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We demonstrate a novel approach for the production of tunable quantities of elastic fibers. We also show
that exogenous tropoelastin is rate-limiting for elastin synthesis regardless of the age of the dermal
fibroblast donor. Additionally, we provide a strategy to further enhance synthesis by older cells through
the application of conditioned media. We show that this approach delivers an elastin layer on one side of
the leading dermal repair template for contact with the deep dermis in order to deliver prefabricated
elastic fibers to a physiologically appropriate site during subsequent surgery. This system is attractive
because it provides for the first time a viable path for sufficient, histologically detectable levels of patient
elastin into full-thickness wound sites that have until now lacked this elastic underlayer.

Statement of Significance

The scars of full thickness wounds typically lack elasticity. Elastin is essential for skin elasticity and is
enriched in the deep dermis.
This paper is significant because it shows that: (1) we can generate elastic fibers in tunable quantities, (2)
tropoelastin is the rate-limiting component in elastin synthesis in vitro, (3) we can generate elastin fibers
regardless of donor age, (4) we describe a novel approach to further increase the numbers and thickness
of elastic fibers for older donors, (5) we improve on Integra Dermal Regeneration Template and generate a
new hybrid biomaterial intended to subsequently surgically deliver these elastic fibers, (6) the elastic
fiber layer is presented on the side of Integra that is intended for delivery into its physiologically appro-
priate site i.e. the deep dermis.
� 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Elastin is integral to the extracellular matrix of vertebrate tis-
sues such as blood vessels, lungs and skin, where it provides the
structural integrity and elasticity required for mechanical stretch-
ing of these tissues during normal function [1]. Elastin’s three-
dimensional architecture reflect its physical environment and bio-
logical demands: elastic vessels carry blood in the vasculature, the
lung expands and contracts with each breath, and fibers in the der-
mis facilitate skin stretching and recoil. In the dermis, elastin is
arrayed in the form of fibers, the dominant component of which
is the elastin polymer. Although elastin is one of the most durable
human proteins lasting as long as the human host [2,3] dogma
states that elastic fiber synthesis in tissues including the dermis
effectively ceases in early childhood [4]. After this, the regenera-
tion of elastic fibers in full thickness wounds is severely compro-
mised [5]. There is a strong demand for de novo elastic fiber
synthesis, particularly in the deep dermis, in order to maintain
viable elasticity and skin function. Elastin is mainly present in
the reticular portion of the dermis where large diameter elastic
fibers sit deep within the tissue and are parallel to the skin surface
[6].

Although dermal fibroblasts are able to secrete elastin, its syn-
thesis is repressed in the skin and many adult tissues by post-
transcriptional mechanisms [7,8]. Therefore there is an ongoing
search for mechanisms that can quantitatively deliver elastic fibers
into a patient’s deep dermis such as when full thickness dermal
substitute products like Integra Dermal Regeneration Template
(IDRT) are used to repair full thickness wounds. Indeed, in the
use of materials such as IDRT, the regeneration of the elastic fiber
system is acknowledged as integral to the functional performance
and development of the next generation of dermal substitutes [9].
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We reasoned that we can address this demand for an improved
dermal substitute material by encouraging patient fibroblasts to
synthesize significant quantities of elastic fibers. This harmonizes
with the use of cells because they provide attractive treatments
for dermal wounds and scars where they are increasingly acknowl-
edged as an important part of viable tissue repair [10,11].

Elastin is predominantly made of the one protein tropoelastin
which is assembled with the assistance of an ensemble of elastic
fiber proteins [12]. Elastin formation occurs in a stepwise process
involving tropoelastin association, massive molecular deposition
and cross-linking [13]. Microfibrillar proteins like members of
the fibrillin and fibulin families are needed for elastic fiber organi-
zation in vivo [14–18]. Recently, we and others have found that,
in vitro, tropoelastin contains multiples signals that dictate precise
spatial and temporal elastin assembly [19–24]. Although other
elastic fiber proteins are important, elastin is over nine times more
abundant than microfibrillar components, and therefore
tropoelastin-tropoelastin interactions are significant [25]. Here,
we reason that the rate limiting step in elastin formation might
be the supply of tropoelastin. We explore this concept and show
that, using fibroblasts from human donors ranging in age from
neonatal to 92 years old, de novo elastic fibers can be deposited
into the extracellular matrix when tropoelastin is supplied exoge-
nously. Furthermore, we investigate ways in which elastogenesis
can be enhanced in this system and use these discoveries to enrich
an IDRT full-thickness dermal substitute by endowing it with a
network of elastic fibers that is positioned appropriately for deliv-
ery into the deep dermis.

Surgery and tissue repair can restore function if components are
available. A long-sought after goal in elastic tissue engineering has
been to restore elastic fibers to tissues such as the skin. We present
a novel strategy towards the use of patient-donated skin fibrob-
lasts to deliver tailored quantities of elastic fibers to this location.
This technology lays the foundation for the repair of full-
thickness wounds and the contemporaneous delivery of a dense
net of elastic fibers deep within the human dermis.
2. Materials and methods

2.1. Human dermal fibroblasts

Human dermal fibroblasts used in this study were sourced from
neonatal males (NHF45C ThermoFisher; NHF8909 gift of X. Q.
Wang, University of Queensland, Australia), a 10 year old male
(GM03348 Coriell Institute for Medical Research), a 31 year old
male (obtained from a consenting burns patient in the Burns Unit
at Concord Repatriation General Hospital, NSW, Australia in accor-
dance with the approval of the Hospital Research and Ethics Com-
mittee), a 51 year old male (142BR Sigma) and a 92 year old male
(AG04064 Coriell Institute for Medical Research).

2.2. Tropoelastin

Recombinant human tropoelastin isoform SHELD26A (synthetic
human elastin without domain 26A) corresponding to amino acid
residues 27–724 of GenBank entry AAC98394 (gi 182020) was
purified from bacterial culture as described previously [26,27]
(Elastagen Pty Ltd).

2.3. Cell culture

2.3.1. Elastogenesis model
Human dermal fibroblasts (5 � 104 cells) were seeded on glass

cover slips in the wells of 12 well tissue culture plates in Fresh
Media (FM) containing DMEM (Life Technologies) with 10% (v/v)
fetal bovine serum (FBS; Life Technologies) and 1% (v/v) Pen/Strep
(Sigma). Cells were cultured at 37 �C 5% CO2 and the media was
changed every 2–3 days. On Day 10 of culture 1 mg tropoelastin
(filter sterilized; 10 mg/ml in phosphate buffered saline (PBS))
was added to each well and the cells were cultured for a further
seven days, with media changes on days 13 and 15. Control cell
samples with no tropoelastin addition were cultured for 17 days.
At 1, 3 or 7 days post-tropoelastin addition the cultured cells were
washed twice in PBS then fixed with 4% (w/v) paraformaldehyde
for 20 min and quenched with 0.2 M glycine. The cells were incu-
bated with 0.2% (v/v) Triton X-100 for 6 min, blocked with 5%
(w/v) bovine serum albumin at 4 �C overnight, and stained with
a 1:500 dilution of BA4 mouse anti-elastin antibody (Sigma) for
1.5 h and a 1:100 dilution of anti-mouse IgG-FITC antibody (Sigma)
for 1 h. The coverslips were mounted onto glass slides with Pro-
Long Gold anti-fade reagent with DAPI (Invitrogen). Slides were
left to set for 24 h then analyzed using a confocal microscope.

2.3.2. Conditioned media
Conditioned media (CM) was prepared by collecting media from

3 day cultures of neonatal dermal fibroblasts in FM, filter sterilizing
and mixing in a 1:1 ratio with DMEM containing 20% (v/v) FBS and
1% (v/v) Pen/Strep. Medium containing 20% FBS was added to
account for serum components that had been depleted from the
media collected from the 3 day FM cultures of neonatal fibroblasts.
The final FBS concentration in the CM was up to 15%. To control for
this possibility a medium containing DMEMwith 15% (v/v) FBS and
1% (v/v) Pen/Strep was also tested. Fibroblasts sourced from a
51 year old male (142BR) were cultured in FM, CM or control
media for 17 days with 1 mg tropoelastin (filter sterilized;
10 mg/ml in PBS) added on Day 10. Samples were fixed and stained
as described above.

For size fractionation experiments CM was spun through Ami-
con Ultra-15 Centrifugal Filter Units (Millipore; 100 kDa and
30 kDa MWCO). Concentrated solutions of >100 kDa and 30–
100 kDa were rediluted in DMEMwith 10% (v/v) FBS and cells were
cultured in each media as described above.

2.3.3. RNA extraction
Triplicate samples of fibroblasts (1 � 105 cells) were seeded

into the wells of 6 well tissue culture plates and cultured for
11 days in FM (Neonatal and 142BR) or CM (142BR) with media
changes every 2–3 days. Cells were harvested and RNA extracted
using an RNeasy Mini Kit (Qiagen).

2.3.4. Repeated tropoelastin supplementation
Human dermal fibroblasts were cultured for 31 days in FM as

described above. On days 10, 17 and 24 tropoelastin (1 mg filter
sterilized; 10 mg/ml in PBS) was added to the wells such that the
cultures were supplemented with 1, 2 or 3 additions of tropoe-
lastin. Non-supplemented cells were also cultured. Samples were
fixed and stained as described above.

2.3.5. Preparation of dermal substitute containing patient cells and
elastic fibers

IDRT (Integra Life Sciences Corporation, Plainsboro, NJ;
1.5 � 1.5 cm) squares were placed in the wells of 12 well cell cul-
ture plates and seeded with neonatal human dermal fibroblasts
(2 � 105 cells in 200 ll FM). After 1 h at 37 �C 5% CO2 a further
3 ml of FM was added to each well. Cells were cultured on IDRT
for up to 33 days with media changes every 2–3 days. At days 12,
19 and 26 tropoelastin (1 mg filter sterilized; 10 mg/ml in PBS)
was added to the wells. At days 19, 26 and 33 samples were fixed
and stained following 1, 2 or 3 additions of tropoelastin. IDRT sam-
ples cultured for 33 days with cells and no tropoelastin supple-
mentation or with no cells and 3 additions of tropoelastin were
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also prepared. Samples were fixed in 10% formalin. For cross-
section imaging samples were embedded in paraffin, sectioned
and stained with either hematoxylin and eosin or BA4 mouse
anti-elastin antibody and an HRP conjugated anti-mouse sec-
ondary antibody (Dako Envision system HRP labelled polymer
anti-mouse) and visualized using Liquid DAB + substrate chro-
mogen system (Dako). A surface view was obtained using confocal
microscopy of samples stained as described above.

2.4. RNA analysis

For each condition, triplicate samples of RNA were probed and
analyzed by microarray analysis using Affymetrix Human Prime
View (U219) array at The Ramaciotti Centre for Gene Function
Analysis NSW Australia. Expression Console 1.0 software (Affyme-
trix) was used to normalize data using RMA-sketch, which were
then annotated using HuGene 1.0 ST v1 library and annotation
files. Signal intensities were averaged between triplicates and SD
was determined. For detection of differentially expressed genes, a
p-value less than 0.05 was used in combination with a fold-
change cut-off above 2.0 and signal intensity above background
(i.e., 200) level. Where multiple probe sets for the same gene
showed differential expression, the probe set with the largest sig-
nal intensity is reported as representative.

2.5. Confocal microscopy

Fluorescently immunostained samples were visualized with an
Olympus FluoView FV1000 confocal microscope using laser excita-
tion at 405 nm to detect DAPI fluorescence, 488 nm to detect FITC
fluorescence and 559 nm to detect elastin autofluorescence.
Images were analyzed using ImageJ software [28]. Z-stacks were
taken from 10 fields of view (FOV) per sample, converted to max-
imum projection images and analyzed for total area of elastic fibers
and relative fiber numbers. In all cases results from 10 FOV were
averaged to give a result per sample. For percent area of tropoe-
lastin staining analysis the automated, software-generated thresh-
old was used to exclude background pixels on each image. The
number of green pixels was measured and converted to % per total
area. To compare relative fiber numbers, three parallel lines were
drawn and evenly distributed across each FOV. The number of
fibers crossing each line was counted, added together and divided
by three. The number of cell nuclei per FOV was also counted.

2.6. Statistics

Student’s unpaired t tests (RNA analysis, relative fiber number
analysis) or one-way ANOVA with Bonferroni multiple comparison
tests (all other analyses) were performed using Graph Pad Prism
version 6.07 software. Statistical significance was accepted at val-
ues of p < 0.05. Data are presented as mean ± SEM for CM and mul-
tiple tropoelastin addition experiments and mean ± SD for RNA
analysis. In the figures, significance is indicated by asterisks
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
3. Results and discussion

3.1. Elastogenesis by human dermal fibroblasts

We and others [20,29–31] have used in vitro cell culture models
with the addition of recombinant tropoelastin to investigate elas-
togenesis by cells. In our model system, human dermal fibroblasts
are cultured for 10–12 days prior to the addition of purified recom-
binant human tropoelastin and then cultured for up to a further
7 days. In the absence of exogenous tropoelastin no elastin fiber
synthesis is evident (Fig 1A). Following tropoelastin addition, the
protein is deposited into the extracellular matrix as globules
(Fig 1B) as is also seen during normal elastogenesis [32,33]. Subse-
quent fiber formation is initially aligned in the direction of cells
(Fig 1C) before an extensively branched elastic fiber network is
generated (Fig 1D). Using this model, we found that human dermal
fibroblasts sourced from a wide range of donor ages (neonatal, 10,
31, 51 and 92 years old) can make elastic fibers when they are sup-
plied with tropoelastin (Fig 2). However the fiber architecture
changes with age; cells sourced from older age groups produce
fewer, thicker and less branched fibers. This indicates that dermal
treatments requiring repair or replacement of damaged elastic
fiber networks in older individuals may be less effective.

3.2. Enhancing elastogenesis with CM

Given the ability of neonatal cells to produce extensive elastic
fiber networks, we explored the effect of neonatal dermal fibrob-
last CM on elastogenesis. Fibroblasts were sourced from a 51-
year old and treated with neonatal CM. Tropoelastin was then
added to initiate elastogenesis. Compared to growth in FM
(Fig 3A), CM (Fig 3B) resulted in a 2.5-fold increase in tropoelastin
deposition into the extracellular matrix (Fig 3D) which was
accounted for by an associated 2.5-fold increase in the numbers
of elastic fibers (Fig 3E). No difference in tropoelastin deposition
was seen when FM was compared with control medium (15%
FBS; Fig 3D). With the addition of CM, these older cells showed
elastin networks that were comparable to those of neonatal cells
(Fig 3C). In all cases the number of nuclei per field of view was
indistinguishable regardless of whether the older cells were grown
in FM or CM.

Microarray analyses on triplicate samples of fibroblasts cul-
tured for 11 days in FM (neonatal and 51 years old) or CM (51 years
old) were performed to investigate the mechanism by which CM
enhanced elastogenesis in older cells. Cells sourced from the
51 year old showed comparable (within 2-fold) levels of gene
expression irrespective of whether they were in CM or FM, and
confirmed that there was no significant change in tropoelastin
expression (signal intensities 1746 ± 228 (CM), 2060 ± 144 (FM);
p = 0.113). These findings support a model where soluble factors
in CM have a direct influence on the development of the elastic
matrix by the older cells, rather than on gene expression. On this
basis, we compared expression data from neonatal cells to older
cells where both were grown in FM. Given that older cells are cap-
able of making elastic fibers, the resulting data were filtered to
only include extracellular matrix-associated proteins that were
expressed by both neonatal and older cells, with a signal inten-
sity > 200, and showed statistically significant (p < 0.05) increased
expression levels (>2-fold) by the neonatal cells. This resulted in
the identification of 7 differentially expressed genes (Table 1).

The majority of the identified targets (fibrillin 2, fibulin 1,
microfibrillar associated protein 4 and latent TGFb binding protein
1) are known elastic fiber components. Fibrillin-2 (315 kDa) pre-
dominantly regulates the early process of elastic fiber assembly
[34]. It is expressed during early development with expression
turned off shortly after birth. During fetal expression fibrillin 2
contributes to the microfibrillar core structure which is then over-
laid postnatally by fibrillin 1 [35]. Fibulin 1 (70–100 kDa) binds
tropoelastin [36,37]. Microfibrillar associated protein 4 (MFAP4;
36 kDamonomer) binds tropoelastin, desmosine, fibrillin 1 and fib-
rillin 2. MFAP4 promotes coacervation of tropoelastin and has been
localized to the elastin-microfibril interface [38]. In support of
these findings, the addition of MFAP4 to dermal fibroblast cell cul-
ture enhances elastic fiber formation with a role in the assembly of
microfibrils through a proposed interaction with fibrillin 1 [39].
Latent TGFb binding protein 1 (187 kDa) interacts with fibrillin 1



Fig. 1. Model in vitro elastogenesis system. Elastic fiber formation by human neonatal dermal fibroblasts in the absence of exogenous tropoelastin (A) or 1(B), 3(C) and 7(D)
days post tropoelastin addition. Elastin fibers (green) were stained with BA4 anti-elastin antibody and anti-mouse FITC conjugated secondary antibody. Nuclei (blue) were
stained with DAPI. Images were obtained on an Olympus FluoView FV1000 confocal microscope. Scale bar = 50 lm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Elastogenesis at different ages. Comparison of elastin networks formed 7 days after tropoelastin addition to cultured dermal fibroblasts sourced from different age
groups –neonatal (A), 10 (B), 31 (C), 51 (D) and 92 (E) years old. Confocal microscopy images were taken of cultures stained for elastin (green) and nuclei (blue). Scale
bar = 50 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

36 S.M. Mithieux, A.S. Weiss / Acta Biomaterialia 52 (2017) 33–40
[5,40]. Of the three remaining differentially expressed genes,
thrombospondin 2 (150–160 kDa) participates in skin collagen fib-
rillogenesis [41], while periostin (80–90 kDa) and tenascin C (250–
300 kDa) are implicated in the pathogenesis of elastofibroma dorsi,
a benign fibrous soft tissue disorder characterized by an excessive
number of abnormal elastic fibers [42].

It may be that a number of these factors work together to
enhance elastogenesis. To test this hypothesis, the older fibroblasts
were cultured in FM and supplemented with CM that had been
fractionated based on molecular weight. Fractions were divided
into those containing factors <30 kDa, those between 30 and
100 kDa, and >100 kDa. Increased elastogenesis was obtained
when the 30–100 kDa fraction was independently used to supple-
ment the FM (Fig 3F) but did not reach the levels seen for the intact
CM, which points to the involvement of multiple factors.

3.3. Enhanced elastogenesis with multiple tropoelastin treatments

The elastogenic dependence by dermal fibroblasts on added
tropoelastin was tested with multiple rounds of tropoelastin sup-
plementation. An additional three tropoelastin treatments across
a 31-day culture period demonstrated that fibroblasts from a range
of age groups (0, 10, 31 and 51 year old donors) have the capacity
to incorporate repeated doses of tropoelastin into a growing elastic
network (Fig 4). Regardless of the number of tropoelastin additions
(0–3) the total incubation time across all samples was 31 days. In
the absence of exogenous tropoelastin supplementation there
was no evidence of elastic fiber synthesis which demonstrates
the requirement for added tropoelastin in fiber formation. This
process was accompanied by increases in cell matrix thickness that
correlated with each addition of the protein. Three treatments gave
rise to a 1.5-fold increase in the thickness of a neonatal dermal
fibroblast culture compared to one without tropoelastin supple-
mentation (Fig 5A). Furthermore, the proportion of the cell matrix
containing elastic fibers correspondingly increased from 59% with
one tropoelastin treatment to 78% after three tropoelastin treat-
ments (Fig 5B).

3.4. Elastic fiber enriched dermal substitute

A major cause of the deficiency in elastic fiber production is the
failure to upregulate tropoelastin gene expression in postnatal tis-
sues subject to injuries. Only low maintenance levels of tropoe-
lastin mRNA are found in most elastic tissues in adults [43]
which means that there is a chronic paucity of elastin in repairing
full-thickness wounds.

We used the technology described here to circumvent this defi-
ciency by pre-incubating donor fibroblasts with exogenous tropoe-
lastin on IDRT, which is the leading commercial collagen-based
dermal substitute. This approachdeliveredelasticfibers in theupper
layer, which increasedwith the number of doses of tropoelastin (Fig
6). Elastin stained cross-sectional images confirmed the presence of
elastin on the surface andwithin the scaffold. Onlywhen cells utilize
the supplemented tropoelastin do we see fibers that display both
BA4 staining and intrinsic autofluorescence characteristic of elastin
[21]. Elastic fibers were not evident in IDRT samples that were cul-
tured with either cells and no tropoelastin or tropoelastin and no
cells. Repeatedapplicationsof tropoelastingave rise to a thick elastic
fiber-containing layer at the top surface of the IDRT. Fluorescent
elastin staining and confocal imaging confirmed the presence of an
extensivenetworkof elastinfibers in theupper layerof the IDRT, giv-
ing two effective layers: a lower IDRT region toppedwith amodified
matrix enriched with patient elastic fibers.

This design is attractive because it facilitates the delivery of a
prefabricated elastic fiber network into the deep dermis during
surgical treatment (Fig 7). This approach is appealing because this
elastic fiber network is made using autologous dermal fibroblasts
and therefore comprises autologous protein components. In vivo



Fig. 3. Enhanced elastogenesis through use of CM. Elastin fiber formation by dermal fibroblasts, sourced from either a 51 year old (A and B) or a neonatal (C) and cultured in
FM (A and C) or CM (B) for 17 days. Tropoelastin was added on Day 10. Confocal microscopy images were taken of cultures stained for elastin (green; upper panel) and nuclei
(blue; lower panel). Scale bar = 50 lm. Image analysis of 10 fields of view per experiment demonstrated the enhancing effect of CM media on tropoelastin deposition (D;
n = 6) and fiber numbers (E; n = 3) on cells sourced from a 51 year old and cultured for 17 days with tropoelastin addition on Day 10. Image analysis of the same cells grown in
CM that had been divided based on the molecular weight range (<30 kDa, 30–100 kDa and >100 kDa) of its components (F). Ten fields of view were analyzed per culture
medium and normalized using the average number of nuclei seen in that medium. *p < 0.05; **p < 0.01. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Genes differentially expressed in neonatal dermal fibroblasts compared to dermal fibroblasts sourced from a 51-year-old.

Gene Name Gene Symbol Signal Intensity 142BR cells (51 year old) Signal Intensity NHF45C cells (neonatal) p value Fold Change

Fibrillin 2 FBN2 598 ± 37 4589 ± 733 0.0007 7.7
Fibulin 1 FBLN1 692 ± 66 3819 ± 204 <0.0001 5.5
Microfibrillar-associated protein 4 MFAP4 297 ± 47 1290 ± 74 <0.0001 4.3
Latent TGFb binding protein 1 LTBP1 668 ± 36 2851 ± 291 0.0002 4.3
Thrombospondin 2 THBS2 1435 ± 173 5670 ± 1171 0.004 4.0
Periostin POSTN 2154 ± 113 8115 ± 226 <0.0001 3.8
Tenascin C TNC 1528 ± 247 4523 ± 694 0.002 3.0
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Fig. 4. Enhanced elastogenesis through multiple tropoelastin treatments. Confocal images demonstrating increasing elastic network formation with repeated tropoelastin
additions to cultured dermal fibroblasts sourced from different age groups (neonatal, 10, 31 and 51 year old). Elastic fibers were not evident in untreated cultures. Cultures
were stained for elastin (green) and nuclei (blue). Scale bar = 20 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Effect of repeated tropoelastin addition on the cell matrix thickness (A) and elastin fiber content (B) of neonatal dermal fibroblasts cultured for 31 days. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 6. Elastin layered cell-containing dermal substitute. Bright field and confocal images showing the capacity for an extensive elastin network layer to be formed within a
dermal substitute that is cultured with both dermal fibroblasts and repeated tropoelastin treatments. Control IDRT samples cultured with only tropoelastin or cells do not
exhibit an elastin network layer. H&E cross-sections show fibroblast (purple nuclei) infiltration into the IDRT increases with time. DAB-based elastin stained cross-sections
show the developing elastin layer (brown stain) on the upper surface of the dermal substitute. Confocal images of this surface layer reveal an extensive elastic fiber network
(orange). To distinguish between the autofluorescing collagen matrix (yellow) and the elastin network, confocal images were produced by merging images obtained through
excitation at 405 nm to detect DAPI stained nuclei (blue), 488 nm to detect elastin-stained FITC fluorescence and 559 nm to detect elastin autofluorescence. Maturing elastin
fibers appear orange under these conditions. H&E and elastin cross-section images scale bar = 100 lm, confocal surface images scale bar = 50 lm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Proposed application for full thickness wound treatment. Patient dermal fibroblasts are cultured on a dermal regeneration template where they deposit elastic fiber
proteins including microfibrillar proteins and lysyl oxidases. Treatment with repeated applications of tropoelastin leads to the formation of an extensive elastic fiber network
on the upper surface of the template. After it has developed the cell-matrix can be inverted and positioned within a scar tissue site.
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studies will assess its performance including whether this elastin
net will persist and function. We have previously demonstrated
that recombinant human tropoelastin is well tolerated [44]. This
system is designed to be compatible with human clinical use, such
as revision surgery, because of its emphasis on human donor cells
and synthesized human extracellular matrix.
4. Conclusions

We describe a process and hybrid biomaterial intended to deli-
ver tunable levels of histologically detectable patient elastin into
full-thickness wound sites. This approach addresses a persistent
unmet need because repairing wounds lack this elastic substratum.
Previously, dogma asserted that elastin synthesis is attenuated in
early childhood but we show here that we can overcome this
restriction by adding exogenous tropoelastin, regardless of the
age of the dermal fibroblast donor. We describe how to further
enhance synthesis by older cells by using CM. This approach deliv-
ers elastin as a layer on the leading dermal repair template for con-
tact with the deep dermis in order to deliver prefabricated elastic
fibers to the physiologically appropriate site during surgery to
repair scar tissue at sites of healing full thickness wounds.
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