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Microarchitectural analysis of
decellularised unscarred and scarred
dermis provides insight into the
organisation and ultrastructure of the
human skin with implications for future
dermal substitute scaffold design

Umair Khan'2(®) and Ardeshir Bayat'

Abstract

The three-dimensional spatial arrangement of dermal tissue plays a crucial role in directing cellular behaviour during
wound healing. It is vital to elucidate a better understanding of the three-dimensional dermal architecture of human
skin. We sought to understand the configuration in morphological structure of decellularised human dermis between
unscarred skin and normotrophic scars. Skin biopsies underwent decellularisation (DNA removal =88%). Histological
analysis showed no change in gross morphology of decellularised unscarred and scarred dermis. Multiphoton and atomic
force microscopies showed that collagen fibres in unscarred decellularised dermis were interwoven akin to a mesh-like
structure. Collagen fibres in decellularised unscarred dermis were less stiff (mean: 2.155 = 0.9595 MPa; p <0.0001) with
a rougher (R,=16.5, R,=12.5, R, = 198; p <0.0001) surface topography. Scarred dermis had a higher collagen volume
density (papillary dermis, p < 0.0082; reticular dermis, p <0.0332). The results demonstrate that scaffolds should exhibit
a mesh-like structure with a biomimetic surface and low stiffness.
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scar formation.® In their study on the mechanism of scar
formation,’ it was suggested that the formation of a normal

Introduction

Wound healing is a normal dynamic reciprocal overlap-
ping process that depending on the depth of cutaneous der-
mal injury usually can lead to permanent scar formation.!
In most cases, this is normotrophic scarring but, in some
cases, it can result in pathological scarring such as atrophic,
hypertrophic or keloid scars.! To date, pathological scar-
ring has been studied extensively.? However, despite the
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technological advances that have led to a greater under-
standing of the molecular basis of cutaneous wound heal-
ing, our understanding of the morphological alterations
from unscarred skin to normotrophic scar formation still
remains unclear.>* More recently, studies have highlighted
the crucial role the dermal tissue plays in normotrophic
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scar may be related to the loss of integrity of the intact
dermal architecture, that is, the loss of collagen network,
thus highlighting the crucial role this structure plays in
regulating cellular behaviour during the process of cutane-
ous wound healing. Collagen acts not only as a benign
scaffold, but also as a dynamic structure that plays a cru-
cial role in tissue function and in defining, within the cel-
lular microenvironment, the regulatory behaviour of
resident and migratory cells during wound healing.®°
Therefore, when the integrity of this scaffold is compro-
mised during cutaneous injury, especially deep dermal
injuries, it cannot effectively mediate cellular behaviour
and consequently leads to scar tissue generation.>:10
Morphologically, this leads to the formation of an irregu-
larly arranged fibrous tissue.’

Presently, several approaches have been developed for
tissue engineering skin substitutes in order to achieve a
specific functional objective.!! However, because of the
limited three-dimensional (3D) understanding of the native
dermal extracellular matrix (ECM), so far these engineered
skin substitutes fail to fulfil the criteria for a fully func-
tional skin.!? The physical properties of engineered scaf-
folds influence the interaction and behaviour of cellular
components during wound healing. Size of pores, specific
shapes formed virtually between neighbouring adhesion
sites and angles formed between fibres all can influence
the migratory behaviour of dermal fibroblasts.'? Engineered
dermal scaffolds that resemble the native microarchitec-
ture of unscarred skin may therefore play a crucial role in
wound healing, thus preventing the formation of excessive
scar tissue.

Decellularised tissues and organs have recently emerged
as an alternative to synthetic biomaterials. However, the
presence of even minimal cells in human tissue allografts
can stimulate an immune response, consequently resulting
in rejection of the implanted allograft by the recipient.
Thus, to overcome this, several groups have developed
decellularised bioscaffolds with the intention of recellu-
larisation in order to regenerate tissues and organs.'4
Bioscaffolds have widely been developed for a number of
organs; however, to date, the structural and mechanical
characteristics of scaffolds for dermal regeneration have
not been fully identified.

Furthermore, over the last few decades, the published
literature has highlighted that patients exhibit significant
psychological distress even in the presence of minimal
scarring, especially following minor facial lacerations.!>-17
This is irrespective of the scar type!*1¢ and thus highlights
the fact that even minimal improvements in normotrophic
scar appearance can significantly improve the psychoso-
cial quality of life for these patients.

To our knowledge, for the first time, decellularisation
of scarred human dermis was achieved using a process
originally developed to decellularise a wide range of tis-
sues, including heart valves,'8:1° meniscus, pericardium,

femoral arteries?® and the amniotic membrane.?! In our
study, we amended and optimised the process for decellu-
larisation of scarred human dermis. We performed qualita-
tive and quantitative analyses of our decellularised scarred
dermis, carefully considering various parameters that are
necessary when engineering dermal scaffolds, and which
may influence the cellular compartment during cutaneous
wound healing.

Materials and methods

Tissue samples

Ethical approval was obtained from male Caucasian sub-
jects undergoing elective cosmetic abdominoplasty sur-
gery with appropriate ethical committee and Human Tissue
Authority approval (16/NW/0736 IRAS 214160). A total
of six full-thickness skin tissue samples approximately
7 cm by 4 cm (three unscarred and three normal cutaneous
scars) were collected from three separate patients (aged
37,42, and 54 years). Immediately following excision, the
tissue samples were snap-frozen using dry ice, placed in
polypropylene tubes and stored in a —80°C freezer until
further use.

Decellularisation

Reagents. All reagents used in this study were highest-
grade research products formulated for human skin decel-
lularisation specifically and strictly conformed to Good
Manufacturing Practice (GMP) standards (Table 1).

Protocol. Non-processed fresh skin was thawed at room
temperature. The skin samples were immersed in Cam-
bridge Antibiotic Solution (nystatin, vancomyin HCI, gen-
tamicin sulphate, polymyxin B sulphate, imipenem) and
incubated with agitation on an orbital shaker (200 r/min).
The tissue specimens were then washed three times with
agitation (200r/min) using phosphate-buffered saline
(PBS). Next, we removed the epidermis by placing the
specimens in de-epidermalising buffer plus 1% penicillin/
streptomycin solution (10mL/L). After 18 h of incubation
at room temperature, we removed the epidermis using for-
ceps. The dermal tissue was washed immediately with
Dulbecco’s phosphate-buffered saline (dPBS) plus 1%
penicillin/streptomycin solution (10mL/L) and 10KIU/
mL aprotinin (1mL/L). The cellular dermis was then
placed into hypotonic buffer plus 1% penicillin/streptomy-
cin solution (10mL/L) and 10 KIU/mL aprotinin (1 mL/L)
for 24 h at 4°C with agitation (200 r/min). Next, the sam-
ples were transferred into detergent buffer plus 1% penicil-
lin/streptomycin solution (10mL/L) and 10KIU/mL
aprotinin (1 mL/L), and agitated (200 r/min) at room tem-
perature. After 24h, the dermal tissues were washed at
room temperature for 20 min in a pot containing dPBS plus
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Table I. Source of reagents.

Buffer

Cambridge Antibiotic Solution
dPBS (w/o calcium chloride, w/o magnesium chloride)
10% formalin solution, neutral buffered

De-epidermalising solution — | L dH,O, 58.44g NaCl (IM). Autoclave.
Hypotonic Buffer Base — | L dH,O, | g EDTA (0.1%), 1.211g TRIS (10mM).

pH 8.0. Autoclave. Stored at 4°C.

Nuclease Buffer Base — 6.055g TRIS (50mM), 2.033 g MgCl, (I0mM). pH 7.5.

Wash Buffer Base — | L PBS, |1 g EDTA (0.1%). pH 8.5. Autoclave.

Detergent Buffer Base — | L dH,O, |1 g EDTA (0.1%), 1.211g TRIS (I0mM),

0.1 g SDS (0.01%). pH 8.0. Autoclave. Stored at 4°C.
Penicillin—streptomycin solution

Benzonase

Aprotinin (10,000 KIU/mL) BP

Supplier Catalogue No.
Source BioScience 04-301
Sigma-Aldrich D8537
Sigma-Aldrich HT501320
Source BioScience 04-332
Source BioScience 04-333
Source BioScience 04-335
Source BioScience 04-331
Source BioScience 04-334
Sigma-Aldrich P4333
Merck Millipore 71206-3
Nordic Pharma N/A

dPBS: Dulbecco’s phosphate-buffered saline; EDTA: ethylenediaminetetraacetic acid; TRIS: tris(hydroxymethyl)aminomethane; PBS: phosphate-

buffered saline; SDS: sodium dodecyl sulphate.

1% penicillin/streptomycin  solution (10mL/L) and
10KIU/mL aprotinin (1 mL/L). Following three separate
washes, the dermis was immersed at 37°C in nuclease
buffer plus 1% penicillin/streptomycin solution (10 mL/L),
10KIU/mL aprotinin (I mL/L) and 1U/mL benzonase.
The activity of benzonase was checked prior to usage
according to manufacturer instructions. After 3 h, the tis-
sues were immediately washed in wash buffer base for
20 min at room temperature with agitation (200 r/min). The
decellularised dermis (DCD) was then either stored in a
—80°C freezer or fixed in 10% formalin.

Analysis of DCD

Samples of DCD were analysed to validate the process.
The analysis involved histological evaluation and quantifi-
cation of residual DNA content. Furthermore, nanome-
chanical and morphological analysis of cellular and
decellularised dermis was performed using atomic force
microscopy (AFM) and multiphoton microscopy (MPM).
In all the analyses, samples of DCD were compared with
control samples of either intact skin or cellular dermis,
unless otherwise stated. Intact skin is described as the tis-
sue that has not been subjected to the decellularisation pro-
cess. A total of six tissue specimens were analysed (three
unscarred and three scarred) for each test.

Histology. Samples of intact skin and cellular and decellu-
larised dermis were paraffin-embedded on a tissue proces-
sor after fixing in 10% formalin for 48 h. The wax blocks
were cut into 10-wm sections using a microtome and
dewaxed by incubating twice into xylene for 5min. Sec-
tions were subsequently dehydrated in a graded ethanol
series (100%, 90%, 70%, 50%) and finally rehydrated by
placing into distilled water for 2min. The sections were
stained with haematoxylin and eosin (H&E) and observed

under a light microscope to evaluate the histoarchitecture.
DAPI (4',6-diamidino-2-phenylindole) dye (Sigma, UK)
was used to visualise nuclear material under a fluorescent
microscope. Fixed sections were washed three times in
PBS. Next 300nM DAPI stain solution was used to cover
the samples. Sections were incubated for 3 min and pro-
tected from light. The stain solution was then removed and
the sections were washed thoroughly three times in PBS to
remove unbound DAPI. Image] and CellProfiler were
used to analyse the DAPI stains.

DNA quantification. A commercially available genomic
DNA isolation kit (Easy-DNA™; Invitrogen, UK) was
used to quantify DNA levels before and after decellularisa-
tion. Punch biopsies (5mm) were obtained from cellular
and decellularised unscarred human dermis. Tissue sam-
ples were blotted dry, weighed and processed according to
manufacturer’s instructions. Levels of isolated DNA were
quantified using the Quant-iT PicoGreen dsDNA reagent
kit (Invitrogen) and measured using a fluorescence micro-
plate reader. The excitation and emission wavelengths of
480 and 520 nm, respectively, were used. The amount of
DNA remaining in decellularised unscarred and scarred
human dermis was calculated as the percentage of DNA
within the cellular dermis (considered 100%) from the
same donor.

Functional testing with AFM

Sample preparation. Samples of both unscarred and
scarred DCD were transferred from the —80°C freezer
into an optical cutting temperature (OCT) compound for
cryosectioning. The frozen blocks were placed on metal
chucks and sectioned with 10 wm thickness using a cry-
ostat, and subsequently the sections were stored in the
—80°C freezer. At 24 h prior to use, the cryosections were
brought to room temperature and washed multiple times
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for different durations (5, 3, 2 and 1 min) with distilled
water and left to dry overnight.

AFM scanning. The 5-pm scans were captured from
cryosections (prepared as described above) using a Bruker
Catalyst AFM (Coventry, UK) mounted on a Nikon Eclipse
Ti. The system was controlled using a Bruker NanoScope
V controller interfaced via the Bruker NanoScope software
(V9.1). Using the AFM optical microscope, the cantilever
tip was moved 100 um below the epidermal basement
membrane into the papillary dermis for both unscarred
and scarred tissue. Note that the epidermis was not pre-
sent as it was removed as part of the decellularisation pro-
cess. Typical AFM tapping mode images were captured
in air 100 wm below the depth of the epidermal basement
membrane in the papillary dermis, using ScanAsyst™
mode and ScanAsyst-Air cantilevers (nominal spring
constant=0.4 N/m and radius of curvature=5nm; Bruker
AXS S.A.S, France). Image analysis, including collagen
D-banding and roughness value extraction, was performed
using the Bruker NanoScope analysis software (V1.5).
Three common quantitative parameters of surface rough-
ness were obtained. The mean roughness (R,) is the arith-
metic mean of the absolute values of the roughness profile
coordinates in the plane of the surface and is expressed as

1 N
Ra:N;|Zj|

The root mean square roughness (R,) is the root mean
square average of height deviations from the roughness
profile coordinates and is expressed as

7’
P

The maximum roughness depth (R,,,,) is the largest sin-
gle roughness depth within the plane of evaluation. The
potential wear of the AFM tip from prolonged usage was
considered non-detrimental to the surface roughness
quantification.

Mechanical testing. Cryosections (prepared as described
previously) were used to obtain the elastic modulus val-
ues for both decellularised unscarred dermis and scarred
dermis. Nanomechanical analysis was performed using the
Bruker Catalyst system described above and a pyramidal
probe mounted on a springboard cantilever (CP-FM-BSG-
A-sQube, Germany). Microscopic slides with the skin
samples were placed on the sample stage of the Bruker Cat-
alyst system with indentation performed in air. The spring
constant (3.832 N/m) and deflection sensitivity (unscarred
dermis=2.15nm/V, scarred dermis=3.75nm/V) for the
cantilever were calculated by standard methodology.
The cantilever tip was moved into the papillary dermis,
100 wm below the epidermal basement membrane. A

total of 100 force curves were obtained from three loca-
tions within the papillary dermis of each tissue type using
a ramp size of 1 wm and a trigger threshold of 100nm,
which falls within the 2% maximum depth to avoid sub-
strate contribution. The area covered for each location was
4 pm (2 m X 2 wm). The three areas sampled were simi-
lar in location between both unscarred and scarred papil-
lary dermis, such that areas 1, 2 and 3 of unscarred DCD
corresponded to areas 1, 2 and 3 of scarred DCD. Curves
were analysed using the Bruker NanoScope Analysis soft-
ware and the elastic modulus values for each curve were
obtained using the following formula

T\l-v

]hz tana

2

Here, F is the force from the force curve, E is the elastic
modulus, v is Poisson’s ratio (taken to be 0.5), % is the
indentation depth and « is the half angle of the AFM probe
(taken to be 36° according to the manufacturer). The half
angle was confirmed during standardisation of the spring
constant.

Structural evaluation using MPM

Sample preparation. Immediately after de-epidermali-
sation and complete decellularisation, samples of cellular
and decellularised dermis of both unscarred and scarred
tissue were transferred into the OCT compound for cry-
osectioning. The tissue sections for MPM were cut into
30 wm thickness and sandwiched between a microscopic
slide and a cover slip. The sections were processed with
the cover slip facing the microscope objective. Further-
more, a small amount of PBS was dripped into the tissue
specimen to avoid sample dehydration or shrinkage during
the scanning process.

MPM scanning. Images were collected on a high-
throughput scanning Leica SP8 Upright multiphoton
microscope (Leica, UK) using a 25X/0.95L HC Fluotar
dipping objective and 3X magnification. The settings
are as follows: scan speed — 1000 Hz unidirectional and
format — 512 X 512 pixels. Images were collected using
a hybrid detector with a fixed filter and with two-photon
excitation using a Mai Tai MP Ti:Sapphire laser (Spectra-
Physics, UK) tuned to an excitation wavelength of 810 nm
and using 15% of maximum power. In this study, a single
channel was employed to obtain the high-contrast images
of collagen in the dermis of unscarred and scarred tissue,
both pre- and post-decellularisation. The channel corre-
sponded to the wavelength range of 398—409 nm to show
the microstructure of collagen using second harmonic
generation (SHG) signals. In order to increase the con-
trast of the SHG images, the collagen images were colour-
coded in green. Images were collected sequentially from
superficial to deep dermis. When acquiring 3D optical
stacks, the multiphoton software Imaris (V1.8.0) was used
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Figure |. Histological sections of unscarred and scarred tissue. Longitudinal sections were stained with haematoxylin and eosin
(a—d) and DAPI (e—h) to visualise the general tissue morphology and nuclear material, respectively. Scale bars: 100 wm.
U-IS: unscarred intact skin; U-DCD: unscarred decellularised dermis; S-IS: scarred intact skin; S-DCD: scarred decellularised dermis.

to determine the optimal number of Z sections. Only the
maximum intensity projections of these 3D stacks were
used for quantification purposes.

Quantification of collagen volume density. Sequential
two-dimensional (2D) images of 2-pwm interval of the
superficial and deep dermis of unscarred and scarred tis-
sue were obtained with an area of 512 X 512 pixels, up to
a final depth of 40 um, resulting in a total of 20 images
per tissue sample analysed. For each individual tissue, an
average of five random fields were analysed with an area
of 512 X 512 pixels in both the papillary and reticular der-
mis. This stack of 2D images was used to reconstruct a
3D multiphoton image of collagen. The following method
was employed to quantify collagen volume density. The
pixel number of collagen SHG image and the total pixel
number within the superficial and deep dermis were calcu-
lated using the Imaris software. Then the volume density
of collagen was calculated by dividing the pixel number
of collagen SHG signal by the total pixel number within
the region.

Statistical analysis

Statistical analysis of experimental data was performed
using paired t-test and repeated-measures one-way analy-
sis of variance (RM-OW-ANOVA). All statistical analyses
were performed using GraphPad Prism software. The
results are expressed as mean = standard deviation (SD),
unless stated otherwise. Two-tailed p values less than 0.05
were considered statistically significant.

Results

The entire decellularisation process took approximately
S days to complete, due to several incubation times for epi-
dermal removal, hypotonic and detergent buffer steps.

Histology

In unscarred skin (Figure 1(a)), the rete ridges projecting
into the underlying dermis were clearly visible. These epi-
thelial extensions were not visible within scarred tissue
(Figure 1(c)). There was no evidence of cellular material
observed in sections of DCD stained with H&E (Figure
1(b) and (d)), and furthermore there were no obvious dif-
ferences in ECM morphology between cellular and decel-
lularised dermis of each tissue type.

Residual DNA analysis

DAPI staining demonstrated the presence of nuclear mate-
rial in intact unscarred and scarred skin (Figure 1(e) and
(g)), but not in DCD of either tissue (Figure 1(f) and (h)).
Only background autofluorescence was present in DCD. A
mean of 11.9% DNA was observed, equivalent to 88.1%
removal in unscarred dermis, and a mean of 9.9% DNA
was observed in scarred dermis (Table 2).

Structural analysis using AFM

For illustration purposes, images from a single patient aged
42years were representatively demonstrated (Figure 2).
There is an irregular and random orientation of collagen
fibres in unscarred DCD (Figure 2(b1)—(b3)). Tightly
packed fibres with a strong degree of orientation were
observed in decellularised scarred dermis (Figure 2(b4)—
(b6)). There is evidence of structural damage to the colla-
gen in unscarred dermis (Figure 2(b1) and (b3)); however,
this is not observed in the scarred dermis (Figure 2(b4) and
(b6)). This is possibly due to the detergents used in our
decellularisation protocol. Further studies are needed to
elucidate whether detergents are responsible for this ‘wrin-
kling’ effect observed in the unscarred dermis and whether
further optimisation of our decellularisation protocol is
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Table 2. Comparison of DNA content in cellular and decellularised unscarred and scarred dermis.

Sample Donor Biopsy weight (mg) Total DNA (ng) DNA/tissue (ng/mg) %DNA remaining
Unscarred cellularised | 15 2.21 0.15 100
dermis 2 21 2.30 0.11 100
3 18 2.66 0.15 100
Unscarred | 15 0.31 0.02 13.3
decellularised dermis 2 23 0.18 0.01 9.1
3 17 0.27 0.02 13.3
Scarred cellularised 4 19 2.51 0.13 100
dermis 5 23 3.26 0.14 100
6 22 2.85 0.13 100
Scarred decellularised 4 19 0.28 0.0l 7.7
dermis 5 22 0.35 0.02 14.3
6 21 0.15 0.0l 7.7

required. The characteristic D-banding of collagen fibres
(—67nm) was resolved for both unscarred and scarred der-
mis. The banding pattern along the straight line between
two cross points (Figure 2(b2) and (b5)) of a single colla-
gen fibre was analysed, giving a periodic repeat of
65£3.61nm and 69 = 2.49nm, respectively, for decellu-
larised unscarred and scarred dermis (Table 3).

The surface of collagen fibres in unscarred DCD
appears rougher compared to decellularised scarred dermis
(Figure 2(c) — unscarred: R,=16.5, R,=12.5, R,,,,=198;
scarred: R,=8.93, R,=6.9, R,,,,=96.9). A significant dif-
ference was present between each corresponding rough-
ness parameter for both tissue types (p <0.0001). There
was a greater variation in surface topography of collagen
fibres in unscarred DCD.

Mechanical testing using AFM

The distributions of elastic moduli are distinctively dif-
ferent, both numerically and in their shape for unscarred
and scarred DCD (Figure 3(a)). Overall, there is a sig-
nificant difference between the elastic moduli of
unscarred and scarred DCD, with scarred tissue appear-
ing stiffer. The box and whisker plot indicates the inter-
quartile ranges, maximums, minimums, and medians.
There is a reduced variation in fibre stiffness in
unscarred dermis with less spread of the data between
the upper and lower quartiles. Furthermore, because of
the sample volume limited to three for each tissue type,
the number of force curves (n=300) needed to be high
for the data to be representative. This is reflected in the
wide range of reduced modulus values as shown by the
whiskers of the box plot. Collagen fibre surface stiff-
ness was not homogeneous throughout the sampled
areas in each individual tissue type (Figure 3(b) and
(c)). All three areas were statistically significant rela-
tive to each other (»p <0.0001).

High-contrast MPM imaging of collagen fibres

For illustration purposes, images from a single patient aged
42years were representatively demonstrated (Figure 4).
Collagen fibres were prominently visible within the dermis,
whereas at the boundary of the dermal—-epidermal junction
(DEJ) very few SHG signals were present due to the
absence of collagen within the epidermis.

In unscarred cellular dermis (Figure 4(a)—(c)), collagen
fibres within the superficial and deep dermis had a ran-
dom arrangement. Collagen fibres within scarred cellular
dermis (Figure 4(g)—(i)) had an organised structural con-
figuration of fibres. In the superficial dermis of scarred
cellular dermis, the fibres were fragmented and aligned in
a more parallel fashion relative to the epidermis below the
basement membrane. Within the deep dermis, the fibres
followed a longitudinal pattern. Decellularisation did not
appear to affect the morphological characteristics of the
dermal collagenous structure in both tissue types (com-
paring Figure 4(a)—(c) to (d)—(f), and Figure 4(g)—(i) to
G)-()).

The 3D images of collagen fibres were reconstructed
from a region of interest in both superficial and deep der-
mis of cellular and decellularised tissue, originating from
the same sample as in Figure 4, as depicted in Figure 5.
Collagen fibres within unscarred cellular dermis were
interwoven and more akin to a mesh-like structure (Figure
5(a) and (b)), whereas, in scarred cellular dermis, the fibres
were parallel horizontally and vertically in the superficial
and deep dermis, respectively (Figure 5(e) and (f)).
Furthermore, decellularisation did not appear to alter the
3D dermal architecture as the native interwoven mesh
structure was present in unscarred DCD, in both superfi-
cial and deep dermis (Figure 5(c) and (d)), and furthermore
the horizontal and vertical alignment of fibres was
observed in decellularised scarred superficial and deep
dermis (Figure 5(g) and (h)), respectively.
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Figure 2. Surface topography of collagen fibres in unscarred and scarred decellularised dermis. (a) AFM optical image showing the
location of the AFM cantilever in the scarred papillary dermis. (b) Tapping mode AFM images of decellularised unscarred (bl-b3)
and scarred (b4-b6) dermis, using height contrast (b|-b4) and peak force error (b3, b6é) taken at a depth of 100 um below the
epidermal basement membrane in the papillary dermis. It is possible to observe the orientation of the fibres 100 um below the
epidermal basement membrane in the papillary dermis. (bl, b4) 5 um scan size. A |.5-pum mask box is visible. (b2, b5) A higher
resolution of 1.5 wm scan size, which is representative of the mask box. The D-period was analysed between two cross points along
the straight line of a single collagen fibre. (c) AFM was used to calculate the surface roughness of collagen fibres in decellularised
unscarred (cl) and scarred (c2) dermis between the two cross points in b2 and b5, using three common roughness parameters.
AFM: atomic force microscopy; R;: root mean square roughness; R;: mean roughness; R, ,,: maximum roughness depth.
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Table 3. Atomic force microscopy imaging structural analysis of collagen fibres in scarred and unscarred decellularised dermis.

D-period (nm)

Standard deviation (nm)

Unscarred decellularised dermis 65 3.6l
Scarred decellularised dermis 69 2.49

Surface distance (nm)  Angle (°)  Thickness (nm)
66 -32 154
71 2.1 78

(a)

(b)

Reduced Modulus (MPa)
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Figure 3. Mechanical analysis of collagen fibres in unscarred and scarred decellularised dermis. (a) A typical box and whisker
plot demonstrating the variability in collagen fibre stiffness. (b, c) Collagen fibre stiffness was assessed in three individual areas for
unscarred (b) and scarred (c) dermis. Results are presented as mean == SD. (a) was analysed using paired t-test. (b) and (c) were

analysed using both paired t-test and RM-OW-ANOVA.
seetip < 0,0001.

Volume density of collagen

The volume density of collagen could represent well the
excess deposition of collagen by fibroblasts during the
wound healing process. It can be observed from Figure 5(i)
and (j) that the volume densities of collagen for both
unscarred and scarred dermis were similar before and after
decellularisation.

Discussion

This study investigated the morphological structure of
DCD in unscarred skin and its alteration in normal cutane-
ous scars. It has recently been established that the 3D
arrangement of dermal tissue plays a crucial role in direct-
ing cellular behaviour during the wound healing process.
Thus, for the purpose of advancing skin tissue engineer-
ing techniques for producing biomimetic materials for
dermal regeneration, it is crucial to elucidate a better
understanding of the 3D dermal architecture and its
mechanical properties.

The decellularisation method used in this study was
originally developed to decellularise a wide range of bio-
logical tissues.!8-2! The short duration of 5 days required
for dermal decellularisation in this study is much shorter
than the 25 cycles of decellularisation for over 40 days,
which is necessary for certain tissues such as tracheal
decellularisation with subsequent clinical implantation.??
Decellularisation protocols shorter than 5 days have been
described in the literature, especially for the neural retina
and the retinal pigment epithelium.?* In our study, the
decellularisation method was appropriately amended and
optimised several times in order to produce sufficient
decellularisation of unscarred and scarred human dermis.
Furthermore, to our knowledge, this is the first reported
study of decellularisation of normotrophic scars in human
skin.

A detailed histological analysis showed that hypotonic
and detergent buffers in combination with enzymatic
solutions and final storage in a tissue fixative or a —80°C
freezer caused the removal of cells and maintained the
native architectural characteristics of the dermal ECM.
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Figure 4. High-resolution 2D multiphoton images of collagen. High-resolution large-area SHG images (512 X 512 pixels, 8-bit) were
obtained by MPM from unscarred and scarred dermis, both pre- and post-decellularisation. SHG images were extracted from the
channel corresponding to wavelengths in the range of 398409 nm, with an excitation wavelength of 810 nm and operating at 15%

of maximum laser power. Images were obtained at differing levels across the longitudinal length of the sample. Images presented

are from a single patient for ease of illustration. The 2D configuration of collagen fibers in unscarred (a-f) and scarred (g-I) dermis is
visible by the intense green SHG signal. Few collagen fibers were visible at the DEJ of each specimen (a, d, g, j). Scale bars: 20 um.
U-CD: unscarred cellular dermis; U-DCD: unscarred decellularised dermis; S-CD: scarred cellular dermis; S-DCD: scarred decellularised dermis;
DEJ: dermal—epidermal junction; SD: superficial dermis; DD: deep dermis; MPM: multiphoton microscopy; SHG: second harmonic generation.

When compared to the control samples of intact skin,
both unscarred and scarred dermis were successfully
decellularised.

Structural changes were observed in unscarred and
scarred DCD in our study. Following the remodelling stage
of wound healing, there is a higher level of fibre organisa-
tion within the scarred tissue.?* Cumming et al.>> and Grant
et al.?¢ recently demonstrated an increased degree of col-
lagen fibre orientation in scarred tissue. This is consistent
with the results obtained in this study, where fibres of
decellularised scarred dermis were more aligned relative
to each other. Following cutaneous injury, the tensile
strength of the scarred tissue is much lower than that of
unscarred tissue. This may be related to the degree of fibre

orientation observed in scarred tissue, as depicted in Figure
2(b4)—(b6). Both decellularised unscarred and scarred der-
mis exhibited low surface roughness overall (Figure 2(c)).
A recent study demonstrated that surface topography can
greatly influence the biological behaviour of cells.!?
Furthermore, in a related study, it was shown that biomate-
rials with rougher surfaces greatly enhanced fibroblast
adhesion compared to a smoother surface.?’” As demon-
strated in this study, there is a possibility that the lower
roughness exhibited in scarred tissue can decrease fibro-
blast adhesion during the wound healing process. In addi-
tion, the lower surface roughness can greatly affect the
phenotype of immune-modulatory cells in wound healing,
especially macrophages, such that when macrophages
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Figure 5. The 3D arrangement of collagen fibres in unscarred and scarred cellular and decellularised dermis and the corresponding
volume densities. Shown are the representative morphological changes of collagen fibres from the papillary and reticular dermis

in both samples. (a—h) 3D reconstruction of 2D images of cellular and decellularised dermis, originating from the same patient as
shown in Figure 4. The 3D images correspond to the 2D images in Figure 4. (i, j) Collagen volume density was calculated using a
standardised method for both unscarred (i) and scarred (j) dermis. Results are presented as mean = SD. Scale bars: 10 um.

U-CD: unscarred cellular dermis; U-DCD: unscarred decellularised dermis; S-CD: scarred cellular dermis; S-DCD: scarred decellularised dermis;

SD: superficial dermis; DD: deep dermis.

contact a rough surface they are activated into a wound
healing phenotype, whereas when contacting a smooth
surface they can exhibit an inflammatory phenotype.?® A
closely related study assessed the nanomechanical proper-
ties of the ECM that influenced dermal fibroblast behav-
iour in different regions within the papillary and reticular
dermis.? In their study, Achterberg et al.?* found that,
when a skin-soft culture substrate was used, fibroblasts
exhibited a profile that was comparable to human dermis.

The collagen stiffness distribution data for decellular-
ised scarred dermis appeared to have longer whiskers,
which could be connected to regions where there is an
increased collagen density resulting in higher elastic

modulus values. AFM imaging cannot pick up this
increased density of collagen, as subsurface anatomical
structures are not clearly visualised. However, based on the
MPM data (discussed below), increased collagen density is
to be expected in scarred tissue.?’ From the surface rough-
ness analysis, it is clear that the surface of collagen fibres is
heterogeneous in nature. This itself could have accounted
for the significant variation observed in the elastic modulus
values. The cantilever tip may have contacted a rough peak
on the surface resulting in a much larger indentation depth
and thus a considerably higher elastic modulus value. Our
reduced modulus of unscarred dermis was higher than that
reported in a previously published study.?¢ Furthermore, the
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reduced modulus of scarred dermis was within the range
described previously.26 Although entirely speculative, it is
possible that the decellularisation process could have
affected the fibre stiffness of the unscarred dermis.

Using MPM, the morphology and quantity of collagen
fibres in scarred tissue were analysed qualitatively and
quantitatively, and compared to unscarred tissue. Our results
show that this ECM component exhibits different morphol-
ogies in the superficial and deep dermis of unscarred and
scarred tissue. Of particular interest is the direction of fibre
orientation in scarred cellular and decellularised dermis. It is
possible that the orientation of fibres within the scarred der-
mis likely followed the injury site due to their role in tissue
repair and regeneration.’® Despite the technological
advances in dermatology, it still remains difficult to clearly
distinguish between the superficial and deep dermis, as
demonstrated by the overlap of longitudinal fibres in the
lower half of the superficial dermis of scarred tissue. In
addition, the collagen volume density analysis demonstrated
an increase in collagen density in scarred tissue. This is
however lower than that expected in pathological scarring.?!
This is an interesting finding, which correlates with our
AFM data on the elastic modulus data for collagen fibres
(mentioned above). We suggested that the wide range of
elastic modulus measurements exhibited by decellularised
scarred tissue might be related to areas of increased collagen
density. It is important to highlight that our finding of
increased collagen density, especially in deep dermis, is
opposite to the results obtained by Zhu et al.?

There are some limitations to the methodology adopted
in this study, namely, the fact that the age of scarred tissue
was not clearly defined. We did not know the exact age of
the scarred dermis, so it is not clear if comparison between
scarred tissues of similar ages was being made. Second,
only one static time point was analysed, therefore limiting
our understanding of how the dermal collagenous structure
alters with time during the wound healing process. In addi-
tion, our study lacks sample multiplicity beyond three sam-
ples each for both scarred and unscarred skin, primarily due
to the difficulty in obtaining an adequate quantity of human
tissue for multiple experiments. We hope that the findings
of this preliminary work highlight the importance of
informing tissue engineering research and development in
the quest for finding optimal skin reliable skin substitutes
and encourage further work to be undertaken. Finally, we
were only able to achieve 88% and 90% cell removal for
unscarred and scarred dermis, respectively. However, for
the purposes of this study and because clinical transplanta-
tion of the DCD was not considered, we concluded and
deemed that 88% and 90% cell removal was sufficient.

In conclusion, for the first time, decellularisation of
scarred human dermis was achieved, which was evaluated
using various techniques. The parameters addressed in
this study should be carefully considered when develop-
ing engineered scaffolds for dermal wound repair. Ideally,

based on unscarred DCD data, the scaffolds should exhibit
a mesh-like structure with a rough surface and a low
stiffness.
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