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Abstract

Skin wounds are among the most common and costly medical problems experienced. Despite

the myriad of treatment options, such wounds continue to lead to displeasing cosmetic outcomes
and also carry a high burden of loss-of-function, scarring, contraction, or nonhealing. As a result,
the need exists for new therapeutic options that rapidly and reliably restore skin cosmesis and
function. Here we present a new mechanobiological computational model to further the design

and evaluation of next-generation regenerative dermal scaffolds fabricated from polymerizable
collagen. A Bayesian framework, along with microstructure and mechanical property data from
engineered dermal scaffolds and autograft skin, were used to calibrate constitutive models for
collagen density, fiber alignment and dispersion, and stiffness. A chemo-biomechanical finite
element model including collagen, cells, and representative cytokine signaling was adapted to
simulate no-fill, dermal scaffold, and autograft skin outcomes observed in a preclinical animal
model of full-thickness skin wounds, with a focus on permanent contraction, collagen realignment,
and cellularization. Finite element model simulations demonstrated wound cellularization and
contraction behavior that was similar to that observed experimentally. A sensitivity analysis
suggested collagen fiber stiffness and density are important scaffold design features for predictably
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controlling wound contraction. Finally, prospective simulations indicated that scaffolds with
increased fiber dispersion (isotropy) exhibited reduced and more uniform wound contraction
while supporting cell infiltration. By capturing the link between multi-scale scaffold biomechanics
and cell-scaffold mechanochemical interactions, simulated healing outcomes aligned well with
preclinical animal model data.
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1. Introduction

Skin wounds, especially those that are large and impact multiple tissue layers, remain

a major burden to those that they affect as well as our healthcare system [1]. Because

these tissue defects supersede the bodys natural healing capacity, normal skin anatomy and
functional integrity is not restored in an orderly and timely fashion. This, in turn, leads

to consequences such as long healing times, pain, infection, scarring, and loss of mobility
and function owing to contraction [2]. While numerous options exist for managing such
wounds, including bioactive scaffolds, negative pressure wound therapy (wound vacs), or
surgical reconstruction with autologous tissue grafts, tissue restoration outcomes in terms

of appearance and function are highly variable and difficult to predict. In fact, a primary
shortcoming of present-day wound care products is the reliance on the bodys cells to
deposit and remodel the necessary tissue collagen scaffolding, a capacity which is obviously
limited. Further, conventional implantable materials exhibit inflammatory-mediated foreign
body responses and/or degradation, which further compromises healing outcomes [3].
Common challenges associated with surgical reconstruction include limited tissue supply
and donor site morbidity. In addition, post-surgical complications, including infection,
necrosis, scarring, and contraction, are frequent and contribute to patient debilitation,
increased healthcare costs, and overall patient and physician dissatisfaction [4]. Therefore, it
is not surprising that one of the grand challenges in medicine has been the development of
new tissue regeneration strategies, with the goal of restoring, as closely as possible, original
tissue structure, function, and aesthetics.
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Fundamentally, cutaneous wound healing is characterized by four overlapping phases:
hemostasis, inflammation, proliferation, and remodeling, with the duration of each phase
varying based on wound etiology, severity, and presence of co-morbidities. This process

is multi-scale in nature, involving molecules, cells, and structural tissue constituents [5] In
absence of a tissue graft or implantable biomaterial, the body first forms a blood clot, where
platelets are entrapped within an initial fibrin scaffold. While this initial fibrin scaffold is
lacking in mechanical integrity, it helps stop bleeding and promotes inflammation. Platelet
degranulation signals the influx of inflammatory mediators, which are responsible for
eliminating pathogens and tissue debris and attracting key contributors of the proliferative
phase, namely fibroblasts and endothelial cells. Primary events of the proliferative phase,
where the goal is to fill the tissue void, include vascularization and synthesis and deposition
of a fibrillar collagen scaffold. While the newly developed collagen scaffold improves the
mechanical integrity of the wound, it is largely disorganized and subject to contraction and
scar formation over time [6].

The collagen scaffold of the dermis is a vital determinant of skin structure and function.
Additionally, this scaffold is a critical contributor to mechanobiological signaling. For
these reasons, our skin restoration strategy has focused on defining how specific collagen
microstructure features contribute to the multi-scale healing response. This effort involves
the use of type I oligomeric collagen, which represents a fibril-forming (polymerizable)
formulation purified from porcine dermis [7, 8]. This biopolymer, together with scalable
material manufacturing methods [9], supports multi-scale design of dermal replacement
scaffolds, where the total content, spatial gradient, and orientation of component collagen
fibers can be controlled [10, 11]. Preclinical evaluation of three Oligomer dermal scaffolds
of varied density, namely Oligomer-4, Oligomer-20, and Oligomer-40, using a rat full-
thickness skin model revealed that healing outcomes, including extent of wound contraction,
vascularization, and cellularization, were dependent upon an interplay of multi-scale
mechanobiological design parameters [11]. For example, elastic modulus of the scaffold
was critical for minimizing wound contraction, and the aligned, high density architectures
reduced rates of cellularization and vascularization. This and other recent tissue restoration
studies suggest that maintenance of stromal collagen and its associated mechanobiological
continuum yield improved regenerative healing outcomes, including large-volume surgical
voids of the breast and full-thickness laryngeal defects [12, 13].

In addition to the development of new biomaterials for improved tissue restoration, there
has been increasing interest in continuum models of tissue growth and remodeling, skin
biophysics, wound healing, and biomaterial mechanics [14, 15]. To accurately describe
the mechanics of collagenous tissues such as skin, computational models that take

into consideration the collagen microstructure have been developed [16, 17]. Given the
complexity of skin physiology, the interplay of chemical and mechanical signaling of cells
during healing, and the broad design space for regenerative healing strategies, integrated
use of computational models can assist in i) guiding novel therapeutic approaches through
improved mechanistic insight into wound healing mechanobiology, ii) reducing expensive
prototyping and animal studies, and iii) informing a wide variety of patient-specific wound
healing scenarios through rapid iterations.
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While a number of wound healing models include coupled multiphysics components
comprised of reaction-diffusion systems and mechanical aspects [18], they lack detailed
descriptions of nonlinear skin mechanics, growth, and permanent remodeling. Recent work
has advanced the integration of mechanoregulation of cell phenotypes into wound healing
models [19]. Wounds and surrounding skin exhibit nonlinear mechanical response, undergo
large deformations, and show permanent remodeling of scaffold architecture in response

to cellular activity. However, despite wound contracture and collagen architecture being
important metrics to assess scar formation, computational models that can describe these
features of wound healing are lacking. To bridge this gap, we previously developed a
model which incorporates cell-scaffold mechanobiology and a finite growth framework for
plastic remodeling [20, 21, 22]. In addition, while some authors have collected experimental
mechanics data to calibrate the constitutive laws of skin mechanics [17, 23], the complete
integration of architectural and mechanical information with experimental wound healing
data is missing. Finally, computational models of wound healing have yet to be applied to
inform the design of dermal replacement scaffolds.

In this study, we extended our prior computational model [21, 22, 24] of wound healing,
integrating experimental data relevant to Oligomer dermal scaffold design and preclinical
evaluation. This model is able to simulate no-fill control, rat skin autograft, and scaffold-
treated wounds (Figure 1). The innovations of this model compared to our previous work
and existing models are: improved mechanobiological coupling between cell behavior and
collagen microstructure to match our recent longitudinal /n vivo experimental results;
calibration of structural and mechanical parameters to /n vitro dermal scaffold and autograft
skin data using a Bayesian model; and custom three-dimensional (3D) finite element
implementation. Collectively, this work bridges experimental and computational tools,
highlighting the increasing role of mathematical models in tissue engineering design and
their potential to improve wound therapies.

2. Materials and Methods

2.1. Custom-Fabricated Dermal Scaffolds

Collagen dermal scaffolds representing various total content and spatial gradients of
collagen fibers were fabricated from type | oligomeric collagen derived from the dermis of
market weight pigs as described previously [9]. In brief, neutralized Oligomer solutions (4.0
mg/mL) were pipetted into 24-well plates at specific volumes (230 uL, 1150 L, and 2300
pL) and polymerized at 37°C. Following polymerization, wells containing 230 uL Oligomer
were not further processed, yielding 4 mg/cm?3 scaffolds (Oligomer-4) with a diameter of
15.6 mm and thickness of 1.2 mm to match thickness of rat dermis [25]. Wells containing
1150 pL and 2300 pL Oligomer were subjected to controlled confined compression [9]
(0.1/s strain rate) to the same final thickness of 1.2 mm, yielding 20 mg/cm3 (Oligomer-20)
and 40 mg/cm3 (Oligomer-40) scaffolds, respectively. All collagen dermal scaffolds were
stored in sterile phosphate-buffered saline (PBS) prior to testing or surgical implantation.
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2.2. Experimental Full-Thickness Rat Skin Wound Model

Experimental data derived from a previously published rat full-thickness skin wound study
[11] was used for computational model calibration and validation. All animal studies were
conducted according to protocols approved by the Purdue University Institutional Animal
Care and Use Committee. In brief, male Sprague-Dawley rats, weighing 200 to 250 g (7

to 9 weeks of age; Charles River Laboratories, Wilmington, MA), were anesthetized using
isoflurane gas. A sterile punch (15 mm diameter) was used to create 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 treatment groups consisting of Oligomer-4, Oligomer-20 and
Oligomer-40 (n = 4-10). For a subset of animals, the excised full-thickness rat skin was
applied to the opposite wound, serving as an autograft (positive control). Untreated (no-fill)
wounds served as negative controls. 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 endpoints, animals were
euthanized and wound areas and associated implants were excised /n toto and processed for
histopathological analysis.

2.3. Experimental Dataset

Experimental data used to calibrate and validate the computational model consisted of

i) collagen density, fibrillar collagen microstructure, mechanical properties of normal rat
skin (autograft control) and Oligomer scaffolds and ii) time-dependent wound contraction
measured using the rat skin wound model. Further details of the dataset (black nodes in
Figure 2) are given next. The microstructure images and mechanical test data of Oligomer
scaffolds were collected in a previous study [11]. Wound contraction measurements
correspond also to our previously published work [11]. Rat skin mechanical tests are new
data with respect to our previous work.

Density data ¢: Density of Oligomer scaffolds was calculated based on the total collagen
content used for fabrication and final volume of the scaffolds after compression (n=5 - 10
per group). The collagen density for rat skin was assumed to be on the order of 100mg/cm?
[26].

Microstructure data p™: Microstructure analysis of Oligomer scaffolds and normal rat
skin was performed via cryo-SEM using an FEI NOVA nanoSEM 200 (FEI, Hillsboro,

OR) with an Everhart-Thronley detector [9]. Cryo-SEM was selected since this image
modality does not require chemical fixation and/or dehydration, allowing visualization of
nanoscale features of biological samples with minimal shrinkage and other artifacts [27].
Care was taken to avoid ice layers due to incomplete sublimation and disruption of the
fibrillar nanostructure via excessive heat from the focused electron beam. Samples were
flash-frozen by submersion into critical point liquid nitrogen, transferred to a CT1000 cold-
stage attachment (Oxford Instruments North America, Inc., Concord, MA), and sublimated
under vacuum. Samples were subsequently sputter coated with platinum and imaged. Images
(3,000x magnification) were analyzed using FIJI/ImageJ and the directionality tool used to
create the measured histograms of fiber orientation denoted p’” (7= 8-12 per group). The
data was smoothed using a moving average filter with a span range of 5° [28].
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Mechanics data ¢™, A™: Experimental stress (o) and deformation (A7) data was
obtained by performing uniaxial tensile testing in ambient air on dog-bone shaped
specimens with a gauge length, width, and thickness of 4 mm, 2 mm, and 1.2 mm,
respectively (7= 4 — 12 per group). The duration of mechanical testing from set up to
completion was less than 10 seconds and sample dehydration was not observed. Uniaxial
tests were performed to failure at a strain rate of 38.4% per second using a servo electric
material testing system (TestResources, Shakopee, MN) with a 25 N load cell at a sampling
rate of 100 Hz. This mechanical testing procedure has been applied previously to oligomer
scaffolds [9] and rat skin [29]. Samples that failed outside the central gauge region and/or
showed slippage within the grips were excluded from data analysis. The data used here
consists of previous tests on collagen scaffolds [11], and new tests on rat skin.

Wound healing outcomes data €M: Various wound healing outcomes £ included
qualitative observations of wound recellularization and changes in collagen architecture,
and quantitative measurements of wound contraction. Wound areas (,7™) were traced and
measured on the experimental dataset using a MATLAB (The Mathworks, Natick, MA)
script and normalized to the original wound areas.

2.4. Bayesian Parameter Calibration

Given the observed data for collagen fiber density (¢™), fiber angle probability distribution
(p™), and stress/strain (o”,A"), we applied a Bayesian calibration step to determine model
parameters (dark grey nodes in Figure 2) that best explain the data. The model parameters
were connected to the data through constitutive equations (light grey nodes in Figure 2).
Briefly, statistical models of the general form & = f;(9) + ¢ were considered, where & is

the data, f{(6) are the constitutive models which depend on parameters 6, and ¢ is the
experimental error. The likelihood function is the probability of observing the data given
a choice of parameters. The likelihood was assumed Gaussian £(216) = #(216). In the
Bayesian framework, the goal is to obtain posterior probabilities p(912) of the parameters
6 of the model conditioned on the observed data using Bayes’ rule. However, instead of
obtaining the posterior directly, the best strategy is to sample from the posterior without ever
achieving an analytical description. To do so, a Markov chain process that samples from
this posterior was created [30]. The model was coded in PyStan. Standard normal priors
were used for all measured variables, and a weak exponential prior was used for standard
deviations. The Hamiltonian Monte Carlo (HMC) No-U Turn (NUTS) sampler was used.
Four chains were randomly initialized and run in parallel for 1000 tuned steps and 1000
samples. Specific constitutive equations and parameters are summarized below.

Density parameter ¢: The normalized collagen density ¢ is related to the collagen density
measurements via ¢ = ¢/, i.e. normalized density with respect to rat skin. The parameter
¢ is also included in the constitutive model of the mechanical constitutive behavior below.

Microstructure parameters ag, x: The constitutive model used for the microstructure
was a circular von Mises distribution for fiber orientation. The circular von Mises
distribution can be characterized with two parameters, 4, and ag, which represent fiber
dispersion and principle direction of the distribution, respectively. Alternatively, the
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parameter b can be replaced by an equivalent dispersion parameter «, which is the parameter
used in the constitutive model of skin and scaffold mechanics. Additionally, the fiber
direction ag can be described with angle i, such that ag = [cos(), sin(), 0]. Note that

the fiber orientation and dispersion parameters are needed to describe the anisotropy of the
tissue below. The equation for the distribution in two dimensions is

ebcos(2 — Hq)
plag, b) = O ()

/2
e=L [ Plag, b)sin’(ao)dap = %(1 ) %) ’

T —zi2

where /() is a modified Bessel function.

Mechanics parameters ky, kg, K¢, ko: The constitutive law for the stress as a function
of deformation uses a fiber-based generalized structural tensor approach. We assumed
that collagen fibers within the scaffold native tissue had similar mechanical properties, as
suggested by our previous studies [9]. The fitting procedure follows [17] with a modified
strain energy density with parameters &, kg, k5 ko,

k
¥ = g7~ 1)" = 2kgln(J) + ko(I = 3)
(3
k 2
+ i (expllarf + (1 = 30915 = 1)) - 1)

where £, I, 1§ are deformation-related quantities which can be derived from the stretch

A imposed in the uniaxial tests. We remark that anisotropy was taken into account through
the use of the fiber orientation ag and dispersion x parameters, even though only uniaxial
and not biaxial data was collected. The model eq. (3) also depends on collagen density ¢.
Parameters were inferred for dermal scaffolds (Oligomer-4, Oligomer-20, and Oligomer-40)
and also for rat skin (autograft).

Biochemical parameters B: The last set of parameters are associated with the finite
element model of wound healing. The finite element model incorporates the microstructure,
density, and mechanical parameters defined already. It additionally requires a set of
biochemical parameters denoted B. One of the many outputs £ of the finite element model
is the area change _#, which can be compared to the measured wound area #™. The
biochemical parameters are specified next as part of the finite element model description.

2.5. Finite Volume Growth and Remodeling Theory

The continuum finite element model that we had previously developed was modified for
use in this work [22]. We applied a finite growth model with a structural tensor approach.
Relevant portions of the model are described in brief below. For a full description of the
original model see [21, 22].
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Kinematics: The reference geometry of the tissue, By is given in material coordinates

X € R3. The geometry, meshing, and boundary conditions are shown in Figure 3. The
wound was approximated as a full-thickness 15 mm diameter cylinder within a 75 mm
diameter cylindrical block of tissue. The mapping from reference to current configuration
is x = y(X). The biological, chemical, and material fields are given by p(x, 8, (X, 9, and
#(x, B, respectively, which may represent a cell (fibroblast) population, activating cytokine,
and collagen matrix. The matrix has an associated collagen density (¢) and orientation

(x, ag). The deformation gradient F = V y = /90X describes the local geometric change.
The right Cauchy Green deformation tensor is denoted C = F 7 F. The multiplicative
decomposition F = F€- FPis used to model the plastic deformation associated with growth.
The superscripts eand p refer to elastic and plastic deformation, respectively. Likewise,

. . . T o
The elastic part of the Cauchy green deformation tensor is C° = F® F¢ and its invariants
are I = 1r(C°), I = ap - C® - ap. The Jacobian can be decomposed as J= FF. We assumed

plastic deformation (contraction) occurs primarily in the plane of the skin, so we can
introduce an orthonormal basis [ag, S, Ng] and construct

F? = ag ® ag + Asy ® so+ Abng ® ng ()
where for the current simulations A%, ~ 1.

The microstructure of the collagen is described with a generalized structural tensor
approach. The principal fiber direction ay and dispersion parameter x are used to define

the 3D structural tensor Ag = «1 +(1 - 3x)ayg ® ag. Upon deformation, the structural tensor
transforms as A = FAQF 7= xb + (1 - 3x)a ® a. After normalization, A = A/tr(A). Likewise,
the updated principal direction is a = Fag, and a = a/||a||. Note that the parameters
describing the microstructure of rat skin and wound matrix are the same as those used

to model the Oligomer scaffolds.

Balance laws: The growth and movement of the biological and chemical species was
described using transport equations. In this work, a single chemical cytokine and a single
fibroblastic cell population were considered. The extracellular matrix mechanics were
defined using the balance of mass, linear, and angular momentum. The balance of mass

is given by ¢ + ¢V - v = g, where ¢ is mass, v is velocity, and g is the mass addition through
biological growth. The balance of angular momentum enforces the symmetric stress tensor o
= o’ The balance of linear momentum is ga=V - &+ ¢b, but neglecting the inertial term
and body force, this reduces to

V-oc=0 (5)

The equations for cell proliferation and motility as well as cytokine transport are

p= —V-Dpl,Vp—V'ﬁpchc+sp (6)
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¢= =V D, Vc+s, %)

with Dy, Dpe D diffusion and chemotaxis coefficients.

Constitutive equations: Starting with the mass balance for the cell field, special
attention was given to the modified diffusion coefficient used here, which takes into account
the dependence on matrix density and alignment

B =305 (2o #/(00 - Do) ®

In the absence of other information we set o = 1, but this could be modified to increase the
dependence of cell migration on fiber alignment. The source terms for the cells and cytokine
are defined as

Pp, € oFT 4
= - H|1l—-——|p—d
K (p,, " Kpctc TP )( Kp,p)p o ©
= H-—"_ _
Se = (pc’ o€+ De, JeH) Keote dc.c (10)

where H(J¢ - 9°) = 1/(1 + exp(~ye(J€ - 9°))) is a logistic mechanoactivation function.

The nonlinear hyperelastic mechanical behavior of the matrix in both the scaffold and
surrounding tissue was introduced already in eq. (3). In addition to the strain energy which
described the passive mechanical response of the tissue, an active stress by cell contractility
was considered. Following Olsen et al., we include a factor for matrix-mediated inhibition of
myofibroblast contractility [26].

pP ( Tm, €
Tr+
K12.+d)2\ ! Kr,c+c

S

o9t =

(1

This stress, as well as the other constitutive models up to this point, is presented in the
current configuration but can be pulled back to the reference configuration [21, 22]. We
based the parameters for z z, ., and K off of [26, 32]. However, since rat wounds undergo
severe contraction not typically seen in human wounds, we tuned zfand z, . to increase
contraction, while tuning of K, was used to control the effect of different collagen densities.

Finally, local extracellular matrix remodeling was described by a system of ordinary
differential equations

; P, € o~ p
= _fe.c Hl—7
¢ p¢+K¢,C+c+”¢”J Kp,+ & 12)

- (d¢ + cpd¢, C)q')
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ap= 2ﬂ¢ Ao — ap ® ap)ey (13)
¢ (1 A0r"
=4 bl ) "
i+
=2 (e 15)
)

where ¢ is the collagen synthesis rate (first term of equation 16), A;is an eigenvalue and e,
the associated eigenvector.

The full list and description of parameters is included in the Supplementary Material in
Tables S1 and S2.

Finite element implementation: The model was implemented in a total Lagrangian
nonlinear finite element analysis. The link to the public code repository is available at the
end of the manuscript and in the Supplementary Material. A full description of this method
can be found in [21, 22]. In brief, the spatial variables were discretized using a Galerkin
approach, followed by a time discretization by finite differences. The time derivative was
approximated with a backward-Euler scheme ¢ = [c — ¢,]/4t and p = [p — p,]/ At. The resulting
system of nonlinear algebraic equations was solved using a Newton-Raphson scheme. The
Newton-Raphson scheme was accomplished by a consistent linearization as previously
described. For the local problem, we used a forward-Euler method. Note that in this case,

as the local solver requires a smaller time step than the global finite element solver, the
monolithic procedure requires the chain rule derivatives of the local variables (®) with
respect to the global variables (2), 9 ©" T /0 & = ¥ Atjpeqd ©" /9 E, which are summed up

over all local time steps.

2.6. Uncertainty Propagation through the Finite Element Model

For a local sensitivity analysis of the finite element model to input values, we used a
derivative-based perturbation scheme [33]. Approximating the solution locally with a linear
truncated Taylor series allowed variance of the contraction output # due to uncertainty in the
material inputs (6) to be estimated using a sensitivity vector 4,#/96 and covariance matrix
Cov[ 4 of the constitutive parameters,

Var(#) ~ c V[0)12L a =, (16)

and a sensitivity index defined as .S = \/Var[0]0.#/ 00 to measure the sensitivity of the model
to each input parameter [33].
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3. Results

For a comprehensive description of our experimental animal model results, see [11]. The
following sections describe the dermal scaffold microstructural and mechanical data analysis
and subsequent simulations of the healing response for the dermal scaffold and control
groups evaluated using our animal model.

3.1. Bayesian Calibration of Material Structural and Mechanical Parameters

Differences in the fibrillar microstructure and stress-strain behavior of Oligomer scaffolds
and normal rat dermis were readily apparent from both qualitative and quantitative
assessments (Figure 4). Constitutive models fit the measured data well, with MCMC
diagnostics showing an effective sample size (ESS) greater than 500 for all samples and

R near 1.0. The 2.5%, 50%, and 97.5% posterior density values for all parameters are listed
in Table 1. When considering the width of posterior distributions, the orientation parameters
Uy and x parameters were identified with a high degree of certainty. More variation came
from the mechanical parameters and density measurements. Additional statistical model
results and fittings can be found in Appendix B.

Oligomer-4 featured the lowest fiber density ( 13% of rat skin), with an architecture that was
roughly isotropic (x = 0.31). Oligomer-20 and Oligomer-40 scaffolds exhibited increased
densities, 32% and 43% of rat skin, respectively, and collagen dispersion and alignment
values that progressively approached those found in rat skin (Table 1). Note that a dispersion
of x=1/3 ~ 0.33 represents perfect isotropy, i.e. there is no preferred fiber orientation and
all the fibers are randomly oriented, while x = 0 represents perfect anisotropy, i.e. all fibers
are aligned in the same orientation characterized by angle 1, Rat skin was anisotropic, with
fibers preferentially oriented in-plane. We used the mean orientation of rat skin fibers to
define y, ~ 0 along with a measured dispersion of x=0.23.

The tensile stress-strain curves for dermal scaffolds and rat skin (Figure 4C) showed the
expected nonlinearity, with different low and high strain regime responses. As expected,
Oligomer scaffold stress scaled with increasing density, and both Oligomer scaffold and rat
skin properties were consistent with published values [11].

3.2. 3D Simulations of Untreated and Dermal Scaffold Treated Wounds

We first conducted finite element simulations of untreated (no-fill) full-thickness wounds
(Figure 5, upper), with gross experimental images of untreated wounds shown for
comparison. For these simulations, cells rapidly entered the wound space and proliferated
under the influence of the mechanotransductive and chemical signals. By day 14, the
wound and surrounding tissue had a high cell density of 1900 ce//s/mm?, compared to

the physiological value of approximately 1000 cel/s/mm?. Cytokine concentration decayed
rapidly due to degradation by cells and diffusion out of the wound. As cells migrated in,
they deposited and aligned collagen. Collagen density in the wound increased from ¢ =
0.01 at day 0 to roughly 0.4 at day 14. Collagen fibers in regions surrounding the wound
became oriented toward the wound gap, and fibers within the wound slowly reoriented to
the direction of maximum tension. Significant permanent contraction J° was visible in the
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wound and surrounding tissue, with the surround tissue drawn in tension (J > 1) toward the
injury. Note that / = 1 denotes no change, i.e. the tissue volume stayed the same. At day

0, F =1 for the entire geometry. For the no-fill case, values of # in the wound reached

0.2 by day 14, indicative of severe permanent contraction of 80% with respect to the initial
area. In the cross-section, we saw dimpling of the skin inward to the centerline, with similar
behavior observed histologically in contracted rodent wounds (Figure 5A) [34].

The model was then used to predict changes in cellularization and collagen remodeling
for scaffold-treated wounds, with Oligomer-40 simulation results provided in Figure 5B.
Gross experimental images from /n vivo wounds treated with Oligomer-40 are also shown.
Model results were in good agreement with experiments that demonstrate collagen density
is an important regulator of cellularization, collagen remodeling, and wound contraction.
Cells migrated more slowly into scaffold filled wounds, concentrating in an outer ring.
Oligomer-40 treatment reduced contraction and fiber alignment compared to untreated
wound simulations. Again, these results closely matched those observed /n vivo. For
Oligomer-40, the permanent volume change reached values of around = 0.35 in the
wound periphery but only /£ = 0.55 in the wound center by day 14, in contrast to the severe
contraction of £ = 0.15 in the center of untreated wounds.

Modulation of the healing process by the various treatments was further evident upon
evaluation of time dependent changes in the density of cells, cytokine, and collagen

as well as collagen dispersion within the wound center (Figure 6). The rate of wound
cellularization measured by p/o,pys decreased as collagen density increased (Figure 6A).
This was particularly evident for autograft skin, likely due to the high collagen density

as well as decreased contraction in this case. For autograft treated wounds, the central
region had a normalized cell density still near 0 at day 7, and only reached 0.9 by day 14.
For untreated wounds, cell density remained low for 3 days, after which time it increased
steadily, reaching two times physiological values by day 14. Such findings are consistent
with literature reports for these highly contractile wounds [35, 36]. Similar cellularization
trends were observed for scaffold treated wounds, with curves showing a modest rightward
shift with increasing collagen content. The cytokine kinetics, ¢/cp, were similar for all
treatment groups, with a slight divergence observed near the end of the simulation (Figure
6B).

When evaluating collagen density over time, ¢ = ¢//*S (Figure 6C), untreated wounds
exhibited the most rapid increase, reaching a value of 0.4 by day 14. Scaffold treated wounds
maintained their relative collagen densities for the first 4 days of the simulation and then
increased for all cases. Collagen density at 14 days ranged from about 0.4 for Oligomer-4
to 0.6 for Oligomer-40. Interestingly, autograft skin underwent a brief period of resorption
reaching density values of roughly 0.8 toward the end of the simulation, something that
was not apparent in scaffold-treated wounds. While collagen density profiles for no-fill and
scaffold-treated wounds displayed progressive increases over time, dispersion («) profiles
were notably different for these groups (Figure 6D). Scaffolds which begin as dense and
aligned (e.g., Oligomer-40) underwent less rapid remodeling during the early stages of
wound healing compared to lower density scaffolds or untreated wounds. For Oligomer-40
scaffolds, the initial dispersion was slightly anisotropic (x ~ 0.26) and remained relatively
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constant over the 14 day time period. Autograft skin displayed a similar response. In
contrast, the no-fill case, which had a low density and high dispersion (isotropy) at the
beginning of the simulation, rapidly surpassed the other groups in becoming aligned due to
severe contraction. By 14 days, untreated wounds exhibited a dispersion value of x=0.17,
indicative of high collagen alignment characteristic of scarring [6, 37, 38].

Both /n vivo animal experiments and computational simulations indicated that wound
contraction was non-linearly related to initial collagen density within the wound (Figure 7).
In experimental studies, autograft treated wounds underwent the least amount of permanent
contraction, maintaining 80 — 90% of the initial wound size. The no-fill and Oligomer-4
groups showed similar contraction profiles, yielding wound areas that were roughly 5 -
20% of the initial wound area. Both Oligomer-20 and Oligomer-40 scaffolds decreased
contraction, with wound areas that were 20 — 40% of the initial wound area. While
Oligomer-20 treated wounds showed a nearly linear decrease in wound area over the 14-day
period, Oligomer-40 contraction slowed considerably after 7 days. Computational results
aligned with our experimental observations as shown in Figure 7, with modest differences
noted in contraction curve shape for each treatment group (Figure 7C).

3.3. Uncertainty Analysis

We performed uncertainty propagation and sensitivity analyses using a perturbation method
to define model features that have the greatest influence on wound healing outcomes, in
particular permanent contraction 7. Sensitivity indices for each model parameter are shown
in Figure 8. The model was most sensitive to changes in ¢ and &5 indicating that collagen
fiber density and stiffness, respectively, are important scafffold design criteria for controlling
wound contraction, J. In contrast, features such as initial fiber dispersion x or nonlinearity of
the stress-strain response had less impact on wound contraction but may contribute to other
mechanobiological functions and healing outcomes.

3.4. Prospective Simulations for Dermal Scaffolds with Varied Collagen Fiber Alignment

To further demonstrate the utility of our model for informing dermal scaffold design
iterations for future /n vivo evaluation, we investigated a scenario that was not part of

the initial experimental dataset. An interesting outcome from initial scaffold simulations
was the time-dependent changes in collagen dispersion exhibited by the various groups.
While Oligomer-40 showed little change in fiber dispersion, less dense Oligomer-4 scaffold
went from fairly isotropic x = 0.31 to aligned x = 0.23 over the 14-day period. Because
alignment is both a mechanical regulator of cell behavior as well as an indicator of scarring,
we quantified the effect of independently controlling collagen dispersion and scaffold fiber
orientation relative to that of the surrounding skin. Oligomer-40 scaffolds with either
aligned (x=0.2) or dispersed (x = 0.3) fibers and either fibers that were parallel to

(u5=0) or oblique (u; = n/4) to the surrounding tissue were tested, with cellularization

and contraction results summarized in Figure 9. While wound contraction was obviously
impacted by collagen alignment, no changes in cellularization were observed. Scaffolds with
more isotropic fiber microstructures (x = 0.3) contracted less rapidly and showed more
uniform contraction compared to those with low fiber dispersion (x = 0.2). Interestingly, the
fiber orientation angle between the scaffold and surrounding skin impacted the shape of the
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wound at 14 days. For example, when fibers of the scaffold and surrounding tissue were
oriented in the same direction (x, = 0) wounds contracted more in the horizontal direction
and wound areas appeared as a vertically aligned ellipse. In addition, the plastic deformation
field was relatively symmetric with respect to both the vertical and horizontal axes.
However, a mismatch between the angle of fibers in the scaffold and the surrounding skin
(15 = mA) resulted in asymmetric wound contraction. Additional prospective simulations
investigating the effect of collagen stiffness, wound size, and wound shape, are available in
the Supplementary Material.

4. Discussion

Wound healing is a significant cause of morbidity and mortality world-wide. To address

this grand challenge, dermal replacement scaffolds capable of guiding functional skin
restoration /n lieu of pathological scarring are the subject matter of continued research

and development [39, 40]. Unfortunately, fundamental gaps in our understanding of

wound mechanobiology and lack of predictive tools pose roadblocks to the efficient
engineering design of tissue restorative solutions. Without accurate computational models
of wound healing biomechanics and mechanochemical signaling, researchers must rely on
conventional trial-and-error approaches, which are tremendously burdensome and inefficient
in terms of animal number requirements, resources, and overall time and cost. In this

work, we developed a mechanobiological computational model of wound healing that
comprehensively describes the large 3D deformation, permanent contraction, and collagen
fiber alignment observed in pathological healing. The same modeling framework is also able
to capture the outcomes of wounds treated with engineered collagen dermal scaffolds. The
core of our computational model is the coupling of a physical description of extracellular
matrix/collagen scaffold microstructure and nonlinear mechanics with a cell and cytokine
mechanobiological signaling model.

4.1. A Comprehensive Framework for 3D Coupling of Skin Mechanics and
Mechanobiology

Accurate modeling of permanent contraction and collagen alignment is essential in the
context of wound healing. Rodent skin wounds that are left untreated show significant
deformation over time, leading to scar tissue characterized by a closely packed and aligned
collagen network [38]. Treatment with Oligomer scaffolds, on the other hand, leads to
improved outcomes [11]Permanent changes in tissue volume and properties over time can
be described within continuum mechanics. The finite volume growth framework explains
permanent changes in tissue volume and mass [41], while use of structural tensors can
capture fiber reorientation [42]. These tools have been used previously to successfully
describe cardiac muscle adaptation [43], skin growth [20], and brain folding [44], to name a
few examples.

The work presented here adopts a similar framework. Here, a multiplicative decomposition
of the deformation gradient was used to describe the contraction observed in untreated and
dermal scaffold treated rat skin wounds. Tissue microstructure was modeled with a structural
tensor that evolved over time based on changes in fiber alignment and dispersion as seen
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experimentally. In contrast, most existing computational models of wound healing use
purely elastic models. For such models, wound contraction remains only as long as the cell
population stays constant, which has limited pathophysiologic relevance. To date, permanent
contraction and collagen remodeling have only been explored in a select few wound models,
such as our own previous work [22], a morphoelastic model for burn healing [45], and

a morphoelastic model for dermal wound closure [46], though the latter did not include
biochemical coupling. Other wound healing models that address collagen remodeling rely
on restrictive simplifying assumptions. For example, the Maxwell fluid model was used to
model wounds in the seminal work by Olsen et al. [26], with similar approaches reported

by others [47, 48, 49]. Collectively, such models have led to an advanced understanding of
cell mechanobiology. In fact, several components of our coupled model are based on insights
gained from such efforts. Alternative approaches have focused on collagen geometry while
ignoring permanent tissue deformations, as is observed in models prioritizing individual

cell behavior [37]. However, by modeling the nonlinear mechanics of soft tissue, including
growth and remodeling, we filled an existing need for the design of biomaterial scaffolds
that aim to reduce pathological contraction and fiber alignment.

A major outcome of wound healing is tissue contraction and remodeling, the underlying
mechanism of which is the mechanobiological response of cells, primarily myofibroblasts,
acting on nearby matrix components [50]. This is why many wound healing models

have focused on this cellular process [51, 52]. Knowledge from this earlier work on

cell mechanobiology was incorporated into our nonlinear mechanics framework, with

key innovations in our coupling scheme including: i) active stress by cells, ii) collagen
deposition and remodeling linked directly to changes in wound mechanical properties, and
iii) feedback from collagen density and structure on cell migration and active stress. In
addition to modeling wound healing [19, 26], the use of active stress terms to represent cell
contractility has been applied in previous work to describe tissue remodeling following heart
valve replacement [53] and fibrin gel remodeling [54]. In our model, the cell population

and cytokine densities were coupled to the active stress through eq. (11). Collagen mass
fraction change due to cell deposition is a central part of existing wound healing models, e.g.
[37]; however, in the present work, the collagen density was also a key determinant of the
overall mechanical behavior through eg. (3). Mechanobiology models of cell migration and
contractility based on collagen density were proposed in [26, 55], and used here in egs. (8)
and (11). Additionally, strain was coupled to cytokine production, contractility, and collagen
deposition in egs. (10, (11), and (12)). This type of stretch-driven cell behavior is based on
previous work on fibroblast mechanobiology modeling [56, 57]. Overall, our computational
model integrates a large body of evidence and progress in mechanobiology modeling,
coupled with a nonlinear mechanics framework that describes growth and remodeling.

As a result, the proposed model represents a unified approach to understand the coupled
phenomena characteristic of wound healing.

4.2. Comprehensive Dataset and Bayesian Calibration

In addition to the comprehensive modeling framework, a key contribution of our work
is the integration of /n vitroand in vivo data from Oligomer scaffold characterization
and preclinical animal testing. Due to the inherent complexity of wound healing
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mechanobiology, computational models of this process entail coupled equations with many
parameters, which poses significant challenges for model calibration and validation. We
addressed this challenge by generating a dataset of wound healing that reflected the structure
and parameters of the modeling framework. The experimental data consisted of uniaxial
extension data and microstructure images of engineered Oligomer scaffolds and rat skin,

as well as contraction and recellularization measurements in full-thickness rodent wounds.
These data informed the corresponding structural and mechanobiological parameters used in
the computational model as outlined in Figure 2. The tight integration between simulations
and experiments showcased here speaks to the ongoing regulatory push to use computer
models as a standard part of medical device design and evaluation [58, 53].

Default calibration of computer models in biomechanics fails to recognize the importance
of uncertainty in the mechanical and biological responses of tissues. We addressed this

gap by using a Bayesian framework. This approach has been used for calibration of

other constitutive equations for fibrous materials [59]. The results of the calibration are
summarized in Table 1. The inferred parameters describe the microstructure and mechanical
behavior of rat skin and Oligomer collagen scaffolds with applications beyond the wound
healing model shown here. The constitutive model, eq. (3), has been used to fit several
collagenous soft tissues including skin [60]. In particular, the parameters obtained for rat
skin in this paper are similar with those reported in [23] for murine dorsal skin.

Through Bayesian calibration, rat skin and Oligomer scaffold microstructural parameters
were identified with high certainty. Slightly more variance was observed with stiffness
parameters. This may be due to variability in the samples tested, which is natural

for biological samples [23]. This variation may also reflect non-linearity effects [61].
Additionally, the parameters were inferred from uniaxial data in combination with fiber
orientation data. However, uniaxial tests in multiple orientations or biaxial tests would likely
reduce the uncertainty in the estimation. The tests were performed at a single strain rate,
which could also lead to uncertainty in the inferred parameters for skin [62, 63, 64]. Using
a perturbation analysis, collagen fiber stiffness and collagen density were then identified as
important determinants of wound contraction outcomes. Based on this analysis, additional
simulations showing the effect of changing krover a wide range k€ [2.7, 10.8] MPa

are explored in the Supplementary Material. Together, these results highlight the value of
Bayesian inference for fitting constitutive models with shared parameters and variables.
Additionally, they imply that next iterations of Oligomer scaffold design should focus on
controlling tightly and independently the collagen density, stiffness, and microstructure.

4.3. Engineered Dermal Scaffolds Effectively Regulate Collagen Remodeling

Modulation of wound healing outcomes by engineered dermal scaffolds and autograft

skin resulted from the complex interplay of biochemical and biomechanical signaling
included in our model. We found that increasing scaffold collagen density reduced wound
contraction, but also modestly slowed cellularization. These model outputs were consistent
with our animal study findings [11]. Previous work on wound healing scaffolds has also
identified that stiffness can prevent contraction /n vitro and /n vivo, but may also prevent
recellularization [65, 66]. For the no-fill case, the model captured the rapid influx and
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proliferation of cells over the first few weeks, similar to other modeling work in the field
[32, 52, 67] and experimental observations [36, 68]. As cells migrated and proliferated, the
untreated wounds healed through a combination of cell-induced remodeling and extreme
permanent contraction of surrounding skin, as expected of rodent wounds [31]. On the
other hand, the autograft skin simulation showed the least contraction, not only due to

the high stiffness of the autograft, but also because of its inhibition of cell migration and
proliferation. Previous work describing cellularization of allograft dermis also supports these
results [69]. Special attention has been given to the potential negative effects of the native
dense dermal architecture on vascularization, which is necessary to maintain viability of
resident graft tissue cells [70]. It is expected that an endothelial cell density field would
parallel the cellularization results from our simulations. In fact, our own animal experiments
showed reduced vascularization of autograft skin compared to Oligomer scaffold treatment
[11] and, in some cases, autograft failure owing to insufficient vascularization. Given that
explicit modeling of endothelialization has been explored in other models [47], we plan to
incorporate such features in future iterations of our framework. Oligomer treated wounds
exhibited a response in between the no-fill and the autograft skin simulations. Increasing
the density of the scaffold reduced contraction from approximately 85% to 60% compared
to no-fill, while cellular ingrowth was only reduced slightly. Thus, we anticipate that
engineered dermal scaffolds can be tailored to regulate this trade-off, minimizing wound
contraction while modulating the number and phenotype of infiltrating cell populations.
Other leading experts in the field agree with this assessment. For example, Soller et al. [71]
suggest the development of porous collagen scaffolds that can promote cell infiltration but
prevent contraction.

In addition to the contraction and cellularization of wounds, the remodeling of collagen
fiber dispersion was also of interest. No-fill controls began as isotropic, but due to their
low collagen density and stiffness, the collagen quickly aligned as the wound contracted,
consistent with scar formation in rat wounds [38]. In the other extreme, autograft skin
began with a greater degree of alignment and underwent significantly less reorganization
owing to its high density and stiffness. Simulated dermal scaffold treatment of wounds also
produced insightful results. Here, the degree of alignment by 14 days was found to be
nonlinearly related to scaffold parameters. For the Oligomer-4 and Oligomer-20 cases, the
scaffolds underwent significant reorganization, while the Oligomer-40 scaffold retained its
initial alignment.

The model includes many complex mechanobiological couplings that guide our findings.
In fact, the complex interaction between the different mechanisms at play is a key
justification for the development of detailed computational models that, when calibrated
against experimental observations, identify the relative contribution of individual factors
and couplings. The reorganization of fibers is dependent on the collagen turnover rate,
initial orientation, as well as tissue elastic deformations as captured in eq. (13). Control of
cell phenotype plays a role, which is effectively captured in the matrix-mediated inhibition
of myofibroblast contractility in eg. (11). This finding parallels our /n vivo experimental
observations of decreased a-SMA staining in Oligomer-40 treated wounds [11], which then
explains the reduced contraction and alignment of Oligomer-40 treatment wounds versus
no-fill controls. This mechanism of regulated contraction through the tuning of collagen
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scaffold design is in line with other work in the field. Yannas et al. [72] report that a
contractile ring at the wound periphery drives contraction, that this contraction is the source
of the dense scar tissue formed in the wound, and that scaffolds that prevent contraction but
allow cell infiltration promote regeneration. Our model predictions align with this proposed
mechanism, see Figure 5.

Equipped with our computational model, a natural next step was to test new designs to
develop predictions regarding optimal dermal scaffold design. To better understand the effect
of initial collagen dispersion and alignment on the 14-day outcome, we ran additional
simulations in which these two parameters were controlled independently. We found that
increasing the dispersion of the fibers results in a lesser degree of contraction with

minimal impact on cellular infiltration. Isotropic scaffolds may then be more permissive

of scaffold integration while reducing permanent contraction. The initial alignment vector
of collagen fibers impacted the final orientation of the wound area but not the degree of
contraction. These prospective simulations were guided based on our observations of the
wound healing process in Figure 4 and the local sensitivity analysis shown in Figure 8. A
global sensitivity analysis and future design of experiments is the subject matter of ongoing
work, and will be performed by leveraging machine learning tools to create inexpensive
metamodels that circumvent the computational cost of the finite element simulations as

we have demonstrated before [73]. Additional simulations, not discussed in the main text
but motivated by our sensitivity analysis and the uncertainty in mechanical parameters, are
shown in Supplementary Material. We explored the effect of changing the stiffness &y the
wound size, and the wound geometry.

4.4. Limitations and Future Work

The primary focus of this study was on permanent contraction and collagen fiber alignment
outcomes of wound healing, with experimental data gathered to calibrate and inform

the model focused on these mechanobiological outcomes. Although this integration of
experimental and computational data provided new perspective and insight, these studies
are not without limitations. More specifically, a study limitation includes calibration

of the model with only uniaxial experimental data at a single strain rate, which does

not fully capture tissue and scaffold anisotropy and viscoelastic behavior. Future model
iterations will benefit from more comprehensive characterization of tissue and scaffold
mechanical behavior, including biaxial or uniaxial testing in multiple orientations, along
with measures of viscoelasticity, including strain-rate dependence. Future efforts will also
focus on extending the mechanobiology model, bringing increased definition to other
relevant biochemical and cellular parameters, namely vascularization, nutrient supply, and
inflammation-related cytokine levels. While the general wound healing process is similar
for humans and rodents, we appreciate that important differences exist. Specifically, rodent
wounds heal primarily by contraction while those in humans heal primarily via granulation
tissue formation [6, 31]. As such, we will explore opportunities to recalibrate the current
model to match wound healing outcomes observed within other relevant preclinical wound
healing models (e.g., porcine) as well as those seen clinically in humans. The model

can also be modified to simulate perturbations of the normal wound healing process,
extending our framework to the context of chronic wounds. This model is currently being
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adapted to address other wound types, including application of /in situ scaffold-forming
Oligomer formulations for surgical breast tissue voids following breast conserving surgery
(lumpectomy) [13].

5. Conclusion

This work presents a 3D computational model of skin wound healing to assist in the
design of engineered dermal scaffolds for improved tissue restoration outcomes. Through
the integration of experiments and simulations, we found that collagen density and fiber
architecture of scaffolds can be used to regulate the permanent contraction and fiber
alignment of simulated rodent wounds. This work is a significant improvement over
state-of-the-art models by introducing a coupled theory that combines a comprehensive
mechanobiological model with a 3D finite element framework of nonlinear mechanics,
including growth and remodeling. The model explains contraction and fiber alignment of
rodent wounds for no-fill, Oligomer scaffold, and autograft treatment cases. Equipped with
this computational tool, we were then able to propose the next iteration of dermal scaffold
designs. These scaffolds, in turn, will be further evaluated in follow up preclinical studies.
This work represents an important initial step towards the integrated use of /n vivoand in
sificomodels to guide novel therapeutic solutions directed at patient-centric wound care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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State of Significance

Skin wounds continue to be a significant burden to patients, physicians, and the
healthcare system. Advancing the mechanistic understanding of the wound healing
process, including multi-scale mechanobiological interactions amongst cells, the collagen
scaffolding, and signaling molecules, will aide in the design of new skin restoration
therapies. This work represents the first step towards integrating mechanobiology-based
computational tools with /n vitroand in vivo preclinical testing data for improving the
design and evaluation of custom-fabricated collagen scaffolds for dermal replacement.
Such an approach has potential to expedite development of new and more effective skin
restoration therapies as well as improve patient-centered wound treatment.
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Figure 1:
Schematic showing integration of experimental /n vivoand in silico models of wound

healing, supporting design and development of dermal replacement therapeutic approach. A.
No-Fill treated experimental wounds exhibit significant contraction as cells migrate in and
interact with the provisional matrix under the influence of chemical and mechanical signals.
B. Scaffolds fabricated from polymerizable oligomeric collagen placed within the wounds
provides mechanical resistance to contraction and mechanobiological signals which leads

to improved regenerative healing. C. Computational model approximates the geometry and
conditions of the experimental wounds. Cell, cytokine, and collagen fields are simulated to
predict wound healing and contraction outcomes for different treatment conditions.
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Figure 2:
Diagram of the mathematical approach to structural parameter inference for the

corresponding constitutive models (top) and implementation of the wound healing finite
element model (bottom). Black, light gray, and dark gray circles represent observed
experimental measurements, constitutive equations, and model parameters, respectively.
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Figure 3:
Geometry, meshing, and boundary conditions in projected (A.) and isometric (B.) views.

The mesh consists of greater than 10000 linear tetrahedra or 2000 hexahedra. The wound
domain at the center, Q,, is characterized by an initial lack of cells, o(Q,, 0) = 0, and high
cytokine concentration, (Q,, 0) = ¢. The surrounding skin, Q,, has physiological values.
Displacements are constrained on the outer boundary I" . For the biochemical species, the
top boundary, T',,, has no flux conditions and the bottom boundary, T, has mixed constraints
due to the possibility of interactions with the underlying fascia. For the simulations in this
study however, we set k= 0 with the assumption that the majority of cells migrate into the
wound through the tissue edge, and set s = 0 so there is no spring force, consistent with the
loose skin of rodents [31].
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Figure 4:

Comparison of collagen microstructure and uniaxial stress-strain plots for Oligomer
scaffolds and rat skin. A. Cryo-SEM images of collagen microstructure. Inset shows gross
images of scaffolds and rat skin autograft placed within experimental /n vivo wounds.

Scale bar: 5um. B.-C. Model calibration results from Bayesian analysis. B. Collagen fiber
orientation and dispersion measurements (solid lines indicate mean and shaded region
indicate standard deviation) and associated posterior prediction from the calibrated periodic
von Mises distribution (dashed lines denote the maximum a posteriori estimate). C. Stress-
strain measurements (solid lines and shaded region) and Bayesian posterior prediction using
the exponential strain energy based on the structural tensor of fiber orientation (dashed
lines).
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Figure 5:

Representative simulation of A. no-fill and B. Oligomer-40 scaffold treated wounds
showing cell density, cytokine concentration, collagen density with orientation, and plastic
contraction at 0 and 14d time points. Overhead and cross-section perspectives are shown.
Representative gross images of experimental /n vivo wounds are also shown for comparison,
illustrating the similar contraction responses obtained with experimental and computational
models. A histological image of no-fill wound is shown for comparison, reproduced from

[34] with permission.
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—
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Time (d)
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Time (d)

Evolution of model outcomes, including A. cell density, B. cytokine concentration, C.
collagen density, and D. collagen dispersion, for collagen scaffold and control groups as
measured at the wound center. Cell density shows an increase in all groups which is
delayed by increasing collagen density. Cytokine density shows a characteristic decay for
all groups. Collagen density also varies between samples, with a slight decrease for the

skin graft. Collagen dispersion decreases more rapidly in lower density grafts (decreasing x

corresponds to greater alignment).
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Figure 7:
Time-dependent changes in wound area for no-fill, dermal scaffold, and rat skin groups

as determined in A. experimental /n vivo model and B. computational model, and C. the
difference between the two. Note, the no-fill group has no associated uncertainty since
mechanical parameters cannot be measured and assigned. Both models indicate that wound
contraction is nonlinearly related to initial collagen density within the wound.
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Figure 8:

Sensitivity analysis of the computational model to parameter perturbations. The structural
parameters with greatest influence, Arand ¢, describe collagen stiffness and collagen density,
respectively.
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Ha=0
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Effect of dermal scaffold (Oligomer-40) fiber orientation relative to normal surrounding
skin (45) and fiber dispersion (x) on A. cellularization and B. contraction of wounds.
Scaffolds with relatively isotropic fiber distributions (x = 0.3) yield slower and more
uniform circular contraction, while aligned scaffolds (x = 0.2) contract faster. Scaffold
fiber orientation dictates the angle of contraction during wound healing. When scaffold

fibers are oriented parallel to the surrounding skin (u, = 0) vertically-oriented scars result,

while angled scaffolds (i, = 7/4) produce asymmetric contraction fields. Dashed arrows
show direction of fibers in the graft and surrounding tissue. Solid arrows emphasize the

asymmetric deformation field.

Acta Biomater. Author manuscript; available in PMC 2022 November 01.

25

pphys

0.0



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sohutskay et al.

Table 1:

Page 34

Posterior mean and confidence intervals for structural and mechanical constitutive parameters for Oligomer

scaffolds and rat skin autograft groups inferred with the Bayesian framework.

Value
Group Physical Meaning
25% | 50% 97.5%
Oligomer-4 0.08 0.09 0.11
Oligomer-20 | 0.22 0.24 0.26
¢ Collagen density
Oligomer-40 | 0.39 0.42 0.46
Rat Skin 1.00 1.00 1.00
Oligomer-4 0.310 0.312 | 0.314
Oligomer-20 | 0.280 | 0.281 | 0.283
x Collagen dispersion
Oligomer-40 | 0.262 | 0.263 | 0.265
Rat Skin 0.224 | 0.226 | 0.230
Oligomer-4 0.37 0.42 0.46
Oligomer-20 | -0.01 | 6e-3 0.02
Ha Collagen alignment
Oligomer-40 | 9.9e-3 | 0.02 0.03
Rat Skin -0.1 -0.09 | -0.07
kS MPa) | - 0.51 0.73 1.28 Compressibility
k(MPa) | - 9.8e-5 | 2.9e-3 | 0.01 Linear stiffness
ke(MPa) | - 4.16 5.41 6.47 Fiber stiffness
ko, - 0.3 1.92 4.0 Nonlinear stiffening
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