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wound contraction.
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Difﬁcult-to-heal and chronic wounds of the skin are among the most common and costly medical problems
experienced. A variety of mechanisms can lead to such wounds, such as trauma, burns, oncologic resection or
systemic disease [1], with the scope and magnitude of therapy varying signiﬁcantly with individual age, etiology and
severity. For nonhealing and large wounds, autologous split-thickness skin grafts can be a reasonable option despite
limitations in their availability and capacity to fully recapitulate dermal function which leads to frequent scarring
and contracture [2]. These tissue grafts also suffer from low take rates, especially in cases of chronic wounds due to
systemic disease [3]. As an alternative, several dermal substitutes have been developed and are commercially available.
Of these, the most prevalent are decellularized scaffolds derived from xenogeneic or allogeneic tissues (e.g., placenta
and dermis) and bioengineered resorbable collagen sponges fashioned from ﬁbrillar collagen microparticulate in
the presence or absence of glycosaminoglycans (GAGs). These dermal replacements are also generally slow to
cellularize and vascularize, requiring host-cell deposition of collagen as the scaffold actively degrades (resorbs) via
an inﬂammatory mediated process [4]. Additionally, cellularization is often accompanied by myoﬁbroblasts, known
contributors to wound contraction and contracture [2,5,6]. Collectively, it is for the above stated reasons that a need
exists for new therapeutic approaches designed to accelerate wound closure and improve dermal regeneration to
reduce morbidity and mortality associated with difﬁcult-to-heal wounds.
Normal healing of acute skin wounds, where both the epidermal and dermal layers are breached, is a wellorchestrated ‘repair’ process. This process involves four overlapping phases including hemostasis, inﬂammation,
granulation and remodeling/maturation, with the length of these phases varying based on wound etiology and
severity [7]. Large surface area and chronic (remain unhealed for >12 weeks) wounds, on the other hand, fail to
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proceed through these phases in an orderly fashion. Although these wounds vary signiﬁcantly, common features
include prolonged or dysregulated inﬂammation and excessive destruction (proteolytic degradation) or contraction
of the newly deposited collagen matrix [8]. The lack of sufﬁcient and persistent dermal collagen within the wound
space not only prevents the wound from moving forward in the healing process but also leads to the inﬂux of more
inﬂammatory cells thus amplifying the inﬂammation cycle [9]. This situation is further exacerbated in elderly patients
or certain pathological conditions (e.g., diabetes), where wound healing is characterized by delayed and reduced
collagen deposition, delayed vascularization and increased senescence of ﬁbroblasts and relevant stem/progenitor
cell populations [7].
The dermal layer of skin is primarily comprised of a ﬁbrillar type I collagen extracellular matrix (ECM), which is
responsible for imparting both structural and mechanical integrity. For this reason, substantial emphasis has been
directed toward development of dermal substitutes that recapitulate various compositional and physical features
of the native dermal ECM, such as the collagen microstructure and the complex macromolecular composition
including growth factors [10]. Additionally, there has been increasing interest in deﬁning the multiscale physical
forces between cells and the surrounding collagen scaffold and their role in modulating fundamental cell behavior
as well as tissue generation [11,12]. This perspective of mechanobiology highlights the fact that cells probe, attach
and tug on (remodel) the ﬁbrillar scaffold via speciﬁc cell surface receptors known as integrins. The mechanical
forces experienced at these linkages in turn result in activation of downstream mechanochemical signaling pathways
ultimately regulating cell phenotype and function. In the case of wounds, this hierarchical mechanochemical
signaling imparted by the dermis is disrupted and the physical context of the surrounding tissue scaffold and
constituent cells dramatically altered [11]. The loss of mechanical stability requires host cells to produce, deposit
and remodel their own new ECM, delaying healing and leading to complications such as ﬂuid loss, infection
and scarring. Here, we converge principles and practices of mechanobiology and collagen polymer-based material
customization with the goal of prioritizing design criteria for the scalable fabrication of mechano-instructive ﬁbrillar
collagen scaffolds for dermal regeneration.
Our bioinspired design strategy involves type I oligomeric collagen, a highly-puriﬁed, ﬁbril-forming collagen that,
unlike monomeric formulations (e.g., atelocollagen and telocollagen), retains natural intermolecular crosslinks [13].
Conventional monomeric collagens that are acid-solubilized and puriﬁed from tissues represent single triplehelical molecules (telocollagen: full length tropocollagen molecule; atelocollagen: truncated tropocollagen molecule)
consisting of three polypeptide chains (typically two α1 chains and a single α2 chain). Oligomeric collagen, in
contrast, represents acid-soluble aggregates of collagen molecules (e.g., trimers of tropocollagen molecules) that are
covalently bonded by a crosslink chemistry produced by the lysyl oxidase family of enzymes during in vivo collagen
assembly [13,14]. Differences between atelocollagen, telocollagen and oligomeric collagen have been documented,
including their molecular composition, average molecular weight and, most importantly, in situ ﬁbril-forming
capacity upon neutralization (i.e., their inherent capacity to undergo self-assembly to form ﬁbrillar matrices) [13–15].
Compared with monomeric collagen, oligomers display more rapid ﬁbril formation (∼60 s at body temperature),
yielding matrices (scaffolds) with increased ﬁbril–ﬁbril connectivity. The increased connectivity between ﬁbrils,
together with the presence of natural intermolecular crosslinks, contributes to improved stability (shape retention;
resistance to proteolytic degradation) and mechanical properties of formed ﬁbrillar scaffolds [13,15,16]. Further,
in vitro studies show that differences between oligomer and monomer scaffolds can be sensed by cells, with the
increased resistance to cellular traction forces provided by oligomer scaffolds modulating fundamental cell behavior,
including proliferation, migration, differentiation and tissue morphogenesis [13,14,17,18]. Since collagen oligomers
overcome a number of apparent limitations inherent to monomeric formulations, our group continues to evaluate
their utility as a platform natural polymer for a variety of tissue engineering and regenerative medicine applications
(see [19] for a recent review).
When formed at relatively low ﬁbril content (≤5 mg/ml), oligomer scaffolds can be further processed via conﬁned
compression to controllably reduce the interstitial ﬂuid content and increase the overall content of collagen ﬁbrils
(weight percent of ﬁbrillar collagen). This scalable biofabrication technique, which represents a modiﬁed version
of collagen gel compression methods described by Brown and coworkers [20], has been applied for customization
of scaffolds varying in geometry and overall ﬁbril content as well as creation of scaffolds with continuous gradients
of varying ﬁbril density (porosity) and/or ﬁbril orientation [16,21]. In this way, anisotropic properties displayed
by the ﬁbrillar collagen component of tissues can be better approximated and the contributions of cell-collagen
mechanochemical signaling during tissue remodeling and regeneration elucidated.
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In the present study, we hypothesized that the total content and spatial gradient of collagen ﬁbrils, as controlled
by conﬁned compression, are important determinants of oligomer scaffold mechanics and the in vivo tissue
response following application to rat full-thickness excisional wounds. More speciﬁcally, based on previous work,
we anticipated that increasing the total ﬁbrillar collagen content would increase the mechanical modulus and
strength of scaffolds and reduce wound contraction, while providing a barrier to cellular inﬁltration. As such,
we hypothesized that fabrication of scaffolds with a spatial gradient in collagen ﬁbrils, progressing upward from
low-to-high collagen-ﬁbril content (i.e., high to low porosity) would facilitate cellularization and vascularization
while maintaining the necessary macro-scale mechanical properties. First, cryogenic scanning electron microscopy
(cryo-SEM) and tensile mechanical testing were used to deﬁne the microstructure and bulk tensile properties
of bioengineered oligomer scaffolds compared with normal rat dermis and HeliCote. HeliCote was selected
for comparison since it represents a bioengineered collagen wound dressing fabricated from ﬁbrillar collagen
microparticulate and is noncrosslinked [22]. Next, oligomer scaffolds, along with the commercial dressing, autograft
skin and no ﬁll controls, were evaluated in an established rat full-thickness excisional skin model, where gross
appearance and wound contraction were measured over a 14-day period. Harvested tissues were processed and
analyzed histologically for general tissue response, as well as speciﬁc markers of myoﬁbroblast activation and tissue
vascularization.

Materials & methods
Controlled confined compression device for oligomer dermal scaffold fabrication
Oligomer dermal scaffolds were fabricated with a custom-designed conﬁned compression device (Figure 1). The
device consisted of a compression head that was designed in SolidWorks (MA, USA) and 3D-printed using a
Stratasys 3D Printer (Stratasys, MN, USA) for use with a standard 24-well culture plate. The compression head was
adapted with small cylinders (1.5-cm diameter) of porous polyethylene foam (0.25” thick, 50 μm pores; Scientiﬁc
Commodities Inc., AZ, USA). Indentations drilled into the center of each foam cylinder allowed press-ﬁtting onto
the compression head. The compression head was sterilized with gas plasma for 30 min, after which foam ends
were rinsed with sterile phosphate-buffered saline (PBS) to remove any residuals.

Oligomer dermal scaffolds & commercial collagen dressing

Oligomer dermal scaffolds representing various total content and spatial gradients of collagen ﬁbrils were fabricated
from type I oligomeric collagen derived from the dermis of market-weight pigs as described previously [13]. Before
use, lyophilized collagen was dissolved in 0.01 N hydrochloric acid and concentration determined by a Sirius
red assay. To induce polymerization (self-assembly) of collagen-ﬁbril scaffolds, acidic solutions of oligomer were
neutralized to physiologic pH and ionic strength with a proprietary neutralization reagent and warmed to 37◦ C. All
oligomeric collagen formulations were standardized based on molecular composition and polymerization capacity
in accordance with American Society for Testing and Materials, is (ASTM) International standard F3089-14 [23].
Here, polymerization capacity is deﬁned by the shear storage modulus (G’, Pa) of a polymerized scaffold as a function
of oligomer concentration of the polymerization reaction [13]. The resultant polymerization capacity curves for an
oligomeric collagen formulation must be consistent with our historic database [13] to be deemed acceptable.
To fabricate oligomer dermal scaffolds, neutralized oligomer solutions (4.0 mg/ml) were pipetted into 24-well
plates at speciﬁc volumes (230, 1150 and 2300 μl) and polymerized at 37◦ C. Following polymerization, wells
containing 230-μl oligomer were not further processed, yielding 4 mg/cm3 scaffolds (Oligomer-4) with a diameter
of 15.6 mm and thickness of 1.2 mm. This thickness was chosen to approximate the thickness of rat dermis [24].
Wells containing 1150 and 2300 μl oligomer were subjected to controlled conﬁned compression [16,21] to a thickness
of 1.2 mm, yielding 20 mg/cm3 (Oligomer-20) and 40 mg/cm3 (Oligomer-40) scaffolds, respectively. Conﬁned
compression at a strain rate of 0.1/s was conducted with the compression head adapted to a universal mechanical
testing machine (TestResources, MN, USA). All oligomer dermal scaffolds were stored in sterile PBS prior to
surgical implantation.
HeliCote, a commercial collagen wound dressing, was obtained from Integra Miltex (PA, USA). HeliCote is
manufactured via a proprietary methodology that involves lyophilization of a slurry of comminuted bovine tendon,
yielding a freeze-dried collagen sponge.
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Figure 1. Process diagrams for preparation of oligomer dermal scaffolds. (A) Acid-soluble oligomer solution
(4 mg/ml) was neutralized and polymerized at 37◦ C, yielding a low-density oligomer matrix. (B) Schematic of
confined compression device, featuring a compression head with PE foam platens. (C) Application of different levels
of strain in a confined compression format to low-density matrices yields densified scaffolds that vary in total content
and spatial gradient of collagen fibrils.
PE: Porous polyethylene.

Ultra & microstructure analysis

Ultra and microstructure analysis of oligomer dermal scaffolds, commercial collagen dressing and normal rat
dermis was performed via cryo-SEM using an FEI NOVA nanoSEM 200 (FEI, OR, USA) varying between an
Everhart-Thronley (<10,000× magniﬁcation) or immersion lens (>10,000× magniﬁcation) detector [16]. Samples
were ﬂash-frozen by submersion into critical point liquid nitrogen, transferred to a CT1000 cold-stage attachment
(Oxford Instruments North America, Inc., MA, USA) and sublimated under vacuum. Samples were subsequently
sputter coated with platinum and imaged. Images (15,000× magniﬁcation) were analyzed using FIJI/ImageJ
(NIH, MD, USA) and the Directionality tool used to create histograms of ﬁbril orientation. To analyze porosity,
the DiameterJ plugin was used to binarize the images using a statistical region-merging algorithm [25,26]. The
Analyze Particles tool was used to measure pore diameters.
Rat full-thickness excisional skin model

All animal studies were conducted according to protocols approved by the Purdue University Institutional Animal
Care and Use Committee. Male Sprague–Dawley rats, weighing 200–250 g (7–9 weeks of age; Charles River
Laboratories, MA, USA), were anesthetized using isoﬂurane gas. A sterile punch (15 mm diameter) was used to
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create a total of two full-thickness skin wounds, including the panniculus carnosus muscle, positioned on either
side of the sagittal plane of the rat dorsum. Wounds were randomly assigned to experimental treatment and
control groups, with experimental treatment groups consisting of Oligomer-4, Oligomer-20, Oligomer-40, and
commercial collagen dressing (n = 4-10). Oligomer-20 and Oligomer-40 samples, which exhibited sidedness owing
to the graded microstructure, were positioned with their more porous (less dense), isotropic region on the bottom
of the wound bed. For a subset of animals, the excised full-thickness skin was applied to the opposite wound,
serving as an autograft (positive control). Wounds left as unﬁlled (no ﬁll) served as negative controls. Materials
with sufﬁcient handling and suturability, speciﬁcally Oligomer-20, Oligomer-40 and autograft, were sutured into
place with nonabsorbable 5–0 silk sutures (Perma-Hand Silk, Ethicon, NJ, USA). All wounds were covered with
an occlusive petrolatum gauze to prevent moisture loss (XeroformTM, Covidien, Dublin, Ireland), a nonadherent
pad (McKesson, CA, USA) and an adhesive ﬁlm dressing (Tegaderm, 3 M, MN, USA). For additional support, the
rats were wrapped with self-adherent cohesive bandages (VetRap, 3 M, MN, USA) and secured with a nonstretch
porous tape (ZONAS, Johnson & Johnson, Inc., TX, USA). Investigators were not blinded to treatment groups
due to the apparent visual and handling differences between implant materials.
Dressing changes were performed at 7 days or as needed. Photographs of wound areas were taken with a ruler in
the ﬁeld of view at 0, 7 and 14 days. At 7- and 14-day study end points, animals were euthanized and wound areas
and associated implants were excised in toto and processed for histopathological analysis. Absolute wound areas
were quantiﬁed using a MATLAB (The Mathworks, MA, USA) script and normalized to original wound areas.
Autografts that did not successfully take after 7 days, as determined by visual color changes indicating extensive
tissue necrosis, were not included in the analysis.
Histopathological analysis

Excised tissue was ﬁxed in 4% paraformaldehyde for at least 24 h and then transferred to PBS. Bisected samples
were embedded in parafﬁn and sectioned (4-μm thickness). Sections were stained with hematoxylin and eosin
and Masson’s Trichrome for general histopathological analysis. Additional parafﬁn sections were stained with
primary antibodies for alpha-smooth muscle actin (α-SMA; ab5694, Abcam, Cambridge, UK; 1:500 dilution) and
CD31 (AF3628SP, R&D Systems, MN, USA; 1:50 dilution). After incubation with a secondary antibody (GoRb
ImmPRESS HRP, Vector Laboratories, CA, USA) according to manufacturer’s instructions, slides were developed
with 3,3’-diaminobenzidine (DAB) (ImmPACT DAB, Vector Laboratories, CA, USA) for 5 min, washed and
counterstained with hematoxylin. Light microscopy was performed on an upright microscope (Eclipse E200,
Nikon, NY, USA) adapted with a Leica DFC480 camera (Leica, IL, USA).
Uniaxial tensile testing

Uniaxial tensile testing was performed in ambient air on dog-bone shaped samples with a gauge length, width and
thickness of 4, 2 and 1.2 mm, respectively (n ≥ 4). The average duration of mechanical testing from set up to
completion was less than 10 s and sample dehydration was not observed. All samples were tested in uniaxial tension
to failure at a strain rate of 38.4% per second using a servo electric material testing system (TestResources, MN,
USA) adapted with a 25 N load cell at a sampling rate of 100 Hz. This testing protocol has been applied previously
for mechanical properties testing of oligomer scaffolds [16] and rat skin [27]. Young’s modulus (ET ) was calculated
from the linear region of the stress strain curve. Ultimate tensile stress (UTS) represented peak stress experienced
by the sample, and failure strain (f ) was the strain at which samples experienced total failure. Samples that failed
outside the gauge region were excluded from data analysis.
Statistical analysis

Statistical analyses were performed using statistical analysis software (SAS, NC, USA). Unless otherwise stated,
comparisons were made using one-way analysis of variance with a Tukey’s post hoc test. A critical global p-value of
0.05 was used.
Results
Controlled confined compression of low-density oligomer matrices supports custom fabrication of
dermal scaffolds
Conﬁned compression of low-density oligomer matrices at speciﬁed strain rates has been used previously to fabricate
collagen scaffolds varying in total content and spatial gradients of collagen ﬁbrils [16,21]. Here, this method was used
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to create densiﬁed dermal scaffolds, namely Oligomer-20 (5× compression of a 4 mg/cm3 matrix to 20 mg/cm3 )
and Oligomer-40 (10× compression of a 4 mg/cm3 matrix to 40 mg/cm3 ), each of which had the same ﬁnal
dimensions of 15.6-mm diameter and 1.2-mm thickness. Scaffold ultra and microstructures were visualized by cryoSEM and compared with uncompressed scaffolds (Oligomer-4; 4 mg/cm3 matrix), normal rat skin and HeliCote
(commercial collagen dressing), with an emphasis on ﬁbril density, ﬁbril orientation and estimated scaffold pore
size (Figure 2A–C).
As expected, the dermal layer of normal rat skin featured a layered construction, which was evident both
qualitatively and quantitatively (Figure 2A & B) and consistent with previously published cryo-SEM studies of
mammalian skin [28,29]. Fibrils and/or ﬁbril bundles aligned in a basket-weave pattern parallel and oblique to the
skin surface at all levels. The upper papillary dermis region appeared as loose, porous connective tissue bordered by
dense sheets of ﬁbrillar collagen. The underlying reticular dermis featured densely packed individual ﬁbrils, with
apparent ﬁbril bundles aligned parallel to the surface. Estimated pore diameters for the reticular dermis ranged
from 0.2 to 3 μm, with more uniform and well-deﬁned pores (on the order of 5 μm) evident within the papillary
dermis.
Evaluation of Oligomer-20 and Oligomer-40 revealed a greater overall collagen-ﬁbril content compared with
uncompressed Oligomer-4, with Oligomer-40 exhibiting the greatest (Figure 2). Spatial gradients differing in ﬁbril
content and orientation were apparent within Oligomer-20 and Oligomer-40 (Figure 2A & B). High-density regions
near the surface appeared as aggregates or bundles of ﬁbrils aligned parallel to the surface, with ﬁbril density and
extent of alignment decreasing with distance from the surface. Fibril alignment, which was induced during scaffold
fabrication, was observed reproducibly within the upper two-thirds of Oligomer-40 scaffolds, while Oligomer-20
displayed aligned ﬁbrils only in the upper-third region (Figure 2A & B). Toward the bottom, individual ﬁbrils were
randomly oriented, giving rise to an isotropic, porous network which was similar to that observed for uncompressed
Oligomer-4. Within the porous regions, estimated pore diameters were on the order of 3 μm, while more dense,
aligned regions had more varied pore sizes (0.8–3 μm) similar to that of the reticular dermis. The commercial
dressing, on the other hand, exhibited a dramatically different construction, with its loose, porous network formed
by small meshes of ﬁbrillar collagen microparticulate (Figure 2C). The pore size for this material was on the order
of 100 μm, which is consistent with published values [6] and more than an order-of-magnitude greater than that
observed for rat skin and oligomer scaffolds.
Tensile properties of oligomer dermal scaffolds increase with collagen content

In addition to microstructure features, mechanical properties of fabricated collagen scaffolds are important design
considerations, dictating not only macro-scale mechanical properties (e.g., handling and suturability) but also cellcollagen mechanochemical signaling. Representative stress-strain plots for oligomer scaffolds and the commercial
collagen dressing are shown in Figure 3A. As expected, oligomer scaffold tensile properties increased with their
overall collagen ﬁbril content. All oligomer groups were statistically different, with ET and UTS values ranging from
230 ± 32.4 kPa and 79.7 ± 11.81 kPa for Oligomer-4 to 985 ± 265 kPa and 336 ± 60.2 kPa for Oligomer-40
(Figures 3B & C). Mechanical properties for the commercial collagen dressing were most similar to Oligomer-20
with ET of 753 ± 137 kPa and UTS of 210 ± 30.3 kPa (Figure 3B & C), despite differences in their method of
fabrication and microstructure. Interestingly, no statistical difference was observed in failure strain, which measured
roughly 25-30% for all materials (Figure 3D).
Oligomer-20 & oligomer-40 scaffolds persist within the wound bed & resist wound contraction

Efﬁcacy of regenerative dermal replacements is dependent, in part, on their ability to resist wound contraction
and provide a persistent biological scaffold that induces rapid cellularization, vascularization and epithelialization.
To test the hypothesis that the total content and spatial gradient of collagen ﬁbrils within oligomer scaffolds are
important determinants of wound healing outcomes, scaffolds were applied to full-thickness excisional skin wounds
prepared on the rat dorsum. Compressed scaffolds, which demonstrated a spatial gradient of ﬁbrils, were placed
with the porous (less dense), isotropic region near the wound base to facilitate cellular integration. Representative
wound images taken on days 0, 7 and 14 for the various treatment groups are shown in Figure 4A, with normalized
wound area measurements in Figure 4B. As expected, autografts were most effective at limiting wound contraction.
The majority of autografts showed a cyanotic discoloration by day 7 (Figure 4A), with a small number of grafts
(20%) failing to take, as evidenced by extensive necrosis and black coloration. Initial contraction of the autograft
and wound site contributed to roughly a 25% decrease in wound area within the ﬁrst 7 days with no further changes
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Figure 2. Microstructural analysis of oligomer dermal scaffolds, commercial collagen dressing, and rat skin. (A) Cryo-scanning electron
microscopy images showing layered ultra and microstructure of normal rat skin and oligomer dermal scaffolds. Arrows highlight fibril
bundling and alignment within Oligomer-20 and Oligomer-40 scaffolds. Scale bar: 5 μm. (B) Fibril directionality histograms for normal rat
skin and oligomer dermal scaffolds. Alignment is indicated in the histogram profile, where a peak near 0 degrees corresponds to
alignment parallel to the surface of the tissue. (C) Cryo-scanning electron microscopy images showing ultra and microstructure of
commercial collagen dressing. At low magnification the relatively large porous microstructure formed by tissue microparticulate is
evident (i & ii). High magnification images reveal dense fibrillar collagen within particulated tissue (iii & iv). Scale bars: (i) 500 μm; (ii)
100 μm; (iii) 30 μm; (iv) 5 μm.
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Figure 3. Tensile mechanical properties for oligomer dermal scaffolds and commercial collagen dressing. Dog-bone
shaped samples with gauge length, width and thickness of 4, 2 and 1.2 mm, respectively, were subjected to uniaxial
tensile loading. (A) Representative stress-strain curves, (B) Young’s modulus, (C) ultimate stress and (D) failure strain,
are shown (mean ± standard deviation; n ≥ 4). Letters indicate statistically different groups; p < 0.05.

observed on day 14. By contrast, unﬁlled wounds showed progressive and substantial contraction over the 14-day
study period. At 14 days, only about 10% of the wound area remained, appearing as elongated scars with sagittal
plane alignment. Similar results were observed for wounds treated with Oligomer-4 and the commercial dressing.
Interestingly, Oligomer-20 and Oligomer-40 served as dermal replacements that modulated wound contraction
based on total collagen content (Figure 4A & B). Upon gross examination after 7 days, Oligomer-20 and Oligomer40 constructs persisted within the wound bed and showed no discoloration (Figure 4A). By 14 days, these constructs
showed signs of epithelialization and integration with the surrounding normal skin (Figure 4A). While Oligomer-20
and Oligomer-40 yielded statistically similar wound areas that measured roughly 50–60% at day 7, Oligomer-40
wound sizes stabilized, showing no additional signiﬁcant reduction in size at day 14 (Figure 4B). By contrast,
wounds treated with Oligomer-20 showed a more progressive decrease in wound size over the 14-day period;
however, the observed contraction rate was decreased compared with Oligomer-4, commercial dressing, and no
ﬁll groups. Notably, both Oligomer-20 and Oligomer-40 scaffolds showed no evidence of rapid resorption or
proteolytic degradation at either the 7- or 14-day time points.
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Figure 4. Time-dependent changes in wound appearance and contraction for treatment and control groups. (A)
Representative gross images of full-thickness skin wounds at 0, 7 and 14 days following various treatments. (B) Graph
showing time-dependent changes in normalized wound area for each group (mean ± standard deviation; n = 4–8 for
control and experimental groups). Letters indicate statistically different groups; p < 0.05.

Spatial gradient of collagen fibrils modulates timing & extent of cellularization & vascularization

In addition to modulating wound contraction, dermal replacements should induce rapid cellularization and vascularization to encourage tissue regeneration rather than classic wound healing with scar formation. Histopathological
analysis was performed on excised tissue sections stained with hematoxylin and eosin (data not shown) as well
as Masson’s trichrome (Figure 5), which facilitates collagen visualization. Additionally, immunostaining for myoﬁbroblasts (Figure 6A) and endothelial cells (Figure 6B) was used to investigate patterns of cellularization and
vascularization for each treatment group.
Autograft-treated wounds showed limited revascularization and cellular inﬁltration over the 14-day period
(Figure 5). Even in grafts which took successfully, numerous necrotic cells, including atrophying muscle cells of
the panniculus carnosus muscle were evident. This tissue devitalization contributed to the development of regional
inﬂammation, which was evident throughout the graft material, especially at 14 days. A decrease in the health and
thickness of the epidermis was also noted at both 7 and 14 days. Conversely, unﬁlled wounds displayed the classic
phases of wound healing over the 14-day period which was facilitated by substantial contraction of wound edges
(Figure 5). A low-density provisional wound matrix was evident at day 7, populated by numerous inﬂammatory
cells, including macrophages and neutrophils. By day 14, the narrowed wound area was largely populated by
myoﬁbroblasts (Figure 6A), with increased amounts of ﬁbrillar collagen that stained dark blue, and a multilayered
epithelium along the surface. By contrast, wounds treated with the commercial dressing showed limited cellular
migration and vascularization at day 7 (Figure 5). By 14 days, the porous dark blue staining material showed
gradual resorption, as evidenced by active proteolytic degradation and phagocytosis by macrophages and giant cells,
especially within the lower regions of the material (Figure 5). As the commercial dressing degraded and the wound
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Figure 5. Histological cross-sections (4× and 10× with 40× inset) of excised skin wounds 7 days (above) and 14 days (below) stained
with Masson’s trichrome following treatment with autograft, no fill, commercial dressing, Oligomer-4, Oligomer-20 and Oligomer-40.
Images represent center region of wound with inset focused on cellular response. Asterisks denote atrophying panniculus carnosus
muscle, arrowheads denote giant cells and dashed lines indicate wound borders if visible. Scale bars: 4×: 200 μm; 10×: 200 μm; 40×:
100 μm.

contracted, it was replaced with ﬁbrous collagen deposited by host cells, and neovascularization and epithelialization
were evident (Figures 5 & 6B). While no myoﬁbroblasts were observed within central regions of the commercial
dressing, they were evident within areas of newly deposited collagen (Figure 6A).
All oligomer scaffolds fostered rapid cellularization and vascularization that proceeded upward and inward from
the wound edges at a rate that was dependent upon ﬁbril density and orientation (Figure 5). Although numerous
mononuclear and polymorphonuclear cells inﬁltrated oligomer-treated wounds, limited activated macrophages
and scaffold proteolysis were observed, which was especially apparent for Oligomer-20 and Oligomer-40. For
these materials, light blue staining, which is a characteristic of oligomeric collagen material, persisted and was
evident within the wound bed at both 7 and 14. Interestingly, the overall number of myoﬁbroblasts observed
within oligomer-treated wounds was decreased compared with the no ﬁll controls (Figure 6A). Furthermore,
the myoﬁbroblast number decreased with increasing scaffold collagen content. Epithelialization, with identiﬁable
stratiﬁed epidermis and stratum corneum (Figure 7), was also apparent in all oligomer-treated wounds and
progressed from the wound edges toward the wound center. As expected, the extent of epithelial coverage at 14 days
was increased for contracted wounds, which had a smaller area to cover.
Functional vascularization throughout Oligomer-4 was observed at 7 days, as evidenced by red blood cells
within vessel lumens and CD31+ endothelial cells (Figures 5 & 6B). Rapid vascularization also occurred in
Oligomer-20 and Oligomer-40; however, the level of penetration toward the surface was modulated by the graded
microstructure (Figure 5 & 6B). More speciﬁcally, the lower two-thirds of Oligomer-20 and Oligomer-40 scaffolds
were vascularized at day 7. By 14 days, this extent of vascularization progressed to near 90% for Oligomer-20 and
70% for Oligomer-40.
Discussion
Large volume and chronic nonhealing wounds continue to place a tremendous socioeconomic burden on affected
individuals, clinicians, wound care specialists and payers around the world [1]. While patient autografts and
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Figure 6. Time-dependent changes in cellularization and vascularization of wounds following treatment with
autograft, no fill, commercial dressing, Oligomer-4, Oligomer-20 and Oligomer-40. (A) Histological cross-sections of
excised wound tissues stained for blood vessel and myofibroblast marker α-SMA (brown; 7 and 14 days) and (B)
endothelial cell marker CD31 (brown; 7 and 14 days). Arrowheads denote presumed level of vascularization based on
presence of CD31 positive stained lumens with identifiable red blood cells. Scale bars: (A) 50 μm; (B) 200 μm, (B),
inset: 50 μm.

Interface

Figure 7. Histological cross-section stained with
Masson’s trichrome showing integration of Oligomer-20
scaffold with adjacent normal skin at 14 days.
Arrowhead and dashed line indicate interface between
scaffold and native tissue with epithelium migrating
across wound. Scale bar: 500 μm.

present-day dermal and dermal–epidermal substitutes remain the therapeutic strategies of choice, autografts are
not always available in sufﬁcient quantity and both autografts and skin substitutes are often associated with
contracture, scarring, repeat procedures and growth limitations [30]. Dermal regeneration strategies aim to provide
new therapeutic options for such wounds by restoring, as rapidly and accurately as possible, original dermal
structure and function which is essential for achieving desired clinical outcomes. In this study, oligomer collagen
polymers were interfaced with the scalable biomanufacturing technique conﬁned compression for multiscale design
and fabrication of ﬁbrillar collagen scaffolds as a permanent and integrating dermal replacement. Our ﬁndings
show that total collagen content, together with spatial gradients in ﬁbril density and orientation, are important
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design considerations, with these features contributing not only to scaffold-level mechanical properties but also to
cellular-level mechanochemical signaling important for dermal regeneration.
Skin biomechanics and associated cell-collagen mechanobiology is fundamental to skin morphogenesis, homeostasis and repair, and has been implicated in a number of skin pathologies [11,12]. For example, conditions leading
to abnormal collagen-ﬁbril assembly and crosslinking, as observed with deﬁcient levels of ascorbic acid (scurvy) and
certain forms of Ehlers Danlos syndrome, are often associated with weak and fragile skin as well as defective wound
healing [31,32]. On the other hand, extrinsically induced increases in skin tension are associated with hypertrophic
scarring [33], a process that has been linked to altered cell collagen and inﬂammatory signaling [34]. Further corroborating evidence comes from in vitro studies, where ﬁbroblasts cultured within 3D collagen matrices of varied
microstructure and stiffness sense and respond to such cues by modulating their proliferation, migration, collagen
deposition and contractile properties [35–38]. Likewise, endothelial cells and their progenitors respond to these cues
by modulating the extent, length and morphology of vascular networks formed in vitro and in vivo [14,17,18,39].
Collectively, these results suggest that the collagen-ﬁbril microstructure is a critical determinant of how mechanical
load information is transmitted across multiple size scales, from tissue to cellular level and vice versa, suggesting its
potential as an important design consideration for dermal regeneration therapies [11,12,40].
While collagen is recognized as a vital component to skin mechanobiology and wound healing, surprisingly few
strategies have targeted the microstructure of ﬁbrillar collagen scaffolds, largely because of challenges associated with
the accurate and reproducible control of such features. Early reports of creating collagen constructs with dermal-like
histology and consistency involved seeding ﬁbroblasts within polymerized monomeric collagen matrices, and in
turn, allowing the cells to contract and densify the surrounding ﬁbrils over a 2-week period [41]. Seeding keratinocytes
that formed a multilayered epidermis on the surface of this dermal equivalent gave rise to the ﬁrst tissue-engineered
living skin, which gained US FDA approval in 1998. In 2005, Brown reported a ‘cell-independent’ approach for
densifying monomeric collagen matrices that could be applied in the presence or absence of cells [20]. Here, plastic
compression in an unconﬁned format, along with capillary ﬂuid ﬂow into absorbent layers, was used to increase
the collagen density by reducing the ﬂuid content [20]. In vitro and in vivo studies by Hu [42], Ananta [43] and
Braziulis [44] have applied this compression method to produce dermal or dermo-epidermal substitutes. While these
approaches have contributed to the development and translation of cellularized skin equivalents, limited focus has
been placed on how speciﬁc collagen microstructure features contribute to skin mechanics, mechanobiology and
regeneration.
Other bioengineering approaches have targeted dermal and skin regeneration through the design and fabrication of acellular scaffolds from ﬁbrillar collagen microparticulate, a strategy originally described by Yannas and
Burke [45–47]. While this insoluble form of collagen can be swollen in dilute acid solutions, it does not exhibit the de
novo ﬁbril-forming capacity of monomeric and oligomeric collagens. Fabrication of these scaffolds instead involves
lyophilization of viscous suspensions of bovine tendon microparticulate in the absence or presence of GAGs (chondroitin 6-sulfate) to create a freeze-dried sponge-like material. Microparticulate density, lyophilization parameters,
along with various levels of exogenous glutaraldehyde and dehydrothermal crosslinking are used to control pore size,
cellular adhesion and inﬁltration, and degradation (resorption) rate (for a recent review see [48]). This approach has
yielded a portfolio of commercial collagen wound dressings, including the bilayered Integra Dermal Regeneration
Template (collagen-GAG sponge covered with a thin silicone layer), which is indicated for skin replacement. Since
the objective of the present study was to deﬁne the role of speciﬁc collagen scaffold microstructure features in
dermal regeneration, HeliCote, a collagen sponge dressing fabricated without GAGs and exogenous crosslinking
was selected for comparison.
An essential and differentiating element of our approach was the use of oligomeric collagen, an acid-soluble and
ﬁbril-forming collagen formulation that retains mature intermolecular crosslinks (e.g., histidinohydroxylysino-norleucine) naturally found in dermis and other connective tissues [49,50]. These crosslink chemistries are important
determinants of in vivo collagen structure and function, serving to decrease collagen turnover rate (increase
proteolytic resistance), increase ﬁbril stability and increase tissue mechanical integrity [49,50]. Our group has also
documented that these crosslinks are critical to the in vitro ﬁbril-forming properties of puriﬁed oligomeric collagen,
giving rise to ﬁbrillar collagen scaffolds that better approximate those within the body’s tissues [51]. Type I oligomeric
collagen exhibits not only ﬁbrillar but also supraﬁbrillar assembly, yielding highly interconnected collagen-ﬁbril
scaffolds with substantially improved proteolytic resistance and mechanical integrity compared with conventional
monomeric collagens (atelocollagen and telocollagen) [13,15]. Collectively, this connectivity exhibited at both the
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molecular and ﬁbrillar size scales deﬁnes the multiscale structure and mechanical properties of polymerized oligomer
scaffolds [15,16].
As unmodiﬁed natural collagen polymers, oligomers are well suited for tissue engineering and regenerative
medicine applications, since the collagen primary sequence and associated crosslink chemistries are highly conserved
between species [50,52]. For this study, oligomeric collagen was derived from porcine dermis, since this tissue source
is readily available and can be obtained from speciﬁc pathogen free herds, facilitating translation into the clinic.
Although concerns have been raised in the past regarding immunogenicity of xenogeneic collagen, contributions of
material format, processing and impurities (e.g., cellular by-products and denatured collagen) have yet to be fully
delineated [53]. To date, no evidence of pathological immunogenicity has been observed with oligomer materials
when implanted in different species and tissue microenvironments, which is likely due to their high-level purity as
well as the absence of exogenous additives and crosslinking [14,18,54–58]. In this way, the multi-faceted biosignaling
capacity inherent to collagen ﬁbrils is preserved, including integrin-mediated cell adhesion [59], ECM molecule and
soluble factor (e.g., growth factors) binding and sequestration [59] and immune modulation [60,61].
For this work, plastic compression was applied to low-density oligomer matrices in a conﬁned (rather than an
unconﬁned) format to controllable modulate the collagen-ﬁbril microstructure. Interestingly, this approach is not
suitable for monomeric collagen matrices due to the inability of their ﬁbril microstructure to sustain or support
associated compressive and ﬂuid shear forces [16]. It is noteworthy that conﬁned compression provides control over
both the amount and direction of ﬂuid removal, facilitating customization of spatial gradients in ﬁbril density
and orientation. Speciﬁcally, total collagen content of the compressed scaffold is controlled through modulation of
the starting volume and concentration of the original scaffold together with the applied compressive strain [16,21].
Additionally, strain rate can be varied to control steepness of the ﬁbril density gradient, and placement of porous
polyethylene foam and associated porous-solid boundary condition can be used to deﬁne high-order spatial ﬁbril
organization (e.g., alignment and directional gradient) (see [19] for a more detailed review).
All oligomer scaffolds fabricated for this study featured a randomly oriented, porous ﬁbrillar network near
the bottom. Oligomer-20 and Oligomer-40 were fashioned with a vertical gradient in ﬁbril density, with varied
extents of ﬁbril alignment and bundling near their surface to recapitulate some of the anisotropies found in
normal dermis. In terms of estimated pore sizes, oligomer scaffolds were most similar to that of normal rat dermis
and more than an order of magnitude less than HeliCote. Although, the pore size for bioengineered collagen
sponge dressings has been rigorously documented as a critical design feature for controlling cellularization and
vascularization [48], there is no reason to a priori believe the optimal porosity for collagen sponges and oligomer
scaffolds would be the same. While both HeliCote and oligomer scaffolds are primarily composed of ﬁbrillar collagen
and noncrosslinked, their fundamental design and method of fabrication is different, ultimately yielding scaffolds
with different overall microstructures, mechanical properties and mechanisms of action. Further to this point, while
the bulk tensile properties for HeliCote were statistically similar to Oligomer-20, the in vivo tissue responses of
these two materials were dramatically different. In summary, the Young’s modulus for oligomer scaffolds ranged
from 0.2 MPa for Oligomer-4 to nearly 1 MPa for Oligomer-40, which falls within reported ranges for human
cornea (0.1–11.1 MPa), aorta (0.6–3.5 MPa) and dermis (0.6–15 MPa) [62,63]. The bulk mechanical properties of
Oligomer-20 and Oligomer-40, but not Oligomer-4, facilitated handling and suturing in place.
When evaluated within an established full-thickness excisional skin model, the dense microstructure of autograft
skin was most effective at minimizing contraction but showed delayed cellularization and vascularization. In the
present study, roughly 20% of autografts were unable to re-establish the necessary nutrient ﬂow prior to necrosis
and failed to take. This observed graft failure rate is consistent with previously reported values for rodent models [64].
Additionally, as expected, no ﬁll controls healed primarily by contraction over the 14-day period. The tissue response
observed with the commercial dressing was also consistent with its design [65], with controlled inﬁltration of cells
and progressive active scaffold degradation occurring via inﬂammatory mediators, most notably macrophages and
giant cells, over the 2-week period. This observed high rate of degradation (resorption) and wound contraction are
consistent with other published studies in rodents [66] and can be attributed to the absence of GAGs and exogenous
crosslinking, which are known to slow these processes [48].
The provision of densiﬁed oligomer dermal scaffolds that persisted within the wound bed and integrated with
surrounding normal tissue, was effective at limiting both wound contraction and the myoﬁbroblast phenotype.
Oligomer-20 and Oligomer-40 scaffolds appeared to recapitulate, in part, the stress-shielding provided by normal
dermal collagen, where ﬁbroblasts adopt their spindle-shaped morphology and downregulate α-SMA [5]. In this
case, the relatively rigid ﬁbrillar microstructure provided by these scaffolds was sufﬁcient to resist signiﬁcant
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cellular contraction, while supporting the necessary cellular traction forces to facilitate migration. Recent work
has shown that ﬁbroblast phenotype and behavior, including apoptosis signaling, matrix metalloproteinase activity
and differentiation into myoﬁbroblasts, are strongly linked to the rigidity or laxity of the ECM, even independent
of TGF-β signaling [67,68]. By persisting and modulating ﬁbroblast function, these oligomer scaffolds appear to
circumvent contraction and reduce the burden on host cells to deposit collagen and rebuild the dermis, which
collectively speeds up the healing process and improves outcomes. To the best of our knowledge this is the ﬁrst report
of self-assembled collagen materials that persist and integrate, effectively decreasing cutaneous wound contraction
and the myoﬁbroblast phenotype in absence of exogenous crosslinking or reinforcing materials.
There has been signiﬁcant interest in designing dermal and skin replacements with improved vascularization,
with the majority of approaches involving soluble angiogenic factors, such as FGF2 nd VEGF), either alone or in
combination with other matrix molecules [69,70]. Here, we show that Oligomer-20 and Oligomer-40 were not only
effective inhibitors of contraction but also promoters of vascularization, which is critical to dermal regeneration as
well as the support of epithelialization or a secondarily applied epidermal layer. Vessel networks were well-formed
at 2 weeks, staining for both CD31 and α-SMA. However, an interesting ﬁnding was that the ﬁbril bundling
and alignment within scaffolds appeared to hinder or delay vessel progression toward the surface. Such ﬁndings
are consistent with observations for decellularized tissue scaffolds, which are reported to require 2–4 weeks to
vascularize sufﬁciently to support overlying split-thickness skin grafts, and the fact that human auto or allografts
thicker than 0.4 mm show delayed angiogenesis and failure to take [71,72].
Conclusion
This work serves as an important ﬁrst step in development of mechano-instructive dermal scaffolds that promote
rapid cellularization and vascularization while simultaneously reducing wound contraction and scarring. We show
custom fabrication of dermal replacements with high bulk mechanical integrity that facilitate handling and suturing,
factors that are important for adoption by wound care specialists and surgeons. Our work also documents that
oligomer scaffolds persist, restoring important mechanobiologal cues by serving as a surrogate dermis. Finally, our
ﬁndings show that precision tuning collagen-ﬁbril microstructure can be used to modulate mechanotransduction
pathways involved in tissue regeneration. This study has some limitations. While no animal model perfectly
replicates wound healing in humans, important information can be inferred from established animal models,
such as the rodent full-excisional skin model used here. Follow-up experimental and computational modeling
studies are now underway to further deﬁne how speciﬁc microstructural features of oligomer scaffolds affect, more
broadly, multiscale mechanical properties as well as mechanotransduction mechanisms underlying cellularization,
vascularization and epithelialization. Finally, studies involving large animal wound models as well as models of
compromised healing are necessary to further validate efﬁcacy and scalability of our approach.
Translational perspective
Tissue-engineered dermal replacements have now become a well-established part of clinical care for difﬁcultto-treat wounds. This study represents an advancement in the bio-inspired design of dermal replacements that
can reduce morbidity and mortality of patients with severe and difﬁcult-to-heal wounds by regenerating lost tissue
while preventing scar formation. Our design strategy involves creation of persistent ﬁbrillar collagen scaffolds whose
microstructure is deﬁned and designed to promote skin regeneration by re-establishing mechanical continuity across
the tissue and cellular size scales, restoring essential skin mechanobiology. Oligomeric collagen was manufactured
and standardized from porcine dermis according to relevant ASTM International standards for polymerizable
(ﬁbril-forming) collagens. Oligomer scaffold microstructures were customized using conﬁned plastic compression,
a scalable and controllable biomanufacturing process. This initial preclinical study documented that total content
and spatial gradients in collagen-ﬁbril density and orientation are important considerations when designing scaffolds
to promote rapid cellularization and vascularization while simultaneously preventing wound contraction. Further
mechanistic-based design iterations along with preclinical evaluation in large animal wound models is needed to
further validate the translational potential of our strategy.
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Summary points
• Difficult-to-heal wounds are a significant burden on patients, providers and the healthcare system as a whole.
• Current wound management strategies include conservative treatment, skin grafting and tissue engineered
replacements; however, scarring and loss-of-function continue to be common outcomes for patients with severe
wounds.
• Our dermal regeneration strategy targets fabrication of fibrillar collagen scaffolds, whose microstructure is
defined and controlled to restore necessary mechanochemical signaling by supporting the reciprocal transmission
of mechanical forces across tissue and cellular size scales.
• Oligomeric collagen, a fibril-forming collagen that retains intermolecular crosslinks and exhibits improved
persistence and mechanical stability, together with confined plastic compression was used to create scaffolds with
varied total content and spatial gradients of collagen fibrils.
• We evaluated three groups, Oligomer-4, Oligomer-20 and Oligomer-40 against a commercial absorbable collagen
sponge, no fill control and autograft skin within a rat full-thickness excisional skin model.
• The dense collagen fibril microstructure of autograft skin was most effective at decreasing wound contraction
but hindered vascularization leading to tissue necrosis and 20% graft loss.
• No fill wounds displayed a classic healing response with rapid contraction.
• A commercial noncrosslinked collagen sponge fabricated by lyophilization of fibrillar collagen microparticulate,
rapidly resorbed over the 14-day period via inflammatory mediated degradation and did not inhibit wound
contraction.
• The rate and extent of contraction decreased as the total collagen content of oligomer scaffolds increased.
• A vertical gradient in fibril density and orientation that proceeded from a porous, isotropic organization to a
high density of bundled fibrils oriented parallel to the surface facilitated rapid cellularization, vascularization and
epithelialization.
• Oligomer scaffolds did not rapidly degrade but rather persisted within the wound bed where they modulated
cellular traction and contraction forces based on their microstructure features.
• Additional investigations are necessary to further the mechanistic-based design and fabrication of oligomer
scaffolds to promote skin regeneration for treatment of difficult-to-heal wounds.
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