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1 | INTRODUCTION
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Abstract

Dermal substitutes are of major importance in treating full thickness skin
defects. They come in a variety of materials manufactured into various forms,
such as films, hydrocolloids, hydrogels, sponges, membranes, and electrospun
micro- and nanofibers. Bioactive dermal substitutes act in wound healing either
by delivery of bioactive compounds or by being constructed from materials hav-
ing endogenous activity. The healing success rate is highly determined by cellular
and physiological processes at the host-biomaterial interface during crucial
wound healing steps. Hence, it is important to design appropriate wound treat-
ment strategies with the ability to work actively with tissues and cells to enhance
healing. Therefore, in this study, we investigated biological dermal templates and
their potential to stimulate natural cell adherence, guidance, and morphology.
The most pronounced effect was observed in biomaterials with the highest con-
tent of native collagen networks. Cell attachment and proliferation were signifi-
cantly enhanced on native collagen scaffolds. Cell morphology was more
asymmetrical on such scaffolds, resembling native in vivo structures. Impor-
tantly, considerably lower expression of myofibroblast phenotype was observed
on native collagen scaffolds. Our data suggest that this treatment strategy might
be beneficial for the wound environment, with the potential to promote
improved tissue regeneration and reduce abnormal scar formation.
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process divided into different stages — haemostasis,
inflammation, proliferation, and remodelling of the

Skin acts as an anatomical protective barrier between the
external environment and internal organ system, to provide
protection against pathogens, regulate body temperature,
provide sensation, synthesise Vitamin D, and so on. Damage
of skin tissue often results in infection, loss of proper tissue
function, and scar formation, which ultimately becomes a
major health care challenge." Wound healing is a complex

regenerated tissue. These stages are characterised by carefully
orchestrated sequences of cellular and molecular events
including chemotaxis or signalling, phagocytosis, neo-
collagenesis, and remodelling of collagen matrix.> Moreover,
during wound healing, regeneration and repairing are two
different important aspects of functional tissue/organ forma-
tion. Without regeneration, repairing of injured tissue results
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in scar formation or fibrosis.> The ever-increasing need for
optimal full-thickness wound management initiated the
development of appropriate dermal substitutes* to receive
dermal regeneration.

There are different properties a dermal substitute has to
fulfil to enhance tissue regeneration. Dermal substitutes
should provide an artificial dermal matrix that allows for
ingrowth by endogenous cells and reorganisation of replace-
ment tissue by endogenous cells. Specifically, for biodegrad-
able natural materials, their degradation needs to follow the
dynamics of the wound repair, guaranteeing the physiologi-
cal healing evolution, and releasing active principles when
needed.’ One class of dermal substitutes consists of purified
biological molecules like collagen, which can be sup-
plemented with, for example, glycosaminoglycans or elastin
and also cross-linked in order to control its properties.®

Collagen is the most abundant mammalian protein,
which provides mechanical strength to tissues and stimu-
lates cell adhesion and proliferation.”® High biocompati-
bility and biodegradability make collagen ideal for
biomedical applications.”’® The fibrous collagen network
facilitates cell migration to the wounded site, actively
supporting wound healing."' Collagen-based dermal tem-
plates have been applied to cover burn wounds, treat
ulcers,"*"* reduce tissue contraction and scarring, and
increase epithelialisation rate.'® The multifunctional plat-
form showed a favourable topography for cell proliferation
and tissue vascularization, thus accelerating healing and
wound closure. Despite their rather extensive usage as bio-
materials for scaffold design, collagen scaffolds remain sus-
tainable materials with highly engineering potential.

In the present study, we were prompted to explore
whether native collagen networks can promote superior cell
adhesion and proliferation on the surface of different com-
mercially available dermal templates. Using an integrated
approach, combining established methods with immuno-
electron microscopy, we describe for the first time that biologi-
cal dermal templates expose native collagen networks on
their surface and display a pronounced potential to provide a
versatile, multifunctional, and appropriate extracellular envi-
ronment, able to actively promote natural tissue regeneration.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials

Integra® Dermal Regeneration Template (bovine Collagen
glycosaminoglycan, abbreviation: C-GAG) was purchased
from Integra LifeSciences, Pelnac Dermal Substitute (por-
cine Collagen, abbreviation: C) from Eurosurgical Ltd, and
MatriDerm® (bovine Collagen elastin, abbreviation: C-E)
from MedSkin Solutions Dr. Suwelack AG. Skin biopsies
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Key Messages

« successful wound healing depends on carefully
orchestrated cellular and physiological pro-
cesses at the host-biomaterial interface

« in this study, we investigated biological dermal
templates and their potential to stimulate natu-
ral cell adherence, guidance, and morphology

« cell attachment and proliferation were signifi-
cantly enhanced on native collagen scaffolds,
and cell morphology was more asymmetrical
on such scaffolds, resembling native in vivo
structures. Importantly, considerably lower
expression of myofibroblast phenotype was
observed on native collagen scaffolds

were obtained from patients after informed written consent,
according to protocols approved by the ethics committee at
Lund University and in accordance with the Declaration of
Helsinki Principles as described in'’]. Rabbit polyclonal
antibody against collagen III (ab7778), rabbit polyclonal
antibody against collagen V (ab7046) and rabbit polyclonal
antibody against alpha smooth muscle actin (ab5694) were
purchased from Abcam PLC, Cambridge, UK.

2.2 | Transmission electron microscopy

samples were punched out to 5 mm diameter discs and incu-
bated in PBS for 15 minutes at 4°C for rehydration. They
were then fixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate, pH 7.4 (cacodylate buffer), washed with
cacodylate buffer and dehydrated with an ascending ethanol
series as described recently.'® Specimens were then embed-
ded in Epon 812 and cut into ultrathin sections on a Reichert
Ultracut S ultramicrotome, Leica Microsystems, Wetzlar,
Germany. They were examined at the Core Facility for Inte-
grated Microscopy (CFIM), Panum Institute, Copenhagen
University, in a Philips/FEI CM100 BioTWIN transmission
electron microscope, and at the BioEM Lab, Biozentrum,
University of Basel, in a Philips/FEI T12 transmission elec-
tron microscope. Images were recorded with a side-mounted
Olympus Veleta camera and the ITEM acquisitions software.

2.3 | Scanning electron microscopy

punched out samples were prepared as described earlier
and then fixed with 2.5% glutaraldehyde in cacodylate



DILL anp MORGELIN

=« | wiLEY-IEF}

buffer. They were washed with cacodylate buffer and
dehydrated with an ascending ethanol series as described.'®
The specimens were then subjected to critical-point drying
with carbon dioxide and absolute ethanol was used as an
intermediate solvent. They were mounted on aluminium
holders, sputtered with 20 nm palladium/gold, and exam-
ined in a Philips/FEI XL 30 field emission scanning electron
microscope (FESEM) operated at 5 kV accelerating voltage.

2.4 | Immunoelectron microscopy

The binding properties and cellular architecture of
keratinocytes and fibroblasts on the different collagen
matrices were assessed by transmission immunoelectron
microscopy as described previously.'® Briefly, sections
mounted on nickel grids were subjected to antigen
retrieval with sodium metaperiodate and washed and
blocked with 50 mM glycine. They were then incubated
for 15 minutes with 5% goat serum in 0.2% BSA-c in PBS
(pH 7.6), and then incubated overnight at 4°C with the
rabbit polyclonal antibody against alpha smooth muscle
actin (1:80 dilution). Next, grids were washed, incubated
for 2 hours at 4°C with 10 pg/mL anti-rabbit gold-labelled
IgG conjugate (BBI Solutions, Cardiff, UK), and washed
and post-fixed in 2% glutaraldehyde. Finally, sections were
washed with water and post-stained with 2% uranyl ace-
tate and lead citrate. In some experiments, specimens were
examined by negative staining, immunolabelling, and
transmission electron microscopy (TEM). Samples were
incubated for 30 minutes at 4°C with gold-labelled poly-
clonal rabbit antibodies against collagen III and V,
adsorbed to 400-mesh carbon-coated copper grids and sta-
ined with 0.75% (w/v) uranyl formate as recently described
in detail*® Specimens were examined in a Philips/FEI CM
100 TWIN (CFIM), or in a Philips/FEI T12 (C-CINA)
transmission electron microscope as described earlier.

2.5 | Cells and culture conditions

Keratinocytes (Human Epidermal Keratinocytes, adult
[HEKa], C-005-5C, Gibco) and fibroblasts (Human Dermal
Fibroblasts, adult [HDFa], C0135C, Gibco) were purchased
from Thermo Fisher Scientific, Waltham, MA. Cryopreserved
cells were thawed according to the manufacturer's protocol
and seeded on three 75 mL tissue culture flasks, each con-
taining 15 mL of keratinocyte basal medium (KBM; KBM
Gold, Lonza Group AG, Basel, Switzerland). The medium
was supplemented with transferrin, recombinant human epi-
dermal growth factor (thEGF), bovine pituitary extract (BPE),
antibiotics (Gentamycin: GA-1000), insulin, epinephrine, and
hydrocortisone (PeproTech, NJ). For fibroblasts complete

growth medium consisting of Dulbecco's modified eagle
medium (D-MEM) with 100 mM sodium pyruvate (PAA Lab-
oratories, Pasching, Austria), supplemented with 10% foetal
bovine serum (FBS) (PAA Laboratories, Pasching, Austria)
and 2 mM L-glutamine (Invitrogen, Carlsbad, CA), was used.
Medium was changed every day and substituted with addi-
tional rhEGF at a final dilution of 1:1000. The cells were incu-
bated for 7 days until they reached confluency. The cells were
harvested by trypsinization (TrypLETM Select [1x], Life Tech-
nologies Corporation, Carlsbad, CA) and transferred into
freezing medium, containing 1% BSA (Sigma Aldrich,
St. Louis, MO) and 10% DMSO (Sigma-Aldrich, St. Louis,
MO). One millilitre of aliquots of the cell suspension was
transferred into cryotubes. The cryotubes were transferred to
the freezer at —80°C for 24 hours and then finally stored in
liquid nitrogen until further use.

2.6 | Cell attachment, cell spreading, and
cell proliferation

Cells were gently thawed and counted in a haemocytometer
using trypan blue (Fisher Scientific, Waltham, MA) to esti-
mate the number of live/dead cells. They were finally
diluted in appropriate media to final cell concentrations of
16 700 viable cells/mL. Three hundred microlitres of cell
solution were added on top of punched out wound matrix
samples, followed by incubation at 37°C for different times.
Growth medium was replaced every other day. After the
desired incubation time, growth medium was removed and
the cells were gently washed twice with PBS. The cells were
then fixed by the addition of 4% formaldehyde in PBS,
followed by incubation at 4°C for 20 minutes. Finally, cells
were rinsed three times in PBS and stored in 3 mL PBS
until further evaluation.

2.7 | Cell alignment, elongation, and
circularity

To determine the extent of cell elongation and alignment
on different wound matrices, as well as cell elongation, at
least 50 images of each sample were randomly captured
on at least 30 different locations. By this means a total
amount of 300 cells per group were evaluated in an objec-
tive manner. Cell alignment to wound matrix surface
structures was investigated by manually measuring the
angle between the tangent of visible fibrillar collagen
structures in a given wound matrix, and a line along the
longitudinal axis of each cell. Cell elongation was mea-
sured as the quotient of the longest possible line perpen-
dicular to each cell, and the longest possible line along
the longitudinal axis of the cell. Cell circularity was
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determined as the quotient between cell area and cell
perimeter?, multiplied by 4.

2.8 | Statistical analysis

Student's t test for paired data was performed to deter-
mine statistical significance. Values were expressed as
means + SE bars in the histograms. Statistical signifi-

cances are expressed as n.s. (P >.05); * (P <.05); **
(P < .01); *** (P < .005).

3 | RESULTS
3.1 | Ultrastructural features of different
biological dermal templates

Our recent findings demonstrated that collagen nativity
influences important properties like protease binding and
inactivation in chronic wounds. Prompted by the fact
that the most native collagen matrices showed the stron-
gest effect,® we wished to investigate these properties in
further detail for collagen-based dermal templates.

An integrated electron microscopy approach was
assessed to combine high-resolution FESEM, TEM, and
immunoelectron microscopy. In a set of experiments,
specimens were prepared for scanning electron micros-
copy, either as dry materials or after preincubation in
physiological saline. They were compared with dermis
areas in native human skin biopsies (Figure 1A, green
pseudocolour). FESEM showed that C-E contained large
amounts of three-dimensional fibrillar collagen networks
(Figure 1C,G). Upon closer inspection at high resolution,
the collagen fibrils exhibited the same appearance and
three-dimensional supramolecular assemblies as intact
collagen seen in dermis (Figure 1B,F). In contrast, in C-
GAG (Figure 1D,H) and C (Figure 1E,I), comparably
moderate amounts of fibrillar structures were visualised.
These fibrillar structures appeared embedded in layers of
somewhat amorphous sheets.

Similar observations were made by negative staining
and TEM. Human skin biopsies and samples of the different
biomaterials were solubilised by high-speed homogenization
and subjected to negative staining and immunoelectron
microscopy (Figure 2). Specimens were compared by high
resolution FESEM (Figure 2A-D) and TEM (Figure 2E-L).
C-E specimens (Figure 2B,F,J) demonstrated similar ultra-
structural features as native collagen fibre bundles in dermis
(Figure 2A,E,I). They consisted of tightly packed collagen
patches with many regions of different fibre orientations. In
C-GAG (Figure 2C,G,K) and C (Figure 2D,H,L), structures
of varying thickness were observed, embedded in large

FIGURE 1

Ultrastructure of different biomaterials as
compared with native human dermis. Specimens of human skin
(A, B, F) were prepared for field emission scanning electron

microscopy (FESEM) and compared with collagen elastin matrix
C-E (C, G), bovine collagen matrix C-GAG (D, H), and porcine
collagen matrix C (E, I). In (A), the stratum corneum is represented
in magenta, the epidermis in blue, and the dermis in green
pseudocolour, respectively. Note the appearance of extended
fibrillar collagen networks in the dermis (B, C) and in C-E (F, G)
and an abundance of amorphous sheets in C-GAG (D, E) and C (H,
I). Left lane, low magnification overviews (500x); right lane, high
magnification of the same area (10 000x). The scale bars represent
50 pm (A), 20 pm (B-E, left panel), and 5 pm (F-L, right panel)
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amounts of an amorphous matrix. High-resolution TEM
and immunostaining with gold-labelled antibodies against
collagen III (arrowheads) and collagen V (arrows) and
(Figure 2I-L) demonstrated native, mature, cross-striated

collagen I fibrils with 63 nm-periodicity, containing associ-
ated collagens III and V in dermis (Figure 2I) and in C-E
(Figure 2J). In contrast, in samples of C-GAG (Figure 2K)
and C (Figure 2L), large fields of amorphous structures were

FIGURE 2 Ultrastructure and composition of different biomaterials as compared with native human dermis. Specimens of human
dermis (A, E, I), C-E (B, F, J), C-GAG (C, G, K), and C (D, H, L) were visualised by field emission scanning electron microscopy (FESEM) at
higher magnification (A-D), TEM (E-H), and immuno-TEM (I-L). Cross-striated fibrillar collagen structures with the characteristic 67 nm D-
spacing pattern are visualised in dermis (A, E, I) and C-E (B, F, J) samples. In contrast, C-GAG (C, G, K) and C (D, H, L) specimens exhibit
mixtures of microfibrillar and amorphous structures, lacking native cross striation patterns. (I-L), immuno-TEM at high magnification shows
native cross-striated collagen I fibrils, containing large amounts of collagen III (5 nm Au, arrowheads) and collagen V (10 nm Au, arrows) in
dermis (I) and C-E (J), whereas C-GAG (K) and C (L) contain sparse amounts and diffuse distributions of Au-particles. The sale bars

represent 2 pm (A-D), 500 nm (E-H), and 200 nm (I-L)
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observed, exhibiting no cross-striated collagen I fibrils and
no specific immunodetection of collagens III and V.

3.2 | Native collagen fibrils in biological
dermal templates promote cell adherence
and cell spreading

The ability to attract skin fibroblasts and keratinocytes
and to provide versatile cell attachment sites is a prereq-
uisite for biological wound matrices in order to promote
accelerated wound healing and epithelisation. Thus, we
investigated whether the different wound matrices
examined in this study exhibited similar properties.
Samples of C-E (Figure 3A-C) were incubated with
human skin fibroblasts. Specimens were then prepared
for high resolution FESEM. A large number of fibro-
blasts (blue pseudocolour) were observed in firm adhe-
sion to collagen fibrils (yellow pseudocolour) in C-E,
exhibiting an elongated cell architecture. The plasma
membrane was visible in intimate contact with the col-
lagen fibrils (Figure 3B,C, arrows). Numerous filopodia
were visualised emerging from the cell body, in firm
contact with the collagen matrix and other cells
(Figure 3B, arrowheads).

However, because of the intimate contact with the
native collagen fibrils, the cells were frequently not
readily structurally distinguishable from the underly-
ing wound matrix. Therefore, for a quantitative assess-
ment of cell architecture and adhesion parameters, the
different wound matrices were sectioned, incubated
with human fibroblasts and keratinocytes for appropri-
ate times and subsequently prepared for FESEM.
(Figure 3D-G) exhibits human skin fibroblasts growing
on sections of human skin (D), C-E (E), C-GAG
(F) and C (G) as visualised by FESEM. On native
human skin (D) and C-E (E), an elongated and well
spread-out cell architecture was predominant, whereas
mostly rounded cell shapes were observed in C-GAG
(F) and C (G).

3.3 | Quantitative assessment of cell
adherence and architecture on native
collagen fibrils

Biological wound matrix sections, mounted on micro-
scopic slides, were incubated with fibroblasts
(Figure 4A) and keratinocytes (Figure 4B). Adherent
cells on different random locations were identified
and quantified by FESEM for each wound dressing as
shown in Figure 3. Fibroblasts and keratinocytes
adhered to the different biomaterial surfaces at varying
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amounts and with different kinetics. Interestingly, the
affinity of C-E surfaces for both cell types was compara-
tively high. Thus, the number of adhered fibroblasts

FIGURE 3 Characteristics of cell adherence to different
biomaterials as visualised by field emission scanning electron microscopy
(FESEM). A, C-E was incubated with human dermal fibroblasts.
Fibroblasts (blue pseudocolour) adhere firmly to collagen fibrils (yellow
pseudocolour) in C-E. The scale bar represents 10 pm. B, The leading edge
and, C, the trailing edge of a fibroblast adhering to native collagen fibrils
in C-E are shown at higher magnification. The plasma membrane is in
intimate contact with the collagen (arrows). Numerous filopodia in
contact with the collagen matrix and other cells are visible (arrowheads).
The scale bar represents 20 pm. (D-G) Human skin fibroblasts growing on
microscopic slides coated with homogenates of human skin (D), C-E (E),
C-GAG (F), and C (G) are visualised by FESEM. Note the elongated cell
architecture in (A, B) and the rounded cell shapes in (F, G). The scale bar
represents 20 pm
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FIGURE 4 Quantitative evaluation of initial fibroblast and keratinocyte adherence to different biomaterials. Biomaterial sections,
mounted on microscopic slides, were incubated with fibroblasts (A) of keratinocytes (B). Adhered cells were identified and counted by

electron microscopy as shown in Figure 3. In each case, about 500 randomly selected electron micrographs were evaluated. Staples are

given as means med SD error bars from three different experiments. Statistical significances are expressed as n.s. (P > .05); * (P < .05);

## (P < .01); ##* (P < .005)

(Figure 4A) and keratinocytes (Figure 4B) increased sig-
nificantly and steadily over time from 226 +/—
48 (15 minutes fibroblasts) and 108 +/— 71(15 minutes
keratinocytes) to 424 +/— 43 (180 minutes fibroblasts)
and 487 +/— 57 (180 minutes keratinocytes). In contrast,
fibroblast and keratinocyte binding to both C-GAG and C
appeared significantly lower in all examined time intervals,
amounting from 72 +/— 47 (15 minutes fibroblasts C-GAG)
and 68 +/— 29 (15 minutes fibroblasts C), and 49 +/—
24 (15 minutes keratinocytes C-GAG) and 46 +/—
26 (15 minutes keratinocytes C) to 227 +/— 73 (180 minutes
fibroblasts C-GAG) and 208 +/— 42 (180 minutes fibro-
blasts C), and 329 +/— 43 (180 minutes keratinocytes
C-GAG) and 215 +/— 59 (180 minutes keratinocytes C),
respectively.

The quantitative evaluation of the influence of a
given biological wound matrix on cellular architecture
is shown in Figure 5. After 30 minutes incubation C-E,
both fibroblasts and keratinocytes exhibited a signifi-
cantly less circular morphology, were more spread
and covered a larger area than cells on C-GAG and
C. Similar observations were made in all time inter-
vals, and finally, at the 180 minutes incubation end
points, both cell types showed a considerably more
pronounced fibroblast- and keratinocyte-characteristic
cell architecture on C-E over C-GAG and C.

3.4 | Quantitative assessment of
proliferation, viability, and alignment on
native collagen fibrils

As a next step, we set out to correlate the ability of the dif-
ferent biomaterials to stimulate cell proliferation and
growth. After seeding, the cells grew well on C-E and their
proliferation, estimated by direct measurement in the
FESEM, was significantly higher than on C-GAG and C in
all time intervals (as denoted in Figure 6). A comparison of
the cell behaviour on the different dermal templates
showed that there was significantly higher cell prolifera-
tion on C-E than on the other biomaterials, mainly on day
14 after seeding. The cells were well spread and elongated
through the native collagen fibril scaffold of C-E and
tended to be polygonal and elongated in shape.

Notably, assessment of a-SMA expression by immuno-
histochemistry showed that the cells on C-E maintained their
fibroblast phenotype to a high degree. In contrast, on C-GAG
and C, the cells progressively exhibited a significant degree of
smooth muscle phenotype during their cultivation.

Interestingly, the cells grown on C-E rapidly ingressed into
the native collagen scaffolds and demonstrated a high degree
of association and alignment with the collagen fibrils into
elongated structures (Figure 7). By contrast, the different cell
types adopted a more random orientation on C-GAG and C.
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FIGURE 5 Quantitative evaluation of fibroblast and keratinocyte architecture on different biomaterials during initial adherence.
Biomaterial sections were incubated with human fibroblasts (A, C) or keratinocytes (B, D) between 15 and 180 minutes. Cellular parameters

such as cell area (A, B) and cell circularity (C, D) were determined on electron micrographs. In each case, about 500 cellular profiles were
evaluated. Staples are given as means med SD error bars from three different experiments. Statistical significances are expressed as

n.s. (P > .05); * (P <.05); ** (P < .01); *** (P < .005)

Taken together, the results of this study implicate that
the native collagen fibril scaffolds found in C-E provide
compatible surfaces for natural cell adherence, spreading,
proliferation, and viability. Biomaterials with lesser amounts
of native, intact collagen fibril networks appear to exhibit a
less pronounced potential to harbour these properties.

4 | DISCUSSION

Wound healing is a carefully orchestrated and interactive
process, relying on the coordination between extracellular

matrix components, different cell types and their solu-
ble mediators. The use of collagen for medical devices
has been established for several decades. Collagen
matrices are used in haemostasis, wound healing, and
regenerative medicine, for example, as dermal tem-
plates. In order to create an optimal environment for
cellular ingrowth, the nativity of collagen must be pre-
served. Brown et al conducted in vivo experiments in
canine models to assess the influence of different ECM-
based implants on the regeneration of surgical wounds.
The results showed that natural wound matrices with a
more native composition stimulated the formation of
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FIGURE 6 Quantitative evaluation of long-term fibroblast and keratinocyte proliferation and phenotype on different biomaterials.
Biomaterial sections were incubated with human fibroblasts (A-C) or keratinocytes (D-F) and maintained in culture for 14 days. Cellular
parameters such as cell density (A, D), cell elongation (B, E), and a-SMA positive cells were determined on electron micrographs. In each
case, about 500 cellular profiles were evaluated. Staples are given as means med SD error bars from three different experiments. Statistical
significances are expressed as n.s. (P > .05); * (P < .05); ** (P < .01); *** (P < .005)

site-appropriate and functional new tissues that resem- proteolytic balance in the wound bed by binding and
bled a native situation.*'"*? inactivating tissue proteases.'® In the present study, by

We have recently demonstrated that the innate an integrated approach including high resolution field
properties of such natural wound matrices regulate the emission electron microscopy, we demonstrate that
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native collagen scaffolds in biological wound matrices
stimulate epidermal and dermal cell ingrowth, survival
and proliferation and regulate myofibroblast differentia-
tion. Our observations suggest that a stimulating effect on
a cellular level because of this biomaterial is related to
accelerated wound closure, re-epithelialisation and tissue
regeneration, and thus the restoration of proper tissue
functionality.

A variety of dermal matrices are commercially available
that utilised different sources of materials and processing
methodologies. These variations in starting material and
processing are known to impact the biochemical and struc-
tural properties of the final scaffold and biological
response.”* All dermal matrices used in this study consist of
bovine or porcine collagen by different manufacturing.
However, in order to provide an optimal environment for
cellular infiltration, morphology, and viability, the native-
ness of the collagen in a biomaterial as well as its helical
structures and cellular binding sides need to be retained.?
Indeed, in the present work, we also found a strong varia-
tion in dermal cell ingrowth on the different collagen bio-
materials. The observed variations were highly dependent
on differences in the content of native, dermis-like collagen
scaffolds, and could thus be attributed to the manufacturing
process. The manufacturing process of C-E seems to ensure
that a major part of the native collagen structure remains
intact, a fact that is particularly important for the biocom-
patibility and cell colonisation properties of the material.
Longitudinal orientation of collagen fibres within a given
fibre bundle, and different orientations of fibre bundles

with respect to each other, was ensured in order to mimic
the natural dermis structure.

The fabrication of such native collagen fibre scaffolds
is expected to enhance their functionality by mimicking
both the mechanical and biological dermis environment
and thus promote superior wound healing and tissue
regeneration. These findings are in accordance with data
reported by Bohm et al.® They showed in in vitro experi-
ments that the importance of the manufacturing process
and the ability to save the nativeness of collagen is more
important for the performance of collagen matrices than
the animal source of collagen. Killat et al*’ demonstrated
recently that C-E skin substitutes resemble healthy skin
in its three-dimensional morphology and integrity, con-
firming our results. Furthermore, when seeded or
injected with skin cells, C-E sustains viable and prolifer-
ating cells throughout the entire matrix during a pro-
longed time, which is in accordance with our results.
Importantly, clinical outcomes from the use of epider-
mal and dermal skin substitutes show that they are
promising adjunctive tools for addressing soft tissue
defects and have improved outcomes in reconstructive
procedures.”®* Other clinical studies suggest that the
use of dermal skin substitutes may be an alternative for
flaps, or may be suitable for coverage of radial flap
donor sites.**>? Thus, the experimental data confirmed
that native collagen scaffolds provide desirable biome-
chanical, biochemical, and cell biological properties and
represent a class of skin substitutes with superior tissue
regeneration properties.
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One of the main functions of collagen in wounds is
the guidance of cell growth and migration during the pro-
liferation and remodelling phase of the healing process.*
These favourable properties for cell binding and growth
make collagen a promising material for clinical applica-
tion. Our study confirmed that successful cell attachment
was possible on the native collagen-based dermal substi-
tutes. High resolution FESEM showed that cell attachment
was clearly visible on C-E already on day 0. The adhered
cells rapidly aligned along the native collagen fibre bun-
dles and started to exhibit a natural cell morphology. In
contrast, initial pictures of C-GAG and C materials showed
only a very sparse presence of cells, which frequently were
poorly adhered and thus appeared more rounded. These
observations suggest that cell adherence occurred at differ-
ent speeds on the different materials. Rounded cells might
have not yet been completely attached to some of the
materials and were washed away during the sample prepa-
ration procedure. In contrast, elongated and well-oriented
cells might represent viable and active, in accordance to
previous work.**

Fibroblasts are important cell types in wound healing
with their unique capability to produce matrix compo-
nents, which are necessary for wound closure and replace-
ment of the injured matrix. Keratinocytes on the other
hand are important for re-epithelisation. Upon tissue
injury, keratinocytes and fibroblasts become activated to
proliferate in the peri-wound stroma and to transmigrate
from the collagen-rich connective tissue into the wound
provisional matrix of fibrin and fibronectin.*>*® Their
cross talk with other cell types participating in wound
healing, and their extracellular microenvironment, are
critical for successful tissue regeneration.**” Importantly,
a properly organised extracellular matrix network of colla-
gen fibres, carbohydrates, and glycoproteins surrounding
the cells, is the main regulator in cellular function and tis-
sue regeneration.

Correspondingly, cell ingrowth and adherence, cell
migration, and cell function in the wound bed are greatly
influenced by the pore size, composition, and nativeness of
the dermal substitute.>*” In our study, after incubating
fibroblasts and keratinocytes on C-E containing native colla-
gen fibrils, cell adherence, morphology, and viability param-
eters were increased as compared with other biomaterials,
indicating that C-E is both biocompatible and a stimulatory
material for skin cells. The stimulatory effect sustained after
longer time incubation. Thus, our results demonstrate that
C-E with its content of native collagen fibrils creates an
environment ideal for cell function and natural wound
healing. In addition, the native bovine dermal collagen con-
taining type L, IIT and V collagens, similar to human tissues,
is particularly suitable as an extracellular scaffold for tissue
regeneration. Compared with C-E, C-GAG and C are

chemically cross-linked with glutaraldehyde. Although
crosslinking can be used to improve matrix longevity in the
wound area, the crosslinking can also have detrimental
effects on wound healing processes. For example, de Vries
et al*® demonstrated in a full-thickness porcine model that a
glutaraldehyde cross-linked collagen matrix induced a for-
eign body response compared with non-cross-linked colla-
gen matrix, which in the end negatively affected the dermis
formation and contraction outcome parameter. Addition-
ally, Middelkoop et al demonstrated in in vitro experiments
that cross-linked collagen matrices are cytotoxic and do not
allow cell proliferation on the matrix.”

Importantly, fibroblasts adhered to the native colla-
gen fibre bundles in C-E exhibited a diminished number
of myofibroblast phenotypes as compared with the other
examined biomaterials. These findings are in accordance
with®>*® where the treatment of full thickness skin
wounds with native collagen matrices resulted in reduced
numbers of myofibroblasts and reduced wound contrac-
tion. Although myofibroblasts play an important role in
the wound healing process, excessive presence of myo-
fibroblasts can lead to increased contraction and collagen
deposition resulting in hypertrophic scar formation.*>*
In addition, chemical cross-linking can lead to increase
matrix rigidity, which is an important factor in
myofibroblast differentiation.*' The results in this and
the other studies discussed here can be interpreted as a
more physiologic tissue regeneration occurring at the
host/biomaterial interface. The fibrillar structure of
the native collagen matrix will function as natural
scaffolds and guidance ridges for collagen- and extra-
cellular matrix-producing cells and stimulates the for-
mation of mature collagen fibres in the regenerating
dermis. This will finally result in less aberrant scar tis-
sue formation and contractures in the healing wound,
because of the regeneration of physiologic new connec-
tive tissue and dermis structures.” These results are in
accordance with clinical in vivo results, demonstrating
significant improved skin quality and elasticity, quality
of scar tissue and dermal architecture upon the treatment
of burns with dermal substitutes containing native collagen
fibrils.**** These results are also in accordance with other
clinical studies on patients with impaired mobility resulting
from burn sequelae. The data demonstrated improved scar
skin quality, improved rate of mobility recovery, and best
performance in retraction rate upon treatment with native
collagen dermal templates.**

Our in vitro findings are intended to give an estima-
tion of the behaviour of the dermal templates in a wound.
There seems to be a connection between nativity of colla-
gen and cellular behaviour. But it has to be considered
that in vivo a more complex set of different cell types,
bodily fluids, possible microbial contamination, and
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mechanic agitation influences the wound healing process
and with this the performance of dermal substitutes.
Therefore, it will be relevant and interesting to elucidate
further the influence of inflamed in vivo wound healing
environments on the interplay of dermal templates and
different cell types involved in the wound healing process.

Taken together, we conclude that dermal substitution of
full-thickness skin defects with biological wound dressings
like C-E lead to an improved wound environment. The native
dermis-like collagen fibrillar networks exhibit premium prop-
erties for cell ingrowth, survival, and proliferation. They form
scaffolds that guide fibroblasts, keratinocytes, and possibly
other cells towards their physiologic locations in the healing
wound. By balancing the expression of myofibroblasts, they
lead to decreased wound contraction and aberrant scar for-
mation. Biological dermal regeneration templates with native
collagen scaffolds may thus be beneficial for the management
of full-thickness skin defects and the restoration of normal
structure and function.
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