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Tissue Mechanics and Tissue Engineering

Federica Boschetti

Dipartimento di Chimica, Materiali e Ingegneria Chimica, Politecnico di Milano, 20133 Milano, Italy;
federica.boschetti@polimi.it

1. Introduction

Tissue engineering (TE) combines scaffolds, cells, and chemical and physical cues to
replace biological tissues. Several disciplines, such as biology, chemistry, materials science,
mathematics, and most branches of engineering, support this goal while improving the
quality of the reconstructed tissues. Scaffolds are designed to mimic the native extracellular
matrix, thus allowing cell growth and differentiation while avoiding adverse reactions [1,2].
Autologous cells or co-cultures of donor cells either encapsulated or seeded on scaffolds
are deeply studied in response to chemical and physical stimuli with an effort to make
them survive, grow, and differentiate [3].

As far as concerns with physical stimulation, scaffolds seeded with cells are subjected
to mechanical stimuli through a bioreactor to obtain the desired functional tissue in vitro.
Moreover, the scaffold itself must have mechanical properties similar to the ones of the
native tissue. Tissue mechanics (TM) study the response of living tissues to applied loads,
which is important for understanding the structural role of tissues and how cells respond
to mechanical stimuli. Hence, mechanical properties used to quantify the load response
are usually measured for native tissues and serve as reference properties for regenerated
tissues. In other words, obtaining the normal living tissue mechanical properties is one of
the goals of researchers for tissue regeneration. Diseases often change tissue mechanical
properties, and therefore, their measurement may help detect and follow the evolution of
pathologies, thus improving the clinical outcome of the patients [4,5].

2. Review of Special Issue Contents

Contributions to this Special Issue focus on different aspects of Tissue Mechanics
and Tissue Engineering, giving valuable examples of applied research in the field. Two
papers face different applications of tissue regeneration: the skin [1] and the retina [2].
One paper [3] deals with cell encapsulation in biomaterials for protection against immune
reactions. Two papers underline that tissue mechanics play a key role in understanding
tissue functions, the former focusing on the role of biomechanics related to the prediction
of aortic aneurysm rupture [4], whereas the latter on the role of biomechanics for early
diagnosis of glaucoma [5].

Eisler et al. [1] investigated the behavior of two dermal substitutes—a crosslinked
and a non-crosslinked collagen biomatrix—applied topically on full-thickness skin defects
paravertebrally on the back of female Göttingen Minipigs. Although positive results
demonstrate that the single biomatrix application might be used in a clinical routine with
small wounds, the authors conclude that the overarching aim is still the development
of an innovative skin substitute to manage surface reconstruction without additional
skin grafting.

Belgio et al. [2] provide an overview of retinal anatomy and diseases and a compre-
hensive review of retinal regeneration approaches. Scaffold-free approaches such as gene
therapy and cell sheet technology are presented, as well as the fabrication techniques that
can be used to produce retinal scaffolds with a particular emphasis on recent trends and
advances in fabrication techniques, such as electrospinning, 3D bioprinting and lithography
for retinal regeneration.

Appl. Sci. 2022, 12, 6664. https://doi.org/10.3390/app12136664 https://www.mdpi.com/journal/applsci1
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Nurhayati et al. [3] propose a novel design of a three-dimensional (3D) scaffold for
encapsulating CD34+ cells and the idea of co-culturing CD34+ cells from different donors.
Microencapsulated CD34+ cells showed no toxicity for surrounding CD34+ cells and improved
their proliferation. The microencapsulation of non- or low-matched CD34+ cells is therefore
proposed for protection against immune rejection and to facilitate paracrine excretion.

Forneris et al. [4] extensively investigated the structural and biomechanical hetero-
geneity of human abdominal aortic aneurysm tissue along the length and circumference
of the aorta by means of regional ex vivo and in vivo properties. Results uniquely show
the importance of regional characterization for aortic assessment and the need to correlate
heterogeneity at the tissue level with non-invasive measurements aimed at improving
clinical outcomes.

Messenio et al. [5] compared the intraocular pressure (IOP) measured by the Goldmann
applanation tonometer (GAT) and by a pressure transducer inserted into the anterior
chamber of pig eyes in vitro. Mechanical properties were also measured for the corneas
of the analyzed pig eyes. As a novel result, statistical analysis revealed a correlation
between the corneal mechanical properties and IOP measured by GIOP. Obtained data
showed a discrepancy between the values of IOP measured by GAT and by the pressure
transducer, more evident for softer and thinner corneas, which is very important for
glaucoma detection.
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Abstract: The current clinical guidelines for the management of aortic abdominal aneurysms (AAAs)
overlook the structural and mechanical heterogeneity of the aortic tissue and its role in the regional
weakening that drives disease progression. This study is a comprehensive investigation of the
structural and biomechanical heterogeneity of AAA tissue along the length and circumference of the
aorta, by means of regional ex vivo and in vivo properties. Biaxial testing and histological analysis
were performed on ex vivo human aortic specimens systematically collected during open repair
surgery. Wall-shear stress and three-dimensional principal strain analysis were performed to allow
for in vivo regional characterization of individual aortas. A marked effect of position along the aortic
length was observed in both ex vivo and in vivo properties, with the central regions corresponding
to the aneurysmal sac being significantly different from the adjacent regions. The heterogeneity
along the circumference of the aorta was reflected in the ex vivo biaxial response at low strains and
histological properties. Present findings uniquely show the importance of regional characterization
for aortic assessment and the need to correlate heterogeneity at the tissue level with non-invasive
measurements aimed at improving clinical outcomes.

Keywords: abdominal aortic aneurysm; biaxial testing; mechanical properties; in vivo strain; wall
shear stress; inflammation; regional variations; heterogeneity

1. Introduction

An abdominal aortic aneurysm (AAA) is a slowly progressing disease that affects the
wall of the abdominal aorta and results in the asymptomatic enlargement of the artery
until rupture, which is associated with high mortality. The clinical management of aortic
aneurysms is challenging and mostly based on an assessment aimed at weighing the risk of
surgery-related complication versus the risk of catastrophic rupture. The maximum aortic
diameter (greater than 5 cm) is considered the indicator for elective aortic repair; however,
this approach has been proved to lead to suboptimal patient prioritization resulting in
many cases of critical aneurysms left untreated or, in contrast, unnecessary interventions
on stable aneurysms.

In recent years, different studies highlighted the inadequacy of the diameter criterion
by pointing out the high level of heterogeneity in the aneurysmal tissue and its impact
on the risk of rupture of individual aortas [1–5]. Aneurysm initiation and progression are
multifactorial processes linked to the tissue’s heterogeneous remodeling and structural

Appl. Sci. 2021, 11, 3485. https://doi.org/10.3390/app11083485 https://www.mdpi.com/journal/applsci3
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degradation in response to the local environment, including both mechanical (altered
hemodynamics) and biological factors (inflammation, presence of intraluminal throm-
bus) [6–8]. Considering only the diameter as a metric for rupture risk fails to capture the
localized structural weakening and decrease in wall strength that drive aneurysm growth
and rupture in individual aortas. In this context, the aortic diameter provides clinicians
with limited information and ultimately does not account for inter- and intra-patient het-
erogeneity. It is therefore essential to fully characterize the local structural and mechanical
changes in the aneurysmal tissue with respect to disease progression and rupture potential.
This will assist in improving the aortic assessment for clinical purposes through correlation
of the heterogeneity at the tissue level with non-invasive measurements.

Uniaxial tensile tests have been used to study the mechanical behaviour of aortic
tissue ex vivo [9–11]. However, planar biaxial tests better represent the in vivo loading
conditions of the artery and allow for a more appropriate characterization of the three-
dimensional mechanical response of the aorta given tissue anisotropy and coupling of
fibers in two orthogonal directions. Due to the specifics of AAA-related interventions
resulting in minimal tissue being excised, as well as the overall AAA tissue fragility, there
is a limited number of biaxial studies in the area [12–15]. Even less studies are concerned
with heterogeneity of the AAA wall, with the focus being towards the heterogeneity along
the circumference of the aorta [16]. Axial heterogeneity (along the length of the aorta)
of ex vivo mechanical properties is absent in the literature. Therefore, a comprehensive
assessment of the heterogeneity in both circumferential and axial directions is necessary to
fully understand the localized changes in the aneurysmal wall.

As the mechanical behavior of the aorta depends heavily on its microstructure, the
assessment of microstructural components in the aortic wall—in terms of content as well as
architecture and organization—is essential to fully understand the pathological remodeling
associated to disease progression and material properties change. While a reported increase
in the collagen-to-elastin ratio is thought to alter the wall structure and thus alter its
mechanical response, there is no literature data investigating the heterogeneity of the aortic
wall composition along the length and circumference of the aorta [2,17,18].

Immunohistochemical (IHC) analysis provides important information on cellular
mechanisms of AAA development and progression. Inflammation and macrophage infil-
tration are thought to have a significant role in the progressive degradation and remodeling
of the extracellular matrix [19]. The primary cells involved in AAA inflammatory response
are T-cells and macrophages [20]. Researchers have correlated the distribution of these
cells with aneurysm rupture site, intra-luminal thrombus development, and overall disease
severity [21]. IHC analysis has been used previously to investigate the regional distribution
of inflammatory cells in AAA tissue [16]. However, only circumferential heterogeneity has
been reported.

The invasive assessment of the aortic tissue, although central in improving the under-
standing of disease progression and aortic rupture, represents the first step towards the
improvement of clinical guidelines for an accurate, patient-specific evaluation of rupture
risk. Equally important is the need to obtain non-invasive means to access information
on the state of individual aortas. To this effect, there have been several efforts to model
the biomechanics of AAAs, both fluid and solid, that have led to so-called biomechanics-
based indices as a surrogate measure to estimate growth and rupture risk [4,5,22,23]. The
heterogeneity along the length and circumference of the aorta should be incorporated
in these parameters.

In the current study, biaxial testing and histological analysis were performed on
human aortic specimens ex vivo. Tissue samples were obtained from a population of open
surgical repair patients in order to characterize the heterogeneity of mechanical properties
and inflammatory processes of the aneurysmal tissue along the length and circumference
of the aorta. Similarly, a series of non-invasive in vivo image-based parameters were
obtained along the length and circumference of each aneurysm, namely computational
fluid dynamics-based wall-shear stress and three-dimensional principal strain. Hence,

4



Appl. Sci. 2021, 11, 3485

this work provides a comprehensive investigation of the structural and biomechanical
heterogeneity of the abdominal aortic aneurysm.

2. Materials and Methods

2.1. Patients and Aortic Tissue Samples

Aortic tissue samples were obtained from a population of AAA patients who con-
sented to participate in the study between 2016 and 2020. The research protocol, approved
by the University of Calgary Conjoint Health Research Ethics Board (Ethics ID: REB15-0777)
included pre-operative electrocardiography-gated dynamic computed tomography (CT)
imaging and open surgical aneurysm repair with complete aortic resection that allowed
for the collection of specimens from different regions (i.e., aneurysm sac, aneurysm neck,
anterior, posterior, left, right) of individual aortas. A sampling grid with 24 regions (or
patches) was utilized in the systematic harvesting of aortic samples. Patches were defined
perpendicularly to the lumen centerline of each aortic geometry reconstructed from the first
phase of the dynamic CT scans (Figure 1a). Specifically, the 24 regions resulted from the
subdivision of each aortic geometry into 6 regions along the length of the vessel (‘1’—neck,
‘6’—bottom; average patch length along the centerline was 20 ± 4 mm) and 4 regions along
the circumference (‘L’ and ‘R’—left and right sides of the aneurysm, ‘P’ and ‘A’—anterior
and posterior sides of the aneurysm with respect to the geometry centerline). Both the
lumen and outer aortic wall were reconstructed by means of image processing and semi-
automatic, threshold-based image segmentation with the imaging software Simpleware
ScanIP (Synopsys Inc., Mountain View, CA, USA). The use of a sampling grid was central
to the study as it facilitated tracking of specimen locations and regional analysis of both ex
vivo and in vivo properties.

Figure 1. (a) Methodology summary and demonstration of the sampling grid defining the circumferential regions (RP—right
posterior, LP—left posterior, RA—right anterior, LA—left anterior) and axial regions (1 to 6) of an aneurysm. (b) Biaxial
testing setup and representative specimens: normal-sized specimen with four hooks per side and smaller specimen with
two hooks per side. The latter is shown to fail due to tissue fragility. (c) A 3D representation of the biaxial data for a
displacement-controlled test with different loading ratios. The surface interpolation is used to determine the equi-biaxial
stretch-stress state. Stress and stretch are defined in the circumferential direction (11) and the longitudinal direction (22).
(d) A 2D representation of the equi-biaxial stretch state and determination of all relevant mechanical properties—the low
and high tangential modulus (LTM and HTM), the transition zone onset and end (TZo and TZe).
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2.2. Ex Vivo Analysis
2.2.1. Biaxial Testing and Data Analysis

Biaxial testing was carried out on a four-motor biaxial testing system (ElectroForce
Systems, TA Instruments, Springfield, MO, USA, Figure 1b), designed to allow indepen-
dent control of each motor. Full-thickness tissue samples were cut into squares (target
dimensions—10 × 10 mm) and mounted to the four linear motors via sutures and hooks
(Figure 1b). Four hooks per side were used to minimize edge effects and ensure homo-
geneous strain distribution at the center of specimens [24]. In the case of samples with
dimensions too small to accommodate four hooks, two hooks per side were used as recom-
mended in Slazansky et al., 2016 [24]. Samples were carefully oriented with direction (11)
corresponding to the direction along the circumference of the aorta (circumferential di-
rection), and direction (22) along the length of the aorta (longitudinal direction). The
thickness and side-to-side distances (where sides were assumed along the points of hooks
attachment) were measured using a caliper. Five dots were drawn on the sample central
region using a surgical skin marker to provide distinguishable marks that can be tracked
by the overhead camera. A high-resolution digital video extensometer (DVE) camera
(640 × 480 pixel resolution, 55 m focal length, 200 frames per second) mounted above the
test specimen was used to track the dots, producing deformation measures at the central
region of the sample. When testing a tissue’s response, the in vivo environment must be
mimicked. As such, the sample was fully immersed in a (PBS) solution at 37 ◦C and pH 7.4.

Prior to testing, a pre-load of 0.05 N was applied to avoid sagging effects due to
sutures slack. Loading of the sample was recorded using two load cells (22 N). At first, due
to AAA tissue fragility and a high risk of premature tearing, displacements resulting in
a simultaneous 20% increase of the distances between parallel sides of the sample were
assigned. Then, to achieve a wider range of mechanical responses, the sample was extended
with different ratios of these initial displacements. Next, the procedure was repeated for
larger loadings, namely 40% and 60%. For each test, samples were conditioned by running
the test for 5 cycles at a rate of 0.6 mm/s. Over 30% of the specimens failed prematurely
due to disruption of tissue by hook tear-through or delamination (Figure 1b). For the
surviving specimens, the data was collected from the last cycles of the tests associated with
the 40% displacement protocol.

The principal stretches λ11 and λ22 were calculated from the deformations of the center
of the specimen enclosed by the tracked markers [25]. The Cauchy stresses σ11 and σ22 were
determined from the forces required to displace the specimen’s sides along two directions
multiplied by the corresponding principal stretch and divided by the undeformed area (i.e.,
the corresponding side length times thickness). The three-dimensional stress–stretch curves
derived from the biaxial tests for a representative specimen are shown in Figure 1c. We
specify that the assigned displacements do not necessarily produce equivalent deformation
data points (λ11, λ22) for different specimens because we do not control λ11:λ22 ratios [25]. In
order to achieve mutual comparison between specimens, one option is to apply constitutive
modelling and produce comparable stress–stretch data points, for which different effective
mechanical properties such as stiffness and transition strains could be determined. To
bypass the constitutive modelling stage, we reached the same result by fitting a surface to
the data in the three-dimensional space and interpolating the stresses σ

eq
11 and σ

eq
22 at the equi-

stretch deformation state (i.e., λ11 = λ22 = λeq). This analysis was conducted in MATLAB
(version R2018a; MathWorks, Natick, MA, USA). The equi-biaxial mechanical response
for a representative dataset is shown in Figure 1 in both 3D (Figure 1c) and 2D (Figure 1d)
versions. Repeating the procedure for all the specimens allows comparison of the tissues’
mechanical properties at an equivalent deformation state. This approach represents an
attractive alternative to constitutive modelling when finite element simulations are not the
end goal.

The curves obtained from testing were then used to calculate the mechanical proper-
ties using a custom software pipeline developed in Python (version 3.7.6; Python Software
Foundation). All mechanical parameters are shown in Figure 1d for an example of unpro-
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cessed equi-biaxial stress-stretch response in the circumferential direction (11). Data was
first processed using a Savitsky–Golay digital filter, which relies on a local least-squares
polynomial approximation to reduce noise without distorting the signal [26]. The linear
regions of the curves can be described with a low-strain tangential modulus (LTM) and
high-strain tangential modulus (HTM) which characterize the elastin-based and collagen-
dominated response of the tissue, respectively [27,28]. These two linear regions are sep-
arated by a non-linear transition zone where the load is shared by varying proportions
of collagen and elastin (Figure 1d). To determine LTM, HTM, and the transition zone, a
polygonal approximation of the curve was generated using a Ramer–Douglas–Peucker
(RDP) algorithm [29] with a fixed deviation value of 0.025 to produce a high-precision fit.
LTM and HTM were evaluated as the slopes of the first and last segment, respectively,
while the transition zone onset (TZo) and transition zone end (TZe) were found as the start
and end points of the transition zone between the LTM and HTM segments (Figure 1d).
For curves with two segments or less, there was deemed to be no transition zone. A visual
representation of RDP and original curves were overlaid to confirm fit. Given the marked
difference in AAA mechanical behavior with respect to direction, the level of mechanical
anisotropy was also investigated for each mechanical parameter (MP) extracted from the
biaxial response of the tissue samples as the ratio of the response in the circumferential
direction to the response in the axial direction (MP11/MP22).

2.2.2. Histological Analysis

Histological analysis involving Musto/Movat pentachrome staining to evaluate
elastin, proteoglycans, and smooth muscle cells content was performed at the Calgary
Laboratory Services (Core Pathology Laboratory). Aortic specimens were fixed with 10%
buffered formaldehyde solution immediately after collection, embedded in paraffin on edge
and cut at 4 μm sections. Each stained sample was then analyzed by means of colorimetric
analysis through the Aperio ImageScope software (version 12.3; Leica Biosystems Inc.,
Concord, ON, Canada). A positive pixel algorithm, validated through the Core Pathology
Laboratory, was used to detect the color black, cyan, and magenta to assess the relative
area of elastin, proteoglycans and vascular smooth muscle cells, respectively, and estimate
their content in the specimens. The results of the colorimetric analysis was reported as a
stained area (mm2) within the total analyzed region (mm2).

2.2.3. Immunohistochemical Analysis

IHC analysis involving immunostaining was performed at the Calgary Laboratory
Services (Core Pathology Laboratory). Aortic tissue samples were fixed with 10% buffered
formaldehyde solution upon harvesting in the operating room, embedded in paraffin, on
edge, and cut at 4 μm sections. A Dako EnVision Flex Detection Kit (Agilent Technologies,
Santa Clara, CA, USA) was used for the evaluation of inflammatory cells; specifically, the
presence of the following markers was quantified: helper T-cells (CD4+), cytotoxic T-cells
(CD8+), and macrophages (CD68+) [4]. This ready to use kit was used to the manufacturer’s
specifications (no dilution or secondary antibody retrieval necessary) with batch controls
(tonsil). Analysis for CD4 (SP35) was run with H15 × 15 (15 min antibody incubation,
15 min detection kit incubation) at 1/25, for CD8 (C8/144B) with H20 × 20, and for CD68
(KP1) with H15 × 20. IHC analysis was performed in order to characterize and quantify
the level of inflammation in the media and adventitia layers as the mean number of cells
per 1 mm2 specimen area. The immunostaining was counterstained with hematoxylin
allowing the discrimination of the adventitia layer from the media layer. The presence of
each marker was evaluated by manually counting the positively stained cells in a 1 mm2

area identified as a hot-spot with the highest density of stained cells.

2.3. In Vivo Analysis

A series of in vivo analyses were performed to characterize each patch defined on
the aortic geometries and allow for the correlation of in vivo and ex vivo measures on
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corresponding regions. For this reason, each descriptor derived from the in vivo analysis
was obtained as a continuous distribution on the aorta’s surface geometry as well as region-
averaged distribution on the 24 regions defined on each geometry as an intra-operative
sampling grid.

2.3.1. Wall Shear Stress

The evaluation of the wall shear stress was performed by means of computational fluid
dynamic (CFD) simulations in order to characterize the local fluid dynamic patterns and
quantify local hemodynamic disturbances. The reconstructed geometry of the aortic lumen
for individual aortas was imported in Icem (version 2019.2; Ansys, Canonsburg, PA, USA)
and discretized into tetrahedral elements with a final mesh density of approximately 2 to
3 million elements selected following a mesh sensitivity analysis. The use of a boundary
layer consisting of prismatic elements allowed for an improved result accuracy at the
geometry boundary where the variable of interest, the wall shear stress, was computed.
The CFD commercial software Fluent (version 2019.2; Ansys, Canonsburg, PA, USA) was
used to run transient-time simulations and reproduce the aortic fluid dynamics during a
cardiac cycle. A semi-implicit method for pressure-linked equations (SIMPLE algorithm)
was employed to couple pressure and velocity and solve the Navier–Stokes equations for
the blood modelled as an incompressible, Newtonian fluid undergoing laminar flow [4,5].
A second order upwind formulation and a second order implicit transient formulation
were used for spatial and temporal discretization respectively. Boundary conditions were
imposed in order to enable a solution of the fluid flow equations. Specifically, a veloc-
ity boundary condition was defined at the computational domain inlet [30], an outflow
boundary condition was prescribed at the outlets with 50% flow division into each of the
iliac arteries and a no-slip condition was imposed at the wall of the fluid domain (fluid
interface) assumed as rigid. The results of CFD simulations were post-processed to derive
the time-averaged wall shear stress (TAWSS) representing the shear-stress loading on the
aortic wall averaged over the cardiac cycle as expressed by the equation

TAWSS =
1
T

∫ T

0
|WSS(s, t)|dt, (1)

where T is the duration of the cardiac cycle and WSS(s,t) is the magnitude of the wall shear
stress vector at a specific location (s) and time (t).

2.3.2. Maximum Principal Strain

Three-dimensional principal strain analysis was performed in vivo on dynamic CT
images by means of proprietary software ViTAA (Virtual Touch Aortic Aneurysm—patent
WO-2018/068153-A1) [31,32]. The strain analysis relied on an optical flow-based algorithm
and used a triangular surface mesh of the outer aortic wall as a 3D tracking model in
order to measure the displacement of each mesh node over the cardiac cycle and derive
the deformation gradient. Finally, the in vivo principal strain was computed from the
Green-Lagrange tensor [31,32].

2.4. Statistical Analysis

The statistical analysis was completed using a custom software pipeline developed
using the SciPy, Pingouin, and Statsmodels packages in Python [33–35]. The normality of
all continuous variables was assessed using the Shapiro–Wilk test. Variables that did not
pass an initial significance threshold of 0.05, were subjected to a Box–Cox transformation.
Normality was also assessed visually through histograms and QQ (quantile-quantile) plots.
The equivalence of variance for each continuous variable along position (categorical) was
assessed through the Levene test with a threshold of 0.05. A linear mixed effect model
was used to assess the relationships presented in this study, with inter-patient variability
set as a random effect. The significance threshold was set to 0.05 for all models. Due
to the robustness of these models to violations of the distributional assumptions, the
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significance for the Shapiro–Wilk test after the Box–Cox transformation was set to 0.1 [36].
The normality and heteroscedasticity of the residuals of all linear mixed effect models were
assessed through the Shapiro–Wilk and the White test respectively.

3. Results

A total of 12 patients referred to elective AAA open repair surgery gave consent to be
enrolled in the study (mean age 65 ± 6 years, 92% males). Hypertension was reported in
7 patients in the population (58%). Four patients (33%) presented dyslipidemia, with one
patient also presenting coronary artery disease, while two patients (17%) in the population
presented peripheral vascular disease.

The average maximum diameter for the population was 4.94 ± 0.85 cm, with 4 patients
(33%) selected for surgery because they presented critical complications (e.g., penetrating
atherosclerotic ulcer, acute ischemic leg, rapid aortic growth, peripheral vascular disease)
despite having a maximum aortic diameter lower than 5 cm (i.e., current clinical threshold
used for surgical decision). The study protocol included open repair procedure with
complete aortic resection resulting in the aorta not being opened during surgery with
consequent minimal blood loss for the patients. The procedure led to an average length of
stay of 7.7 days for the patients, consistently with the average length of stay reported for
cohorts receiving open repair surgery without complete aortic resection.

The shape of the AAA varied across patients. Position 1 was associated with the
neck for all patients and exhibited no dilatation; this region was considered a non-dilated
tissue control in the longitudinal heterogeneity analysis. Position 2 exhibited no dilatation
in 5/12 patients with the remaining patients having some dilatation beginning in this
area. Position 3, 4, and 5 were the central regions of the aneurysm and exhibited the most
growth with the largest dilatation being present in position 3 for 6/12 patients, position
4 for 4/12 patients, and position 5 for 4/12 patients. In some cases where the maximum
dilatation spanned multiple regions, both positions were accounted for. For position 6,
6/12 patients exhibited a decrease in dilatation while for the rest of the patients, this area
remained largely dilated. A double aneurysm, where two separate dilatations are present
along the abdominal aorta, was seen in 3/12 patients, with the first generally present
around position 3 and another area of growth at position 5 and 6.

The results reported below concern the changes of selected ex vivo and in vivo prop-
erties along the length and circumference of the aorta. Only statistically significant results
are reported and discussed.

3.1. Ex Vivo Analysis
3.1.1. Biaxial Mechanical Response of the Aortic Tissue

With approximately 30% of the specimens failing due to rupture during experimental
set-up or during the initial testing protocol before reaching the 40% displacement pro-
tocol, a complete biaxial test was feasible for 24 aortic samples from 7 aneurysms. The
average LTM characterizing the linear region of the tissue’s response for the analysed
specimens was 298.3 ± 267.3 KPa and 359.8 ± 380.7 KPa in the circumferential (11) and
longitudinal (22) direction respectively, with an average anisotropic index of 1.73 ± 4.31.
The average HTM was found to be 3121.0 ± 1666.1 KPa in the circumferential direction
and 3381.3 ± 2605.4 KPa in the longitudinal direction, with an average anisotropic index
of 2.27 ± 5.43. The tangential modulus at both low and high strain was not significantly
different in the circumferential versus longitudinal direction.

The LTM did not present a significant effect of position along the aortic length, but
showed a statistically significant effect of position along the circumference (Figure 2a,b).
Samples collected from the left regions of the aorta exhibited higher LTM in the circumfer-
ential direction (p = 0.039 for left-posterior versus right-anterior; p = 0.061 for left-posterior
versus right-posterior) and higher LTM in the longitudinal direction (p = 0.044 for left-
anterior versus right-anterior; p = 0.027 for left-anterior versus right-posterior).
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Figure 2. Heterogeneity of the selected ex vivo biaxial mechanical properties along the circumference of the AAA. (a) Low
tangential modulus (LTM) in the circumferential direction (11). (b) Low tangential modulus (LTM) in the longitudinal
direction (22). * indicates p value < 0.05.

Of note, a statistically significant effect of position along the aneurysm length was
observed for the circumferential HTM (Figure 3a). In particular, the aneurysm neck region
in position 1 exhibited higher circumferential HTM compared to the aneurysmal sac regions
corresponding to position 3 (p = 0.001), position 4 (p = 0.053), and position 5 (p = 0.010).
An effect of position was also observed for the HTM anisotropic index. The index was
transformed through an exponential function to obtain a normal distribution. Thus, a
positive number indicates a preferred fiber directionality in the circumference direction
while a negative number is associated with axially oriented fibers. As these numbers
approach 0, the material behaves more isotropically. The samples collected from regions in
position 3 showed lower anisotropy and reached statistical significance when compared to
the mechanical response characterizing position 2 or 4 (p < 0.05) (Figure 3b).

Figure 3. Heterogeneity of the selected ex vivo biaxial mechanical properties along the length of the AAA. (a) High
tangential modulus (HTM) in the circumferential direction (11). (b) High tangential modulus anisotropy. (c) Transition
zone onset (TZo) in the circumferential direction (11). (d) Transition zone end (TZe) in the circumferential direction (11).
* indicates p value < 0.05, ** indicates p value < 0.01 and *** indicates p value < 0.001.
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The non-linear transition zone of the stress-stretch curve for each AAA sample was
described by means of TZo and TZe. The average TZo for the analyzed specimens was
5.3 ± 5.1 KPa in the circumferential direction and 6.1 ± 4.6 KPa in the longitudinal direction,
with an average anisotropic index of 2.31 ± 6.36. The average TZe was found to be
27.8 ± 13.8 KPa and 35.0 ± 28.4 KPa respectively in the circumferential and longitudinal
direction (average anisotropic index was 1.52 ± 1.84). The effect of position along the
length of the artery on the parameters describing the transition zone was observed for the
circumferential direction (Figure 3c,d), with samples in the central region in position 3
showing lower TZo (p < 0.001 compared to position 2 and 4; p = 0.06 compared to position 6)
and TZe (p < 0.05 compared to position 2 and 4; p = 0.083 compared to position 6). The
parameters describing the transition zone showed no significant effect of position along
the aortic circumference.

3.1.2. Aortic Media Composition

Histological samples were collected from a subgroup of 9 patients and aortic composi-
tion was evaluated by means of Musto/Movat pentachrome staining to identify elastin,
proteoglycans, and smooth muscle cells content for a total of 109 samples. Fifty-six samples
(51%) had no discernible media layer and had to be excluded. Figure 4 shows a represen-
tative histology for two AAA specimens. The average elastin content for the histological
specimens was 23.6% ± 10.3%, average smooth muscle cells content was 55.0% ± 16.5%
and average proteoglycans content was 21.5% ± 6.5%.

Figure 4. Representative histology showing aortic composition visualized with Musto/Movat
pentachrome stain in the neck—region RA1 (column a) and aneurysmal dilatation—region LA3
(column b) for one AAA patient in the population. The layers in each histology from top to bottom
are: adventitia, media, and intima. Images at 2× (top) and 10× (bottom) magnification are shown.

The composition of the media layer showed no statistically significant effect of spec-
imen position along the length of the aorta (positions 1 to 6). A significant effect of cir-
cumferential position (right-posterior, left-posterior, right-anterior, left-anterior) on elastin,
smooth muscle cells and proteoglycans content was observed (Figure 5), with specimens in
anterior positions showing lower elastin content, higher smooth muscle cells content and
lower proteoglycans content compared to posterior regions. Specifically left-anterior versus
left-posterior, left-anterior versus right-posterior, right-anterior versus right-posterior, and

11



Appl. Sci. 2021, 11, 3485

right-anterior versus left-posterior (p < 0.01 for elastin and smooth muscle cells contents
and p < 0.04 for proteoglycans content) (Figure 5).

Figure 5. Heterogeneity of content along the circumference of the AAA for the aortic wall constituents (a) elastin, (b) smooth
muscle cells, and (c) proteoglycans in the media of histological aortic samples. * indicates p value < 0.05, ** indicates
p value < 0.01.

3.1.3. Markers of Inflammation

A subgroup of 7 patients allowed for the collection of aortic tissue specimens for
which immunohistochemical analysis was feasible. Cell count for inflammation was
therefore performed on 46 aortic samples, while several specimens had a very thin or
absent media layer determining their exclusion from the analysis. The average cell count
was 37. 8 ± 49.4 cells/mm2 and 183.1 ± 429.5 cells/mm2 for the helper T-cells (CD4+) in
the media and adventitia layer respectively, 42.0 ± 49.9 cells/mm2 and 92.8 ± 127.3
cells/mm2 for cytotoxic T-cells (CD8+), and 22.2 ± 29.1 cells/mm2 and 45.3 ± 37.9
cells/mm2 for the macrophages (CD68+). Figure 6 shows a representative immunos-
taining image from IHC analysis with inflammatory infiltrate of CD4+, CD8+, and CD68+
cells for two AAA specimens.

Overall, the adventitia layer showed a significantly higher presence of inflammation
markers compared to the media layer (p < 0.05 for CD4+, p < 0.05 for CD8+, p < 0.01 for
CD68+). The adventitia layer also showed an effect of position observed for the CD4+
and CD8+ markers, with specimens collected from the central regions of the aorta, located
in the aneurysmal dilatation, showing higher content of the two inflammatory infiltrates
(Figure 7a,b). Of note, the samples collected from region 2 corresponding to the aneurysm
neck showed statistically significant lower presence of CD4+ and CD8+ markers in the
adventitia layer compared to samples in position 4 (p = 0.036 and p = 0.004 for CD4+ and
CD8+ respectively). No significant differences were observed in the media layer in terms
of inflammation and inflammatory infiltrate content with respect to position.
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Figure 6. Representative images from immunostaining showing inflammatory infiltrate of CD4+,
CD8+ and CD68+ cells in the neck—region RA1 (column a) and aneurysmal dilatation—region RA3
(column b) for one AAA patient in the population. The adventitia and media layers are in the top
and bottom half of each image, respectively. All images are at 10× magnification.

Figure 7. Heterogeneity of cell counts along the length of the AAA for the inflammatory infiltrates (a) helper T-cells (CD4+)
and (b) cytotoxic T-cells (CD8+) in the adventitia layer of the selected samples undergoing ex vivo immunohistochemical
analysis. * indicates p value < 0.05, ** indicates p value < 0.01.

3.2. In Vivo Analysis

The in vivo analysis was performed to obtain the CFD-based TAWSS distribution on
the luminal surface of the aortic geometry and the maximum principal strain distribution
derived from dynamic CT images on the outer wall surface of the artery. The in vivo
analysis of maximum principal strain and wall shear stresses did not require invasive
measurements and was conducted for a larger cohort of aneurysms (n = 12) including
the ones selected for the ex vivo analysis. For TAWSS and maximum principal strain, a
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region-averaged distribution was obtained in order to characterize the same regions (24 on
each aorta) with an average value.

The mean region-averaged TAWSS for the study cohort was 0.50 ± 0.24 Pa. A signifi-
cant effect of position along the length of the aorta for the TAWSS was observed (Figure 8a).
The central regions across the aortic geometries—namely, regions 3, 4, 5—presented lower
TAWSS resulting from the slow and highly recirculating flow patterns that characterized
the aneurysmal dilatation, while regions upstream (aneurysm neck region 1 and 2) and
downstream the dilatation (region 6) presented a more organized, high-velocity flow that
corresponded to higher TAWSS values. Of note, region 1 was characterized by statistically
significant higher TAWSS compared to any other region (p < 0.001) while region 2 was
characterized by significantly higher TAWSS compared to the more central regions in
position 3 (p = 0.004) and position 4 and 5 (p < 0.001). The same central regions showed
significantly lower TAWSS with respect to the areas in position 6 downstream the aneurysm
sac (p = 0.023 with respect to position 3, p < 0.001 with respect to position 4 and 5).

Figure 8. Heterogeneity of the in vivo properties along the length of the AAA. (a) TAWSS. (b) Maximum principal strain.
* indicates p value < 0.05, ** indicates p value < 0.01 and *** indicates p value < 0.001.

The in vivo strain analysis performed on dynamic ECG-gated CT images was feasible
for 11 patients in the study population, as the scan for one patient did not meet the inclusion
criteria due to poor image quality. The mean region-averaged maximum principal strain for
the population was 0.03 ± 0.01. Once again, the regional analysis pointed to a significant
effect of position along the length of the aorta (Figure 8b), with central patches exhibiting
smaller strain compared to the aneurysm neck and downstream locations. In particular,
the neck region in position 1 presented a significantly larger strain compared to any of the
central regions (p = 0.02 for region 3, p < 0.001 for regions 4 and 5).

Both in vivo variables of interest showed no significant effect of position along the
circumference of the aorta.

An interesting relationship was found when comparing the TAWSS for the aortic re-
gions with collected specimens showing no discernible media layer versus discernible me-
dia layer. The aortic tissue showing highly compromised composition with no clearly dis-
cernible media layer presented statistically significant lower TAWSS (p < 0.001) (Figure 9).

Figure 9. TAWSS for specimens showing no discernible media layer versus discernible media layer.
*** indicates p value < 0.001.
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4. Discussion

The present study aimed at investigating the structural and biomechanical hetero-
geneity of aortic aneurysmal tissue, with respect to the position along the length and
circumference of the artery. Both invasive and non-invasive image-based measures were
performed on regions of AAAs for a population of patients referred to elective surgery.
Specifically, open repair surgery involving complete aortic resection allowed for the col-
lection of tissue specimens from different regions along the aorta, enabling the ex vivo
regional characterization of the aneurysmal tissue by means of biaxial testing, with novel
biaxial parameters and histological analysis. It is important to note that studies on the ex
vivo characterization of aneurysmal tissue often focus on one specimen as representative of
the aneurysm or on few samples mostly collected from the anterior portion of the aorta [12].
For this reason, research dealing with regional differences has often been carried out on
animal models in order to compensate for the limited availability of human tissue [14,15].

Biaxial mechanical testing of AAA tissue enables accurate assessment of the coupling
of fibers in two orthogonal directions—and thus of anisotropy—spanning a range of
physiological stresses/strains. However, studies focusing on biaxial testing are scarce
due to aneurysmal tissue fragility. In our study, more than 30% specimens failed before
reaching the 40% displacement protocol. The remaining specimens required extremely
delicate handling.

Alterations in the biomechanical properties of the AAA are attributed to the changes
in the structure of the extracellular matrix (ECM) constituents, mainly the elastin and
collagen fibers. The low-strain tangential modulus (LTM) is associated with the behavior
at low strain often attributed to the elastin component. The onset stress at the beginning of
the transition zone (TZo) marks the instant when the collagen begins to engage and resist
the applied loading. The end of the transition zone (TZe) is indicative of the collagen in
the tissue being fully activated and the transition from the elastin-dominated mechanical
response to the collagen-dominated response is complete. Finally, the high-strain tangential
modulus (HTM) captures the fully engaged collagen-associated behavior.

The LTM was the only mechanical parameter found to be significantly affected by
the position along the circumference of the AAA. The LTM is associated with the elastin-
dominated region of aortic tissue behavior. Thus, this asymmetry could be associated with
varying distributions of elastin content. In fact, the left patches of AAAs were found to
have higher elastin content, which was clearly reflected in the biaxial data showing higher
LTM in the left-anterior (LA) and left-posterior (LP) regions. Similarly, histological samples
collected from posterior regions showed higher elastin content reflected in the trend
towards higher LTM for posterior biaxial specimens. Interestingly, significant differences
in LTM were associated with opposing circumferential regions.

Other studies also reported the heterogeneity along the circumferential regions of the
aorta [11,37]. However, their assessment was based on uniaxial biomechanical parameters,
and thus, their results are true for the high-strain mechanical response only with no
consideration for the coupling of fibers in two orthogonal directions. The present study, to
the best of the authors’ knowledge, is the first to report circumferential heterogeneity at the
low strain regime (LTM).

Regarding the axial heterogeneity, there was no effect of the position along the length
of the aorta on LTM values, potentially due to the higher variability in LTM, especially in
the aneurysmal sac (position 3 and 4).

The present results show that the collagen-related biaxial properties TZo, TZe, and
HTM in the circumferential direction were significantly different for tissue samples col-
lected from different regions along the length of the AAA (positions 1 to 6). This key result
suggests that the pathology has a variable effect on the collagen fibers—which are ori-
ented predominantly in the circumferential direction—along the different segments of the
aneurysm resulting in longitudinal heterogeneity. Literature findings show that aneurysm
progression results in the alterations of various biaxial properties along the circumferential
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direction (11) of AAAs [12]. However, variation of these circumferential changes along the
length of AAA, to the best of the authors’ knowledge, have not been addressed.

Despite the lack of studies, the longitudinal heterogeneity of the circumferential
response of the tissue may be due to the large fluctuations in diameter along the aortic
geometry in the presence of an aneurysmal dilatation. Collagen has a relatively short
half-life and newly deposited collagen at locations corresponding to large circumferential
dilatation may present lower fiber ondulation [38]. Future studies should explore how
collagen fibers change along the length of the AAA.

When compared to other regions along the length of the aorta, the aneurysm neck
(position 1) was found to be the stiffest, with significantly higher circumferential HTM
(direction 11). The aneurysm neck’s tissue could be considered as representative of the
non-dilated tissue given its position upstream the enlargement. In this case, we would
obtain opposite result with respect to other studies that report the aneurysmal tissue
as stiffer compared to a healthy control [12]. In contrast, our results suggest that the
presence of an aneurysm leads to a decrease in HTM/stiffness along the length of the aorta
as it dilates within the same patient. In fact, position 3 (located in the aneurysmal sac)
exhibited both the lowest HTM and the largest diameter within our investigated subset of
patients. Previous studies have shown that the collagen present in the aneurysmal tissue is
more disorganized, as well as thinner and more elongated, potentially resulting in lower
circumferential HTM at sites of advanced disease progression versus non-dilated tissue
such as the neck [39].

In contrast to previous studies [12,40], we did not observe a pronounced anisotropy
when analyzing the specimens altogether. In particular, the neck (position 1) and the
region downstream of the aneurysm (position 6) were observed to be isotropic. However, a
significant difference was observed in the anisotropy associated with HTM with respect to
the longitudinal position within the body. Position 3 had a tendency towards a preferred
longitudinal fiber directionality, while the adjacent patches (position 2 and 4) exhibited pre-
ferred fiber directionality in the circumferential direction. The drastic change in anisotropy
associated with position 3 indicates the disorganization of circumferentially aligned colla-
gen fibers in the aneurysmal sac resulting in a lower circumferential HTM as seen in this
study, but little change in longitudinal HTM. The heterogeneity of the tissue’s mechanical
response may explain the inconsistency between the present results and other studies, in
which only one sample was excised from the aneurysm and, thus, was representative of
only one region.

The infamous position 3 (in the aneurysmal dilatation) had the lowest TZo and TZe
along the length of the artery and was significantly different compared to adjacent patches.
This suggests that collagen is becoming activated and the tissue is transitioning into a
collagen-dominated behavior at lower stresses. The earlier collagen activation may be due
to the elastin being depleted in the area of the aneurysm compared to adjacent regions as
the collagen replaces it to provide mechanical support. This transition appears to be related
to the position/geometry of the aneurysm. As previously noted, position 3 generally
was the most dilated area of the AAA. The outliers for TZo and TZe in position 3 and
4 originated from the same patient which presented with position 4 associated with the
largest diameter.

Histological samples allowed for the analysis of aortic wall structure and composition
as it relates to the mechanical properties of the aorta. More than 50% of these specimens
presented non-discernible media, indicative of high degeneration and loss of structural
integrity in the aortic tissue under investigation. Elastin, smooth muscle cells, and proteo-
glycans contents were assessed in the remaining samples. While elastin has been reported
to be reduced in aneurysms [17], with ruptured AAAs presenting lower elastin content
than non-ruptured ones [41], the regional heterogeneity of elastin content has not been
previously reported. Present results showed no effect of the position along the length of the
aorta on the content of medial constituents, but a significant effect of the circumferential
position was found. Elastin and proteoglycans were observed to be present in inverse
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proportions with smooth muscle (i.e., an increase in relative elastin and proteoglycans is as-
sociated with a decrease in smooth muscle). Of note, specimens collected from the anterior
regions of the aorta presented significantly lower elastin content compared to posterior
regions. As previously discussed, the only other parameter significantly affected by the
position along the circumference was the LTM that characterizes the elastin-dominated
mechanical behavior of the tissue at low strain. Greater elastin content and higher LTM in
posterior regions of the aorta indicate an asymmetric remodeling and degenerative process
at the wall, with asymmetric growth and thrombus accumulation occurring predominantly
in the anterior bulging.

Literature findings suggest that the AAA pathophysiology is a multifactorial process,
with cellular mechanisms integrally involved in the structural and functional changes that
occur in the aortic wall. However, relatively few studies have investigated the heterogeneity
of inflammatory response in human AAA and its possible implications.

An effect of circumferential position was previously reported by Hurks et al., who
found that lateral regions of AAA exhibited increased inflammatory activity in the adventi-
tia compared to anterior and posterior regions [16]. In contrast, the present study showed
no significant variation in inflammatory cell count among circumferential regions, although
it should be noted that different inflammation markers were analyzed. However, when the
effect of axial position was investigated, tissue samples showed significant heterogeneity
in terms of inflammatory infiltrates. Higher inflammatory cell activity (CD4+, CD8+) in the
adventitia was found in samples collected from regions in position 4 compared to position
2 and 3. The localized increase in helper T-cells (CD4+) and cytotoxic T-cells (CD8+) to-
gether in this region suggests the presence of CD4+ T-cell phenotype Th1, which has been
implicated in ECM degradation [42]. CD4+ T-cells were also reported to release cytokines
that stimulate angiogenesis and fibroblastic collagen accumulation in the adventitia. There-
fore, their appearance is highly indicative of aortic wall remodeling [43,44]. Interestingly,
position 4 exhibited distinct mechanical behaviour compared to position 2 and 3, with a
significantly higher TZo and TZe, possibly a result of increased fibrotic collagen deposition
in the adventitia in combination with a degraded media.

These results are significant in the overall discussion on AAA risk assessment: the
axial heterogeneity in inflammatory cells seems to have direct functional implications that
can be seen in the biomechanical results of this study.

While the ex vivo mechanical and histological characterization of the aorta is essential
for a thorough understanding of the structural and functional changes linked to AAA
progression, the in vivo assessment becomes central when clinical application and disease
management are the goal.

From in vivo, image-based regional assessment of the AAA population, the TAWSS
was found to be affected by the position along the axis of the aortic geometry with areas
of altered, recirculating flow (low TAWSS) marking the central aneurysm regions as a
consequence of dilatation. The shear stress resulting from the viscous nature of blood flow
is unlikely to load the aortic tissue to the point of failure; however, the wall-shear stress is
involved in the processes of mechano-sensing and mechano-transduction responsible for
the local pathological remodeling and structural degeneration of the aortic tissue. Because
of the tissue’s response to site-specific hemodynamic conditions, the aortic wall presents
highly heterogeneous material properties, especially in the presence of degenerative pro-
cesses. The effect of wall-shear stress has been linked to disease progression before, with
literature reporting on its role in thrombus formation and accumulation—likely leading
to hypoxia and further loss in tissue integrity, as well as aneurysm rupture [2,4–7]. The
present findings, in agreement with previous literature, highlight the aneurysm as a re-
gion of significantly disturbed flow where further degeneration of the tissue is likely to
occur. As the aorta dilates, its hemodynamics is subject to additional disturbance driven by
geometrical changes, making the dilatation itself a region more and more prone to local
pathological processes. Interestingly, the TAWSS was found to be significantly lower for
the regions characterized by tissue specimens showing no discernible media (more than

17



Appl. Sci. 2021, 11, 3485

50% of the histological samples), further highlighting the relationship between local fluid
dynamic patterns and tissue degeneration.

On the one hand, the study of the local hemodynamics provides an understanding
of the biological substrate for the aortic wall that leads to pathological remodelling and
enlargement. On the other hand, the local deformability of the wall can help further
characterize the state of regional weakening of the aortic wall and its propensity for rapid
dilatation or rupture. The in vivo three-dimensional strain analysis allowed for the non-
invasive assessment of localized wall behavior directly from dynamic CT imageswithout
assumptions made on constitutive models. The region-averaged distribution of maximum
principal strain for the AAA population further supports the concept of heterogeneity in
aneurysmal tissue as a result of the heterogeneous remodeling, and the significant effect
of the position along the length of the aorta on its biomechanics. The central regions
corresponding to the aneurysmal sac (position 3, 4, 5) presented significantly smaller strain
compared to the more proximal (neck) regions.

As the in vivo local deformability of the aorta relates to local mechanical properties,
a large strain may be a possible consequence of flow impingement on the aortic wall
identified in regions with a corresponding high TAWSS. Similarly, in the regions of low
TAWSS, such as the larger diameter areas, the deformation of the aortic wall is expected to
be small, especially in presence of a thick thrombus buffering the aorta. Therefore, in these
regions, a larger strain may be indicative of intrinsic localized weakening of the tissue, as
the low blood velocities are unlikely to be causing the deformation of the tissue. Of note,
the distribution of strain presented more variability than the distribution of wall shear
stress further highlighting the dual influence of loading (flow impingement) and material
weakening on the localized wall strain.

This is a pioneering work on the regional heterogeneity of the AAA that comprises
both in vivo and ex vivo analyses. The comprehensive investigation highlighted novel
results on the heterogeneity of the aortic tissue along both the circumference and length of
the aneurysm. The heterogeneity along the circumference of the aorta was only reflected in
the ex vivo biaxial response at low strains, which was linked to variations of elastin content.
A particularly marked effect of position along the aortic length, in contrast, was consistently
observed in several ex vivo and in vivo properties, with the central regions corresponding
to the aneurysmal dilatation (particularly position 3) being strikingly distinct from the
adjacent patches (i.e., showing significant difference with respect to the other identified
regions). The aneurysm area was characterized by disturbed hemodynamics likely to drive
the pathological remodeling that results in a changed mechanical response as observed in
the heterogeneity of collagen-related behavior (HTM, TZo, and TZe) and inflammatory
markers content along the length of the artery.

First, the consistency observed between ex vivo and in vivo properties clearly suggests
that in vivo biomarkers can eventually improve aneurysm assessment and outcome predic-
tion, with regional heterogeneity providing a direction for future work on non-invasive risk
assessment. Second, while the central regions of the aorta corresponded to the position of
the aneurysmal sac and, therefore, included the location of maximum diameter, the present
research clearly points out the shortcomings of the use of maximum diameter. The aortic
size alone cannot fully characterize the regional variability and heterogeneity of the AAA
tissue, especially when considering that rupture has been reported to often occur away
from the location of maximum diameter [4,7].

This study presents limitations that need to be addressed. The sample size was limited,
in terms of both patients and AAA tissue specimens; present results would benefit from
analyses performed on a larger cohort that can better represent the variability among
different patients and aortic anatomies. A larger study cohort would possibly allow for the
investigation of difference in female versus male AAA patients, as well as age-matched anal-
ysis, given the effect of sex and aging on the arterial structure and function. Similarly, access
to healthy aortic tissue and imaging would provide a means for valuable considerations.
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There are shortcomings in the colorimetric analysis performed on histologies as only
three colors on a pentachrome stain were analyzed: darker pixels may be recognized
as black, ultimately affecting the elastin content results. Moreover, due to the scarcity
of specimens containing measurable collagen in the media, along with the faint nature
of the Musto/Movat staining for collagen, analysis for this constituent was not feasible.
Further studies should be conducted to include Picrosirus Red staining to allow for collagen
visualization, and Total Collagen Assay and ELISA to allow for quantitative assessment
of collagen in the tissue. Additionally, the use of multiphoton microscopy would prove
useful to investigate collagen fiber morphology (i.e., fiber thickness, direction, ondulation)
as it relates to the mechanical properties of the tissue. While the Musto/Movat staining
provided an insight into the elastin content of the specimens, it did not allow for any
inference on the state of the elastin fibers, thus additional analysis would prove useful
to access information on elastin fragmentation. Similarly, a look into extracellular matrix
breakdown and matrix metalloproteinase would provide information on the proteolytic
process associated with the degradation of the aortic media.

The IHC analysis had limitations due to the presence of background staining that can
lead to a misinterpreted and overestimated cell count. In this regard, manual cell counting
can be prone to errors and may be insufficient as a stand-alone metric for inflammation
as cytokines, signaling interactions and molecular mechanisms are also involved in the
complex inflammatory process.

The assumption of rigid aortic wall for CFD simulations also presented limitations.
Despite being non-realistic, this assumption is an acceptable simplification that allows the
characterization of the main hemodynamic patterns given the unknown, and extremely
heterogeneous, patient-specific material properties that would be needed for more compu-
tationally expensive fluid–structure interaction (FSI) simulations.

While the primary objective of the present study was the ex vivo and in vivo mechani-
cal characterization of the aortic tissue and its heterogeneity, the sparse experimental data
did not allow a one-to-one regional correspondence for each analysis, therefore limiting
the investigation of relationships among the different parameters. Future work will look at
prospective longitudinal studies to assess regional aortic growth as a result of localized
weakening with the aim of correlating regional growth to non-invasive parameters that
can be measured clinically.

5. Conclusions

The workflow and methodology described herein allowed for the characterization of
the aortic tissue with a comprehensive location-specific analysis and provided a distinctive
insight on the assessment of AAAs. The effect of position on ex vivo and in vivo properties
was investigated and showed the significant heterogeneity present in AAA tissue along
both the length and the circumference of the aorta, with the most striking and consistent
results being found with respect to the position along the length of the artery.

Present findings highlight the heterogeneity of AAAs and the essential role of regional
characterization in the context of aortic assessment for disease management purposes.
More work should be done towards the implementation of novel approaches accounting
for the heterogeneity of the aneurysm—through correlation of the heterogeneity at the
tissue level with non-invasive measurements—in order to improve risk stratification and
clinical outcomes for individual AAA patients.
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Featured Application: This manuscript presents a critical analysis of intraocular pressure (IOP)

measured by Goldmann applanation tonometry (GIOP), the gold standard technique for the mea-

surement of intraocular pressure, compared to measurements obtained by a pressure transducer

inserted in the ocular anterior chamber (TIOP). Data showed significant differences between

GIOP and TIOP, more evident for softer and thinner corneas and suggest GIOP should be cor-

rected on the basis of corneal biomechanical parameters. This evidence is crucial for the detection

and prevention of glaucoma as one of the main causes of irreversible blindness worldwide.

Abstract: Glaucoma is the second cause of irreversible blindness in the world. Intraocular pressure
(IOP) is a recognized major risk factor for the development and progression of glaucomatous damage.
Goldmann applanation tonometry (GAT) is internationally accepted as the gold standard for the
measurement of IOP. The purpose of this study was to search for correlations between Goldmann
tonometry and corneal mechanical properties and thickness by means of in vitro tests. IOP was
measured by the Goldmann applanation tonometer (GIOP), and by a pressure transducer inserted in
the anterior chamber of the eye (TIOP), at increasing pressure levels by addition of saline solution in
the anterior chamber of enucleated pig eyes (n = 49). Mechanical properties were also determined by
inflation tests. The GAT underestimated the real measurements made by the pressure transducer, with
most common differences in the range 15–28 mmHg. The difference between the two instruments,
highlighted by the Bland–Altman test, was confirmed by ANOVA, normality tests, and Mann–
Whitney’s tests, both on the data arranged for infusions and for the data organized by pressure ranges.
Pearson correlation tests revealed a negative correlation between (TIOP-GIOP) and both corneal
stiffness and corneal thickness. In conclusion, data obtained showed a discrepancy between GIOP
and TIOP more evident for softer and thinner corneas, that is very important for glaucoma detection.

Keywords: Goldmann tonometry; intraocular pressure; glaucoma; inflation tests; pig eyes; corneal
stiffness

1. Introduction

Glaucoma is a multifactorial optic neuropathy characterized by progressive loss of
retinal ganglion cells, the neurodegeneration can also involve the neuronal pathways up to
the geniculate body and occipital cortex, resulting in changes in optic disk morphology
and visual field defects [1–3]. It is the leading cause of irreversible blindness worldwide,
accounting for 8% of vision loss [4,5]. Intraocular pressure (IOP) is recognized as the
most important risk factor for the development or progression of glaucomatous damage,
and is controlled by the balance between aqueous humor secretion and the eye’s outflow
facility [6].

An association between increased IOP and the loss of sight in glaucoma has been
noted for many centuries, from observations of eye stiffness for cases of continued impaired

Appl. Sci. 2021, 11, 4025. https://doi.org/10.3390/app11094025 https://www.mdpi.com/journal/applsci23



Appl. Sci. 2021, 11, 4025

vision following cataract surgery, through the establishment of the relationship between
the IOP and loss of sight. In particular, elevated IOP increases the likelihood of visual filed
alterations or scotoma and even complete blindness. For this reason, the IOP evaluation
remains the primary measurement in the diagnosis of glaucoma [7]. Ocular hypertension
studies also investigated and addressed whether the treatment of elevated IOP prevented or
delayed the onset of glaucomatous damage, showing that a decrease of IOP reduced the risk
of progression to glaucoma [8]. Furthermore, in recent epidemiological studies it has been
verified that a reduction in IOP of only 1 mmHg from baseline leads to a 10% reduction of
damage progression, and of the conversion from ocular hypertension (i.e., without damage)
to manifest glaucoma [9,10]. Therefore, obtaining a correct measurement of IOP during
the treatment of the disease or as screening test for the identification of subjects at risk,
appears very important. Together with visual field analysis, IOP is the gold standard for
the diagnosis and the correct evaluation of the progression of the disease. Recently, useful
software has been developed to analyze optical fibers at the peripapillary and macular
levels using optical coherence tomography (OCT) to monitor disease progression [11–13].
Unfortunately, in some glaucoma patients there is a progression of the disease, regardless
of an apparently normal IOP. Known as normal tension glaucoma, it is an optic disease
in which the IOP before ocular hypotonizing therapy is less than 21 mmHg, apparently
normal values [14–16]. Many factors, such as the central corneal thickness (CCT) and
biomechanical properties of the cornea, may affect IOP measurement, particularly in
patients affected by glaucoma [17–19].

The most accurate method to evaluate the IOP is the direct one, which measures
the real (actual) pressure in the eye through the cannulation of the eye, using a pressure
transducer placed in direct communication with the anterior chamber. This approach,
because of its high invasiveness, is not valid for routine measurements of IOP, and has to
be considered only for experimental use or during surgery [20–22]. All other methods of
measuring IOP are indirect; the cornea is deformed after application of an external force to
the corneal surface. The amount of force necessary to obtain changes in corneal normal
conformation is proportional to the pressure inside the bulb. In clinical practice IOP is then
calculated—not measured directly—by indirect techniques. The tool that allows to make
this measurement is called a tonometer (applanation or non-contact tonometry).

In addition to the Goldmann applanation tonometer (GAT), which will be further
discussed below, several types of tonometers are currently available, each with advantages
and disadvantages [23]. The non-contact tonometry (NCT) is influenced by tear meniscus
height (TMH), as the measured IOP increases with increasing tear film, and by central
corneal thickness (CCT) [24–26]. The ocular response analyzer (ORA) uses a jet of air as
the applanating force to the apex of the cornea; it can measure corneal hysteresis and the
corneal resistance factor and provides higher IOP measurements as compared to GAT [27].
Pneumatonometer is a portable instrument which overestimates IOP at high values and at
high CCT [24]. The Icare HOME tonometer is a portable device, contact rebound tonometer.
It also has been recently shown to overestimate IOP compared to GAT [28]. The dynamic
contour tonometer (DCT) or Pascal tonometer differs from GAT having a concave tip
equipped with a tiny piezoelectric sensor: it takes about a hundred measurements per
second and also evaluates IOP fluctuations with systemic pressure variation; no statistically
significant effect of corneal curvature, astigmatism, axial length, and age on the difference
between DCT and intracameral IOP has been detected [29,30]. A recent study has been
carried out on an IOP sensor mounted on contact lens, not yet available for clinical use,
that can be worn by patients for up to 24 h, also measuring the circadian rhythm. The data
show an overnight rise in IOP [31]. Finally, the Corvis tonometer, a rebound tonometer,
able to take into account corneal biomechanical characteristics, also has been shown to
measure higher IOP values compared to GAT [32]. Although observations outlined above
underline that most of the tonometers on the market “overestimate” the IOP measured by
the Goldmann tonometer, the Goldmann applanation tonometry (GAT) is internationally
considered as the gold standard for IOP measurement in clinical practice without the need
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to deform appreciably the cornea [33,34]. The functioning of this device is based on the
measurement of the force required for the applanation of a specific portion (of 3.06 mm in
diameter) of the central cornea, and on the use of this measured force to estimate the value
of the internal pressure, on the basis of a calibration procedure which depends on a number
of standard parameters. The accuracy of tonometry therefore depends on the mechanical
resistance of the eye structure to the applanation, which is in turn influenced by the central
corneal thickness, the curvature, and the mechanical properties of the cornea [24,35–38].
Recently, the need to make the IOP measurement faster and more comfortable has led to
the development of new techniques [39–41].

Analyzing corneal thickness, some researchers found a statistically significant correla-
tion between corneal thickness and GAT [24,42,43], while many others argued that thicker
corneas led to an overestimation of the IOP, and on the contrary thinner corneas led to IOP
underestimation [24,35,44–47]. Corneal curvature has been recognized as a parameter that
reduces the precision in the measurement of IOP [35,47,48].

In summary, Goldman tonometry appears imprecise. It would be very important
to know how the geometrical and mechanical properties of the cornea influence and
modify the pressure inside the eye, making more or less accurate the measurement made
by tonometry. Noted the presence of several studies concerning the correlation between
IOP measurement and corneal thickness [19,41,49,50], only a few suggest that corneal
biomechanics may affect IOP measurements [19,35,51], inducing significant errors in the
diagnosis of glaucoma. Thus, the purpose of this study was first to determine any difference
between IOP measured indirectly by the GAT and directly by cannulation of the eye,
and then to investigate the existence of statistically significant correlations between such
differences and (i) the corneal thickness; and (ii) the corneal elastic modulus. In order to
be able to evaluate the mechanical properties of the corneal tissue and its influence on the
tonometry measurement, in vitro tests were performed in pig eyes.

2. Materials and Methods

Swine enucleated eyes collected from a local abattoir (Venegoni Spa, Boffalora Sopra
Ticino, Italy) were used for the experiments. This type of eyes is very similar to human
ones, both in size and mechanical response, and, unlike them, can be obtained with relative
ease. Before experimentation, extraocular muscles and periorbital fat were removed. Eyes
were kept in the refrigerator at 4 ◦C until testing. IOP measurement tests were performed
the same day of eye collection, pressurization tests the same day or the day after.

2.1. Tonometry Test

The intraocular pressure detected by the Goldmann applanation tonometer (GIOP)
was compared to the intraocular pressure (TIOP) invasively measured by a pressure
transducer (140205D, Honeywell, Freeport, IL, USA) in 49 swine eyes. Each eye was
clamped in a custom-made Plexiglass eye holder placed in vertical position on the chin
rest of the slit lamp with the corneal apex in front of Goldmann tonometer, simulating
the clinical measurement of IOP. A needle was cannulated at the level of limbus directly
into the anterior chamber of the eye and connected to the transducer by a connecting tube
and a stopcock. The transducer in turn was connected to a power supply (KAT 5VD, Kert,
Caerano di San Marco (TV), Italy). The pressure transducer signal was measured by a
multimeter in mV and then converted in mmHg through a mercury sphygmomanometer.
A syringe connected to the stopcock was used to gradually increase intraocular pressure by
saline infusion, added in steps of 100 μL, up to 500 μL. While infusing the saline solution,
through the inspection system at variable magnifications and the optical system of the slit
lamp, an applanation area of 7.35 mm2 was obtained under the Goldmann tonometer. For
each saline infusion, TIOP and GIOP were recorded, until the achievement of a TIOP of
about 35 mmHg.

The needle used was chosen with the lowest possible diameter (30 gauge), in order
to avoid damage to the corneal tissue, once inserted into the eye anterior chamber. The

25



Appl. Sci. 2021, 11, 4025

procedure of inserting the needle was carried out with particular care to avoid corneal
injuries that can prevent the measurement of IOP by Goldmann tonometry or cause false
assessments. Care was taken to avoid leaks in the connection circuit between the transducer
and the eye and to minimize pressure losses in the pipes, by using only one tap and a short
connecting pipe. Figure 1 is a schematic representation of the IOP measurement setup.

Figure 1. Scheme of the experimental setup used to measure the intraocular pressure, IOP. G:
Goldmann applanation tonometer, T: pressure transducer, V: power supply, M: multimeter.

The time between the saline infusion and measurement by Goldmann/transducer was
as short as possible (less than one minute) to avoid relaxation effects due to the viscoelastic
properties of the ocular tissues [52] that would result in IOP values lower than the actual.
During the measurement procedure eyes were kept hydrated by dropping hydrating
solution (sodium hyaluronate 0.2%, distilled water). Fluorescein (1 mg fluorescein sodium)
was used to visualize the two GAT semi-circles by blue light.

2.2. Inflation Test

With the purpose of measuring the corneal stiffness and correlate it to any possible
difference between the IOP measured by the two instruments, inflation tests were then
performed on the same eyes by cutting the cornea from the eye. A ring of sclera around
the cornea was left to allow clamping of the cornea into a custom-made device previously
described in [53]. During the inflation tests, each specimen was subjected to three loading-
unloading pressure cycles with the pressure ranging from 1.8 to 30 mmHg serving as
precondition cycles. Then corneal specimens were subjected to a posterior pressure, P
(from 1.8 to 30 mmHg in steps of 2.5 mmHg), induced by a column of NaCl solution
to simulate the effect of a growing intraocular pressure. In order to obtain quasi-steady
response, we waited three minutes before recording images and applying the subsequent
pressure step. Images including the entire profiles of the anterior surface of the cornea
were acquired at regular intervals by means of a digital camera (Nikon DS5M, Nital,
Moncalieri (TO), Italy), mounted on a stereomicroscope (Nikon SMZ800, Nital, Moncalieri
(TO), Italy) and then analyzed by image analysis software (Nikon NIS-Elements D2.20,
Nital, Moncalieri (TO), Italy) to track the corneal apex displacement as a function of the
applied pressure. The linearized shell theory was applied to data in order to convert apex
displacement and pressure in stress and strain, and to calculate the secant modulus, E, for
each level of applied pressure, as already described in [53]. The geometrical parameters
needed to apply the shell theory, besides the apex displacement, are the average in-plane
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diameter, S, and the radius of curvature, R, also evaluated by image analysis, and the
corneal thickness at the apex, measured at the end of inflation tests on rectangular corneal
strips cut from the tested corneas. The Poisson’s coefficient was set to 0.5, consistent with
the hypothesis of isotropic material at the basis of the shell theory [54,55]. The experimental
setup for the execution of the inflation tests is shown in Figure 2.

Figure 2. Scheme of the inflation tests experimental setup used to evaluate corneal stiffness.

2.3. Statistical Analysis

All measurements were then analyzed in several ways. In particular, after the evi-
dence of differences between GIOP and TIOP, that we name from now on delta-pressure,
a thorough statistical analysis was performed. Shapiro–Wilk test was used to test the
normality of our distributions. A two-way ANOVA test was used to test whether volume
infusion or instrument type or the pressure level or combinations of the above had any
influence on measurements. Pearson correlation test was used to test the presence of a
correlation between the delta-pressure and the corneal stiffness, E, or the corneal thickness,
CCT. Finally, Bland–Altman analysis [56,57] was also applied to our data to detect any trend
in delta-pressure with the level of IOP. Statistical analysis was performed by Microsoft
Excel (Redmond, WA, USA) and Statistic Package for Social Science (SPSS, version 27,
Chicago, IL, USA).

Before applying Pearson test to delta-pressure and E, data were properly organized. For
each eye, we had the two measurements of IOP following volume infusions, namely GIOP
and TIOP, and one value of stiffness, E, for every applied pressure, P, from the inflation tests.
We matched the inflation pressure, P, to TIOP, considering pressure ranges of 5 mmHg, and
then we obtained for each eye the following data to compare: P, E, delta-pressure. Pearson
correlation test was then applied between E and delta-pressure considering the whole set of
data for all pressures, P, and 3 sub-sets of data, divided according to the range of p values:
group 1, from 1 to 12 mmHg, group 2 from 13 to 21 mmHg, group 3 from 22 to 35 mmHg.
To perform Pearson tests between delta-pressure and CCT, data were simply matched by
considering the thickness of each eye for which the delta-pressure was measured.

3. Results

3.1. Tonometry Results

For each of the 49 pig eyes, we obtained a few couples of measurements of IOP by the
two instruments, for a total of 126 measurements.

The values of IOP increase with volume increase for both the instruments, with a trend
line for GIOP lower than TIOP, as shown in Figure 3a. Lower GIOP values are also evident
from Figure 3b, in which GIOP is plotted versus TIOP, and most of the experimental points
are below the first quadrant bisector.
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(a) (b)

Figure 3. (a) Intraocular pressure, IOP, resulting from discrete volume infusions of 0, 100, 200, 300, 400, and 550 μL. Filled
symbols and continuous line are the transducer intraocular pressure, TIOP, data and TIOP trendline, respectively. Empty
symbols and dashed line are Goldmann intraocular pressure data, GIOP, and GIOP trendline, respectively. (b) GIOP as a
function of TIOP measured in the same pig eye. The line represents the first quadrant bisector.

Tables 1 and 2 summarize results of normality test (Shapiro–Wilk) and significance test
(t-test or Mann–Whitney test) for the five groups of data in Figure 4a. Delta-pressure values
of 4–7 mmHg are the most frequent (30%), followed by the intervals 8–11 and 12–15 mmHg
(both 20%), as Figure 4b illustrates. t-test was applied to normal distributions, Mann–
Whitney test otherwise.

Given the presence of consistent differences in IOP measured by the two instruments,
we applied a two-way ANOVA test to our data.

Table 1. Shapiro-Wilk test results on the difference between transducer intraocular pressure and
Goldmann intraocular pressure (delta-pressure) grouped in five intervals.

Delta-Pressure (mmHg) Normal Distribution N

0–7 No 32
8–14 No 37
15–21 No 22
22–28 Yes 18
29–35 Yes 17

Table 2. Significance results between groups of Table 1.

Delta-Pressure (mmHg) Significance

(0–7) vs. (8–14) p < 0.05 1

(8–14) vs. (15–21) p < 0.05 1

(15–21) vs. (22–28) p < 0.05 1

(22–28) vs. (29–35) n.s. 2

1 Mann-Whitney test, 2 t-test. Level of significance α = 0.05.
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(a) (b)

Figure 4. (a) Distribution of the difference between transducer intraocular pressure and Goldmann intraocular pressure
(delta-pressure, TIOP-GIOP) for different intervals of transducer intraocular pressure, TIOP; (b) % frequency distribution of
different intervals of delta-pressure. Error bars in (a) are standard errors.

First, we grouped our data by volume infusion to test whether only volume infusion
had an influence on the measured IOP, or the instrument too, or the combination of volume
infusion and instrument. Of the total 126 measurements, 78 were relative to 0 mL infusion,
66 to 100 mL, 52 to 200 mL, 30 to 300 mL, 18 to 400 mL, and eight to 500 mL. The p-value
resulted less than 0.001 for both volume infusion and instrument, whereas the combination
of instrument and volume infusion resulted in a p-value of 0.51. Therefore, we conclude
that both volume infusion and instrument affect the measurement but not the combination
of the two.

We also applied two-way ANOVA to data organized by pressure level. Data were
divided by five groups identified by the mean pressure of pressure ranges in Table 1, i.e., 4,
11, 18, 25, and 32 mmHg. This time we tested whether the pressure level or the instrument
had an influence on IOP measurement. Again, the p-value was less than 0.001 for both
pressure level and instrument. The combination of instrument and pressure level resulted
in a p-value of 0.004, so this time also the combination of the two variables had an effect
on IOP.

We finally applied Bland–Altman analysis to our data to evaluate more deeply the
differences in IOP measured by the two instruments. Figure 5a reports the difference in
IOP measurements, delta-pressure, as a function of the average of the two measurements,
average. Being most points between the two dashed lines, which represent the confidence
lines, the two methods give congruent results, apart from an error. A positive mean value
of delta-pressure of 7.8 mmHg is calculated (thick horizontal line in Figure 5a). No trend
in delta-pressure with pressure can be observed from Figure 5a. Although delta-pressure
for the average lower than 10 mmHg seems lower than for the higher average, Figure 5b
shows that such values are on the contrary very high (about 200%) when considered as
percentage values (Bland–Altman PI plot, Figure 5b). Figure 5b shows a negative trend in
the normalized percentage delta-pressure, confirming a roughly constant delta-pressure vs.
the average [58].
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(a) (b)

Figure 5. (a) Bland–Altman plot: the difference in the measurements of intraocular pressure by the two instruments
(delta-pressure) as a function of the average of the two measurements (average); (b) Bland–Altman PI plot: Delta-pressure
difference is normalized to average and given in percentage.

3.2. Inflation Test Results

From image analysis of corneas in the unstressed state taken during inflation tests, we
obtained the geometry data necessary for stress and elastic modulus calculations through
the linear shell theory for each of the 49 pig corneas tested. The average geometrical data
are listed in Table 3, whereas Table 4 lists the average apex displacement evaluated for
each value of inflation pressure. Using such data and the numerical procedure detailed in
the Appendix of our previous paper [53], average stress-strain data (Figure 6a), and the
distribution of the secant modulus with pressure (Figure 6b) were obtained.

Table 3. Average values from image analysis of corneas during inflation tests. R, radius of cur-
vature, D, in-plane diameter, CCT, thickness at the apex, and H0, the elevation of the apex in the
unstressed condition.

Geometrical Parameter Value (mm) ± SD

R 8.49 ± 0.49
D 16.98 ± 0.98

CCT 1.41 ± 0.42
H0 3.53 ± 0.65

Table 4. Apex displacement, w (mm) for every applied pressure, P (mmHg).

P (mmHg) w (mm) ± SD

3.68 0.26 ± 0.25
7.36 0.35 ± 0.29

11.03 0.40 ± 0.32
14.71 0.43 ± 0.32
18.39 0.47 ± 0.33
22.07 0.50 ± 0.34
25.74 0.53 ± 0.34
29.42 0.55 ± 0.31
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(a) (b)

Figure 6. (a) Stress-strain curves for untreated corneas obtained from the average data in Table 3 using the shell theory;
(b) secant elastic modulus, E, for the applied pressures during inflation tests. Error bars in (b) are standard deviations.

3.3. Correlations

Since our hypothesis is that the GAT measurements are affected by the mechanical
properties of the cornea, we searched for a correlation between delta-pressure and corneal
elastic modulus, E, (Pearson correlation test), after organizing our data as described in
the materials and methods section. Shapiro–Wilk test applied to delta-pressure resulted
in normal distributions for all of the subsets of data presented in Table 5, a condition
required for use of Pearson’s test. Pearson correlation test results for E are shown in
Table 5. A weak negative correlation was found for the whole pressure interval, whereas
the negative correlation is stronger for pressures in the ranges 13–21 and 22–35 mmHg. A
negative Pearson correlation of (−0.38) was found between delta-pressure and the corneal
thickness, CCT.

Table 5. Pearson correlation indexes between delta-pressure and corneal stiffness, E, for different
pressure ranges.

IOP Interval (mmHg) Pearson Correlation

1–35 −0.10
1–12 0.09

13–21 −0.41
22–35 −0.29

4. Discussion

The purpose of the present work was to test the hypothesis that corneal stiffness and
thickness are correlated to errors in IOP measured indirectly by GAT, as compared to the
true IOP invasively detected using a pressure transducer. The experimental tests were
performed on enucleated pig eyes, chosen for their similarity to human eyes both from the
anatomical and mechanical point of view [59], also in the studies of glaucoma associated
diseases [58,60–62]. ANOVA tests demonstrated that the values of IOP are significantly
affected by the instrument used to measure it, therefore deviations of GIOP from TIOP can
be attributed to the use of GAT. Although we applied ANOVA test to our two groups of data
(GIOP and TIOP) even if none of the two were normally distributed, it should be recalled
that ANOVA test remains a valid statistical procedure even under non-normality [63]. GAT
in most measurement underestimated IOP measured by the transducer, and the average
difference as evaluated by Bland–Altman plots is roughly 8 mmHg. The Bland–Altman
plot is the elective method to put in evidence differences in measurements between two
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instruments. Being such difference roughly constant throughout the whole pressure range,
we conclude that GAT underestimated IOP for any level of pressure in our enucleated eyes.
Figure 4a shows an increase in delta-pressure with pressure which is not in contrast with
Figure 5a, being variables on the x-axis different in the two figures.

Inflation tests confirmed the non-linear mechanical behavior with large data disper-
sion typical of porcine corneas [53] and other soft biological tissues. The average values of
apex displacement reported in Table 4 are very similar to values measured by Bryant and
McDonnell [64] in human corneas, but lower than those measured by Elsheikh et al. [65].
The difference may be attributed to corneal viscoelasticity. Our data and those of Bryant and
McDonnell [64] were obtained under quasi-static conditions, whereas Elsheikh et al. [65]
applied pressures at variable rates from 3.7 to 37.5 mmHg/min. Furthermore, our pres-
sure ranges are much more similar to those of Bryant and McDonnell [64] and in the
physiological range.

A weak negative correlation was found between delta-pressure and corneal stiffness, E.
Even more importantly, the negative correlation becomes stronger if we look at physiologic
or high values of pressure, where it would be important not to underestimate the IOP. For
very high values of IOP, the increase in E (Figure 6b) may compensate the errors in GAT
(last bar in Figure 4a). In the interval 0–12 mmHg no correlation could be found between
delta-pressure and E, we attribute this result to the hypotonic state of eyes. Such pressure
ranges are never met in vivo, though, and were measured in our excised eyes which become
hypotonic soon after the animal death and need volume infusion to regain tone.

As the GAT is usually calibrated to work with a range of “normal” stiffnesses, our
results suggest that GAT introduces larger errors for softer than normal corneas. As a
support to this consideration, Susanna et al. [66] reported thin cornea and low corneal
hysteresis as main risk factors for glaucomatous visual field progression in eyes with
well-controlled IOP. Corneal hysteresis is not E, although it is directly related to it, being
defined as the difference between the pressure at which the cornea bends inward during
an air jet applanation and the pressure at which it bends out. Sit et al. [67] also measured a
lower stiffness in glaucomatous eyes.

A negative correlation was found between delta-pressure and corneal thickness, CCT,
meaning that thinner corneas result in greater IOP measurement errors by GAT, and in
particular larger underestimation of IOP. The possible influence of corneal thickness in the
measurement of IOP was identified and briefly discussed by Goldmann and Schmidt in
1957 [33]. Subsequent studies, performed by Ehlers et al. [44], described in great detail the
effect of corneal thickness in the measurement of internal pressure, and the interest in this
phenomenon grew again with the advent of refractive surgery. The procedure by which the
refractive surgery is performed in fact determines a thinning of the cornea, and was widely
discussed, in relation to tonometry, in several experimental works [68]. Orssenigo et al. [45]
and Liu et al. [35] found that a high value of corneal thickness leads to an overestimate of
IOP, which is line with our findings.

It is known that porcine corneas are thicker (about 1 mm [69]) than human ones (about
600 μm [70]). Average thickness for our porcine corneas was 1.4 mm, meaning that they
probably underwent swelling. Nevertheless, since measurements were taken a-posteriori
from images of excised strips, a rapid swelling may have occurred as a consequence of the
cut of the protective endothelium and epithelium. Although our thickness measurements
therefore are affected by an error, the negative correlation with delta-pressures is still valid
and suggests that an even larger error would have been measured for thinner corneas.

The accuracy of the GAT depends on the mechanical strength to applanation, which
is in turn influenced by central corneal thickness (CCT), by the curvature, and the me-
chanical properties of cornea and sclera. The measurement of the intraocular pressure
by means of tonometry is, therefore, affected by several sources of error, which may lead
to an erroneous diagnosis of ocular hypotension or hypertension or glaucoma. In this
paper we demonstrated the correlation between such errors and corneal stiffness and
corneal thickness.
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Our study presents a few limitations. First of all, it was conducted in vitro, so missing
several of the in vivo factors which may affect the results. Although this is an obvious
drawback, it also allows to perform controlled experiments and to obtain reproducible
results. Tests were conducted on pig eyes which are very similar to human eyes but present
some differences. In particular, pig corneas are much thicker than human corneas and
they may possess different material properties relative to the human corneas. The effect
of thickness on the results of the present study has already been discussed above. The
interpretation of experimental data on porcine eyes [71,72], showed that the porcine stroma
has, on average, mechanical properties very similar to the ones of the human stroma. Tests
conducted on human corneas would clearly be of great importance to confirm our results
obtained on porcine corneas. Regarding the methods, we evaluated the apex displacement
of corneas from 2D images, whereas a 3D strain distribution may have resulted in more
precise calculations. We measured the cornea thickness after the experiments on excised
strips of the tested corneas. A pachymetry used on corneas during the test would probably
give more precise results. Finally, we did not investigate the correlation with the radius
of curvature, R, since our pig eyes, originating from animals of the same age of the same
facility, were roughly of the same dimension with very low variability in R data (see
Table 3).

Future work will be directed to the quantification of possible correlations with the scle-
ral stiffness, since the presence of various types of diseases can easily lead to considerable
changes in the elasticity of the scleral tissue [73–75].

In conclusion, glaucoma is a multifactorial opticopathy with a neurodegenerative
component also present at the extraocular level [1–3]. Of all the factors to be taken into
consideration, at present only IOP certainly plays an important diagnostic role, besides
being the target of therapies to treat glaucoma. Obviously, correct measurement and
assessment of IOP is essential. Goldmann tonometry has been a gold standard reference
for at least 70 years, though with the improvement of technology, it is now being discussed
and critically analyzed. In our study, we have clearly shown that several factors, and
in particular corneal stiffness and thickness, come into play in the measurement and
assessment of ocular tone, and, above all, that the Goldmann tonometer underestimated
IOP values with respect to real intraocular pressure especially for softer and thinner than
normal corneas. From this point of view, these data could explain, at least in part, why
normotensive glaucoma are diagnosed and also why, after medical, par-surgical or surgical
hypotonization, glaucomatous disease still progresses in some patients. Further clinical
investigation should be carried out in presence of normal GIOP values if the cornea appears
particularly thin and soft, whereas the thickness is regularly measured by a pachymeter,
at present only the ophthalmologist experience and sensitivity can detect a sub-normal
corneal stiffness. The development of a novel instrument, able to measure the force required
to flatten the cornea coupled with a biomechanical model would be a great step forward
for measuring the real IOP.
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Abstract: Optic nerve and retinal diseases such as age-related macular degeneration and inherited
retinal dystrophies (IRDs) often cause permanent sight loss. Currently, a limited number of retinal
diseases can be treated. Hence, new strategies are needed. Regenerative medicine and especially
tissue engineering have recently emerged as promising alternatives to repair retinal degeneration and
recover vision. Here, we provide an overview of retinal anatomy and diseases and a comprehensive
review of retinal regeneration approaches. In the first part of the review, we present scaffold-free
approaches such as gene therapy and cell sheet technology while in the second part, we focus on
fabrication techniques to produce a retinal scaffold with a particular emphasis on recent trends
and advances in fabrication techniques. To this end, the use of electrospinning, 3D bioprinting and
lithography in retinal regeneration was explored.

Keywords: retina; tissue engineering; retina regeneration; biofabrication; 3D bioprinting; electrospin-
ning; ophthalmology

1. Background

The retina, lining the inner surface of the eye’s posterior segment, is a thin light-sensing
tissue responsible for light absorption, conversion to an electrical signal and transmission
to the brain through the optic nerve. The retina comprises multiple layers of different cells
as shown in Figure 1 [1]. Photoreceptors are specialized neurons that convert visual stimuli
into electrical impulses. The signal is then processed and transmitted from photoreceptors
to the brain by neural cells including retinal ganglion cells (RGCs). The photoreceptors
collaborate closely with the underlying retinal pigment epithelium (RPE), which is essential
for visual function [2–4]. Hence, the dysfunction or degeneration of RPE cells results in
the death of photoreceptors and vision loss [5]. The RPE cell basal surface faces Bruch’s
membrane, a thin (2–4 μm) acellular matrix located between the retina and the choroid.
This membrane presents a nanofibrous structure composed of collagen I-V, laminin and
fibronectin [6]. Bruch’s membrane serves as a physical support for RPE cells and as a barrier
regulating the diffusion of biomolecules, nutrients, oxygen, fluids and waste between the
retina and the choroidal blood supply [7,8].

Pathologies of the retina and optic nerve represent a leading cause of visual impair-
ment and irreversible blindness in high-income countries [9]. These diseases are usually
divided into those caused by mutation in only one gene (monogenic diseases) such as
inherited retinal diseases (IRDs) and those caused by mutations in multiple genes and en-
vironmental factors (polygenic and/or multifactorial diseases) such as age-related macular
degeneration (AMD) and glaucoma [10–14]. As the retina is composed of neuronal highly
specialized cells with a limited healing potential, regenerative strategies are necessary to
reverse vision loss caused by these diseases.
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Figure 1. Representation of a cross-section of a human eye and a detail of the multilayer organization
of the retina, Bruch’s membrane and choroid. The retinal layers include a retinal pigment epithelium
(RPE), cone and rod photoreceptors, horizontal cells, bipolar cells, amacrine cells, microglia and
Müller glial cells and ganglion cells (RGCs).

This review aims to provide a current account of the developments in retinal regenera-
tion. Retinal regeneration includes tissue engineering approaches and gene- and cell-based
therapies, which we refer to as scaffold-free approaches and that are briefly presented in
Section 2. Tissue engineering strategies combining cells, a scaffold and chemical cues offer
several solutions that are described in Section 3. In particular, we will focus on the regener-
ation techniques of RGCs, RPE cells along with Bruch’s membrane and photoreceptors as
these are the cells mainly involved in the majority of pathologies inducing blindness.

2. Scaffold-Free Approaches

Gene therapy has been proven to restore vision by replacing absent or abnormal genes
causing monogenic retinal diseases [15–17]. Viral vectors and non-viral gene nanocarriers
have been used to deliver specific genes to target cells [15]. For instance, for RPE65-
associated IRDs, nowadays there is an FDA (Food and Drug Administration) and EMA
(European Medicine Agency)-approved gene therapy (Luxturna (voretigene neparvovec-
rzyl), Spark Therapeutics) based on the delivery of a functional copy of the RPE65 gene into
RPE cells [17]. Therapies targeting monogenic retinal dystrophies are the most promising.
Gene augmentation therapy, however, has its own limitations. Only the recessive forms
where the mutations cause a loss of function, also called haploinsufficiency, such that the
resulting protein is too little or absent can be currently treated with gene therapy [18].

Another scaffold-free strategy explored to regenerate damaged cells or replace dead
cells is cell therapy. Healthy cells can be injected as cell suspension or transplanted as
sheets to replace pathological cells, thus preventing further degeneration and improving
visual function. For instance, as a possible treatment for glaucoma, the transplantation of
RGCs derived from human pluripotent stem cells and from human Müller glia cells was
investigated. However, difficulties remain in integrating the transplanted RGCs into the
complex neurological network of the host retina [19]. Cell transplantation in animal models
has been experimented also to treat AMD. Capela et al. reported that a subretinal injection
of human central nervous system stem cells in pigmented dystrophic rats enhanced the
proliferation of the host RPE cells, providing a new mechanism for RPE regeneration
and thus preserving the viability of photoreceptors [20]. Lu et al. demonstrated that
the embryonic stem cell-derived RPE implanted in a pathological mouse model was
able to restore visual function in the short term. After 90 days, the visual acuity started
decreasing [21]. This reduced efficacy could be due to the lack of interaction between the
transplanted cells and Bruch’s membrane, thereby not forming a functional monolayer.
Phase I/II clinical trials were carried out to determine the primary endpoints of safety
and tolerability of a subretinal injection of a cell suspension [22]. No serious adverse
effect was encountered; however, concerns about integration efficiency and long term cell
survival were raised. A possible approach to overcome this issue is represented by cell
sheet engineering [23,24]. Cell sheet engineering is based on harvesting a sheet of cells
along with their extracellular matrix (ECM) without the use of enzymes [25]. Harvesting

38



Appl. Sci. 2021, 11, 4102

cells is performed with thermoresponsive coatings that enable reversible cell detachment
by switching their surface hydrophobicity. Such an approach may allow the formation of an
intact RPE cell monolayer to be transplanted. Furthermore, the presence of an ECM should
improve the attachment to the host tissue once implanted [26]. However, the use of cell
sheet engineering for the RPE is limited by the insufficient amount of the ECM secreted by
these cells [18]. In addition, when multiple structures are involved in the pathology, as in
AMD, cell therapy cannot be effective in the long term. For example, Bruch’s membrane is
also compromised in AMD; therefore, it needs to be replaced along with the RPE monolayer.
Alternative strategies are needed to fabricate a mechanically strong tissue that promotes
cell attachment and survival while maintaining cell functionality in the long term.

3. Tissue Engineering Approach

Tissue engineering has been commonly employed in biomedical applications [27–30].
This approach relies on the use of scaffolds as support systems for adherent cells. Scaffolds
should provide a proper in vivo-like microenvironment for tissue regeneration.

Autologous Bruch’s membrane explants or its constituent layers were first used as
a scaffold for RPE cells to regenerate the outer retina in patients with AMD. According
to early studies, the degree of structural support for cell attachment decreases with a
decreasing concentration of proteins contained in the RPE basal lamina such as specific
laminins [31–35]. To improve the RPE attachment, Bruch’s membrane explants were coated
with fibronectin, laminin and vitronectin [36–38]. The cell attachment was also enhanced
by seeding the RPE cells onto Bruch’s membrane explants coated with an ECM previously
secreted by corneal endothelial cells [39]. However, the inter-donor variability and limited
availability of a native Bruch’s membrane have urged researchers to use artificial scaffolds
for clinical applications.

The fabrication of artificial scaffolds offers a valid alternative to native tissues. A vari-
ety of three-dimensional (3D) scaffolds have been designed and developed for the skin, the
bladder, cartilage, bones and muscles [40–44]. Selecting a scaffold fabrication technique
and chemical composition is crucial to reproducing the microarchitecture of a native ECM.
Here, we provide an overview of the fabrication methods used to engineer a human retina
(Figure 2). First, we present the conventional and common methods for retinal scaffold pro-
duction. We then lay emphasis on the most recent and promising advances in fabrication
techniques used for retina tissue engineering.

Figure 2. Overview of fabrication methods used for retinal tissue engineering. SC/PL stands for
solvent casting-particulate leaching and TIPS for thermally induced phase separation. The red arrow
indicates the increase in precision and resolution of the techniques.

3.1. Conventional Fabrication Techniques

Solvent casting techniques have been highly utilized in ocular tissue engineering [45].
They consist of dissolving a polymer in an appropriate solvent followed by casting and
solvent evaporation [46]. The resulting scaffold is a uniform and non-porous film. In retinal
tissue engineering, these films were seeded with RPE cells to regenerate the RPE layer and
replace Bruch’s membrane for AMD treatment, thus preventing the loss of photorecep-
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tors [47–51]. The prosthetic Bruch’s membrane manufactured by solvent casting displayed
a similar thickness to the human Bruch’s membrane and promoted correct implantation
and orientation of the cellular graft in the subretinal space. Moreover, as the degradation
of the polymer proceeds, transplanted RPE cells should re-establish interactions with the
native Bruch’s membrane [47]. To enhance the survival of a functional RPE monolayer in
the long term, the film surface was modified [52,53]. Singh et al. showed that silk fibroin
scaffolds coated with type I collagen promoted the in vitro development and survival of a
functional RPE monolayer for 90 days [52]. Hasirci et al. used oxygen plasma treatment
to render a film surface hydrophilic, thus enhancing cell attachment and spreading [53].
However, the film’s non-porous structure did not match the open fibrillar structure of the
native Bruch’s membrane and could prevent nutrient diffusion from the choroid in vivo.
To generate a porous scaffold, a solvent casting/particle leaching (SC/PL) method was
adopted in biomedical applications [54]. In the SC/PL technique, the solvent, where the
polymer is dissolved, contains leachable particles known as porogen [55]. This method
allows the production of scaffolds with high porosity (up to 93%) in a simple, inexpensive
way [54]. Prosthetic Bruch’s membranes for RPE transplantation were successfully pre-
pared using the SC/PL method [56–58]. Moreover, to develop an optimized cell therapy
strategy, the influence of the scaffold pore size on the cell differentiation into the retinal
precursor has been investigated [59]. However, the low reproducibility limits the use of the
SC/PL technique for retinal tissue engineering applications [60].

Over the last decade, hydrogels have received considerable attention as leading can-
didates for engineering soft tissues such as the retina due to their unique compositional
and structural similarities to the ECM [61]. As such, they are highly hydrophilic and
biocompatible, thus promoting cell attachment, proliferation and differentiation. Various
methods have been used to produce hydrogels depending on the desired structure and
application [61]. The most common method of hydrogel preparation involves the crosslink-
ing of the polymer solution poured into a mold of a specific shape. Crosslinking may
occur by physical or chemical methods; the type and degree of crosslinking strongly affects
the properties of hydrogels such as the elastic modulus, nutrient transport and swelling
capacity [62]. In retina tissue engineering, hydrogels have been employed as scaffolds
for RPE, photoreceptors and the regeneration of RGCs [63–70]. For instance, implantable
hydrogels with encapsulated cells were proposed as promising candidates to treat those
blinding diseases caused by the degeneration of the RPE. Hydrogels acted as a cell delivery
vehicle providing an appropriate environment for RPE regeneration [63–65]. Marmorstein
et al. seeded an induced pluripotent stem cell (iPSC)-derived RPE onto the surface of thin
fibrin hydrogels as a support material for RPE transplantation [66]. The findings of this
study indicated that fibrin hydrogels could be easily manipulated with surgical tools and
degraded rapidly into products recognized and metabolized by the body. IPSC-RPE cells
on a fibrin hydrogel were viable and organized into a functional monolayer that could be
preserved during and after implantation thanks to the hydrogel support [66]. However,
despite their high biocompatibility, hydrogels have low mechanical properties and, hence,
they are not suitable as a Bruch’s membrane substitute. In fact, hydrogel stiffness ranges
from a few Pa to few kPa whereas the elastic modulus of Bruch’s membrane is estimated to
be around few MPa [5]. Hydrogels were also employed as 3D scaffolds for neural retina
tissue engineering to regenerate damaged photoreceptors and RGCs [69,70]. Conjunctiva
stem cells encapsulated in fibrin gels differentiated into photoreceptor-like cells, thus pro-
viding a new potential therapy for diseases involving photoreceptor injuries [70]. Similarly,
retinal ganglion-like cells were differentiated from dental pulp stem cells suspended in
fibrin gels [69]. This construct could be transplanted into patients with glaucoma to repair
axonal damage and prevent further RGC death. The 3D networks resembled the physiolog-
ical 3D microenvironment of the neural retina, thus promoting cell viability, differentiation
and function when compared with 2D cultures [68–70]. However, the molding fabrication
method has a limited microarchitecture and cell distribution controllability.
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Another technique that has been explored in retinal tissue engineering is thermally in-
duced phase separation (TIPS). TIPS induces the destabilization of a homogenous solution
composed of a polymer dissolved in a solvent [71]. After dissolution, a polymer can be ther-
modynamically unstable at low temperatures, thus causing a spontaneous separation of the
solution into a polymer-rich phase and a solvent-rich phase. Lowering the temperature in a
controlled manner causes the solidification of the solvent and subsequently the separation
of the polymer from the solvent. The solvent crystals are then removed through extraction,
evaporation and sublimation resulting in porous structures [72]. The TIPS method has
been largely employed for tissue engineering applications in general, for example, bones
and cartilage, due to its ability to produce highly porous scaffolds with interconnected
pores [73–75]. Porous membranes, fabricated by a separation phase, were investigated as a
scaffold for RPE transplantation [76]. TIPS was also used to fabricate scaffolds for retinal
progenitor cells isolated from mice eyes [77]. Seeded scaffolds were tested in vitro and
then implanted into models of retinal degeneration. The outcomes of this study indicated
that the scaffolds promoted cell differentiation in vitro and cell survival in vivo [77]. The
guidance of cell differentiation by the substrate could be exploited to form functional
photoreceptors to replace the cells lost due to degenerative diseases. However, the use of
the TIPS technique is limited by the low control of pore size and geometry [73].

The retinal scaffolds produced by conventional techniques are listed in Table 1. Due to
their own limits, the conventional fabrication methods have been mostly replaced by innovative
techniques that hold great promise as potential treatments for retinal degenerative diseases.

Table 1. A summary of scaffolds produced by conventional methods and used for retinal tissue engineering. This table
highlights the fabrication technique, the structure of the scaffold and the cell type used. SC/PL: solvent casting-particle
leaching; TIPS: thermally induced phase separation; RPE: retinal pigment epithelium; ESC: embryonic stem cells; iPSC:
induced pluripotent stem cells; RGC: retinal ganglion cells.

Fabrication Technique Scaffold Structure Cell Type Research Stage Reference

Solvent casting Non-porous film Human fetal RPE cells In vitro [47]

Solvent casting Non-porous film Human cell line ARPE-19 In vitro and in vivo
(rabbit) [48]

Solvent casting Non-porous film Human cell line ARPE-19 In vitro and in vivo
(rabbit) [49]

Solvent casting Non-porous film Human cell line ARPE-19 In vitro [50]
Solvent casting Non-porous film Human RPE cells In vitro [51]
Solvent casting Non-porous film Human iPSC-RPE cells In vitro [52]
Solvent casting Non-porous film Human cell line D407 In vitro [53]

SC/PL Porous membrane Human cell line ARPE-19 In vitro [56]
SC/PL Porous membrane Human fetal RPE cells In vitro [57]
SC/PL Porous membrane Human ESC-RPE cells In vitro [58]
SC/PL Porous membrane Human or pig RPE In vitro [59]

Silicon Mold 3D hydrogel with
cells encapsulated Rabbit RPE cells In vitro [63]

Petri dish Mold 3D hydrogel with
cells encapsulated Human cell line ARPE-19 In vitro [64]

Mold 3D hydrogel with
cells encapsulated

Human iPSC- and
ESC-derived embryoid

bodies
In vitro [65]

Custom or well plates
mold Thin hydrogel Human iPSC-RPE cells In vitro [66]

Custom mold Thin gel film Human cell line ARPE-19 In vitro [67]
Mold 3D hydrogel Rat RGCs and amacrine cells In vitro [68]

Well plate mold 3D hydrogel with
cells encapsulated Rat dental pulp stem cells In vitro [69]

Well plate mold 3D hydrogel with
cells encapsulated

Human conjunctiva
mesenchymal stem cells In vitro [70]

TIPS Porous membrane Human cell line ARPE-19 In vitro [76]
TIPS Porous membrane Rat retinal progenitor cells In vitro and in vivo (rats) [77]
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3.2. Electrospinning

The electrospinning process has been suggested as a promising technique to fabricate
a prosthetic Bruch’s membrane as it is able to recapitulate the nanofibrous structure of a
native Bruch’s membrane [78]. Indeed, the electrospinning technique is able to produce 3D
thin nanofibrous membranes by using natural and synthetic polymers [79]. These fibrillar
networks are highly permeable for solutes, thus facilitating cell adhesion and proliferation [79].
The electrospinning setup involves a high-voltage supply, a capillary tube/syringe with a
needle, a syringe pump and a collector. The high-voltage supply applies a positive charge to a
polymeric solution (solution electrospinning) or melt (melt electrospinning) that is extruded
from the needle forming a jet. The jet becomes unstable and thin and forms fibers while
the solvent evaporates. The fibers are deposited onto a collector [80]. The morphological
properties of electrospun membranes such as thickness, fiber size and orientation can be tuned
simply by changing the specific parameters of the electrospinning process such as the polymer
concentration, solution flow rate and collector distance [81]. Many studies have reported the
fabrication of electrospun scaffolds for vascular, cardiac and neural tissue engineering [82–84].

Solution electrospinning has been utilized to produce a prosthetic Bruch’s membrane
to engineer an RPE layer. The hypothesis is that the RPE monolayer engineered on thin
electrospun membranes could become an effective therapy to cure blindness and the defi-
ciencies associated with RPE and Bruch’s membrane degeneration. Synthetic and natural
polymers including poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL) and poly(lactic-
co-glycolic acid) (PLGA), silk fibroin and silk fibroin-PCL-gelatin were used to fabricate
electrospun Bruch’s membrane-like scaffolds [85–100]. Typically, a blend of natural and
synthetic materials is electrospun as synthetic polymers exhibit good mechanical properties
and a controlled degradation rate while pure naturally-derived polymers promote cell adhe-
sion and proliferation. Warnke et al. successfully produced ultrathin nanofibrous scaffolds
based on collagen and PLGA that closely imitated the structure of a native Bruch’s mem-
brane [85]. Human RPE cells seeded onto these scaffolds formed a functional monolayer
with a typical cobblestone morphology and abundant sheet-like microvilli on their apical
surfaces; however, no results of the scaffold mechanics and permeability were reported [85].
In our previous paper, we fabricated a Bruch’s membrane-like membrane composed of a
blend of Bombyx mori silk fibroin and PCL to study the pathological mechanisms of AMD in
a 3D in vitro model [100]. The resulting scaffolds showed similarities with a human Bruch’s
membrane with regard to the architecture, permeability and mechanical properties [100].
These in vitro studies indicated the feasibility of using electrospun membranes as a pros-
thetic Bruch’s membrane on which a functional RPE monolayer is formed. As such, RPE
patches, composed of electrospun scaffolds previously seeded with RPE cells, have been
investigated in vivo. The RPE patches were proven to be biocompatible when implanted in
animal models showing no adverse reactions [86,89,92,95,98]. Sharma et al. also evaluated
the functionality of clinical-grade iPSC-RPE patches in rats and in a porcine laser-injured
model. According to the findings, the use of the scaffold improved the patch integration
and efficacy over the cell suspension [95]. In fact, an increased photoreceptor preservation
was encountered in animals transplanted with the patch in respect to those injected with
the cell suspension. This study has led to a phase I/II clinical trial (NCT04339764) based on
patch subretinal transplantation in patients suffering from advanced stages of dry AMD.

Electrospun scaffolds have been employed also in neural retina engineering to guide the
growth of RGC axons through the control of fiber orientation [101–103]. This approach could
benefit patients suffering from glaucoma and optic nerve diseases. The transplantation of
functional RGCs onto a suitable support combined with treatments that promote dendritic
integration may regenerate axons and help recreate a healthy axonal transport. Radially
oriented scaffolds have been investigated for the transplantation of RGCs as they mimic
the radial axon pattern [101]. It was observed that radially oriented scaffolds increased the
survival of RGCs while preserving the cellular electrophysiological function. Moreover,
these scaffolds promoted RGC axonal integration with the host retinal nerve fibers in retinal
rat explants whereas RGCs transplanted directly onto explants grew axons in a random
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pattern [101]. Soleimani et al. compared radially and randomly oriented scaffolds to
regenerate photoreceptors. They found that the expression of rod photoreceptor-specific
genes increased when stem cells were differentiated on randomly oriented nanofibers [104].

Electrospun scaffolds for retina applications are summarized in Table 2.

Table 2. A summary of retinal scaffolds fabricated by electrospinning. This table highlights the fabrication technique, the
structure of the scaffold and the cell type used. RPE: retinal pigment epithelium; ESC: embryonic stem cells; iPSC: induced
pluripotent stem cells; RGC: retinal ganglion cells.

Fabrication Technique Scaffold Structure Cell Type Research Stage Reference

Electrospinning Ultrathin random nanofibrous
membrane Human RPE cells In vitro [85]

Electrospinning Ultrathin random nanofibrous
membrane Human RPE cells In vitro and

in vivo (rabbit) [86]

Electrospinning Random nanofibrous
membrane Rat retinal progenitor cells In vitro [87]

Electrospinning Random nanofibrous
membrane Porcine RPE cells In vitro and

ex vivo (pig) [88]

Electrospinning Random nanofibrous
membrane Human RPE cells In vitro and

in vivo (rat) [89]

Electrospinning Random nanofibrous
membrane

Human fetal and adult
RPE cells In vitro [90]

Electrospinning Random nanofibrous
membrane Human RPE cells In vitro [91]

Electrospinning Random nanofibrous
membrane Human fetal RPE cells In vitro and

in vivo (rabbit) [92]

Electrospinning Random nanofibrous
membrane Human RPE cells In vitro [93]

Electrospinning Random nanofibrous
membrane Human ESC-RPE cells In vitro [94]

Electrospinning Random nanofibrous
membrane Human iPSC-RPE cells In vitro and

in vivo (rat/porcine) [95]

Electrospinning Nanofibrous membrane Human ESC-RPE/bovine
RPE cells In vitro [96]

Electrospinning Random nanofibrous
membrane Human RPE cells In vitro [97]

Electrospinning Random nanofibrous
membrane

Human cell line
ARPE-19/MIO-M1

In vitro and
in vivo (rat) [98]

Electrospinning Random nanofibrous
membrane Rat retinal progenitor cells In vitro [99]

Electrospinning Random nanofibrous
membrane Human cell line ARPE-19 In vitro [100]

Electrospinning Aligned nanofibrous
membrane Rat RGCs In vitro and

ex vivo (rat) [101]

Electrospinning Aligned nanofibrous
membrane Rat RGCs In vitro [102]

Electrospinning Random nanofibrous
membrane Human iPSC-RGCs

In vitro and
in vivo

(rabbit/monkey)
[103]

Electrospinning Random + aligned nanofibrous
membranes

Human conjunctiva stem
cells In vitro [104]

Despite the advantages, the electrospinning technique has a limited microarchitecture
controllability. Therefore, to overcome this drawback, melt electrowriting (MEW) has
been recently developed [105]. MEW allows the controlled deposition of a polymer melt
fiber starting from a digital model, thus combining melt electrospinning and additive
manufacturing principles. To the best of our knowledge, this innovative method has been
used in vascular, bone and skin tissue engineering but no studies on a retinal application
are yet present [106–108].
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3.3. Lithography

Lithography is a technique that allows the formation of precise and complex 2D and
3D microarchitectures and nanoarchitectures. In the field of biomedicine, photolithography
has offered a promising alternative to a conventional fabrication method [109]. Photolithog-
raphy is a photon-based technique that exploits light to project a mask into a photosensitive
emulsion (photoresist) coated onto a substrate. The master fabricated by photolithography
can be used to create a polymer negative mold typically of polydimethylsiloxane (PDMS)
for a polymeric scaffold fabrication [109]. Retinal progenitor cells were successfully seeded
onto structures fabricated through photolithography [110–112]. The microfabricated topog-
raphy enhanced the attachment, organization and differentiation of the progenitor cells
into photoreceptor-like cells [111]. Hence, these structures could be used for photoreceptor
replacement in the treatment of photoreceptor degeneration. Photolithography might be
followed by wet and ion etching. For instance, Lu et al. developed and tested in vitro a
parylene-C membrane artificial Bruch’s membrane for an RPE cell culture as a potential
treatment for dry AMD [8,113]. In vivo studies demonstrated the safety and potential of a
parylene membrane as an RPE scaffold [8]. In particular, the implantation of the membrane
previously seeded with cells was compared with the injection of a cell suspension. The
results showed that cell survival was greater in animals that were transplanted with the
cell membrane patch than those that received the cell suspension. Moreover, when injected,
cells were observed as clumps whereas an RPE monolayer was visible in rats transplanted
with the patch. These findings suggest that this approach may improve visual function
at least in the short term in a few patients suffering from advanced stages of dry AMD.
Currently, there is an ongoing clinical trial at phase I/IIa (NCT02590692) to study the
safety of subretinal implantation of human embryonic stem cells seeded onto a parylene
membrane [114].

The retinal scaffolds fabricated via photolithography are listed in Table 3.

Table 3. A summary of retinal scaffolds fabricated by lithography techniques. This table highlights the fabrication technique,
the structure of scaffold and the cell type used. RPE: retinal pigment epithelium; ESC: embryonic stem cells.

Fabrication Technique Scaffold Structure Cell Type Research Stage Reference

Photolithography Porous scaffold Mouse retinal progenitor
cells In vitro [110]

Photolithography Thin film scaffold Mouse retinal progenitor
cells In vitro [111]

Photolithography Porous scaffold Mouse retinal progenitor
cells

In vitro and in vivo
(mouse) [112]

Photolithography + wet
and ion etching

Mesh-supported
submicron membrane

Human cell line
ARPE-19/H9-RPE In vitro [113]

Photolithography + wet
and ion etching

Mesh-supported
submicron membrane Human ESC-RPE cells In vitro and in vivo (rat) [8]

3.4. 3D Bioprinting

To overcome the lack of a fine control of structural aspects, additive manufacturing
(AM) techniques have been introduced into the tissue engineering area. AM is a process
by which a digital model for a 3D object is assembled in a layer-by-layer manner [115].
AM advantages include the ability to fabricate complex geometries with multimaterial
parts [115]. Among these techniques, 3D printing plays a key role in developing person-
alized treatments, surgical planning and the testing deployment of devices in realistic
pathways due to its potential to fabricate patient-specific 3D structures in a cost-, time- and
waste-effective manner [116]. In the medical field, the latest promising evolution of 3D
printing is 3D bioprinting.

3D bioprinting is an innovative biofabrication strategy, which allows the precise posi-
tioning of non-living materials, as in 3D printing, and living materials in a prescribed 3D
hierarchical organization [117]. During the bioprinting process, the bioinks, composed of cells
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embedded in biocompatible materials, are dispensed to form the functional desired structures.
3D bioprinting aims to create 3D bioengineered structures serving in regenerative medicine,
pharmacokinetics and basic cell biology studies [117]. Such 3D bioprinted constructs can be
then cultured in bioreactor systems to obtain mature functional tissues and organs [118]. A few
examples of 3D bioprinted scaffolds are represented by synthetic skin to be transplanted onto
patients with burn injuries, heart valve replication and bionic ears [119–121]. Currently, there
are mainly three types of bioprinting systems (laser-based, inkjet-based and extrusion-based)
characterized by a high deposition accuracy, stability and cell viability [117].

Laser-based technology exploits a pulsed laser source and an optical path to focus a
laser on a target from which the bioink is printed and deposited onto a substrate. The target
is composed of a glass slide, a metal slide and bioink. The laser is focused through the
glass slide onto the metal slide inducing a vaporization of the metal-absorbing layer, thus
resulting in the production of a jet of bioink. Many researchers have demonstrated that cells
were highly viable after laser-based 3D bioprinting [122]. However, cell placement accuracy
can be challenging and, in addition, this technology is expensive and relatively slow.

On the contrary, inkjet-based bioprinting is an inexpensive and simple to use technol-
ogy while offering a relatively high resolution and cell viability [122]. In inkjet bioprinting,
small droplets of bioink are ejected from a nozzle through microheater or piezoelectric sys-
tems and then dispensed onto a substrate [122]. Inkjet bioprinting was investigated to seed
RGCs and glial cells. The technology did not affect the survival and the growth of rat RGCs
and glial cells compared with cells seeded onto tissue culture plates [123]. This result opens
the way for developing a printed construct to be used in retinal regeneration. Recently, a
3D in vitro retina model comprising of RPE cells and photoreceptors was fabricated using
inkjet-based technology to study the interaction between the layers in AMD disease [124].
According to the authors, after bioprinting both cell types were correctly positioned in a
layered structure and expressed specific proteins such as tight junction-associated protein
ZO-1 in the RPE layer and light-sensitive proteins in the photoreceptor layer [124]. The
use of inkjet-printed structures for tissue engineering is limited by their low mechanical
properties and their long term durability. Moreover, due to the presence of the nozzle,
clogging issues are common with viscous bioink [122].

The extrusion-based technology relies on the extrusion of continuous filaments of
bioink through a nozzle using a driving force, i.e., a piston, a screwing system or pneumatic
pressure. It is the most versatile bioprinting process as it enables the printing of the broadest
range of bioink viscosities [122]. Additionally, it allows clinically relevant constructs to be
obtained in terms of size and shape. However, the rheological requirements of the bioink
are stringent [125]. Extrusion-based bioprinting was investigated to produce a 3D in vitro
model of the RPE and photoreceptor layers [126]. The RPE cell line was bioprinted with a
precise pattern and allowed to form a monolayer in 14 days followed by the bioprinting
of the photoreceptor cell line [126]. Such a bioprinted construct could be meaningful for
biomedical applications such as disease research and high-throughput screening.

So far, the bioprinted retinal construct has been used only as in vitro models that
could be used in the future for basic research and drug screening (Table 4). However, this
technology is very promising also for retinal tissue engineering due to the possibility of
generating layer-by-layer a 3D complex multicellular stratified structure, which mimics
the retina architecture and could be transplanted as potential therapies for retinal diseases
involving the degeneration or dysfunction of multiple retinal layers.

Table 4. A summary of 3D bioprinting techniques used in retinal applications. This table highlights the fabrication technique,
the structure of the scaffold and the cell type used. RGC: retinal ganglion cells.

Fabrication Technique Scaffold Structure Cell Type Research Stage Reference

Inkjet bioprinting Not applicable Rat RGCs and retinal glia In vitro [123]

Inkjet bioprinting 3D bilayer retina model Human cell line ARPE-19 and pig
photoreceptors In vitro [124]

Extrusion bioprinting 3D bilayer retina model Human cell line ARPE-19 and Y79 In vitro [126]
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3.5. Hybrid Approach

Recently, researchers have focused on combining two or more fabrication approaches
for maximal treatment efficacy (Table 5). Tan et al. combined SC/PL and TIPS to develop ul-
trathin polymer membranes as a prosthetic Bruch’s membrane for an RPE replacement [127].
Solvent casting and photolithography were exploited to produce a polyester-based mi-
cropatterned film for RPE cells [128]. Shi et al. developed a hybrid approach to fabricate a
3D in vitro model that comprised an artificial Bruch’s membrane, a bioprinted ARPE-19
cell monolayer and a Y79 cell-laden alginate/pluronic bioink [129]. This model could be
used in the future to study the pathological mechanisms underlying AMD. Another hybrid
approach based on electrospinning and 3D bioprinting has been established for the replace-
ment of RGCs as a promising therapy for glaucoma [130]. RGCs were precisely seeded onto
an electrospun scaffold via a thermal inkjet 3D cell printing technique. The electrospun
scaffold guided the growth of the RGCs [130].

Table 5. A summary of hybrid approaches used in retinal applications. This table highlights the fabrication technique,
the structure of the scaffold and the cell type used. RGC: retinal ganglion cells.

Fabrication Technique Scaffold Structure Cell Type Research Stage Reference

SC/PL + TIPS Ultrathin, free-standing,
porous membrane Human cell line ARPE-19 In vitro [127]

SC + photolithography Micropatterned film Human cell line D407 In vitro [128]

SC + 3D bioprinting 3D construct: ultrathin
membrane + bilayer model

Human cell line ARPE-19
and Y79 In vitro [129]

Electrospinning + 3D
bioprinting

Nanofibrous membrane +
bioprinted cells Rat RGCs In vitro [130]

4. Conclusions

Regenerative medicine research and optimization carries enormous hope as means
to restore visual function compromised by retinal diseases. In this review, we reported
both the conventional and recently developed methods to produce scaffolds for retinal
tissue engineering. We believe that innovative tissue engineering techniques open the way
for new therapies based on retinal grafts that could be implanted and reverse cell loss.
Moreover, new tissue engineering strategies in conjunction with gene therapy holds great
promise for the development of innovative clinical treatments to cure retinal diseases.
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Abstract: Protocols for isolation, characterization, and transplantation of hematopoietic stem cells
(HSCs) have been well established. However, difficulty in finding human leucocyte antigens (HLA)-
matched donors and scarcity of HSCs are still the major obstacles of allogeneic transplantation. In this
study, we developed a double-layered microcapsule to deliver paracrine factors from non-matched
or low-matched HSCs to other cells. The umbilical cord blood-derived hematopoietic progenitor
cells, identified as CD34+ cells, were entrapped in alginate polymer and further protected by chitosan
coating. The microcapsules showed no toxicity for surrounding CD34+ cells. When CD34+ cells-
loaded microcapsules were co-cultured with bare CD34+ cells that have been collected from unrelated
donors, the microcapsules affected surrounding cells and increased the percentage of CD34+ cell
population. This study is the first to report the potency of alginate-chitosan microcapsules containing
non-HLA-matched cells for improving proliferation and progenitor maintenance of CD34+ cells.

Keywords: hematopoietic; CD34; progenitor; stem cells; microencapsulation; chitosan; alginate;
proliferation; megakaryocyte

1. Introduction

Hematopoietic stem cells (HSCs) are multipotent cells capable of generating all blood
components, including erythrocytes, leucocytes, and thrombocytes [1]. HSCs represent
only a fraction of the cell population in umbilical cord blood, bone marrow, or peripheral
blood. To isolate the HSCs from heterogenous populations, specific surface markers such
as HLA-DR, CD38, CD117 (c-kit), CD45, CD133, and/or CD34 have been used [2]. One
of the prominent surface markers that is widely used to isolate hematopoietic progenitor
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from heterogenous populations is CD34 [3,4]. CD34+ cells that have enhanced progenitor
activity represent a small proportion of the population [4]. Previous studies have reported
that transplantation of CD34+ cells successfully established multi-lineage hematopoietic
engraftment [5] and improved neurobehavior of animals with stroke [6,7], brain injury [8],
and cerebral palsy [9].

In clinical cases, HSCs transplantation is required for various applications, including
repeated chemo- or radiotherapy for cancer patients, leukemia, lymphoma, or blood and
bone marrow disorders [10]. Although the efficacy has been proven and protocol has been
established, providing HLA-matched HSCs is challenging due to the diversity of HLA
types and because the cells hardly propagate ex vivo.

In this study, we propose microencapsulation of non- or low-matched CD34+ cells for
protection against immune rejection and facilitating paracrine excretion. Microencapsulated
CD34+ cells can be utilized to deliver paracrine factors of unrelated CD34+ cells for ex
vivo expansion with a bioreactor system. For a long-term target, the microencapsulation
system can be further developed to deliver paracrine factors, which provide signals to
resident HSCs for regulating the homeostasis of HSCs in their niche. Two main activities
that should be performed by HSCs to maintain homeostasis are cell proliferation and
stemness preservation.

The novelty of this study lies in the design of a 3-dimensional (3D) scaffold for
encapsulating CD34+ cells and the idea for co-cultures between CD34+ cells from different
donors. To our knowledge, published works on 3D HSC scaffolds were generally used for
ex vivo HSC culture and expansion systems and as a model for interaction between HSCs
and their microenvironment [11,12]. Alginate-based capsules [13,14], 3D polyethylene
terephthalate-based nanofiber [15], and collagen gel [16] have been studied as mesenchymal
stem cells (MSCs) loaded scaffolds [17] and HSC-MSC micro-aggregates [16]. In these
studies, biocompatibility, durability, and transplant feasibility have not always been the
main considerations for designing the systems. We initially developed collagen-based
scaffolds for encapsulating CD34+ cells [18]. Cell viability was not affected by the collagen-
based encapsulation, but it is likely that collagen promotes cell differentiation as indicated
by decreasing CD34+ cell population [18]. In the next step, alginate-based microcapsules
were constructed [19]. In this paper, chitosan, a biocompatible polymer [20], was cross-
linked with glutaraldehyde [21] and used as an outer layer to further improve alginate
microcapsule stability [22]. The impact of co-culture between microencapsulated CD34+

cells and bare CD34+ cells from different donors was investigated. Paracrine effects by
the microencapsulated CD34+ cells towards the bare CD34+ cells in the lower well were
analyzed for cell viability and progenitor maintenance represented by the CD34 marker.

2. Materials and Methods

2.1. CD34+ Cell Isolation

CD34+ cell isolation from unrelated donors was conducted as described in our pre-
vious work [18]. In brief, mononuclear cells were isolated from human umbilical cord
blood (UCB) by a density gradient technique with Lympoprep (STEMCELL Technologies,
Vancouver, CO, Canada). UCB was collected from Dr. Cipto Mangunkusumo General
Hospital after the participants were given informed consent. Ethical clearance for this study
was ratified by the Ethics Committee of the Faculty of Medicine, Universitas Indonesia—Dr.
Cipto Mangunkusumo General Hospital. CD34+ cells were purified from mononuclear
cells by EasySep™ Human Cord Blood CD34 Positive Selection Kit II (class II anti-CD34
antibody clone; STEMCELL Technologies, Vancouver, CO, Canada).

2.2. Alginate-Chitosan Microcapsule Fabrication

Microcapsules were fabricated based on our previous work [19]. Briefly, 1 part cell
suspension (5 × 106 cells/mL) was mixed with 4 parts alginate solution (50 mg/mL) and
then the mixture was dropped (10 μL/drop) into CaCl2 solution. The alginate microcap-
sules were subsequently coated with glutaraldehyde cross-linked-chitosan (10 mg/mL)
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and neutralized with NaOH (1N). Microcapsules were washed 3 times with Mg/Ca-free
phosphate-buffered saline (PBS) and tested in phenol red medium to assure neutral acidity.
All reagents were purchased from Sigma-Aldrich (Gillingham, UK) unless otherwise stated.
DNA staining and microscopic observation of microencapsulated cells were performed
according to our published work [18].

2.3. Cytotoxicity Assay

In each experiment, 5 alginate-chitosan microcapsules were soaked in 300 μL phenol
red-free RPMI medium supplemented with 10% outdated platelet lysate (Indonesian Red
Cross (PMI), Jakarta, Indonesia), heparin (10 U/mL) (Fahrenheit, Indonesia), and antibiotic-
antimycotic (Life Technologies, Carlsbad, CA, USA) for 72 h. The media was filtered to
remove the microcapsules and subsequently used to culture CD34+ cells in 96 well-plate
(104 cells/well) (Biologix, Changzhou, China). Control cells were CD34+ cells cultured
in fresh media. After 24 h incubation, an equal volume of MTT solution (ThermoFisher,
Waltham, MA, USA) was added directly to the culture and incubated for an additional 24 h
at a refrigerated shaker (~4 ◦C). Insoluble formazan was dissolved with 25 μL dimethyl
sulfoxide (DMSO), and the absorbance was measured at 540 nm with a spectrophotometer
(Varioskan, ThermoFisher, Waltham, MA, USA).

2.4. Cell Leakage Detection Assay

Cell-loaded microcapsules were incubated in platelet lysate-supplemented RPMI
media (6 microcapsules per mL media) and then incubated at 37 ◦C, 5% CO2 in a fully
humidified incubator. On day 8, the microcapsules were removed, and the media were
collected. The detection of cell leakage from microcapsules was conducted by microscopic
observation and DNA analysis of soaked media. DNA isolation was conducted according
to a manufacturer’s protocol (Geneaid, Taiwan) and DNA concentration was measured
at 260 nm with a spectrophotometer (Biochrom, Cambridge, UK). Non-encapsulated
cells (106 cells/mL) and fresh media were used as positive and negative controls of DNA
detection, respectively.

2.5. Co-Cultures of Microencapsulated CD34+ Cells with Bare CD34+ Cells

CD34+ cells in various concentrations (2.5, 5, or 10 × 104 cells/mL) were cultured
in a 24 multiwell plate containing 500 μL StemSpan medium (Stem Cell Technologies)
supplemented with thrombopoietin (10 ng/mL; Wako Pure Chemical, Osaka, Japan), 10%
outdated platelet lysate, heparin, and antibiotic-antimycotic. In the 1st experiment set,
3 CD34+ cell-loaded microcapsules were placed in each well and separated from bare cells
by a polycarbonate cell culture insert (ThermoFisher, Waltham, MA, USA). In the 2nd
experiment set, seeded cells (2.5 × 104 cells/mL) were co-cultured with 3 × 104 cells/well
of non-encapsulated (bare) or encapsulated cells. The CD34+ cells for encapsulated and
non-encapsulated (bare) cells in the upper well and bare cells in the lower well from 1st and
2nd experiment sets were collected from unrelated donors. Half of the media was changed
after 4 days, and the cells were harvested on day 8. Viable cell counting was performed by
a dye exclusion method using trypan blue (Life Technologies, Carlsbad, CA, USA).

2.6. Flow Cytometry Analysis

Flow cytometry analysis was performed as described elsewhere [18]. In brief, the cells
were stained with PE-conjugated CD34 (class III antibody clones 8G12) or FITC-conjugated
CD41 antibodies (BD Biosciences, San Jose, CA, USA) for 30 min at 4 ◦C. The stained cells
were analyzed with FACSAria III flow cytometer (BD Biosciences, San Jose, CA, USA).

2.7. Statistical Analysis

Data were presented as mean values ± standard errors from triplicate experiments.
Data sets were analyzed using one-way ANOVA, with post-hoc analysis using a paired
t-test. The value of p < 0.05 was considered as a significant difference.
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3. Results and Discussion

3.1. Fabrication of a Durable Double-Layered Microcapsule

A double-layered alginate-chitosan microcapsule was fabricated to encapsulate CD34+

progenitor cells (Figure 1A,B). The coating is intended to protect the cells from immune cell
intrusion and, at the same time, to be permeable enough to allow nutrient and gas exchange
or paracrine secretion (Figure 1A). The core is alginate-entrapped cells, and the outer layer
consists of chitosan cross-linked with glutaraldehyde (Figure 1B,D). The glutaraldehyde
cross-linked chitosan coating improved alginate microcapsule stability (Figure 1C). Based
on microscopic observations, the alginate-chitosan microcapsules retained its spherical
shape for at least 12 days in culture media. The DNA analysis was conducted to confirm
no cell leakage from microcapsules into media. Non-encapsulated cells and fresh media
were used as positive and negative controls of DNA detection, respectively. DNA concen-
tration was zero for microcapsule-soaked media (n = 3) and fresh media, whereas DNA
concentration of positive control (106 cells) was 26.3 ng/μL. Chelating agents (i.e., phos-
phate, citrate, lactate) and non-gelling cations (i.e., Na+, Mg2+) contained in the media are
known to destabilize calcium alginate gel [23]. Non-coated calcium alginate microcapsules
typically break down after 3-day immersion in common saline [19]. Our experimental data
suggested the alginate-chitosan microcapsules were able to provide a physical barrier in
the employed culture condition.

Next, the cytotoxicity effect of alginate-chitosan microcapsules was analyzed by an
indirect MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay [24]
after microcapsules were immersed in media for 3 days. There was no significant difference
of cell viabilities cultured in media with or without microcapsules (Figure 1E). This result
suggests that the microcapsules do not pose a cytotoxic effect on surrounding cells.

3.2. Paracrine Effects of Microencapsulated CD34+ Cells

To reconstitute the communication condition in HSC niche, co-culture experiments
of microencapsulated CD34+ cells and bare CD34+ cells were set up. The experiments
were performed in a static bath culture to facilitate paracrine factors excreted from mi-
croencapsulated cells. The microcapsules were placed on the top part, while the non-
encapsulated/bare CD34+ cells were in the lower part. A polycarbonate insert was used
for easy cell harvest (Figure 2A). Initially, we prepared 3 microcapsules/well that con-
tains a total of 6 × 103 cells/well (Donor 1; upper well) for co-culture with 2.5, 5, or
10 × 104 cells/mL (Donor 2, lower well). There was a significant increase in CD34+ cell
population of 2.5 × 104 cells (lower well) after 8-day co-culturing, in comparison with
those without microencapsulated cells (data not shown). However, the CD34+ ratio did
not improve in higher seeding density cultures. With the same treatment, no impact was
seen in cell proliferation of all seeding densities (Figure S1). Therefore, we increased the
cell loading capacity of each of 3 microcapsules to contain 104 cells/microcapsule (total
3 × 104 cells/well) (Donor 3; upper well) for co-culture with 2.5, 5, and 10 × 104 cells/mL
(Donor 4; lower well).

As seen in Figure 2B, microcapsules containing 3 × 104 cells per well improved the
viable cell densities of bare CD34+ cells (lower well) seeded in 2.5 and 5 × 104 cells/mL,
but made no difference at a higher seeding density. At seeding density of 2.5 × 104 cells/mL
and 5 × 104 cells/mL, cell concentrations of those with microencapsulated cells increased from
2.7 ± 0.3 × 104 cells/mL to 4.7 ± 0.6 × 104 cells/mL and from 3.5 ± 0.5 × 104 cells/mL to
7.1 ± 1.6 × 104 cells/mL, respectively. We expected that for seeding density 10 × 104 cells/mL
required a higher dosage of microencapsulated cells.

Typically, freshly isolated CD34+ cells from UCB have a purity of 93.0 ± 0.2% (in-
dicated as a striped line in Figure 2C). After 8-day culture, the CD34 positive cell per-
centage dropped to 83.2 ± 1.7, 82.7 ± 2.0 and 88.4 ± 0.5% in CD34+ cells seeded at
2.5, 5, 10 × 104 cells/mL, respectively. Interestingly, CD34+ ratio increased to 89.3 ± 1.2,
96.0 ± 0.1 and 94.4 ± 0.4% in cultures treated with microencapsulated cells. These re-

56



Appl. Sci. 2021, 11, 7887

sults suggested that microencapsulated cells potentially maintained CD34 expression in
in vitro culture.

Figure 1. (A) Illustration of microencapsulation with a semi-permeable barrier. (B) Schematic and microscopic image of
double-layered alginate-chitosan microcapsule. (C) Stability of alginate-chitosan microcapsules in culture media. (D) Micro-
scopic images of cell-loaded microcapsule after DNA staining. Scale bars in (B–D) represent 100 and 200 μm, respectively.
(E) Cytotoxicity of alginate-chitosan microcapsules for external CD34+ cells.

3.3. Importance of Microenvironment for CD34+ Progenitor Maintenance

Hematopoiesis, including self-renewal and differentiation, is highly regulated by the
bone marrow microenvironment. Autocrine/paracrine factors such as growth factors,
cytokines, and chemokines are secreted by early and differentiated hematopoietic cells,
may play important roles as chemo-attractants for other hematopoietic cells (accessory cells,
facilitating cells, etc.), stimulate the secretion of other regulatory molecules, modulate the
expression of adhesion molecules on the cell surface (e.g., adhesion and homing), and/or
influence the survival of the hematopoietic cells [25].
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Figure 2. (A) Illustration of co-culture system of CD34+ cell-loaded microcapsules (3 × 104 cells/well)
with bare CD34+ cells from unrelated donors. (B) Viable cell concentrations of bare cells (lower
well) on day 8. (C) Ratio of CD34+ cell population (lower well) on day 8. Striped line in C indicates
percentage of CD34+ cell population on day 0. Asterisks (*) in (B,C) indicate p < 0.05.

In a recent study, a micro-cavity platform was developed for isolating HSC to grow
solely or in certain cell numbers thus that it can be used to investigate the impact of au-
tocrine and paracrine signals in HSC culture [26]. The hypothesis was autocrine signals are
predominantly involved in maintaining the quiescent state of HSC in single-cell niches [26].
However, it was implied that single-cell or multi-cell cultures were unable to preserve
stemness state although various growth factors were introduced (stem cell factor, throm-
bopoietin, and FLT3L). The experimental results showed that decreasing in CD34+ ratio
is more likely to happen in lower cell density. The CD34+ cell population was preserved
by co-culturing with microencapsulated CD34+ cells. Moreover, cell expansion increased
significantly in the presence of microencapsulated CD34+ cells (Figure S2). The number of
loaded cells had a significant impact on the effectiveness of microencapsulated CD34+ cells.

The paracrine release from microencapsulated cells was hypothesized to play an
important role in promoting the proliferation and maintenance of cultured CD34+ cells.
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Additional experiments were conducted to address this hypothesis. The cells (Donor 6;
lower well) were co-cultured with equivalent numbers of bare or encapsulated cells from
an unrelated donor (Donor 5; upper well). On day 8, the cell viabilities of bare cells (lower
well) were 94.4 ± 3.2; 91.7 ± 4.8 and 100 ± 0.0% for monoculture, co-culture with bare
cells, and co-culture with microencapsulated cells. It was noticed that co-cultures with
encapsulated or bare cells from the unrelated donor could improve the cell expansion
(Figure S3A). Moreover, co-cultures produced higher percentages of CD34+ cells than of
monoculture (Figure S3B). These results suggested that co-culture with encapsulated cells,
isolated from an unrelated donor, have beneficial effects for CD34+ cell expansion and
progenitor maintenance.

In the present study, thrombopoietin, which can promote cell proliferation and
megakaryocytic differentiation [27], was added because platelet lysate alone could not pro-
vide enough growth factors for CD34+ cell survival and proliferation in vitro (Figure S4).
CD41 is expressed throughout megakaryocytic lineage and thus considered as a representa-
tive marker for megakaryotic differentiation [3,28]. It was found that bare and encapsulated
cells have opposite effects on CD41 expression of co-cultured cells (Figure S5). Co-culture
with bare cells from different donors suppressed CD41 expression of cultured cells (lower
well). On the contrary, when the equivalent cells were encapsulated with alginate-chitosan,
it could promote CD41 expression of cultured cells (lower well). To our knowledge, this is
the first time such a paracrine effect is reported.

There are two possible mechanisms: (1) direct effect in which chitosan and/or alginate
interact with thrombopoietin and subsequently promote megakaryocytic differentiation
of external cells or (2) indirect effect in which chitosan and/or alginate interact with
thrombopoietin or encapsulated cells and subsequently cause the entrapped cells to release
paracrine factors that promote megakaryocytic differentiation of external cells. Further
studies are needed to understand the detailed mechanism.

Encapsulation for transplantation was initially developed to improve allogeneic pan-
creas islet transplantation for diabetic patients [29]. Semi-permeable membrane provides
mechanical protection and immune rejection for transplanted islets while nutrients and cel-
lular metabolites freely diffuse through the membrane [30]. Several clinical trials have been
performed, and the follow-up evaluation showed a safe and promising result of alginate-
based microencapsulated islets for diabetic patients [30]. Inspired by these findings, we
developed CD34+ cells-loaded microcapsule to demonstrate paracrine factor delivery. The
microcapsule possessed no toxicity for external cells. The 3D capsules could restrict cell
growth of mesenchymal stem cells (MSCs) [31], myoblast and fibroblast cells [32], which
was postulated due to limited nutrients/oxygen exchange. Limited cell growth is beneficial
to prevent overpopulation inside the capsule as long as the cells are still capable of releas-
ing paracrine factors. In addition, microencapsulation can be an advantage in facilitating
scaled-up co-culture systems for HSC or progenitor expansion with bioreactors (Figure S6).

HSC homeostasis maintenance required paracrine factors secreted by niche cells to
supply or feed the right signal for HSCs [33]. A study reported encapsulation of several
cell types, including human amniotic-MSCs, umbilical cord-MSCs, and fibroblasts, to
maintain CD34+ cell expansion in vitro [31]. Their finding indicated that encapsulated
MSCs or fibroblasts do not benefit CD34+ cells proliferation [31]. Interestingly, improved
cell proliferation of CD34+ cells by co-culturing with osteosarcoma cell line has been
reported [34]. Instead of employing other cells, our study used CD34+ cells collected from
unrelated donors as the source of paracrine factors required for hematopoietic progenitor
maintenance. This system can be utilized to deliver paracrine factors for ex vivo HSC or
progenitor expansion with bioreactor and further developed to support initial engraftment
of allogeneic HSC transplantation.

4. Conclusions

A non-toxic double-layered microcapsule has been successfully fabricated with alginate-
chitosan to encapsulate human CD34+ progenitor cells. The microcapsules did not pose any
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toxicity to external cells. Cell proliferation and progenitor maintenance were significantly
improved when the cells from unrelated donors were cultured with CD34+ cell-loaded
microcapsules. The thrombopoietin-induced megakaryocytic differentiation was amplified
when the cells were co-cultured with cell-loaded microcapsules, while it was repressed
when co-cultured with non-encapsulated cells. Our study is the first proof-of-concept that
microencapsulation can be utilized to deliver paracrine factors for ex vivo expansion of
HLA-unmatched CD34+ progenitors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11177887/s1, Figure S1: A. Illustration of co-culture system of microencapsulated CD34+

cells (6 × 103 cells/well) with bare CD34+ cells from unrelated donors. B. Viable cell concentration
of bare cells after co-culturing for 8 days, Figure S2: Fold expansions of CD34+ cells (lower well)
on day 8 post-culturing with and without cell-loaded microcapsules (3 × 104 cells/well), Figure S3:
A. Viable cell concentration of bare cells (lower well) on day 8. B. Ratio of CD34+ cell population
on day 8. Bare cells and microencapsulated cells (Donor 5, upper well) were 3.0 × 104 cells/well.
Initial seeding of bare cells (Donor 6; lower well) was 2.5 × 104 cells/ml. Donor 5 and 6 were
unrelated patients. Figure S4: Effect of thrombopoietin (TPO) for CD34+ cells cultured on platelet-
lysate-(PL)-supplemented media, Figure S5: The CD41+ cell population of bare cells (lower well) after
8-day monoculture or co-cultures in thrombopoietin-supplemented media; Illustration of co-culture
systems with microcapsule-bioreactor and membrane insert.
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Abstract: In the medical care of partial and full-thickness wounds, autologous skin grafting is still
the gold standard of dermal replacement. In contrast to spontaneous reepithelializing of superficial
wounds, deep dermal wounds often lead to disturbing scarring, with cosmetically or functionally
unsatisfactory results. However, modern wound dressings offer promising approaches to surface
reconstruction. Against the background of our future aim to develop an innovative skin substitute, we
investigated the behavior of two established dermal substitutes, a crosslinked and a non-crosslinked
collagen biomatrix. The products were applied topically on a total of 18 full-thickness skin defects
paravertebrally on the back of female Göttingen Minipigs—six control wounds remained untreated.
The evaluation was carried out planimetrically (wound closure time) and histologically (neoepidermal
cell number and epidermis thickness). Both treatment groups demonstrated significantly faster
reepithelialization than the controls. The histologic examination verified the highest epidermal
thickness in the crosslinked biomatrix-treated wounds, whereas the non-crosslinked biomatrix-
treated wounds showed a higher cell density. Our data presented a positive influence on epidermal
regeneration with the chosen dermis substitutes even without additional skin transplantation and,
thus, without additional donor site morbidity. Therefore, it can be stated that the single biomatrix
application might be used in a clinical routine with small wounds, which needs to be investigated
further in a clinical setting to determine the size and depths of a suitable wound bed. Nevertheless,
currently available products cannot solely achieve wound healing that is equal to or superior to
autologous tissue. Thus, the overarching aim still is the development of an innovative skin substitute
to manage surface reconstruction without additional skin grafting.

Keywords: animal model; dermal regeneration; Integra; Matriderm; skin substitute; wound healing

1. Introduction

In the human body, the skin is the largest organ and serves as a barrier to the external
world. The epidermis is a stratified epithelium with proliferating basal and differentiated
suprabasal keratinocytes. The dermis consists of an extracellular matrix with interwoven
collagen fibrils, some elastin and glycosaminoglycan, to give physical strength and flexi-
bility to the skin, and fibroblasts. These are able to produce remodeling enzymes, which
are important for wound healing (e.g., collagenases and proteases). Skin injuries through
trauma, disease, burns, surgery, or even chronic wounds can have drastic effects. In contrast
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to spontaneous reepithelializing of superficial wounds, deep dermal wounds often lead to
delayed healing, disturbing scarring and cosmetically or functionally unsatisfactory results.

The ultimate goal in plastic, reconstructive and burn surgery is to produce skin ana-
logues similar to natural skin. To achieve better outcomes with a lower risk of mortality
and better functional results, early permanent wound closure is recommended. Autologous
skin grafting is still the gold standard of dermal replacement in partial and full-thickness
wounds. The demand for modern skin substitutes is high [1–3]. Various artificial skin re-
placement products have been developed recently, and their use is increasingly widespread
in clinical practice [3–5]. The scaffolds must meet certain requirements, besides clinical
effectiveness, easy handling and safe application to the patient. Other necessary scaffold
properties are:

• Biocompatibility and biodegradability;
• Ability to guide regenerative skin elements;
• Similarity to the physical strength and flexibility of normal skin;
• The 3D-matrix of naturally existing substances of the human body.

At present, acellular skin substitutes produced through lyophilization and phase
separation techniques are the most convincing imitation of the extracellular matrix of the
skin [6]. Many researchers are pursuing new approaches to tissue engineering. Some
currently available products offer promising properties such as protecting the wound from
fluid loss and microbial invasion. They support dermal cell migration and neoangiogenesis
and reduce the development of scar tissue [7]. Against the background of our future aim
to develop an innovative skin substitute, we investigated the behavior of two established
dermal substitutes, a crosslinked and a non-crosslinked collagen biomatrix in this study. The
products were investigated in full-thickness skin defects as a promoter for epithelialization
without additional skin grafts as an alternative, novel approach to the originally intended
use in combination with skin grafting and directly compared with a particular focus on
neodermal formation.

2. Materials and Methods

In this trial, full-thickness skin defects were generated paravertebrally in female
Göttingen minipigs due to the physiologic concordance to human skin [8,9]. The animals
were provided from Ellegaard Göttingen Minipigs A/S, Dalmose, Denmark, aged 39 weeks
(±12 days) and weighed 22.6 kg (±1.4 kg). Animals were treated according to the German
Law on the Protection of Animals, and the study was performed with permission from the
local Animal Welfare Committee (approval code AT 1/12).

On the first day of the study, the Göttingen minipigs were anesthetized and their
backs were shaved, surgically disinfected in a standardized manner and the outline of the
wounds was tattooed. Eighteen full-thickness skin defects (2.0 cm diameter, 0.6 cm depth)
were created, and a single dressing was applied with either a crosslinked biomatrix (n = 6)
or a non-crosslinked biomatrix (n = 6). Control wounds remained untreated (n = 6). The
crosslinked biomatrix (Bilayered Integra® by Integra Life Sciences Corporation, Plainsboro,
NJ, USA) is an acellular crosslinked collagen type I and chondroitin-6-sulphate based
bilayered biomatrix with a polysiloxane polymer layer. It is produced from bovine tendon
and shark glycosaminoglycan. The silicone was left on the wound for seven days. The
non-crosslinked biomatrix (Matriderm® 1.00 mm by Dr. Suwelack Skin & Health Care
AG, Billerbeck, Germany) is based on a compound from lyophilized collagen type I, III, V
and α-elastin in a decellularized non-crosslinked biomatrix of bovine origin. The wound
dressings were applied to the wounds in a randomized manner with a standardized
separation distance of 6.0 cm sealed with adhesive foil (Smith & Nephew Orthopaedics
GmbH, Tuttlingen, Germany) to protect the implants, avoid cross-contamination and
prevent bacterial contamination. Additionally, the minipigs wore customized minipig
jackets (Ellegaard Minipig Jacket Large Full Body, Lomir Biomedical Inc., Notre Dame de
L’Ille Perrot, QC, Canada), as previously described [10–13].
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Bandage renewal and photographic documentation were performed every second day
using a digital camera with a tripod to determine the exact distance. The evaluation was
carried out planimetrically by importing the photos into Adobe Photoshop (Adobe Systems
Inc., San Jose, CA, USA) and calculating the percentage of epithelialization during the
study period of 21 days [14]. After 20 days, original circular wound areas were excised, and
samples were processed for histopathological evaluation. Histological slices were stained
with hematoxylin and eosin to analyze the resulting neodermal thickness and cell density.
The thickness of the neoepidermis was determined repetitively from the basal layer to
the stratum corneum of the epidermis, and the number of keratinocytes was quantified
within a rectangular area of 100 × 50 μm (5 mm2), both in three different sections with an
interval of 100 μm. Pictures were taken with a digital microscope camera (AxioCam ERc
5s, Carl Zeiss Microscopy GmbH, Jena, Germany) connected to a Zeiss microscope (Axio
Observer.Z1, Carl Zeiss Microscopy GmbH, Jena, Germany) with the ZEN blue edition
(2011) microscopy software (Carl Zeiss Microscopy GmbH, Jena, Germany). The study was
carried out after approval of the local Animal Welfare Committee in accordance with the
German Animal Protection Act. Statistical evaluation was performed using SPSS software
version 20.0. The results were analyzed with the Wilcoxon rank-sum test with a defined
p-value ≤ 0.05.

3. Results

All templates were examined macroscopically and histologically, and upon completion
of the study, epidermal coverage was complete without any rejection reaction in any animal
(Figure 1).

 
Figure 1. Macroscopic and microscopic images from tissue stained with hematoxylin and eosin of the
excised former sore center in a representative (a) untreated wound and a wound treated with (b) a
crosslinked and (c) a non-crosslinked biomatrix at 20 days after a single dressing application. All
biomaterials presented a continuous epidermal layer and complete wound closure.

3.1. Planimetric Evaluation

Wound closure time decreased significantly in the treatment groups. For the control
wounds, a complete epithelialization was observed after 13.50 ± 1.19 days. Planimetric
analysis of wounds treated with the crosslinked biomatrix showed complete wound closure
after an average of 10.00 ± 1.15 days. The non-crosslinked biomatrix-treated wounds
were closed after 10.67 ± 0.94 days. Thus, the two treatment groups showed significantly
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faster wound closure than the controls. The mean time for complete wound closure was
accelerated by 3.50 days (p < 0.0001) and 2.83 days (p = 0.0002), respectively (Figure 2).

Figure 2. Time in days to complete epithelialization of control wounds and treated wounds with the
crosslinked and non-crosslinked biomatrices. The wound closure was significantly increased in the
treatment groups. * Statistically significant results.

3.2. Histological Analysis

Further, the evaluation was carried out in the histological slices. In untreated control
wounds, the mean neoepidermal thickness was 22.50 μm with a range of 12.52–39.5 μm.
Epidermal thickness had increased from treatment with the non-crosslinked biomatrix at a
mean thickness of 31.01 μm (range 23.03–61.45 μm; p = 0.0015) and from the crosslinked
biomatrix at a mean of 43.12 μm (range of 25.78–173.09 μm; p < 0.0001), as shown in Figure 3.
Thus, the histological examination revealed higher epidermal thickness in the crosslinked
biomatrix-derived neoepidermis. Rete ridge-like formations were visible in both treatment
groups (Figure 1).

Figure 3. Epidermal thickness of untreated wounds versus crosslinked and non-crosslinked
biomatrices-derived neoepidermis in three different sections per sample with an interval of 100 μm
in micrometers. Histologic examination verified highest epidermal thickness in the crosslinked
biomatrix-treated wounds. * Statistically significant results.
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In comparison, the mean epidermal cell count for untreated controls amounted
to 41,00 cells/5 mm2 (range of 22.00–68.00 cells/5 mm2). Higher values of cell density
were seen in the crosslinked biomatrix-treated groups with 69.50 cells/5 mm2 (range
of 57.00–107.00 cells/5 mm2, p = 0.0089), whereas in the non-crosslinked biomatrix-treated
wounds the highest values for mean neoepidermal cell count with an average of 84.50 cells/5 mm2

(range of 79.00–106.00 cells/5 mm2, p = 0.0002) could be observed. The templates were
fully integrated into the host tissue with the colonization of epidermal minipig cells within
all sections at statistically significant levels (Figure 4).

Figure 4. Neoepidermal cell density in untreated, the crosslinked and non-crosslinked biomatrices-
derived neoepidermis within a section of 100 μm width taken repetitively in three different sections.
Histologic examination demonstrated the densest colonization of neoepidermal cells in the non-
crosslinked biomatrix-treated wounds. * Statistically significant results.

To sum up, treatment groups showed overall improved wound healing with acceler-
ated wound closure, thicker neoepidermal tissue and increased epidermal cell density in
comparison to untreated wounds.

4. Discussion

Full-thickness skin injuries, such as deep burn wounds, generally require surgical
intervention in addition to sufficient debridement. In medical care, autologous skin grafting
is still the gold standard of dermal replacement [15–17]. However, when harvesting a skin
graft, a new wound surface will arise and might result in hypertrophic scarring, severe
pain, unsatisfactory cosmetic and functional complications or even additional chronic
wounds in patients with microcirculation disorders [18]. In burn patients, the harvesting
of a graft leads to a larger wound area with an increased risk of fluid loss, infection and
temperature loss. Moreover, in extensive burns, the donor region is limited, so the overall
aim in plastic, reconstructive and burn surgery remains the use of skin analogues similar to
natural skin. There are various manufactured skin substitutes, but at present, there is still
no commercially available skin substitute that can restore all necessary characteristics of
the native skin [19]. Beginning in the early 1980s, tissue engineering developed some skin
replacement products with promising results with deep dermal burn wounds and for use
in reconstructive surgery [20–23], including the analyzed crosslinked and non-crosslinked
biomatrices. Dermal substitutes such as these are mainly acellular 3-dimensional scaffolds
and of allogenic, xenogenic or synthetic origin, which nourish the epidermal layer or
an epidermal graft (i.e., skin grafts). Both analyzed products contain collagen, the key
component of the human skin. Cell migration takes place along the collagen fibers in an
organized manner.
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The non-crosslinked biomatrix is used for dermal regeneration with promising results
comparable to pure full-thickness grafts but with marginally slower regeneration compared
with split-thickness skin grafting only [24]. Even in wet conditions it retains its stability
and elasticity [25] and improves the biomechanical properties of the regenerating tissue
due to the elastin component [26]. It reduces wound contraction and scar formation, so the
reconstructed skin is stress-resistant sooner and patients’ rehabilitation is faster, shortening
their hospital stay and sophisticating long-term results [27,28].

The crosslinked biomatrix also serves as a dermal regeneration template. The dermal
matrix with its open pore structure promotes the ingrowth of fibroblasts and endothelial
cells [29]. Its silicone layer functions as a temporary barrier preventing fluid loss and
protects against mechanical influences and bacterial contamination [20,25,30–33]. Usually,
the silastic sheet may be removed 15 to 28 days after placement [29]. In our study, it
was left on the wound for seven days because we already observed wound healing and
did not want to integrate the silicone into the wound and compromise epithelialization.
Klein et al. already showed that deep facial burns tolerate the removal of the silicone layer
after seven to ten days without difficulties [34]. By applying the crosslinked biomatrix
complex, skin defects, even with exposed anatomical structures, can be managed and
this process might even reduce the necessity for reconstructive techniques, such as local
or free flap transplantation [35]. Nevertheless, artificial skin replacement products have
disadvantages, including their relative expense, the risk of infection complications and, if
the treatment is insufficient, patients will suffer fragile wounds and consequent surgical
revisions [36].

The crosslinked and non-crosslinked biomatrices are usually applied together with
split-thickness skin grafting, as Böttcher–Haberzeth et al. did in rats [5]. They demon-
strated that the crosslinked and non-crosslinked biomatrices offer promising approaches
for one-step closure with a neonatal rat epidermis. The crosslinked biomatrix-derived
neodermis was thicker than in the non-crosslinked biomatrix-treated wounds, and cell
density was higher in the non-crosslinked biomatrix-derived neodermis, same as in our
study concerning the neoepidermis. The analyzation of the data with a particular focus
on neoepidermal formation, even though the products are intended for use in dermal
replacement, represents a further discrepancy in the recommended handling. Nevertheless,
in the present study, the two biomaterials were investigated as a dermal replacement and
a single promotor for epithelialization at the same time without additional skin grafting,
and, therefore, no donor site morbidity. Both treatment groups showed significantly faster
reepthelialization than the controls, which suggests the presumption that the dermal substi-
tutes offer a better surface for keratinocytes to move from the wound edges. Furthermore,
the histologic examination demonstrated rete ridge-like formations especially in the non-
crosslinked biomatrix-treated wounds. These are advantageous because the surface area of
the epidermis is increased at the dermoepidermal junction, and the cells of the epidermis
receive their nutrients through improved contact with the blood vessels in the dermis. In
addition, rete ridges provide a niche for stem cells, protected from environmental stress
with epidermal shearing, such as shear forces. With this, support of skin regeneration could
be observed through the application of the dermis replacement products and can even
reduce the need for local or free flap-plastic defect coverage [35].

However, only minor wounds reepithelialize without the need for transplantation [37]
as also shown by Fulchignoni et al. They recently published a clinical study, comparing the
use of the non-crosslinked biomatrix with or without grafting in the treatment of fingertip
tissue loss [38]. So, in the current study, it would have been an interesting point to analyze
wounds of increasing sizes. Moreover, additional data on the functionality of the skin and
vascularization would have been further interesting aspects.

This led us to look again at this issue. The experimental setup chosen in our study
turned out to be a reliable option as a wound-healing model [9]. In general, porcine skin
shows recognizable similarities to human skin in terms of its anatomical composition and
physiological behavior, as described extensively in the literature [39–41].
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5. Conclusions

In conclusion, this trial showed comparable biological behavior with successful wound
closure using crosslinked and non-crosslinked biomatrices in full-thickness wounds. Our
data presented a positive influence on the epidermal regeneration and support of epithe-
lialization with the chosen dermis substitutes even without additional skin transplantation
and, thus, without additional donor site morbidity. Therefore, it can be stated that the
single biomatrix application might be used in small wounds, which needs to be investi-
gated further in a clinical setting to determine the size and depths of a suitable wound bed.
Nevertheless, currently available products cannot solely achieve wound healing that is
equal to or superior to autologous tissue. Thus, the overarching aim still is the develop-
ment of an innovative skin substitute to manage surface reconstruction without additional
skin grafting.
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