
OR I G I N A L AR T I C L E

Comparison of cell-scaffold interactions in a biological
and a synthetic wound matrix

Joon Pio Hong1 | Joanneke Maitz2,3 | Matthias Mörgelin4

1Department of Plastic Surgery, Asan Medical Center, University of Ulsan, Ulsan, South Korea
2Burns & Reconstructive Surgery Research Group, ANZAC Research Institute, Concord Hospital, Sydney, Australia
3Faculty of Medicine & Health, University of Sydney, Sydney, Australia
4Colzyx AB, Medicon Village, Lund, Sweden

Correspondence
Matthias Mörgelin, Colzyx AB, Medicon
Village, SE-223 81 Lund, Sweden.
Email: matthias@colzyx.com

Abstract

Wound healing is a central physiological process that restores the barrier prop-

erties of the skin after injury, comprising close coordination between several

cell types (including fibroblasts and macrophages) in the wound bed. The com-

plex mechanisms involved are executed and regulated by an equally complex,

reciprocal signalling network involving numerous signalling molecules such as

catabolic and anabolic inflammatory mediators (e.g., cytokines, chemokines).

In chronic wound environments, the balance in the molecular signatures of

inflammatory mediators is usually impaired. Thus, we compared the ability of

a collagen-based wound matrix against a synthetic wound matrix to attract

fibroblasts and macrophages that deliver these signalling molecules. In particu-

lar, the balance between pro- and anti- inflammatory cytokine secretion was

assessed. We found that the natural collagen-based matrix was the most effi-

cient adhesive substrate to recruit and activate fibroblasts and macrophages on

its surface. These cells secreted a variety of cytokines, and the natural biomate-

rial exhibited a more balanced secretion of pro- and anti-inflammatory media-

tors than the synthetic comparator. Thus, our study highlights the ability of

native collagen matrices to modulate inflammatory mediator signatures in the

wound bed, indicating that such devices may be beneficial for wound healing

in the clinical setting.
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Key Messages
• Wound healing depends on close coordination between several cell types

(including fibroblasts and macrophages) and signalling molecules
(e.g., catabolic and anabolic inflammatory mediators) in the wound bed.
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• We assessed a biological collagen matrix and its potential to act as adhesive
substrate for fibroblasts and macrophages, compared with a synthetic
wound matrix.

• We found that fibroblasts and macrophages adhere, survive and proliferate
more rapidly using the biological collagen matrix compared with the syn-
thetic comparator.

• The ratio between secretion of pro- and anti-inflammatory cytokines was
also more balanced on the biological collagen matrix.

• Thus, a biological collagen matrix may be beneficial for wound management
in clinical practice by enabling fibroblasts and macrophages to proliferate
and modulating the molecular signatures of catabolic and anabolic inflam-
matory mediators in the wound environment.

1 | INTRODUCTION

After an injury, the integrity of skin is restored via multi-
cellular, complex and interconnected physiological pro-
cesses.1 Devitalized tissue is replaced over a period of
time with neo-tissue in highly regulated and dynamic
events, including coagulation, formation of granulated
tissue, re-epithelialization and remodelling of the extra-
cellular matrix.2 The resultant migration, infiltration,
proliferation and differentiation of different cell types
(e.g., keratinocytes, fibroblasts, endothelial cells, macro-
phages, platelets) in symbiosis with an inflammatory
response is essential to normal wound healing, culminat-
ing in the formation of new tissue to achieve wound
closure.3–5

Although this sequence of events occurs in most
wounds, the complexity of wound healing, combined
with underlying co-morbidities, such as diabetes,
increases susceptibility to a malfunction in any of the
processes involved. When this happens, wound healing
breaks down, leading to a chronic wound environment
and delayed wound healing.6 Chronic wounds are char-
acterized by a damaged extracellular matrix and impaired
new tissue formation in the wound bed, accompanied by
abnormal inflammation that disrupts the normal healing
cascade.7 This pathological inflammation is mainly gov-
erned by an impaired balance in the intercellular com-
munication between resident leucocytes and skin cells in
the wound bed that is dependent on signalling molecules
such as growth factors, cytokines and chemokines.8,9 The
impairment in these molecular signatures reflects a
reduced capacity to synthesize new tissue and the antago-
nistic activities of high levels of proteinases within the
chronic wound bed.1

To aid the host in its tissue repair, scaffolds have been
designed to promote cellular migration and restoration of
the extracellular dermal matrix. Since its inception in
1975 when the pioneers Yannas and Burke developed the

first artificial dermis in the form of a bovine collagen
matrix, advances in biomaterials and the processing of
biomaterials have been made that has led to a wide array
of commercially available dermal templates.10,11 The new
generation of devices being tested are designed to actively
interact with the wound and drive tissue regeneration.
One of the key features to drive tissue regeneration is
defined by scaffold–cell interaction. Integration of host
cells into the matrix stimulates neo-dermal regeneration
over which keratinocytes can re-epithelialize the wound
effectively. The biomaterial used and the method of bio-
material processing to create such scaffolds are important
because they influence cell behaviour, scaffold–cell inter-
action and ultimately tissue repair and quality of tissue
reconstruction.12–14

Accordingly, we analysed the interaction of dermal
fibroblasts and macrophages on a synthetic dermal
matrix and on a biological dermal matrix, comparing
their capacity to adhere, survive and proliferate within
the three-dimensional structures and determined the bal-
ance between pro- and anti-inflammatory cytokine secre-
tion. In this study, we aimed to evaluate how the
presence of native collagen-elastin-based fibrillar net-
work compares with the presence of polyurethane in cel-
lular scaffold interactions and cytokine release profiles in
response to the material the cells are grown on.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials

The biological wound matrix (MatriDerm®, abbreviation:
BWM) was obtained from MedSkin Solutions Dr. Suwelack
AG, Billerbeck, Germany. MatriDerm is composed of
bovine collagen type I, III and V from bovine skin, supple-
mented with 2% elastin hydrolysate. It is manufactured by
freeze-drying of acellular, purified dermal collagen to a
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three-dimensional collagen sponge. The synthetic wound
matrix (NovoSorb®, abbreviation: SWM) was acquired
from PolyNovo Biomaterials PTY Ltd., Melbourne,
Australia. NovoSorb is a bilayered dermal matrix made
by a synthetic, biodegradable and biocompatible polyure-
thane matrix with a sealing layer. The sealing layer was
removed prior to incubation with cells. Both matrixes are
commercially available and are actively clinically used
worldwide. Rabbit monoclonal antibody against collagen I
(ab138492), rabbit polyclonal antibody against collagen III
(ab7778), rabbit polyclonal antibody against collagen V
(ab7046), rabbit polyclonal antibody against TGF-β1
(ab50038), rabbit polyclonal antibody against IL-10
(ab217941), rabbit polyclonal antibody against IL1-β
(ab2105), rabbit polyclonal antibody against IL-6 (ab507)
and rabbit polyclonal antibody against TNF-α (ab6671)
were purchased from Abcam PLC, Cambridge, UK.
Resazurin sodium salt was purchased from Sigma-Aldrich
(catalogue number 7017).

2.2 | Transmission electron
microscopy (TEM)

For TEM analysis, samples were punched out to 5-mm-
diameter discs and incubated in phosphate-buffered
saline (PBS) for 15 min at 4�C for rehydration. They were
then used stand-alone, or in cell binding experiments as
described below, fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate, pH 7.4 (cacodylate buffer), washed
with cacodylate buffer, and stored at 4�C. Specimens
were subsequently embedded in Epon 812 and cut into
ultrathin sections on a Reichert Ultracut S ultramicro-
tome (Leica Microsystems, Wetzlar, Germany). They
were examined at the Core Facility for Integrated Micros-
copy (CFIM, Panum Institute, Copenhagen, Denmark) in
a Philips/FEI CM100 BioTWIN transmission electron
microscope. Images were recorded with a side-mounted
Olympus Veleta camera using the ITEM acquisitions
software provided by the manufacturer.

2.3 | Scanning electron
microscopy (SEM)

The ultrastructure of both matrices was analysed using
SEM, that is, the 3-D matrix architecture. Punched-out
samples were prepared as described above, then fixed
with 2.5% glutaraldehyde in cacodylate buffer. They were
washed with cacodylate buffer and dehydrated with an
ascending ethanol series, as previously described.15

Carbon dioxide was used for critical point drying of the
specimens and absolute ethanol was used as an

intermediate solvent. They were mounted on aluminium
holders, sputtered with 30 nm palladium/gold and exam-
ined in a Philips/FEI XL 30 field emission scanning elec-
tron microscope (FESEM) operated at 5 kV accelerating
voltage.

2.4 | Immunoelectron microscopy

The matrix architecture, as well as the cellular architec-
ture and cytokine secretion of macrophages and fibro-
blasts on the two matrices was assessed by transmission
immunoelectron microscopy, as previously described in
detail.16 In all instances, matrix samples, with or without
prior incubation with cells, were subjected to chemical
fixation and EM preparation after finished experiments
and all matrices were treated in the same way. The fol-
lowing antibodies and dilutions were used for immunola-
belling: rabbit monoclonal collagen I antibody (1:80
dilution), rabbit polyclonal collagen III antibody
(1:40 dilution), rabbit polyclonal collagen V antibody
(1:60 dilution), rabbit polyclonal TGF-β1 antibody (1:30
dilution), rabbit polyclonal IL-10 antibody (1:30 dilution),
rabbit polyclonal IL1-β antibody (1:80 dilution), rabbit
polyclonal IL-6 antibody (1:60 dilution) and rabbit poly-
clonal TNF-α antibody (1:30 dilution). Specimens were
examined in a Philips/FEI CM 100 TWIN transmission
electron microscope, as described above.

2.5 | Cells and culture conditions

Adult human dermal fibroblasts ([HDFs], C0135C,
Gibco) were purchased from Thermo Fisher Scientific,
Waltham, USA. Cryopreserved cells were thawed accord-
ing to the manufacturer's protocol and seeded into three
75-mL tissue culture flasks for expansion, each contain-
ing 15 mL of cellular growth medium consisting of Dul-
becco's modified eagle medium (D-MEM) with 100 mM
sodium pyruvate (PAA Laboratories, Pasching, Austria),
supplemented with 10% fetal bovine serum (FBS) (PAA
Laboratories, Pasching, Austria) and 2 mM L-glutamine
(Invitrogen, Carlsbad, USA). Medium was changed every
day and substituted with additional rhEGF at a final dilu-
tion of 1:1000. The cells were incubated for 7 days until
they reached 80%–90% confluency. The cells were har-
vested by trypsinization (TrypLETM Select (1x), Life
Technologies Corporation, Carlsbad, USA) and trans-
ferred into freezing medium, containing 1% BSA (Sigma
Aldrich, St. Louis, USA) and 10% DMSO (Sigma-Aldrich,
St. Louis, USA). A total of 1 mL aliquots of the cell sus-
pension were transferred into cryotubes. The cryotubes
were transferred to the freezer at �80�C for 24 h and
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stored in liquid nitrogen until further use. Monocytes
were isolated from buffy coat blood by double gradient
centrifugation. The buffy coat blood was obtained from
the Skåne University Hospital, Lund. The first density
gradient was performed using Ficoll solution (Sigma-
Aldrich) to separate mononuclear cells (460 g for 45 min).
The iso-osmotic Percoll solution (Sigma-Aldrich) was used
for the second-density gradient to isolate monocytes from
peripheral blood mononuclear cells (800 g for 20 min at
room temperature). Isolated monocytes were cultured in
suspension culture plates in RPMI 1640 medium (Thermo
Fisher) supplemented with 10% fetal calf serum, 1.5 mM
NEAA, 2 mM l-glutamine, 1 mM sodium pyruvate, 0.05 mM
β-mercaptoethanol, 1% penicillin–streptomycin, 10 ng/mL
hM-CSF and 10 ng/mL hIL3 (all Peprotech) at 37 deg. and
5% CO2. After 7 days, the cells were cultured in 10 ng/mL
hM-CSF for further 5–7 days.

2.6 | Cell seeding of matrices

HDFs were gently thawed and counted in a haemocyt-
ometer using trypan blue (Fisher Scientific, Waltham,
USA) to estimate the number of live/dead cells. Cells
were suspended in a final cell concentration of 0.5 � 106

viable cells/mL. A total of 20 μL cell solution, corre-
sponding to 10 000 cells, was added on top of punched-
out wound matrix samples (5 mm punches), followed by
incubation at 37�C at 5% CO2 for multiple time points
(15, 30, 60, 180 min in primary adhesion experiments,
respectively, and 0, 24, 48, 96 h in proliferation experi-
ments, respectively). In order to compensate for the
differences in BWM and SWM to act as nutrient source
for the cells, cell medium was replaced every other day.
At each time point, cell medium was removed and the
cell-seeded constructs were gently washed twice with
PBS. The cell-seeded constructs were then fixed with 4%
formaldehyde in PBS, followed by incubation at 4�C for
20 min. Finally, the cell-seeded constructs were rinsed
three times in PBS and stored in 3 mL PBS until further
evaluation.

2.7 | Cell attachment and distribution

Initial cell adherence (fibroblasts and macrophages) to
the matrices was measured during 15, 30, 60 and 120 min
by SEM, that is, cell density (cells/mm2) and cell
morphology (cell area, elongation and circularity). The
characteristics of fibroblast and macrophage survival and
distribution on the matrices were evaluated during 0, 1,
2 and 4 days by SEM, that is, cell density (cells/mm2) and

elongation (length/width). In order to determine the
extent of cell surface area, elongation and circularity on
different wound matrices, 50 images of each sample were
randomly captured on 50 different locations, using the
electron microscope's imaging software, allowing 300 cells
per group to be evaluated. Cell surface area was defined
by the product measured between the longest and short-
est cell radius, multiplied by π. Cell elongation was mea-
sured as the quotient of the longest possible line
perpendicular to each cell, and the longest possible
line along the longitudinal axis of the cell. Cell circularity
was determined as the quotient between cell surface area
and cell perimeter, multiplied by 4π.

2.8 | Cell metabolism assay

Metabolic activity and proliferation of living cells were
measured on the cell-seeded constructs (5 mm punches,
10 000 cells/punch) at 0, 24, 48 and 96 h. Cell-seeded
constructs were incubated at 37�C and 5% CO2, medium
was replaced every other day. After each incubation time
point, cell medium was removed and the cells were
gently washed twice with PBS. 24-well plates were pre-
pared by adding 500 μL medium, and the cell seeded con-
structs were transferred to the prepared 24-wells using a
sterile forceps. Resazurin working solution (0.15%) was
prepared by weighing 0.3 g Resazurin sodium salt dis-
solved in 200 mL PBS and sterile filtered. A total of
100 μL Resazurin working solution was added to all
wells. Plates were incubated in a moisture chamber in a
cell incubator for 4 hours at 37�C and 5% CO2. A total of
100 μL medium were transferred from each well in dupli-
cate to 96-well plates (black with transparent bottom).
Subsequently, fluorescence at 555 nm excitation and
585 nm emission wavelengths was measured on a Spec-
tramax i3x plate reader within 30 min.

2.9 | Cytokine analysis

Secretion of pro-inflammatory cytokines (interleukins
[IL-1β, IL-6], tumour-necrosis factor-alpha [TNF-α]) and
anti-inflammatory cytokines (transforming growth factor
beta [TGF-β1], interleukin [IL-10]) by fibroblasts and
macrophages on the matrices were assessed by two
independent researchers during 1, 2 and 4 days by
immunogold-TEM. These cytokines were chosen as they
represent important players in early onset of wound heal-
ing. Electron micrographs were acquired in the electron
microscope's iTEM software and gold particles were man-
ually measured in Photoshop CS6.
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2.10 | Statistical analysis

Student's t test for paired data was performed to deter-
mine statistical significance. Values were expressed as
means ± standard error bars in the histograms. Statistical
significances are expressed as n.s. (p ≥ 0.05); * (p ≤ 0.05);
** (p ≤ 0.01); *** (p ≤ 0.005).

3 | RESULTS

3.1 | Structural electron microscopic
assessment of SWM and BWM

Using an electron microscopy approach by high-resolution
field emission scanning electron microscopy (FESEM), we
found that SWM was 100% amorphous in SEM images

(Figure 1, left panel). In contrast, BWM exhibited a
dermis‐like collagen structure (Figure 1, right panel) with
distinct pores (Figure 1B) and cross-striated collagen fibril
bundles (Figure 1C).

3.2 | Cell adherence and distribution on
SWM and BWM

3.2.1 | Morphological observations

The ability to provide versatile cell attachment sites is a
key characteristic of wound matrices to provide optimal
and efficient wound healing properties. Cell numbers
represent the ability of cells to survive and proliferate on
the matrix. Also, the way a given wound matrix interacts
with cells in a beneficial way is represented by cell

FIGURE 1 Ultrastructure of BWM

and SWM as visualized by field emission

scanning electron microscopy (FESEM).

Specimens of SWM (A–C, left panel) were
prepared for FESEM and compared with

BWM (A–C, right panel) at different
magnifications. Note the appearance of

extended fibrillar collagen networks,

interspaced by 20–80 μm pores in BWM

(visible in B, C, right panel) and an

abundance of large pores and amorphous

sheets in SWM, rendering this material a

Swiss cheese-like appearance (right

panel). At higher magnification, bundles

with cross-striated collagen fibrils are

visible in BWM (C, right panel), whereas

SWM appears amorphous (C, left panel).

The scale bars represent 1 mm (A),

100 μm (B) and 10 μm (C).
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architecture parameters such as elongation, area and cir-
cularity. Therefore, in this work, these parameters were
measured to assess the behaviour and morphology of the
cells in response to the environment provided by BWM
and SWM. These parameters have significant biological
implications, particularly in relation to wound healing,
where cell elongation reflects active movement and
motility on the matrix. The area covered by a cell indi-
cates how well a cell interacts with and firmly adheres to
the matrix, which is beneficial for the wound healing pro-
cess. Likewise, a surface that promotes cell migration
may result in lower circularity values, with cells elongat-
ing as they move across the surface. To compare cell
attachment sites of wound matrices, HDFs and macro-
phages were seeded onto SWM and BWM for 0, 24,
48 and 96 h. Figure 2 depicts representative examples of
HDF adherence to and interaction with both materials.
Specimens were then visualized and analysed by

high-resolution FESEM. At higher magnification, large
numbers of fibroblasts were observed in firm adhesion to
collagen fibrils in BWM (Figure 3D–F), exhibiting an
increasingly elongated cell architecture over the 96-h
incubation. Initially, the fibroblasts were observed to
have settled onto the collagen fibrils at 24-h time point
(Figure 3D, arrowheads) and the plasma membrane
became visibly in intimate contact with the collagen
fibrils at 48-h time point (Figure 3E, arrowheads). After
96 h, fibroblasts in the process of depositing newly syn-
thesized fibrillar extracellular matrix onto the BWM col-
lagen framework were frequently observed. This
extracellular matrix appeared as fine, spider web-like
meshes on top of the thick fibre bundles of BWM
(Figure 3F, arrowheads). In addition, such newly synthe-
sized meshes were recovered from the cell culture
medium of BWM at 96-h time points. They were collected
and visualized by electron microscopy, where

FIGURE 2 Characteristics of cell

adherence and growth on BWM and

SWM as visualized by FESEM at low

magnification. SWM (left panel) and

BWM (right panel) were incubated with

human dermal fibroblasts for 24 h (A),

48 h (B) or 96 h (C). Fibroblasts on SWM

do neither adhere nor proliferate well at

all time points and are visualized as dark

round dots (A–C, left panel). In contrast,

fibroblasts adhere firmly to the native

collagen fibrils in BWM, exhibit an

elongated architecture and proliferate to

form large cellular sheets (A–C, right
panel). Similar results were obtained for

macrophages on SWM and BWM (not

shown). The scale bar represents 200 μm.
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cross-striated collagen fibrils became visible (Suppl.
Figure 1A). No such collagen fibrils were observed in cell
culture supernatants from SWM (Suppl. Figure 1B). In
addition, extended filopodia formation making cell–cell
and cell–substrate contacts were observed at time points
48 and 96 h (Figure 3E, arrowheads). Fibroblasts depos-
ited on SWM were predominantly observed to be of circu-
lar shape at all time points of incubation (Figure 2, left
panel, Figure 3A–C). They were not observed to produce
new extracellular structures after elongated incubation
time points and showed no attachment to the SWM
matrix (Figure 3C). Similar observations were made for
macrophages. On BWM, the cells settled onto the colla-
gen fibrils within 24 h and remained firmly attached
throughout the experiment. However, they did not spread
and proliferate in the same way as fibroblasts. On SWM,
the macrophages remained round throughout all time
points and exhibited the same appearance as the
fibroblasts.

3.2.2 | Quantification of cell adherence and
distribution

Initial fibroblast adherence during the first 120 minutes
was about twice as much on BWM than on the SWM
(Figure 4, upper panel). Similarly fibroblasts seeded onto
BWM demonstrated a higher cell survival and prolifera-
tion during 96-h long-term incubations (Figure 4, lower
panel), with a fourfold increase compared with fibroblasts
seeded onto SWM by 96 h. The macrophages exhibited a
somewhat different kinetics, where initial adhesion to
BWM was complete after 24 h and no further proliferation
was observed. Macrophages seeded onto SWM demon-
strated initial adherence complete at 24 h and no further
proliferation was observed. Significantly, the fibroblasts
and macrophages seeded on SWM were completely circu-
lar at all analysed time points, with minimal contact to the
substrate and covering a minimal surface area (500 vs.
600 cells/cm2 at the last time point) (Figure 5).

FIGURE 3 Characteristics of cell adherence and growth on BWM and SWM as visualized by FESEM at high magnification. SWM (A–C,
left panel; intermediate magnification, right panel; high magnification) and BWM (D–F, left panel; intermediate magnification, right panel;

high magnification) were incubated with human dermal fibroblasts for 24 h (A, D), 48 h (B, E) or 96 h (C, F). Fibroblasts on SWM exhibit a

round structure at all time points (A–C). In contrast, fibroblasts adhere rapidly to the native collagen fibrils in BWM (D), spread into

elongated structure along the BWM collagen fibrils (E) and deposit newly synthesized fibrillar extracellular material onto the BWM collagen

scaffold (F). Note that cells presented in the right panel do not in all cases represent magnifications of cells from the left panel. The scale

bars represent 50 μm (left panels) and 10 μm (right panels), respectively.
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3.3 | Cytokine analysis

Cytokine release was measured on fibroblasts and macro-
phages seeded onto BWM and SWM at 0, 24, 48 and 96 h,
using immune TEM with gold-labelled antibodies against
pro- and anti-inflammatory cytokines relevant in the
wound healing process (Figure 6). Overall, an increase in
pro-inflammatory cytokines (i.e., IL-1β, IL-6, TNF-α) and a
decrease in anti-inflammatory cytokines (i.e., TGF-β1, IL-
10) were observed in cells seeded on SWM as compared
with cells seeded on BWM (Figure 7). After 96 h, the
increase of pro-inflammatory cytokines on BWM as com-
pared with SWM was as follows: IL-1β: about 40%; IL-6:
about 30%; TNF-α: about 50%. Accordingly, the increase of
anti-inflammatory cytokines on BWM as compared with
SWM was as follows: TGF-β1 (fibroblasts): some 4.3-fold;
TGF-β1 (macrophages): some 4.75-fold; IL-10: some 4-fold.

3.4 | Metabolic activity and proliferation
of cells

Numbers of living fibroblasts and macrophages were
measured by the number of metabolically active cells at

each time point up to 96 h (Figure 8). On BWM, the
number of metabolically active and proliferative fibro-
blasts increased significantly over time and the number
of metabolically active and proliferative macrophages
remained constant after 24 h. Both fibroblasts and macro-
phages seeded onto SWM demonstrated a decrease in
metabolic activity and proliferation over time, with a
reduction of 50% of these properties measured at 96 h, as
compared with cell-seeded values at time point 0 h.

4 | DISCUSSION

Wound healing is a response of the body to injury and
achieves wound closure and scar tissue maturation
through the wound healing cascade; composed of the
inflammatory, proliferative, remodelling and maturation
phase. These processes are carefully coordinated in a
reciprocal manner between extracellular matrix constitu-
ents, different cell types and their soluble mediators.17

Hence, key steps of the wound healing process, such as
haemostasis, inflammation and angiogenesis are regulated
in close communication collagen and its compounds.18 An
optimal environment for cellular adherence, survival and

FIGURE 4 Quantitative evaluation of

fibroblast and macrophage adherence to

BWM and SWM. SWM and BWM

specimens were incubated with fibroblasts

and macrophages for 15, 30, 60 and

180 min (upper panel), or 0, 24, 48 and

96 h (lower panel). Adhered cells were

identified and counted by electron

microscopy, as shown in Figure 3. In each

case, about 100 randomly selected

electron micrographs were evaluated.

Staples are given as means med SD error

bars from three different experiments.
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proliferation is achieved by replicating the structure and
nature of a dermal matrix as close as possible to native
skin. There are multiple ways to achieve native dermis
resemblance and functionality. Biological biomaterial pro-
vides a native component as it is directly sourced from
allogenic or xenogeneic hosts. However, processing of bio-
logical material and structuring of biological material are
key for the performance of the resulting matrix. For exam-
ple, allograft dermal matrices such as AlloDerm or Glya-
Derm, sourced from human cadavers that have been de-

cellularized, represent the closest natural structure to
native human extracellular matrix; however, they are asso-
ciated with the risk of disease transmission, rejection and
immunogenic reactions due to the processes used to
remove allogenic or xenogeneic cells. Incomplete removal
of host cells from allogenic and xenogeneic material will
result in poor outcomes.19 To overcome these limitations,
biological biomaterial can be sourced from a host, pro-
cessed using different methods and tools such as lyophili-
zation or cryopreservation, which is then reconstructed

FIGURE 5 Quantitative evaluation of

fibroblast and macrophage architecture

on BWM and SWM. SWM and BWM

specimens were incubated with fibroblasts

and macrophages for 15, 30, 60 and

180 min (upper and middle panel), or

0, 24, 48 and 96 h (lower panel). Cellular

parameters such as cell area (upper

panel), cell circularity (middle panel) and

cell elongation (lower panel) were

determined on electron micrographs. In

each case, about 100 cellular profiles were

evaluated. Staples are given as means med

SD error bars from three different

experiments.
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into a dermal matrices, as MatriDerm, Integra and Pelnac.
Furthermore, fine-tuning as pore size, porosity, tensile
strength and other extracellular matrix parameters like
substituting elastin as for MatriDerm can be performed.
Alternatively, synthetic biomaterial has been developed to
regulate characteristics such as pore size and porosity with
high precision. Interestingly, the pore size of SWM, that is,

300–900 μm, is about 10 times beyond the physiological
pore size for cells to interact and migrate.20 Lacking in
these dermal templates composed of synthetic material are
the natural components of skin, unless these natural com-
ponents can be replicated. Achieving a natural cellular
interaction with an extracellular matrix, irrelevant of its
biomaterial composition, and limiting unnecessary delay

FIGURE 6 Immune TEM assessment

of fibroblasts and macrophages on BWM

and SWM. SWM (left panel) and BWM

(right panel) were incubated for 96 h with

fibroblasts (A) or macrophages (B) and

subjected to ultrathin sectioning and TEM

analysis. Note the intact cell architecture

in the right panel, where cells are

embedded in the collagen fibrils of BWM.

This is opposed to the more deteriorated

structures in the left panel, where nuclei

and cytoplasm show signs of cell death.

The scale bar represents 2 μm. (C, D),

TEM and immunodetection of TGF-

β1 secreted by fibroblasts (C) and

macrophages (D). Immunodetection of IL-

10, IL-1β, IL-6 and TNF-α was performed

in the same way (not shown). The scale

bar represents 1 μm.
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in wound healing, is the gold standard in wound healing
matrix development.

Previously, Brown et al. conducted in vivo experiments
to assess the influence of different ECM-based implants on
wound regeneration. Wound sites with implants were
compared with natural wound healing without implant.
The results showed that natural wound matrices with a
more native composition stimulated the formation of site-
appropriate and functional new tissues that resembled a
native restoration.13,21,22 In another study, the beneficial
effect of pure native collagen application to chronic

wounds was shown, resulting in accelerated wound clo-
sure.23 We have recently demonstrated that the innate
properties of wound matrices with natural collagen scaf-
folds are beneficial for the proteolytic balance and cellular
environment in the wound bed.13,15 The present study sup-
ports our previous study, suggesting that collagen scaffolds
are more beneficial than synthetic scaffolds for fibroblast
and macrophage metabolic activity, proliferation and other
cellular parameters in addition to regulating inflammatory
response by modulating cytokine profiles of these cells, in
an in vitro model.

FIGURE 7 Quantitative evaluation of

immune TEM analysis of cytokines

secreted by fibroblasts and macrophages

on BWM and SWM. BWM and SWM were

incubated for 0, 24, 48 and 96 h with

fibroblasts or macrophages, respectively,

and subjected to ultrathin sectioning and

immune TEM analysis. At each time

point, the thin sections were analysed

using old-labelled antibodies against TGF-

β1, IL-10, IL-1β, IL-6 and TNF-α. The
number of immunogold particles/μm2 was

determined in each case. Notably, the

levels of pro-inflammatory cytokines

increased, and the levels of anti-

inflammatory cytokines decreased, over

time on SWM, whereas the opposite effect

was observed on BWM.
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Over the past decades, a variety of matrix products
have become well established for the management of
wounds. These matrices provide active scaffolds with key
elements that modulate inflammation, promote vascular-
ization and re-epithelialization of the wound bed, and
promote wound closure. Different matrices utilize differ-
ent sources of materials and processing methodologies.
Variations in these parameters impact the biochemical
and structural properties of the scaffold in the final prod-
uct and the biological response during wound healing.24

Importantly, besides nativity of the collagen, porosity and
pore size within the scaffold determine vital parameters
of the invading cells, which, in turn, influence wound
healing efficiency. In a recent study, Boekema et al.
demonstrated that scaffolds with optimal pore sizes of
80–100 μm showed good results in wound healing after
one-stage grafting. In contrast, scaffolds with larger aver-
age pore sizes resulted in more myofibroblasts and more
foreign body giant cells.25 This is in accordance with
BWM having pore sizes in the range of 80–100 μm,
whereas SWM has considerably larger pores. In this
study, we found differences in all assessed parameters of
cell scaffold interactions of fibroblasts and macrophages
seeded onto BWM in comparison with SWM. The
observed variations could be attributed to the presence of
native collagen structures in BWM or the manufacturing
process, resulting in optimal porosity and pore sizes. The
manufacturing process of this specific BWM, MatriDerm,
could also result in keeping native collagen structure of

the bovine dermis raw material intact, contributing to
favourable outcomes for fibroblast and macrophage
adherence and proliferation in vitro. The fabrication of
native collagen scaffolds has been shown to enhance
their functionality by mimicking important natural
dermis parameters and thus promote excellent tissue
regeneration.15,23,26–30 These studies also discuss 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. The results are in accordance with our
findings demonstrating that the collagen scaffold pro-
vides more desirable biomechanical, biochemical and cell
biological properties than a synthetic scaffold in vitro.

Collagen matrices have been described as key compo-
nents in the wound bed for the guidance of cell growth
and migration during the proliferation and remodelling
phase of the healing process.31 Although there are many
studies that demonstrate optimal characteristics of
dermal templates to promote cell adherence and spread-
ing, this study confirmed that cell adherence and natural
spreading occurred more on the native collagen fibrils of
BWM, as opposed to the pores of SWM. Historically, skin
cells naturally adhere to the rigid, undulating synthetic
flasks they are cultured and grown in, supporting the use
of synthetic wound matrixes. However, in this study, we
did not find the natural and well-established behaviour
of cells in adherence and spreading to the SWM as we
would observe in seeding into culture flasks, despite their

FIGURE 8 Cell viability on BWM and SWM. BWM and SWM were incubated with fibroblasts (left panel) or macrophages (right panel)

for 0, 24, 48 and 96 h, respectively. At each time point, the biomaterials were assessed with Alamar Blue in order to analyse cell viability.

Notably, cell viability increased (fibroblasts) or was maintained (macrophages) over time on BWM, whereas viability declined in all cases

on SWM.
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optimized pore size and porosity to support the adher-
ence and distribution of cells into the scaffold. This might
be due to the used polyurethane material and its proces-
sing, resulting in very large pore sizes, where adhesion
and growth of invading cells are not supported.

Fibroblasts and macrophages are important cell types
in the wound regeneration process with their unique capa-
bility to coordinate tissue repair (for recent reviews,
see32,33). Importantly, during this process, they cross talk
with other cell types in the wound microenvironment by
secretion of pro- and anti-inflammatory cytokines and che-
mokines. Notably, the cytokine and chemokine profiles in
the wound microenvironment orchestrate all wound heal-
ing stages.34,35 As the wound healing phases progress,
cytokine profiles are expected to shift from an overall pro-
inflammatory to an anti-inflammatory state.36,37 During
incubation of cells on BWM, we observed elevated levels
of the anti-inflammatory cytokines TGF-β1 and IL-10, and
reduced levels of the anti-inflammatory cytokines IL-1β,
IL-6 and TNF-α, which is in accordance with previous
reports.36,37 In contrast, the SWM surface promoted
increased levels of IL-1β, IL-6 and TNF-α, and low levels
of TGF-β1 and IL-10. This indicates that, on this material,
cytokine production from adherent cells may have a pro-
longed influence on the normal inflammatory wound
healing stages, creating an overall pro-inflammatory
milieu on SWM. Although pro-inflammatory factors may
be of benefit in an untreated non-healing wound and sup-
ports the under-stimulated or under-capacitated wound
healing process in complex injuries, the long-term out-
comes could potentially result in more scarring in wounds
that need support and less over-stimulation.

The results discussed in this study suggest a more
physiologic tissue regeneration occurring between cellular
and biomaterial interface in BWM in comparison with
SWM. However, it has to be considered that in vivo is a
complex and dynamic interchange between different cell
types, bodily fluids, microbial presence or contamination,
pH and environmental changes, and mechanic agitation
influencing the wound healing process and affecting the
performance of dermal substitutes. The body's own capac-
ity to repair is usually undamaged and wounds that often
receive or need surgical intervention are those that are
subject to poor wound healing associated with multiple
factors such as smoking or co-morbidities like diabetes
that impair the natural wound healing cascade. Specifi-
cally, when investigating the expression of inflammatory
markers by cells in an in vitro environment, the environ-
ment is not a representation of the complexities found
in vivo in both environmental and throughout the dura-
tion of wound healing, as the expression of inflammatory
markers is a balancing act intertwined with the phases of
wound healing. Therefore, it will be relevant to elucidate

further the influence of in vivo wound healing environ-
ments on the interplay of dermal templates and different
cell types involved in the wound healing process.

In summary, this study found that dermal fibroblast
and macrophage proliferation, adherence and distribu-
tion were more favourable on BWM than SWM. The
adhered cells on BWM exhibited a balanced secretion of
different pro- and anti-inflammatory cytokines, in con-
trast to SWM. Although in vitro work, these results sug-
gest the natural collagen fibres in BWM support a
regenerative approach of wound healing and further
investigations into optimal wound environments for
BWM and SWM should be sought.
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