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Abstract

Introduction: We aimed to compare alternative synthetic scaffolds
suitable for future implantation and to examine the use of an inhibi-
tor of lysyl oxidase (beta-amino-propionitrile [-APN]) to reduce
contraction in these implants.

Methods: Three synthetic scaffolds were compared to natural der-
mis as substrates for the production of tissue-engineered skin. For
natural dermis, Euroskin was used to provide a cell-free cadaveric
dermis. Synthetic scaffolds consisted of microfibrous poly-L-lactic
acid (PLA), nanofibrous poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV), and a micro-/nanofibrous trilayer of PLA-PHBV-PLA.
The latter were all electrospun and then all four scaffolds (three
synthetic, one natural) were placed in six well plates. A culture well
was formed on the scaffold using a 1T cm diameter stainless steel
ring and 1.5x10° oral fibroblasts were seeded one side; after two
days of culture, the ring was placed on the other side of the scaf-
folds and 3x10° oral keratinocytes were seeded on to the scaffolds
and cultured with keratinocytes uppermost. After a further two days
of culture, scaffolds were cut to 1 cm? and raised to an air-liquid
interface on stainless steel grids; some were treated with 200 pg/
mL B-APN throughout the culture period (28 days). Contraction
in vitro was assessed by serial digital photography of cell-seeded
scaffolds and cell-free scaffolds three times a week for 28 days.
All cell-seeded scaffolds were assessed for cell metabolic activity,
mechanical properties, histology, and morphology by scanning
electron microscopy (SEM).

Results: The mean fibre diameters and pore sizes of PLA and PHBV
scaffolds were 2.4+0.77, 0.85+0.21 pm (p<0.001), and 10.8+2.3,
4.3+1.1 pm (p<0.001), respectively. Oral fibroblasts and keratinoc-
ytes were tightly adhered and grew well on both surfaces of trilayer.
The ultimate tensile strength (UTS) and Young’s modulus (YM) of
PLA samples were significantly lower than Euroskin (p<0.001 and
p<0.05, respectively); only the UTS of the trilayer samples was
slightly significantly lower (p<0.05). Metabolic activity was sig-
nificantly increased for cells on all scaffolds, without significant
differences between them from Day 0 to Day 28. There were no

adverse effects of B-APN on cell viability. With respect to con-
traction, cells on trilayer and PHBV monolayers did not undergo
any significant contraction; however, cells on PLA monolayer and
Euroskin contracted 25.3% and 56.4%, respectively, over 28 days.
The addition of 200 pg/ml B-APN significantly reduced contraction
of Euroskin compared with the control (p<0.01); however, B-APN
did not affect PLA contraction during this culture period (p>0.05).
Conclusions: This study shows that a trilayer micro-nano-3D porous
synthetic scaffold is suitable for oral keratinocyte and fibroblast
growth with good cell viability and minimal contraction. This mate-
rial also has good mechanical properties and histological analyses
showed its ability to mimic normal human oral mucosal morphol-
ogy. Furthermore, synthetic trilayer scaffolds have advantages over
biological scaffolds — there is no risk of disease transmission or
immunological rejection and they appear resistant to contraction.
We suggest they present a good alternative to allodermis for future
use in urethral reconstruction.

Introduction

Urethral strictures are an abnormal narrowing of the urethra
that can be due to iatrogenic, idiopathic, inflammatory, or
traumatic causes. The most common etiology of urethral
stricture is idiopathic (41%), followed by iatrogenic (35%).
latrogenic injuries are related to placing of indwelling
catheters, transurethral manipulation, surgery for hypo-
spadias, prostatectomy, and brachytherapy.'? Overall, the
incidence of urethral strictures is about 1% for males over
the age of 55 years. The actual incidence differs based on
worldwide populations, geography, and income.**
Treatment of urethral strictures depends on stricture etiol-
ogy, localization, stricture length, the degree of spongiofibro-
sis, the previous history of treatment, and the patient’s age.
Short, simple strictures are treated endoscopically; however,
longer, more complex strictures in the penile urethra often
require a one- or two-stage urethroplasty. In carrying out
an augmentation procedure, a range of materials have been
used for grafting, including penile skin, scrotal skin, oral
mucosa, bladder mucosa, and colonic mucosa. From these,
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oral mucosa grafts have become the most clinically effective
due to their short harvest time, lack of hair, low associated
morbidity, and high clinical success rates.>®

Reported complications of oral mucosal grafts include
intraoperative hemorrhage, postoperative infection, pain,
swelling, and damage to salivary ducts.”'® In particular, it
can be difficult to obtain enough buccal mucosa for long
grafts. Accordingly, to reduce donor site morbidity, tissue-
engineered buccal grafts have been used as an alternative
for reconstruction of complex urethral strictures.

In 2004, our group developed tissue-engineered buccal
mucosa (TEBM) based on allogeneic cadaveric dermal tissue
and autologous cultured buccal mucosa keratinocytes and
fibroblasts for reconstruction of the urethra." In 2008, we
reported the three-year outcomes of a first clinical trial of this
material in five patients.""'> We found that initial results were
good in all five patients, with rapid vascularisation of the
grafts allowing successful retubularisation of all patients as
though native buccal mucosa had been used. However after
eight and nine months, respectively, two of the five patients’
grafts developed contraction and fibrosis; this affected part
of the graft for one patient and all of the graft for another.
Our nine-year followup of these patients published in 2014
showed no further fibrosis for the four patients who still had
TEBM buccal mucosa in place.”

We have more recently looked beyond using native der-
mis as a scaffold for TEBM for two reasons: eliminating any
risk of infection and reducing graft contracture. With donor
grafts, there is always a potential, albeit small risk, of disease
transmission. This can be mitigated by accessing cadaveric
skin from accredited tissue banks where donors are screened
for bacteria and Hepatitis B and C, and efforts are made to
exclude patients carrying HIV (the latter is the most chal-
lenging, as there is a period of seroconversion in which a
patient may be infected and yet not test positive). Clearly,
with cadaveric donation, this will always remain a small risk.

The other reason that we have moved to synthetic der-
mal substrates is to see if we can overcome some of the
problems of graft contraction and fibrosis. Therefore, we
developed synthetic electrospun biodegradable scaffolds for
urethral reconstruction.' We have also explored using drug
approaches to prevent contraction of dermal-based scaffolds
used in tissue engineered skin production.’

In this study, we have explored the production of TEBM
using de-epidermised acellular dermis, in this case sourced
from an accredited tissue bank (Euroskin) and compared
it to buccal mucosa based on three synthetic scaffolds:
Poly-L-lactic acid (PLA), Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV), and a trilayer scaffold, which
consists of microfibers of PLA and nanofibers of PHBV.

PLA has a long history of use and is well-known to be a
biodegradable biomaterial with good biocompatibility.'®'” It
has been used extensively in our group'®?' for applications
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ranging from a material for repair of the pelvic floor*' to a
combination of PLA with polyglycolic acid (PGA), as PLGA,
to make a biodegradable scaffold for use in the cornea.??
The second polymer, PHVB, was selected because it can be
readily spun into nanofibrous layers,>* and when combined
with microfibers of PLA, can produce a microporous/nano-
porous/microporous trilayer that mimics, to some extent, the
architecture of skin in that the PHBV fibres can be produced
as a thin compact layer acting as a pseudo- basement mem-
brane. This allows the segregation of different cell types.?***

The aim of this study was to improve on the development
of TEBM for future clinical use by comparing a synthetic
trilayer (PLA-PHBV-PLA) biodegradable alternative to human
dermis, and further, to explore the use of beta-aminopropi-
onitrile (3-APN) as a lysyl oxidase inhibitor to reduce con-
traction in these grafts.

Methods

Preparation of PLA and PHBV monolayer scaffolds

PLA (Goodfellow, Cambridge, U.K.) was dissolved in dich-
loromethane (DCM) at 10% wt PLA. PHBV (Goodfellow,
Huntingdon, U.K.) was dissolved in 90 wt% DCM/10 wt%
methanol solution. For random scaffolds, polymer soluti-
ons were loaded into 5mL syringes fitted with blunt tipped
stainless steel needles with an internal diameter of 0.8 mm
(1&) Fisnar Inc.). Four syringes with 5mL solution in each
were used to deliver the solutions at a constant flow rate of
2.4mL/h using a programmable syringe pump (Genic, Kent
Scientific, U.S.). Solutions were electrospun horizontally
with an accelerating voltage of 17kV supplied by a high-
voltage power supply (Model 73030 P, Genvolt, Shropshire,
U.K.). Fibrous mats were collected on aluminium foil sheets
(18x16 cm) wrapped around an earthed aluminium rotating
collector (rotating at 300r/min) 17 cm (PLA), 10 cm (PHBV)
from the tip of the needle.

Preparation of PLA-PHBV-PLA trilayer scaffold

Micro-fibrous PLA and nano-fibrous PHBV trilayer scaffolds
were electrospun using parameters as described by Bye et
al.** PLA and PHBYV solution were pumped from four syrin-
ges at 2.4mL/h per syringe. For PLA, a needle to collector
distance of 17 cm was used, while for PHBV, a distance of
10 cm was used. The syringe needles were charged to +17
kV and polymer solutions spun onto an earthed rotating (300
RPM) aluminium foil coated mandrel. PLA and PHBV were
setup in separate syringe pumps on either side of the rotating
mandrel and charged by individual power supplies. Trilayers
were spun by sequentially spinning first 8 ml PLA, then 4
ml of PHBV simultaneously with 4 ml PLA from a matching

CUAJ ® May 2018  Volume 12, Issue 5 E235



Simseket al

spinning setup on the other side of the mandrel, then 8 ml
PLA alone, creating a PLA-PHBV-PLA trilayer construct.

Preparation of DED from Euroskin

We have previously shown that tissue-engineered skin can
be prepared from either cadaveric skin treated in-house or
from the Dutch Tissue Bank, Euroskin purchased commer-
cially.?> Accordingly, in this study, we used Euroskin as our
source of cadaveric dermis. Euroskin was purchased from
Euroskin Bank, Netherlands, after seeking approval to use
this material for research purposes.

The glycerol preserved EuroSkin was washed several times
with phosphate- buffered saline (PBS) until the glycerol was
washed away. This was then de-epidermised by immersion
in 1-M sodium chloride for 24 hours, and the epidermis was
removed with gentle scraping with forceps. Euroskin was then
washed thoroughly with PBS and placed in medium at 37
°C for 2-3 days to confirm sterility. It was then incubated
rehydrated in antibiotic-free media for 48 hours prior to use.

Isolation and culture of oral keratinocytes and fibroblasts

Oral biopsies comprising of 0.5 cm? of tissue were taken
after informed consent and ethical approval from healthy
volunteers or patients undergoing buccal mucosa removal
for urethroplasty or for dental procedures (003463/2015).
Specimen were washed with PBS containing 100 mg/mL
streptomycin and 100 1U/mL penicillin. The tissue samp-
les were then incubated overnight (12-18 hours) at 4 °C
in 0.1%w/v trypsin solution. Epidermal and dermal layers
were peeled apart, and keratinocytes were isolated from the
lower surface of the epidermis and the upper surface of the
dermis by gentle scraping with a scalpel blade. Keratinocytes
were then seeded at a density of 2x10° per T75 culture flask
pre-seeded for 24 hours with 5x10° i3T3 cells in Greens’
keratinocyte medium; DMEM and Ham’s F12 medium in a
3:1 ratio supplemented with 10% FCS, 10 ng/mL EGF, 0.4pg/
mL hydrocortisone, 107" mol/mL cholera toxin, 1.8x10*
mol/L adenine, 5 pg/mL insulin, 2x10~* mol/L glutamine,
2x107 mol/L triiodothyronine, 0.625 pg/mL amphotericin
B, 100 IU/mL penicillin, and 100 pg/mL streptomycin.?
Keratinocytes were maintained in culture to passage three,
then used in experiments. Fibroblasts were isolated from the
dermis remaining after keratinocyte isolation. The dermis
was washed with PBS then finely minced and placed in
10 mL of 0.5% w/v collagenase A at 37 °C in a humidified
CO, incubator for 18-20 hours. After centrifugation of the
resulting cell suspension at 400 g for 10 minutes, cells were
then cultured in DMEM media supplemented with 10% FCS
2x107 mol/L glutamine, 1.25 pg/mL amphotericin B, 100
[U/mL penicillin, and 100 pg/mL streptomycin. Fibroblasts
were used in experiments between passages four and nine.

Cell seeding on scatfolds

Trilayer (PLA-PHBV-PLA) and monolayer (PLA, PHBV) ele-
ctrospun scaffolds (2x2 cm) were sterilized (using 70% v/v
ethanol in dH,0) for 10 minutes, washed with PBS, and
placed in six well plates. A 1 cm diameter culture well was
formed on the scaffold using a 1 cm diameter stainless steel
ring and 1.5x10° oral fibroblasts seeded inside. Constructs
were cultured for two days at 37 °C and 5% CO,. Scaffolds
were then turned over and 3x10° oral keratinocytes were
seeded onto each scaffold in Green’s medium. After a furt-
her two days of culture, scaffolds were cut to 1 cm? and
raised to an air-liquid interface (this was counted as Day 1)
on stainless steel grids; some were treated with 200 pg/mL
B-APN throughout the culture period of 28 days. Samples
were run in triplicate and experiments were repeated three
times for contraction and cell viability (n=9).

Cell seeding on dermis prepared from Euroskin

Dermis prepared from Euroskin was cut into 2x2 cm? pieces
and each placed in a six-well plate. Oral fibroblasts were
seeded on the inside of a 1 cm diameter stainless steel ring
at 1.5x10° after two days cultured; Euroskin was turned over
and 3.0x10° oral keratinocytes were seeded. Grafts were
cultured for 48 hours submerged and then cut to 1 cm?
diameter and raised to air-liquid interface for the remainder
of the assessment period. Samples were run in triplicate and
experiments were repeated three times for contraction and
cell viability (n=9).

Measurement of contraction of scaffolds

Contraction in vitro was assessed by serial digital photog-
raphy cell-seeded scaffolds and cell-free scaffolds for three
times a week until the end of the experiment. Images were
analysed using Image] software (National Institutes of Health,
Bethesda, MD, U.S.).

Assessment of cell viability

Cell metabolic activity was measured by a resazurin assay.
Before air-liquid interface, samples were washed with PBS
and 5 mL of 50 pg/mL resazurin in PBS was added. Samples
were incubated for 60 minutes at 37 °C. Then absorbance at
570 nm was measured in a colourimetric plate reader (Bio-
TEK, NorthStar Scientific Ltd, Leeds, U.K.). Samples were
then washed with PBS and returned to culture conditions.
Cell viability testing was repeated after three, seven, 14, 21,
and 28 days of culture.
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Mechanical testing of scaffolds

A total of six samples each (n=6), trilayer (PLA-PHBV-PLA),
PLA, PHBYV, and Euroskin were cut and the width and thick-
ness were measured using a ruler and micrometer, respec-
tively. These scaffolds were then clamped on a tensiometer
(BOSE Electroforce Test Instruments). A load of 22 N and
a ramp test at a rate of 0.1 mm/s was applied. The strain
was normalized to the length of the samples. The stress was
normalized by the area (width x thickness).The first failure
point or plateau was used to calculate the ultimate tensile
strength (UTS) and the displacement at this point for the
ultimate tensile strain (UT strain). The Young’s Modulus (YM)
was then calculated.

Scanning electron cicroscopy (SEM) of scaffolds

The morphology of prepared PLA, PHBV, and trilayer (PLA-
PHBV-PLA) scaffolds were observed through SEM (gold
sputtering- Emscope SC 500A Sputter Coater), which was
imaged with a FEI Inspect F scanning electron microscope
(Cambridge, U.K.).

Fibre diameters and pore sizes were quantified from SEM
images of electrospun scaffolds. From each sample (n=6),
four images were selected and 10 fibres and five pores per
image analyzed for fibre diameter and pore size, respective-
ly. This gave a total of 240 fibres and 120 pores analyzed per
scaffold. The software ImageJ (National Institutes of Health)
was used for quantification. Pores were identified as areas
of void space bounded by fibres on all sides at or near the
same depth of field.

Fig. 1A. Scanning electron micrograph (SEM) of electrospun scaffolds (A) poly-
L-lactic acid (PLA); (B) poly(3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV);
and (C)trilayer (PLA-PHBV-PLA). (D) Oral fibroblast cells are tightly adhered on
the lower surface of the trilayer and growing well. (E) Cross-section of trilayer.
(F) Oral keratinocytes are grown and stretched well on the upper layer of the
trilayer scaffolds.

Tissue-engineered buccal mucosa

Histological evaluation of scaffolds

Scaffolds were embedded with OCT compound and frozen
in liquid nitrogen. Scaffold cross-sections (5 or 10 pm thick-
ness) were cut with a cryostat (Leica CM300) and placed on
frosted slides. The sample-carrying slides were then soaked
in deionised water (two minutes) to remove the OCT, stained
with hematoxylin (1.5 minutes), washed with running tap
water (four minutes), and stained with eosin (five minutes).
After another wash with tap water (five minutes), samples
were dehydrated in 70% alcohol, followed with the immersi-
on in 100% alcohol. Finally, the slides were cleaned twice in
xylene and mounted with a coverslip by using a DPX moun-
ting medium. Slides were observed by a light microscope.

Statistics

The results were presented as the mean + standard devi-
ation (SD). Data were analysed with independent sample
T-test and analysis of variance (ANOVA) to determine the
difference among groups using SPSS 23 software program.
Differences in mechanical properties were statistically tested
with a GraphPad Prism 8 software using a Friedman test
and doing multiple comparisons between individual groups
using a Dunn’s test. A p value<0.05 was considered statis-
tically significant.

Characterization of scaffolds and cells cultured on scaffolds

SEM and histological images of the scaffolds are shown
in Figs. 1A and 1B. The mean fibre diameters and pore sizes
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Fig. 1B. Histological appearance of tissue-engineered buccal mucosa using
(A) Euroskin; and (B)trilayer (PLA-PHBV-PLA). Oral keratinocytes were seeded
on the upper surface and fibroblasts were seeded on the lower surface of

the scaffolds and stained with haematoxylin and eosin after culture periods
(magnification X10)
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Fig. 2. Mechanical properties mean + standard deviation (SD) values for Young's modulus and tensile strength and strain at

ultimate tensile strength. ns: not significant; PLA: poly-L-lactic acid; PHBV: poly(3-hydroxybutyrate-co-3-hydroxyvalerate);

SD: standard deviation.

of PLA and PHBV scaffolds were 2.4+0.77 and 0.85+0.21
pm for fibre diameter, respectively (p<0.001), and 10.8+2.3
and 4.3+1.1 pm for pore size, respectively (p<0.001). Porosity
measurements showed a significant difference between the
microfibrous scaffolds (as shown in Fig. TA (A)) and the nano-
fibrous scaffolds (shown in Fig. 1A (B)), with the microfibrous
PLA being around 28% more porous. Fig. TA (E) shows a
cross-section through this trilayer scaffold in which it can be
seen that the overall thickness of the scaffold was around 400
pm, while the thickness of the PHBV layer was around 30 pm.

Fig. 1A also shows culture of oral fibroblasts on the lower
surface of the trilayer scaffold (D) and of oral keratinoc-
ytes on the upper surface of the trilayer scaffold (F). Fig. 1B
shows H&E histology of oral keratinocytes and fibroblasts
cultured on TEBM made based on Euroskin (A) vs. TEBM
made using the trilayer of PLA/PHBV/PLA (B). This shows a
decent number of fibroblasts in the lower layer and a much
thicker layer of keratinocytes on the upper surface for both.

Mechanical properties of the scaffolds

Fig. 2 compares the YM, UTS, and UT strain of Euroskin
and three synthetic scaffolds. There are significant differen-

Fig. 3 shows cell viability
of the cells on the scaffolds
assessed throughout 28 days of culture using a resazurin
salt assay. Metabolic activity was significantly increased
for all groups over time without there being any significant
differences between cells grown on the different scaffolds.
Additionally, there was no effect of the addition of 200pm
B-APN on cell viability for cells growing on these scaffolds.
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0 7 14 21 28

Time in culture (days)

Fig. 3. Cell viability of oral keratinocytes and fibroblasts gown on scaffolds.
B-APN: beta-amino-propionitrile; PLA: poly-L-lactic acid; PHBV: poly(3-
hydroxybutyrate-co-3-hydroxyvalerate).
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The figure also shows that there was no evidence any meta-
bolic activity for Euroskin cultured on its own.

Contraction of scaffolds by keratinocytes and fibroblasts

Fig. 4 shows the appearance of these buccal mucosa cons-
tructs at Days 1 and 28 when based on Euroskin, showing
extensive contraction slightly reduced by the addition of
B-APN. In contrast, cells on the trilayer show little contracti-
on by Day 28 and the addition of B-APN was without effect.

Fig. 5 shows the extent to which the cells on different
scaffolds contracted the scaffold and the effect of 200 pm
B-APN on this. It was very evident that, as previously report-
ed, the keratinocytes and fibroblasts contracted the tissue-
engineered constructs when these were based on natural
dermis from Euroskin. The addition of B-APN significantly
reduced contraction of these scaffolds (p<0.01).

For the other three scaffolds, PLA, PHBV and the trilayer,
the extent of contraction over 28 days was much less and
was not significantly affected by the addition of 200pg/ml
B-APN. These results are summarized in Table 1.

Discussion

The need for tissue-engineered grafts was identified for
those patients who require treatment for recurrent, long,
complex urethral strictures.? In the initial treatment of long,
complex urethral strictures, autologous buccal mucosa was

Tissue-engineered buccal mucosa

Fig. 4. Appearance of tissue engineered scaffolds at: (A, E)Day 1; (B, F)Day 28
based on Euroskin and trilayer and the absence (A, B, E, F) and presence (C, D,
G, H) of B-APN. B-APN: beta-amino- propionitrile.

shown to be successful. However, the urethral re-strictu-
re rate remains significant at 14.5-15.7%.%” Treatment of
recurrent strictures can be more difficult because of urethral
shortening from prior surgery, the degree of inflammation of
the urethra, and the spongiofibrotic fibrosis and periurethral
scarring itself and associated poor blood supply. For these
challenging patients, it may be possible to harvest further
autologous buccal tissue, but with increasing likelihood of
donor site complications. In some cases, because of prior
surgery, this may not be possible. Accordingly in recent
years, TEBM has been explored for urethral reconstruction.

Our previous studies looking at tissue-engineered skin
have identified that it is the epithelial cells rather than the
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Fig. 5. Time course of scaffold contraction. 3-APN: beta-amino-propionitrile; PLA: poly-L-lactic acid; PHBV: poly(3-

hydroxybutyrate-co-3-hydroxyvalerate).
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Table 1. Contraction of scaffolds by oral keratinocytes and fibroblasts over 28 days in the presence and absence of -APN

Group Day 1 Day 3 Day 5 Day 7 Day 14 Day 21 Day 28
Euroskin 100 89.4+6.9 81.1+4.6 82.2+6.0 61.4+6.1 51.6+5.7 43.6+9.1
Euroskin + B-APN 100 94.1+4.1 91.3+8.0 87.1£7.4 80.3+11.9 70.8+8.1 61.1£11.6
PLA 100 97.2+2.3 96.7+0.9 93.7£1.2 87.3+4.3 82.4+5.0 74.7+8.4
PLA+B-APN 100 99.8+3.1 97.8+2.5 94.2+5.1 90.3+3.3 86.9+6.1 80.16.1
PHBV 100 95.2+1.5 91.9+1.6 91.3£2.9 89.9+3.1 87.8+2.1 86.3+2.1
PHBV+B3-APN 100 98.3+1.2 94.1£2.3 90.2+3.8 88.2+3.9 85.4+3.1 84.8+88.1
TRILAYER 100 97.4+1.8 95.6+0.5 95.2+2.2 93.7+1.0 90.8+2.2 88.1£2.4
TRILAYER+B-APN 100 97.1£2.3 94.7+3.6 91.1+5.6 87.0+5.5 86.8+6.0 86.5+7.5

Values are mean = standard deviation (SD). The contractionsof the scaffolds were calculated by dividing the area of each scaffold at the termination of the culture period by its original area (first

day area). (Area*100/original area). B-APN: beta-amino-propionitrile; PLA: poly-L-lactic acid; PHBV: poly(3-hydroxybutyrate-co-3-hydroxyvalerate).

stromal fibroblasts that drive the contraction by stimulating
the enzyme lysyl oxidase that crosslinks collagen fibres.?
A pharmacological study revealed that an inhibitor of lysyl
oxidase, B-APN (found in the sweet-pea family), was capable
of significantly reducing contraction. We have also previ-
ously explored a few other routes to block or resist contrac-
tion. The most promising of these was to suture the graft in
place against a rigid framework in the laboratory for the
first seven days, and this seems to reduce the extent of the
contraction.?

The aim of this study was to explore alternative syn-
thetic scaffolds as substrates for the production of TEBM
for future use in reconstruction of the urethra. As part of
this, we explored the addition of an inhibitor of the col-
lagen crosslinking enzyme lysyl oxidase, f-APN, to see to
what extent this might reduce the cell-induced contraction
of these grafts in vitro.

The main findings of this study were that it is possible
to make a trilayer scaffold out of microfibers of PLA and
nanofibers of PHBV, which supported the production of
a TEBM. The mechanical properties of the trilayer were
comparable to those of TEBM based on native dermis, but
encouragingly, cells showed relatively little ability to con-
traction these in vitro. We found B-APN reduced the con-
traction of the construct when cells were cultured on native
dermal collagen, but had no effect on the very slight degree
of contraction seen when the cells were cultured on the
trilayer scaffold.

In this study, we designed a scaffold based on a combina-
tion of PLA and PHBV. PLA is a FDA-approved, synthetic,
biodegradable, biocompatible polymer of lactic acid pro-
duced by ring opening polymerisation of lactic acid. It is a
hydrophobic, semi-crystalline, and amorphous polymer.®° It
has been used as a biomaterial for a variety of different uro-
logical applications.’®'¥3132In our comparisons, we studied
electrospun PLA on its own and showed that it is a good
substrate for the growth of oral keratinocytes and fibroblasts.
However, it has relatively poor mechanical properties com-
pared to Euroskin. Cells grown on PLA scaffolds showed
approximately 25% contraction.

The second polymer, PHBV, is a natural, biodegradable
polymer formed by bacterial fermentation; it has been electro-
spun into fibrous scaffolds for a wide range of applications,*3*
including skin grafts, drug-delivery systems, cartilage tissue
engineering, and reconstructive implants.®>3® |t is relatively
hydrophobic, with a longer and much slower rate of degrada-
tion, which can be seen as disadvantages.* It is often used in
combination with other polymers to obtain new materials.*

We developed a trilayer scaffold in which PHBV was
used to produce a pseudo-basement membrane of nanofib-
ers, separating oral keratinocytes from oral fibroblasts. We
previously demonstrated that a nanofibrous scaffold can
act as a barrier for cell penetration,? while a microfibrous
scaffold provides cell attachment and proliferation for two
different cell types.

With respect to the UTS, the trilayer was 0.13+0.035
compared to 2.34+0.67 for Euroskin. We suggest it is not
essential that the mechanical properties are exactly as for the
native tissue, but that they are “good enough” to maintain
a patent urethra long-term.

The trilayer scaffolds presented the closest values for stiff-
ness and stretchability compared to that of Euroskin. The
addition of the nanofibrous component of the trilayer made a
material with mechanical properties closer to native tissues,
and it was easy to handle. By this we mean that it could be
picked up, shaped, and handled without tangling, sticking,
or losing its shape.

In a previous study, we tried to use oral mucosal cells
seeded on a synthetic biodegradable scaffold made of poly-
lactic-co-glycolic acid (PLGA) for urethral reconstruction.'
However, all scaffolds showed extensive contraction (more
than 50% over 14 days) irrespective of the method of steri-
lization or the presence of cells. This was unsatisfactory.

Wei et al prepared a polycaprolactone/silk/collagen
nano-3D porous scaffold for urethral reconstruction. They
showed that oral mucosal epithelial cells grew well on the
scaffold. However, these authors did not comment on scaf-
fold contraction and evaluated cell viability for only seven
days.*' Another study evaluated the capacity of a PLA scaf-
fold seeded with rabbit adipose tissue-derived stem cells to
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repair a urethral defect in a rabbit model. After four or six
weeks of implantation, the grafts were collected and ana-
lyzed histologically. Their data demonstrated good integra-
tion into native tissues and they concluded that cell-seeded
PLA-based materials would be good candidates for the next
generation of tissue-engineered urethras.*

Raya-Rivera et al reported the outcomes of five male patients
who underwent urethroplasty. They took bladder tissue biopsy
from each patient and cells were expanded and seeded onto
tubularized PLGA scaffolds; 4-6 cm manufactured scaffolds
were used for urethral reconstruction. After 71 months, median
followup serial radiographical, urinary flow rate, and endo-
scopic studies showed the maintenance of wide urethral cali-
bres without strictures. The authors concluded that tubularized
urethra can be engineered to be used as a prospective clinical
procedure.®* However, this was just a small clinical trial that
required an invasive bladder biopsy using a suprapubic inci-
sion, which carries risks of serious complications.*

Our group has experience on contraction of tissue-engi-
neered skin and we have previously demonstrated that exten-
sive collagen crosslinking is related to contraction.?® This can
be reduced by the inhibition of lysyl oxidase, a key enzyme
involved in collagen crosslinking.?’ The current study showed
that B-APN significantly inhibited Euroskin contraction, how-
ever, this effect was not seen in PLA scaffolds. This may be
explained by the lower collagen levels found in the PLA scaf-
folds compared to the natural dermal substrates.

In this study, we successfully seeded oral keratinocytes
and fibroblasts on each side, respectively, of PLA-PHBV-PLA
micro-nano-3D porous scaffolds. Cells grew well on both
PLLA sides of the membrane and the PHBV barrier membrane
provided a barrier against cell infiltration between the differ-
ent cells on the PLLA scaffolds on either side of the barrier.

A limitation of this study is that while it is ideal for look-
ing at short-term contraction over several weeks in vitro, it
cannot shed light on the complex issue of fibrosis, which
can occur many months post-implantation. In our study, it
occurred in two patients eight and nine months post-implan-
tation, strongly suggesting that this is an immune system-
triggered process.'> These patients suffered from recurrent
fibrosis throughout the previous 10 years before transplanta-
tion of TEBM. The other patients maintained luminal patency
throughout the following nine years of followup."

It might, in the future, be possible to deliver a lysyl oxi-
dase inhibitor as part of a drug-eluting scaffold, but we have
to point out that there are very few studies as yet looking at
the process of fibrosis post-implantation of TEBM. The fact
that this can occur many months post-implantation suggests
that this will be a challenge to study and it may not be a
process that can be studied in animal models if the trigger
is an underlying recurrent inflammatory process.

Tissue-engineered buccal mucosa

A PLA-PHBV-PLA trilayer micro-nano-3D porous scaffold
is suitable for oral keratinocyte and fibroblast growth, with
good cell viability and minimal contraction. This cell-loaded
material also has good mechanical properties and histologi-
cal analyses showed its ability to mimic normal human oral
mucosal morphology for tissue-engineered urethral recons-
truction. Furthermore, trilayer scaffolds have the advantage
over biological scaffolds for avoiding immunological rejecti-
on and preventing viral infections. Further investigations are
necessary to translate this in vitro technology into preclinical
and clinical studies.
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