donor site morbidity [1,2], and challenges in producing
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and as such, its reconstruction from cartilaginous grafts is challenging.
Human ear-shaped grafts have been engineered that successfully repli-
cate the delicate structures and mechanical strength of the native auricle
[5-13]. However, most of these studies rely on costal chondrocytes as
the cell source, which alongside donor site morbidity, are also hindered
by limited expansion ex vivo [14,15]. Chondrocytes rapidly dedifferen-
tiate in culture, and around 150-200 million cells are required for an
ear-shaped graft [12,16], rendering these chondrocytes a restrictive
source for regenerating full human-ear-shaped grafts. Many studies have
now isolated chondrocytes from microtia tissues, although this source is
minimally invasive, these cells also rapidly dedifferentiate, produce low
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cell yields and have been reported to display different gene expression
profiles from normal chondrocytes [12,17]. Acquiring sufficient chon-
drocyte numbers has been achieved, but involves prolonged micromass
expansion, leading to chondrocytes in pellet form that are more suitable
for autologous cartilage implantation (ACI)-based applications [18-21].

Bone marrow mesenchymal stromal cells (MSCs) have also been
investigated as a cell source due to their chondrogenic potential and
ability to expand ex vivo [22]. Indeed, chondrogenic induction of MSCs
is well reported [23]. However, subcutaneously implanted chon-
drogenically induced MSCs are prone to ectopic ossification [24,25].
This is thought to be in part due to standard non-adherent micromass
pellet culture lacking aspects of the in vivo chondrogenic niche [12].
Such high-density pellet culture encourages chondrocyte condensation
and thus maturation [23]. Yet, this also minimises interactions with any
physical and functional chondrogenic-niche like environmental factors -
such as extracellular matrix (ECM) proteins and growth factors (GF)
[26].

Typically, complex media formulations containing multiple compo-
nents are employed to stimulate differentiation of MSCs down desired
lineages. However, these formulations vary in potency and often lead to
off-target effects [27]. For example, MSCs are stimulated to undergo
chondrogenic differentiation using chondrogenic media (CM), which
typically contains a cocktail of dexamethasone, ascorbate-2-phosphate
and transforming growth factor beta 1 (TGFp1). Notably, dexametha-
sone is also a major component of osteogenic media [27]. Using these
mediums, MSC-derived cartilage has the proclivity to undergo hyper-
trophic differentiation [23,28]. Hypertrophy closely resembles endo-
chondral ossification - a cartilage precursor before matrix
mineralization and ossification [29].

Perivascular stem cells, or pericytes, are stromal stem cells with
chondrogenic capacity [30-32]. Pericytes may offer a viable alternative
stem cell source for cartilage generation, in that they have been isolated
from many tissues in the body and are amenable to in vitro culture and
expansion [30]. Pericytes are an attractive cell source as they are iso-
lated based on a specific set of markers, based primarily on positive
expression of CD146 [30]; by contrast, MSC isolation is heterogeneous,
with different isolation strategies generating different lineage potentials
[33,34]. This leads to a well-defined pericyte population that can be
readily expanded compared to MSCs, which tend to reach senescence or
differentiate to fibroblasts in culture at earlier passages [35]. As such,
CD146+ pericytes isolated from microtia tissues may offer a potential
high yield cell source for chondrogenic tissue generation.

Alongside investigations into an appropriate cellular source, the
need for a chondrogenic graft that retains shape and mechanical prop-
erties of the ear has led to the development of biomaterial scaffolds
[4,5,7,10,11,36-38]. In conjunction with computer-assisted design/
computer-aided manufacturing (CAD/CAM) technology, this offers the
ability to design patient-specific prosthetics that better recapitulate the
complexity and structure of the ear [39,40]. However, currently used
frames are non-absorbable, such as silicone or high-density polyethylene
(e.g. Medpor®, Stryker, USA), and although they generate excellent ear
shape, they lack bioactivity and are associated with infection and
extrusion of the scaffold [1,2,37,38,41]. Hence, there is a need to
develop bioactive scaffolds that recapitulate aspects of the native
auricular chondrocyte niche and reduce risks of bio-incompatibility.

In this study we aim to address the issues of (1) development of a
bioactive scaffold that mimics aspects of a chondrogenic microenvi-
ronment; (2) obtaining a clinically relevant cell source for auricular
cartilage regeneration. In this regard, we have isolated CD146+ peri-
cytes from the perichondrium vasculature of the microtia remnants
(microtia pericytes; MPs) and cultured them in a chondrogenic targeting
microenvironment. We have adapted a system previously used for bone
repair, to present the chondrogenic-promoting growth factor (GF)
TGFp1 in a physiological manner to MPs [36,37].

This system is based on the ability of the polymer poly(ethyl acry-
late) (PEA) to drive fibrillogenesis and matrix formation of the ECM
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protein fibronectin (FN), and permit ECM-based, solid-state delivery of
ultra-low (nano) doses of GFs to cells, potentially reducing off-target
effects associated with complex CM formulations [36-38]. Utilizing
plasma polymerisation, PEA can readily coat 2D and 3D structures [37].
Here, we explored the PEA FN TGFp1 system's ability to drive chon-
drogenic differentiation of MPs in vitro, in standard, high density, cell
culture in 2D. However, it is easily envisioned that this technology could
be applied to complex 3D systems.

2. Results
2.1. PEA drives unfolding of FN

Standard chondrogenic culture uses complex media formulations
containing several soluble compounds, including the growth factor
TGFp1. Several of these compounds are also used in osteogenic media,
which can lead to off-target signalling and likely the promotion of the
undesired hypertrophic cartilage phenotype. In this study, we aimed to
engineer a supplement-free chondrogenic promoting environment using
technology previously developed, where we coat standard tissue culture
plastic (TCP) with the polymer PEA by plasma polymerisation. The
chemistry of PEA was confirmed using X-ray photoelectron spectroscopy
(XPS) (Fig. 1A). The carbon (Cls) and oxygen (O1s) spectra show peak
positioning and binding ratios similar to those found in the literature
[37,39-41]. Cls spectra were peak fitted with respect to the primary
hydrocarbon backbone signal at 285 eV the other three carbon moieties
respectively: C-COOR (+ 0.4 eV); C—O (+ 1.8 eV); O-C=0 (+ 3.4 eV),
corresponding to chemical structure inset in Fig. 1A. In Ols spectra two
oxygen moieties, C=0 (~532 eV) and C-O-C (~533 eV) were found.
Thus, these XPS results confirm the successful coating of PEA onto
substrates by plasma polymerisation. As previously described, fine-
tuning of the parameters of the plasma system, such as chamber pres-
sure, power, and polymerisation time, enables PEA coatings onto TCP
substrates at a rate of 10 nm min~ ! [37,39]. The thickness of the
resultant PEA coatings (=300 nm) guarantees that the XPS spectra are
due to PEA and not to the underlying substrate, as the sensitivity of XPS
is ~10 nm [37,39,40].

Our previous work has demonstrated that PEA is able to drive
fibrillogenesis and matrix formation of FN [36-38]. To confirm this, FN
was adsorbed onto PEA and TCP surfaces, atomic force microscopy
(AFM) analysis shows the polymer PEA drives cell-free network forma-
tion of FN (Fig. 1B). TCP is used as a control and shows FN molecules
remain in a globular formation. Unfolding of FN molecules leads to
exposure of cryptic binding domains, such as an integrin and GF binding
domain (Fig. 1C). Immunofluorescence analysis was used to demon-
strate a similar amount of total FN was adsorbed onto TCP and PEA, but
FN unfolding on PEA led to significantly increased availability of the
P5F3 (GF binding) and HFN7.1 (RGD integrin binding) domains
(Fig. 1D). The scheme in Fig. 1E demonstrates FN conformation upon
adsorption to TCP (globular, binding sites inaccessible) and PEA
(unfolded network, binding sites exposed).

It is well reported that the GF binding domain of FN has high affin-
ities for many GFs*?, including the chondrogenic GF TGFp1 [43,44]. As
previously demonstrated with the osteogenic GF BMP-2 [36,37,45],
TGFp1 was adsorbed to the PEA-driven FN matrix to present the GF in a
solid-phase, physiological-like manner to cells. We hypothesised the
PEA FN TGFp1 system may enhance chondrogenesis in cells seeded to
these surfaces.

2.2. Isolation of pericytes from microtia patient biopsies

Pericytes are stromal stem cells that have been isolated from many
different tissues, and display osteogenic, chondrogenic, adipogenic and
myogenic potential in culture [30]. Here, we investigated pericyte
isolation from a novel tissue, the perichondrium of the microtia
remnant, with the aim that these cells may offer a potentially autologous
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Fig. 1. PEA drives exposure of FN binding domains. A. Chemical composition of the plasma polymerised PEA surface measured by XPS analysis. Cls and O1s core-
level spectra of PEA with fitted peaks which represent binding conformations of carbon and oxygen atoms on the top 10 nm of the sample surfaces. The inset show's
chemical structure of PEA, with labelled carbon and oxygen atoms corresponding to components as indicated on Cls and O1s scans. The spectra show similar peak
positioning and binding ratios to those previously described [42,44,46]. B. AFM images of FN adsorbed (20 pg/mL) onto TCP and PEA surfaces demonstrates FN
unfolding on PEA, whereas on TCP, FN appears to remain in a globular formation. C. Schematic of fibronectin molecule, demonstrating proximity of GF and integrin
binding domains. D. Domain availability of adsorbed FN. Immunofluorescence analysis demonstrates total FN availability shows no significant differences between
PEA and TCP, suggesting equal amounts are adsorbed. Functional FN domains, P5F3 (GF-binding domain) availability and HFN7.1 (RGD integrin-binding domain),
that are concealed in globular FN molecules, show increased availability on PEA. Graphs show mean + SEM, using unpaired two-tailed t-test with Mann-Whitney*p
< 0.05, n = 4 material replicates. E. Schematic demonstrates FN remains globular on TCP and unfolds to form a network on PEA. C and E created with BioR

ender.com.

chondrogenic cell source for ear reconstruction for microtia patients.
Cells surrounding the vasculature from the tissue biopsy (Fig. 2A)
demonstrated co-expression of pericyte markers CD146 and o-SMA
(a-smooth muscle actin) (Fig. 2B). Ear tissue was digested as previously
described [30] and MPs were isolated using FACS based on well-
validated pericyte markers (CD146+ CD34- CD31- CD45-) (Fig. 2C).
These cells were morphologically similar to pericytes isolated from other
sources [30] (Fig. 2D). MPs retained the CD146+ phenotype up to
passage 8 (Supplementary Fig. 1). MPs were successfully isolated from
the tissue of 10 different patients, providing a viable cell source for this
research (data not shown).

2.3. PEA EN with matrix-bound TGFf1 leads to GFR and FA co-
localisation

Synergy signalling between co-localised GF receptors (GFR) and
integrins has been shown to enhance lineage commitment in MSCs
[46,47]. Due to the close proximity of the integrin and GF binding site
presented to cells on PEA FN networks (Fig. 1C-E), we wanted to
investigate whether PEA FN surfaces binding adsorbed TGFp1 led to co-
localisation of TGFpRs and FAs. TGFf1 was adsorbed in solution at 100
ng/mL to FN coated PEA surfaces to present the GF in solid-phase to the
cells (bound), PEA FN TGFf1 surfaces were then washed with PBS to
remove any excess, unbound GF. We compared this to PEA FN surfaces
with TGFp1 administered soluble in the culture media (soluble). MPs

were seeded on PEA FN TGFp1 soluble and bound substrates, and after 4
h of culture, cells were fixed and imaged using super-resolution micro-
scopy. Representative images of PEA FN TGFf1 (bound) are shown in
Fig. 2A and Supplementary Fig. 2b (representative images for PEA FN +
soluble TGFf1 in Supplementary Fig. 2A). We measured the average
distance between TGFfR and focal adhesions (FAs), represented by
vinculin staining. Here we found matrix bound TGFp1l leads to a
significantly shorter distance on average between the GF receptors and
FAs (Fig. 3B). This suggests co-localisation of TGFR to FAs is enhanced
when TGFp1 is bound on the PEA FN surface.

2.4. Matrix-bound TGFf1 supports SOX9 expression

To investigate if PEA FN with matrix bound TGFp1 (PEA FN TGFf1)
could support chondrogenesis of MPs, we compared the system to MPs
seeded in CM (Fig. 4A). MPs were seeded onto PEA FN TGFp1 and PEA
FN substrates, TCP (standard media; negative control), TCP + CM
(positive control). As chondrocytes typically live in pairs [23], MPs were
seeded in high density culture (HDC) for 7 and 21 days. Light micro-
scopy images of HDC on substrates revealed significant differences in
bulk culture morphology (Fig. 4B). On the TCP control, by 7 days of
culture, cells had begun to aggregate, and cell layers peeled from the
TCP surface. In CM, cell aggregates appeared by day 7, and by day 21
were visible by eye and had begun to detach from the substrate surface.
By contrast, on PEA FN TGFp1 substrates, cells appeared to resist peeling
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Fig. 2. Isolation of pericytes from microtia remnants. A. Lateral photograph of patient with grade III microtia and complete external auditory canal atresia as well as
the microtia remnant B. Immunofluorescence images of intact microtia tissue, stained for pericyte markers a-SMA and CD146, displaying positive expression around
vasculature, scale bar 50 pm. Blue; nuclear staining. C. FACS plots of microtia pericyte (MP) isolation. Tissue was digested and forward scatter area (FSC-A) versus
side scatter area (SSC-A) plot used to identify single cells; following removal of dead cells (DAPI), haematopoietic cells (CD45) and endothelial cells (CD31), pericytes
can then be identified as CD146+ and CD34- and Adventitial cells (ADV) as CD34- CD146+ D. Light microscopy image of MPs in standard culture at passage 6, scale

bar 200 pm.

and aggregation, instead forming dense sheets of cells over the substrate
surface. We note that it is thought for implant coating, cell sheets, rather
than cell aggregates, are thought to be more desirable [6].

At days 7 and 21, samples were fixed to assess early and late chon-
drogenic markers, SOX9 and COL2, by immunofluorescent staining. By
day 7, SOX9 expression was significantly increased in the PEA FN TGFf1
condition (Fig. 4C). As SOX9 is the master transcriptional regulator of
the chondrogenic response [23], this suggests the PEA FN TGFf1 sub-
strate may be promoting early chondrogenesis in MPs. By day 21, CM
was the only condition to significantly increase collagen type II levels
above the TCP control. However, all samples demonstrated positive
collagen type II expression (Fig. 4D).

2.5. Late chondrogenic marker expression

MPs were harvested from controls and substrates at 21 days for RNA
analysis. PEA FN TGFp1 significantly down regulated the hypertrophy
marker alkaline phosphatase (ALP), while CM significantly upregulated
the expression of the mature chondrocyte marker COL2A (Fig. 5A),
consistent with the immunofluorescence analysis (Fig. 4D). Although
the expression of COLX did not appear to be significantly changed in any
of the conditions compared to the TCP control, expression of COL2A/

COLX suggests collagen expression in CM is slightly skewed toward COL
X, suggestive of hypertrophic chondrocytes (Fig. 5A). Safranin-O histo-
logical staining revealed both PEA FN TGFf1 and CM comparably sup-
port chondrogenesis compared to TCP and PEA FN controls (Fig. 5B).

2.6. Regulation of SMAD signalling

SMADs (small mothers against decapentaplegic) are intracellular
mediators activated by phosphorylation upon TGFp1/SMAD signalling
[48,49]. TGFp1 ligand binding leads to the phosphorylation and acti-
vation of SMADs 2 and 3, which, upon translocation to the nucleus,
induce expression of cartilage associated genes - type II collagens,
aggrecans and SOX9 [49]. Whereas SMADs 1 and 5 are commonly
activated by bone morphogenetic protein-2 (BMP-2) ligand binding and
induce the transcription of genes that are associated with the hyper-
trophic phenotype, ALP and collagen X [50]. Expression levels of total
SMADs and phosphorylated SMADs were investigated by western blot-
ting after 7 days. CM led to increase in levels of pSMAD2, but also of
total SMAD1 levels (Fig. 6A,B, Supplementary Fig. 3). Interestingly,
however, only low levels of all SMADs and pSMADs were detected in
MPs cultured on PEA FN TGF1 by western blotting.
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Fig. 3. TGFf1 adsorbed to the PEA FN system leads to co-localisation of TGFp1 to focal adhesions. A. Representative super-resolution image of MPs seeded on PEA
FN TGFf1 surface, demonstrates co-localization of TGFPR (yellow) to focal adhesions (vinculin; magenta), white boxes show magnified regions of co-localization.
Cyan; nuclear staining. Scale bar is 10 pm. B. The distance of TGFpR to focal adhesions (FAs, vinculin) was measured in cells cultured on PEA FN with matrix
bound TGFp1 (PEA FN + adsorbed TGFf1; bound) and TGFp1 administered soluble in the culture medium (soluble). TGFf1 is significantly closer to FAs when TGFf1
is matrix bound (bound; PEA FN TGFp1), graph shows mean + SEM of distance of >1500 particles measured, n = 3 material replicates, significance calculated using

unpaired t-test,***p < 0.0005.
3. Discussion

One of the major challenges associated with the clinical translation
of engineered human-ear cartilage is the lack of a clinically applicable
cell source. The ideal cell source should possess chondrogenic potential,
lack proclivity for ossification, avoid donor site morbidity and produce
the high cell yields required for entire auricular reconstruction.
Approximately 100x more cells are required than for ACI procedures,
typically used to treat articular cartilage defects in the knee [51]. Native,
autologous, chondrocytes either sourced either from a secondary site or
from microtia tissue biopsies demonstrate strong chondrogenic potential
[12,15]. However, chondrocytes dedifferentiate in culture quickly,
rendering their in vitro expansion ineffective.

This has led many studies to investigate the co-culture of chon-
drocytes cultured with MSCs [12,13,51,52]. MSCs are able to produce
the high cell yields required, yet chondrogenic stimulation using current
methods, such as CM, often leads to undesired effects such as hyper-
trophy or ossification upon implantation in vivo [23-25,28]. Further, the
MSCs used in many of these studies are bone marrow derived, and
although relatively non-invasive, for an autologous therapy this would
require a secondary procedure. In this study we successfully isolated
CD146+ pericytes from microtia patients from a piece of tissue that
would otherwise be discarded. These multipotent cells have the ad-
vantages of availability, defined phenotype and enhanced expansion
capability [30]. We envisioned isolating MPs from chondrogenic tissues
may have positive influence on their chondrogenic potential, as has been
reported for osteogenesis of BM-derived MSCs [34]. MPs offer a viable
cell source for the high yield of cells required for auricular reconstruc-
tion as they can be readily expanded in vitro up to passage 8 without loss
of CD146 expression, ie. without loss of stemness/differentiation ca-
pacity (Supplementary Fig. 1). This is consistent with pericytes isolated
from other tissues, such as muscle, which have been demonstrated to
retain proliferation capacity and CD146-+ NG2+ expression up to pas-
sage 14 [30].

A recent study isolated adipose-derived MSCs from the microtia
remnant and demonstrated their chondrogenic potential, then by
expanding and culturing with microtia chondrocytes, costal chon-
drocytes and adipose-derived costal MSCs they successfully implanted a
3D printed ear shaped graft in a murine model [13]. Future work could
similarly investigate the PEA FN TGFp1 with co-cultures of MPs and

chondrocytes isolated from microtia biopsies, as co-cultures with
chondrocytes even in low numbers, may further mimic functional as-
pects of a chondrogenic microenvironment and support more robust
chondrogenesis of the MPs [13,28,53], while MPs may support the
proliferation and stability of the microtia chondrocytes in vitro [13,54].
It is easily envisioned that microtia chondrocytes could be isolated from
the same tissue sample as the MPs during FACS sorting. This negates the
use of BM-derived MSCs and ensures both cell types can come from an
autologous, minimally invasive source.

Here, we further develop a polymer-based system to present the GF
TGFp1 to cells in a physiological manner. By tethering low concentra-
tions of TGFP1 to open FN molecules on PEA, we demonstrate induction
of chondrogenesis in MPs seeded in HDC that is comparable to chon-
drogenic media. The PEA system promotes co-localization of the TGFpR
with focal adhesions (Fig. 3), although this did not appear to lead to an
increase in total SMAD2/3 signalling by western blot (Fig. 6), suggesting
lack of activation, however it also did not increase hypertrophy markers
SMAD 1 or pSMAD1/5/9 levels as CM did. The significant reduction in
ALP gene expression further suggests this system may potentially reduce
the proclivity of cells for ossification. Future work will optimise con-
centrations of TGFB1 used in the system and then further investigate
TGFp activation and downstream signalling at different time points, to
understand if the system can be used to promote robust SMAD2/3
activation.

In conclusion, the PEA FN TGFp1 substrate was seen to increase
SOX9 expression in MPs, key to initiation of chondrogenic differentia-
tion [23]. While it did not strongly increase SMAD 2 or 3 that are
relevant to hyaline phenotype [49], it also did not induce SMAD 1 or 5
that are implied in hypertrophy [50]. Collagen II expression was
observed to be lower with PEA FN TGFf1 than with CM, however
chondrogenesis at the histological level was seen to be enhanced along
with significant reduction in markers linked to hypertrophy such as ALP.
Further, while CM led to the formation of large cell aggregates that
peeled from the substrate, PEA FN TGFp1 supported growth of cell
sheets that could be useful in tissue engineering applications. Further, it
is easily envisioned that biocomaptiable and biodegradable 3D printed
ear constructs (e.g [13]) could be coated with PEA FN and low dose
TGFp1 to support 3D chondrogenesis of MPs. The coating technology is
facile and could be envisioned for other cartilage applications such as in
provision of cells for ACL
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< 0.005.
4. Methods
4.1. Preparation of substrates

Circular 12 mm diameter Nunc™ Thermanox™ coverslips were
subject to plasma polymerisation with ethyl acrylate (Sigma Aldrich).
Plasma polymerisation was carried out in a custom-made capacitively
coupled plamsa installation for low-pressure plasma in a 15 L T-shaped
reactor made of borosilicate and stainless steel end plates sealed with
Viton O-rings. Under vacuum, the plasma was initiated via two capaci-
tively coupled copper band ring electrodes situated outside of the
reactor chamber and connected to a radio frequency power supply
(Coaxial Power System LTD.). Samples were treated for 10 mins at 100
W. Creating a PEA coating, of around 300 pm*2. PEA coated coverslips
were placed on parafilm and FN from human plasma (Sigma Aldrich)
adsorbed in solution (20 pg/mL) and incubated at RT for 1 h. Substrates
were then washed twice with PBS and TGFp1 (Peprotech) added in so-
lution (100 ng/mL) and incubated for 2 h at RT. After two washes with
PBS substrates were transferred into 24-well plates in PBS until ready to

use.
4.2. XPS

After plasma polymerisation, samples were sent out to the National
EPSRC Users' Service (NEXUS) (http://www.ncl.ac.uk/nexus/) for X-ray
photoelectron spectra (XPS) analysis. A K-alpha XPS system (Thermo-
Scientific) equipped with a monochromatic Al K-alpha source was used
to analyse each sample three times at a maximum beam size of 400 pm
x 800 pm. Parameters were set up as follows: X-ray energy: 1486.68 eV;
voltage 12 kV; current: 3 mA; power 36 W. Spectra analysis and curve
fitting performed using CasaXPS software.

4.3. EN adsorption assays

Quantitative immunofluorescence assays were carried out using the
LI-COR in-cell western™ platform. FN (20 pg/mL) was adsorbed for 1 h
at RT, samples were washed with 3 x 5 min with PBS, blocked with 1 %
milk protein/PBS, and incubated with primary antibodies for total FN
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Fig. 5. PEA FN TGFp1 supports chondrogenesis of MPs similar to CM, but reduces ALP expression. A. qRT-PCR comparison of chondrogenic and off-target gene
expression at day 21 induced by CM or PEA FN TGFf1, n = 3 material replicates from 3 independent experiments with different donor cells. PEA FN TGFp1
significantly reduces ALP expression and leads to a higher ratio of COL2A to COLX. B. PEA FN TGFp1 and CM significantly support chondrogenesis at 21 days,
demonstrated by Safranin-O histological staining. Scale bar is 2 mm. Results are means +SEM, n = 4 material replicates, significance calculated using one-way
ANOVA with Tukey multiple comparisons test to TCP control, *p < 0.05, **p < 0.005, ***p < 0.0005.

(polyclonal rabbit, Sigma Aldrich), HFN7.1 (monoclonal mouse,
Developmental Studies Hybridoma Bank, USA), and P5F3 (monoclonal
mouse, Santa Cruz Biotechnology, sc-18,827) for 2 h. Substrates were
washed 5 x 0.5 % Tween20 in PBS (PBST), followed by incubation o/n
at 4 °C with LI-COR secondary antibodies (IRDye 800CW/700CW anti-
rabbit/mouse secondary antibody, LI-COR, UK). Samples were washed
5x with PBST, followed by a final wash in PBS and dried before imaging
on LI-COR Sa Odyssey scanner.

4.4. Pericyte isolation

Pericytes were isolated from tissue of Microtia patients undergoing
the first stage reconstruction with informed consent, ethical approval for
the collection, processing and subsequent research using human auric-
ular tissue was granted by Southeast Scotland Research Ethics Com-
mittee 01 (ref [16]:/SS/0103). All subsequent methods were performed
in accordance with the guidelines and regulations. The auricular peri-
chondrium was dissected off the cartilage under loupe magnification.
Perichondrial tissue was digested using Collagenase I 1 mg/mL (GIBCO)
in DMEM in a 37 °C shaking water bath at 150 rpm for 2 h. Samples were
vortexed every 30 min at 2.0 rpm for 30 s-1 min. 1 mL of featal bovine
serum (FBS; Sigma Aldrich) was then added to neutralize collagenase.
Samples were centrifuged at 2.0 rpm for 10 mins and the supernatant
discarded leaving the pellet. Pellets were resuspended in 5 mL PBS/2 %
(v/v) FBS. The resultant tissue suspension was then filtered through 100
pm, 70 pm and 40 pm cell strainers. The filtered solution was then made
up to 30 mL and centrifuged at 2.0 rpm for 10 mins. Supernatant was

discarded and pellet resuspended in PBS/2 % FBS for immunostaining.
Fluorescently activated cell sorting (FACS) was carried out on cells
stained with CD146 BV 711, CD34 FITC, CD31 V450, CD45 V450, final
dilution 1:100, (all from BD BioSciences). Cells were stained for 45 mins
at 4 °C in the dark before undergoing sorting with the BD FACS Aria II.
The pericyte population was sorted based on the following phenotype
CD146-+, CD34-, CD45-, CD31-.

4.5. Pericyte culture

Immediately after FACS, pericytes were seeded onto 0.1 % gelatin-
coated wells at a density of 2 x 10* cells/cm? in EGM-2 endothelial
growth medium (Lonza) in a humidified incubator with 5 % CO2 at
37 °C. When confluent, cells were detached using trypsin/versene and
split into uncoated wells and cultured in 20 % DMEM for all subsequent
passages. Media changed twice per week and cultured until ready for use
or until passage 10. During experimental culture, pericytes were seeded
in micromass onto PEA substrates or TCP in 24-well plates. 1 x 10° cells
were seeded onto each substrate in a total volume of 30 pL. The cells
were incubated under a humidified atmosphere of 5 % CO; at 37 °C for
3 h to allow cell attachment, after which they were gently flooded with
1 mL of culture media. TCP, PEA FN conditions were cultured in DMEM
with 10 % FBS, 2 % penicillin streptomycin, 1 % sodium pyruvate and 1
% MEM-NEAA. For PEA FN TGFp1 this was supplemented with 10 ng/
mL TGFp1 on day 3 and for all subsequent media changes. Chondrogenic
media was used for the TCP-CM condition (DMEM supplemented with
10 % FBS, 2 % penicillin streptomycin, 1 % sodium pyruvate, 1 % MEM-
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Fig. 6. SMAD signalling in MPs. A. and B. After MPs had been cultured for 7 days on TCP, CM and PEA FN TGFf1, protein was extracted from 4 material replicates
and subject to western blot analysis for SMAD signalling molecules. Each protein was run on a separate gel with the same time of exposure. Full length blots presented
in Supplementary Fig. 2. B. Quantification of bands shown in A represented as fold change compared to TCP. PEA FN TGFp1 produced only low quantities of all
SMADs while CM had elevated levels of all SMADs. SMAD2 is specific to signalling to a more hyaline cartilage phenotype, (i.e. the desired signalling response).
However, CM also led to increased levels of SMAD1 and pSMAD1/5/9, which signals through osteogenic-related pathways and is associated with the formation of

hypertrophic cartilage, n = 4 pooled material replicates.

NEAA, 100 pM ascorbate-2-phosphate, 107 M dexamethasone, 1 % ITS
(insulin 10 pg/mL, transferrin 5.5 pg/mL, selenium 6.7 ng/mL), 50 pg/
mL proline, 10 ng/mL TGFp1). 500 pL of media was removed and
replaced twice per week.

4.6. Immunocytochemistry

Cells were washed 1 x PBS and fixed with 4 % formaldehyde solution
at 37 °C for 15 min. Cells were then permeabilized with a solution of 0.5
% Triton X-100 in PBS at 4 °C for 5 min. 1 % BSA solution was added,
cells incubated for 1 h at RT to block nonspecific binding. After blocking,
primary antibodies were added, for day 7 samples (anti-SOX9, 1:250,
rabbit mAb, Abcam #185966; anti-Aggrecan, 1:200, mouse mAb,
Abcam #ab3778), and for 21 day samples (anti-COLII, 1:200, Abcam
ab34712; anti-COLX 1:200, Abcam 49,945), and incubated at 37 °C for
1 h. Cells were then washed with 0.5 % Tween20 in PBS (PBST) 3 x 5
min. Thereafter, a biotinylated anti-rabbit secondary antibody (1:50;
Vector Laboratories) were added to the cells and incubated at 37 °C for 1
h, followed by 3 x 5 min PBST washes. After washing, streptavidin-
fluorescein (1:50; Vector Laboratories) was added and incubated at
4 °C for 30 min. After final 3 x 5 min PBST washing, nuclei were stained
with Vectasield-DAPI (Vector Laboratories), whereas the samples were
mounted on glass slides for fluorescence microscopy. Samples were then
viewed on Axiophot microscope and processed using ImageJ.

For imaging of intact microtia tissue, samples were fixed in 4 % PFA
overnight at 4 °C before being embedded, frozen in OCT and cryosec-
tioned. Tissue slides were washed with PBS and antigen retrieval was
performed with Tris-EDTA. Protein block was performed for 30 mins at
room temperature before primary antibody incubation (1:100), CD146
(Abcam, ab75769) CD34 (Abcam, ab81289) or directly conjugated
a-SMA-FITC (1:100, Sigma F3777) overnight at 4 °C. Secondary anti-
bodies, all 1:250, AlexaFluor 488 Goat anti-rabbit (H + L) (Invitrogen),
AlexaFluor 647 Goat anti-rabbit (H + L) (Invitrogen) or Streptavidin
conjugated 488 (Life technologies) was applied for 30 mins at room
temperature. Tissue samples were washed and mounted with DAPI
containing mountant (Thermo Fisher Scientific, P36931). Images were

acquired using Zeiss (Carl Zeiss, Oberkochen, Germany). Images were
processed using ZEN Blue lite version (Zeiss).

4.7. Flow cytometry

Cells were detached from tissue culture flasks using TrpLE (Thermo
Fischer) at passage 6 or 8. Centrifuged at 400 g for 4 mins, supernatant
discarded and resuspended in PBS/2 % FBS +0.25 mM EDTA (FACS
buffer) and centrifugation repeated to wash. Pellet was then resus-
pended in FACS buffer containing antibodies (1:50) against CD146
(PerCP-Cy5.5, BD Biosciences, 562,134), CD45 (FTIC, BD Biosceinces,
11-0459-42), CD34 (PE, BD Biosciences, 12-0349-42) and CD56 (PE-
Cy7, BD Biosciences). After washing, cells were run on Attune™ NxT
Flow Cytometer (Thermo Fischer) and analysed using FlowJo Software.

4.8. Super resolution microscopy

An Ibidi® p-slide 8 well high glass bottom slide (80807) was plasma
coated with PEA and FN was adsorbed as described above. TGFp1 was
then adsorbed onto the PEA surface or administered in soluble form in
cell media (100 ng/mL). Cells were seeded and fixed after 4 h. Cells were
then incubated with primary antibodies TGFBR1 (1:100, Thermo Fischer
PA5-32631) and vinculin (1:400, Sigma V9264). Super-resolution
structured illumination microscopy (SR-SIM) was performed using a
Zeiss Elyra PS.1 super-resolution microscope (Carl Zeiss, Germany). A
plan-Apochromat 63x /1.4 Oil lens was used, and Z-steps of 0.2 pm were
acquired (total thickness between 5 and 7 pm) in five rotations using the
ZEN Black Edition Imaging software. SR-SIM images were reconstructed
in the same software using Structural Illumination automatic processing
tool. Distance between TGFbR and vinculin was measured using Fiji
with DiAna plugin measuring centre to centre [55].

4.9. Quantitative real-time PCR

RNA extraction was performed after 21-days cell culture. Cells were
lysed, and total RNA extracted using a Qiagen RNeasy mini kit
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(deoxyribonuclease treatment included). Quantity and integrity of RNA
was measured with NanoDrop (Thermo Fischer). qPCR was carried out
and analysed to assess the expression of target primers (Table 1, all from
Eurofins). Briefly, RNA samples were reverse-transcribed using the
QuantiTech Reverse Transcription Kit (Qiagen). qPCR was carried out
using the SYBR Select Master Mix (Life Technologies) and the 7500 Real-
Time PCR System (Applied Biosystems). B-ACTIN served as the house-
keeping gene, and expression for the genes of interest was normalised to
B-ACTIN expression. Because the SYBR green method was used, primer
sequences for the genes were validated by dissociation curve/melt curve
analysis. The comparative cycle threshold method was used for quan-
tification of gene expression. The relative transcript levels were
expressed as mean + SEM (n = 4 technical replicates, for 3 patient
replicates).

4.10. Histology

For ALP staining cells were fixed with 0.1 % glutaraldehyde in PBS
for 20 min at RT. Rinsed 3 x PBS, rinsed 1 x with 1 % acetic acid solution
for 10-15 s and stained with 0.1 % Safranin O solution (Merck) for 5
min. Cells were then washed 3 x PBS and stored in PBS. Light microscopy
images obtained using Thermo Fischer EVOS M700. Integrated density
measurements obtained by drying samples and scanning using LiCor
Odyssey Sa system.

4.11. Western Blotting

After 7 and 21 days of culture, biological triplicates were scraped
from the substrates, combined, and lysed using radio-
immunoprecipitation (RIPA) buffer supplemented with phosphatase
inhibitors (ThermoFisher, 78,427) and protease inhibitors (Sigma-
Aldrich, $S8830). The cells were kept on ice with periodical vortexing for
30 min, then centrifuged at 12,000 g for 15 min at 4 °C. Western blotting
was performed using the same amount of protein in each sample,
measured by DC assay (Biorad). Western blotting was performed using
Bolt 4-12 % Bis-Tris Plus gels (Invitrogen). Gels were transferred on a
membrane and blocked for 1 h using 5 % milk solution (w/v) in Tris-
buffered saline (TBS) (150 mM sodium chloride, 2 mM Tris base, pH
7.4) containing 0.1 % Tween20 (Sigma) (TBS-T). Blocked membranes
were probed for SMAD2 (1:1000, Cell Signalling Technology 5339S),
PSMAD2 (1:1000, Cell Signalling Technology 18338S), SMAD1 (1:1000,
Cell Signalling Technology 6944S), pPSMAD1/5/9 (1:1000, Cell Signal-
ling Technology 13820S), Tubulin (1:1000, Cell Signalling Technology
21488S), primary antibodies diluted in 5 % milk/TBS-T (w/v) overnight
at 4 °C. Membranes were then washed for 15 min and 3 x 5 min in TBS-T
buffer and stained with anti-mouse HRP (1:4000, Cell Signalling Tech-
nology 7076S) or anti-rabbit HRP (1:4000, Cell Signalling Technology
70748S) secondary antibodies for 1 h at RT. Membranes were treated
with Pierce ECL+ blotting substrate (Thermo Scientific 32,132) for 5
min. Images were obtained using Thermofisher's MyECL machine. Pro-
tein levels were quantified using ImageJ and normalised to the signal
area of tubulin.

4.12. Statistical analysis

Statistical analysis carried out as per figure legends using GraphPad
Prism 8™ software.
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Table 1
Primers for qRT-PCR.

Target Primer sequence

B-Actin 5'- CCAGAGGCGTACAGGGATAG —3'
5'- CCAACCGCGAGAAGATGA -3’

COL2A 5’-CACTGGGACTGTCCTCTGCGA-3'
5'-CCTTTGGTCCTGGTTGCCCACT-3'

ALP 5-CTTGGCTTTTCCTTCATGGT-3'
5’-AGAACCCCAAAGGCTTCTTC-3'

COLX 5'-CACCTTCTGCACTGCTCATC-3

5'-GGCAGCATATTCTCAGATGGA-3'
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