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Abstract: Type I collagen, prevalent in the extracellular matrix, is biocompatible and crucial for
tissue engineering and wound healing, including angiogenesis and vascular maturation/stabilization
as required processes of newly formed tissue constructs or regeneration. Sometimes, improper
vascularization causes unexpected outcomes. Vascularization failure may be caused by extracellular
matrix collagen and non-collagen components heterogeneously. This study compares the angiogenic
potential of collagen type I-based scaffolds and collagen type 1/glycosaminoglycans scaffolds by
using the chick embryo chorioallantoic membrane (CAM) model and IKOSA digital image analysis.
Two clinically used biomaterials, Xenoderm (containing type I collagen derived from decellularized
porcine extracellular matrix) and a dual-layer collagen sponge (DLC, with a biphasic composition
of type I collagen combined with glycosaminoglycans) were tested for their ability to induce new
vascular network formation. The Al-based IKOSA app enhanced the research by calculating from
stereomicroscopic images angiogenic parameters such as total vascular area, branching sites, vessel
length, and vascular thickness. The study confirmed that Xenoderm caused a fast angiogenic response
and substantial vascular growth, but was unable to mature the vascular network. DLC scaffold, in
turn, produced a slower angiogenic response, but a more steady and organic vascular maturation and
stabilization. This research can improve collagen-based knowledge by better assessing angiogenesis
processes. DLC may be preferable to Xenoderm or other materials for functional neovascularization,
according to the findings.
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1. Introduction

Collagen is the most prevalent protein in the animal kingdom's extracellular matrix
and belongs to the fibrous protein family. Due to its high biocompatibility, collagen is
an ideal biomaterial for implantable medical devices and scaffolds for in vitro testing.
Different collagen-based solutions are being created and manufactured, including matrices,
porous sponges, membranes, and threads for surgical and dental applications [1].

Moreover, collagen matrices have been historically known as promising biomaterials
for a wide range of medical applications, particularly in tissue engineering and regen-
eration [2]. Collagen and materials derived from collagen have been used in medical
applications for more than 50 years. In the past decade, there has been a significant in-
crease in scholarly articles investigating the use of collagen in tissue engineering scaffolds.
Collagen materials, such as soluble collagen injections, solid scaffolds, patches, and decel-
lularized collagen matrices, have great potential in treating chronic wounds, burns, venous
and diabetic ulcers. They also have versatility in various medical fields including plastic-
reconstructive surgery, general surgery, urology, proctology, gynecology, ophthalmology,
otolaryngology, neurosurgery, dentistry, cardiovascular surgery, bone and cartilage surgery,
and cosmetology pathologies [3]. Their unique properties, including biocompatibility,
biodegradability, and the ability to mimic the natural extracellular matrix (ECM), make
them suitable for various regenerative therapies. Moreover, in dentistry, collagen matrices
have gained significant attention in bone tissue regeneration, providing a scaffold for cell
attachment, proliferation, and differentiation [4]. Additionally, their hemostatic properties
make them valuable as surgical hemostatic agents, effectively controlling bleeding and
promoting wound healing [5,6].

Xenoderm and dual-layer collagen solutions stand out, among the various collagen
matrices available, for their specific applications and clinical outcomes. Xenoderm, de-
rived from decellularized porcine ECM, has demonstrated efficacy as a wound-healing
adjuvant therapy, particularly in treating burn injuries. Its porous structure and ability to
absorb wound exudates promote granulation tissue formation and accelerate healing [7-9].
Moreover, wound healing efficacy is related to the idea that the collagen ECM clusters
and promotes adhesion, proliferation, and differentiation at the cellular level. In the
study by Matouskova et al., porcine dermal patches were demonstrated as an efficient
solution in regenerative wound healing, as they promote keratinocyte proliferation and
stratification [8].

Dual-layer collagen sponges, on the other hand, have found their main niche in dental
surgery and, more generally, in bone regeneration procedures. Their biphasic (in layers)
composition, with a dense and a porous layer, provides both structural support and a fa-
vorable environment for cell growth and differentiation, facilitating bone regeneration [10].
Additionally, dual-layer collagen matrices show superior performances even when com-
pared to autogenous bone grafts, especially when it concerns bone regeneration. The layers
of DLC offer mechanical stability, replicating the structural integrity of natural tissues.
This mechanical support is crucial for providing a stable scaffold for bone formation and
preventing bone collapse. The dual-layer structure of the DLC, made out of collagen and
glycosaminoglycans, facilitates cell infiltration allowing osteoprogenitor cells to migrate
into the scaffold and differentiate into osteoblasts, the bone-forming cells [11-16].

Despite the widespread use of these collagen matrices, there remains a paucity of
data on the critical factor governing their effectiveness in regenerative medicine: vas-
cularization [17]. Neoangiogenesis, the formation of new blood vessels, is essential for
wound healing and tissue regeneration, providing oxygen and nutrients to the regenerating
tissues [10,18].

The formation of the vascular network is mostly determined by the structure of the
surrounding microenvironment, and is greatly influenced by the unique characteristics
of blood flow. Existing evidence demonstrates that both DLC and Xenoderm possess a
significant capacity for vascularization. However, there is currently no published data
about their angiogenic potential and their capability to rebuild blood vessels. To address
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this gap in knowledge, we conducted a comparative study of Xenoderm and dual-layer
collagen matrices in the chick chorioallantoic membrane (CAM) model. The CAM model
offers a simple, cost-effective, and bioethically sound platform for studying angiogenesis
in vivo [19-21].

Our study aimed to investigate de novo the neovascularization potential of Xenoderm
and dual-layer collagen matrices in a comparative setting.

In the present study, we will focus not only on angiogenic potential of both collagen
scaffolds, but also primarily on vascular remodeling assessed by the quantification of
vascular loops and vascular network formation. Understanding the relative angiogenic
properties of these matrices is crucial for assessing their scientific validity and optimizing
their use in regenerative medicine applications.

2. Materials and Methods
2.1. Material Selection and Material Grafting into the Chick Embryo CAM

In order to compare the effects of Xenoderm and DLC on CAM vascularization, it
was compulsory to implant the two biomaterials onto the surface of the chorioallantoic
membrane of the chick embryo. Therefore, the integration with the living tissue system
was enhanced by means of artificial intelligence (IKOSA App) to confirm whether and
how the grafted biomaterials induced angiogenesis and lastly, functional vascular network
formation. Different materials were needed to perform the experiment. The materials are
listed as follows:

Xenoderm (Helix Pharma, Pondicherry, India) is a dermal substitute composed of a
collagen-based matrix. The collagen matrix is derived decellularized porcine dermis and
is crosslinked to create a stable scaffold. Xenoderm is used in clinical practice to treat a
variety of skin conditions, including burns, chronic wounds, and diabetic ulcers.

Dual-layer collagen scaffold (DLC) (BIOPAD, Salt Lake City, UT, USA) is a biocom-
patible scaffold made of two layers. One layer is made of collagen type I, which promotes
cell adhesion and proliferation, while the second layer is composed of glycosaminogly-
cans (GAGs).

Additional materials used for the realization of the experiment included 70% con-
centrated alcohol, ParaPlast sealing tape, 10% buffered formalin solution, and paraffin. A
stereomicroscope was used to visualize the microscopic sections.

The chorioallantoic membrane assay preparation involved the initial step of select-
ing 60 fertilized hen eggs using in ovo transillumination to determine the presence of
developing embryos. Subsequently, the eggshells were cleansed using 70% concentrated
alcohol, and then the eggs were incubated for a duration of 72 h at a temperature of
37 °C in an environment with a humidity level of 60%. On the fourth day of incubation,
a puncture was made on the narrow end of each egg to extract roughly three milliliters
of egg albumen, using ParaPlast to close the puncture. On the next day, the experiment
included the establishment of a shell window to evaluate the integrity of the chorioallantoic
membrane and the viability of the embryo. One of the two types of biomaterials was placed
onto the CAM. The specimens were separated into two groups. The first group, consisting
of 10 eggs, got small pieces of Xenoderm as implants. The second group, also consisting of
10 eggs, was implanted with small pieces of DLC as grafts. The biomaterials were applied
directly onto the CAM surface in a non-invasive manner after lightly scratching it. The
experiment concluded on the 13th day of incubation.

2.2. IKOSA CAM Assay and Network Formation Assay

To accurately assess the angiogenetic processes onto the CAM brought by the two
different implanted biomaterials, we performed an automated analysis using the IKOSA
app (KML Vision, Graz, Austria). The software is an artificial intelligence-enhanced app
and includes a multitude of features for the rapid, accurate, but complex evaluation of
different experimental models. For the present study, two IKOSA applications have been
selected: the CAM assay (version 3.1.0) and the network formation assay (version 2.1.0).
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The CAM assay allowed us to measure the total area of the vascular network, vessel
length, vessel thickness, and the number of branching points. In addition to these pa-
rameters, we also considered parameters to evaluate the functional morphology of the
vascularization, such as tube length, and number of tubes/tube length.

The network formation assay enabled the vascular loops analysis.

After exporting the data from the Ikosa app in .xls format, we conducted the sta-tistical
analysis using the XLSTAT (version 2022.4.5.). Several graphs were created to illustrate the
patterns of various variables over the three observation periods.

We employed a stereomicroscope to observe the stained slices. We obtained pho-
tographs of the segments using a digital camera. Subsequently, we employed Image] soft-
ware (version 1.54) to scrutinize the photos and precisely measure the various properties.

3. Results

This study aimed to assess and compare the impacts of Xenoderm and DLC on
CAM vascularization. Our research revealed that both biomaterials resulted in a notable
stimulation of blood vessel growth and the development of a functional network of blood
vessels. These findings suggest that DLC may be more effective at promoting vascular
network formation, as well as vascular functionality, compared to Xenoderm (Figure 1).

(A)
©

(D)

(B) (E)

(F)

Figure 1. Dynamic evaluation of DLC (A-C) and Xenoderm (D-F) angiogenic potential by the
assessment of branching points and vascular tubes morphometry through IKOSA app. CAM assay
detected the branching points of new blood vessels by pointing them with red dots and automatically
counted the branching points number.

The following parameters have been selected: (1) The variable “roi_size” represents
the total number of pixels in the region of interest that was analysed; (2) vessels_total_area
[Px"2]: the total sum of the areas of all the vessels that have been detected in the image,
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Vessels_total_area [PxA2]/ ROI

measured in square pixels; (3) vessels_num_branching_points: the count of the points
where the discovered blood vessels divide into smaller branches; (4) covered area [Px"2]:
the total area of all cells or tubes in the image, measured in pixels; (5) num_tubes: all the
tubes that have been identified to be patent; (6) total_tube_length [Px]: the sum of the
lengths of all tubes in the image, measured in pixels; (7) area [Px"2]: the area estimated
within the loop, measured in square pixels; (8) perimeter [Px]: the measurement of the
total length of the loop’s circumference. In order to assess the level of integration between
the two materials and the live tissue model, stereo-microscopic images were captured
at specific time points (days 1, 3, and 5). Subsequent analysis of the recorded data was
then conducted. The region of interest (ROI) for the DLC was 17,056,325 squared pixels,
while the ROI for the Xenoderm was 1,443,520 squared pixels. In order to facilitate a
comparison of the observed values, they were divided by the ROI and thereafter expressed
as percentages.

3.1. CAM Assay

The Ikosa app permits the evaluation of the vascularization through the feature “CAM
assay”. The following images, tables, and graphs compare the two materials as integrating
onto the CAM surface after grafting. Figure 1 compares stereomicroscopic images with
CAM assay analysis of the two different biomaterials at different time periods.

3.1.1. Vessel Total Area/ROI

The value “vessel total area/ROI” is depicted in the following Table 1 and represented
in the Figure 2A.

Vessels_num_branching_points/ROI

.030%

.020%

.010%

.000%

DLC CAM ASSAY m XENODERM CAM ASSAY DLCCAM ASSAY ®XENODERMCAM ASSAY
(A) (B)
Vessels_num_branching_points/ Total_tube_length [Px]/covered_area
Vessels_total_area [Px"2]
.200% 6.000% ||
4.000%
.100%
2.000%
.000% .000%
1 1
2 5 . 3
DLCCAMASSAY  MXENODERM CAM ASSAY EDLCNFA ®XENODERM NFA
©) (D)

Figure 2. Cont.
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Number_tubes/total_tube_length Vessels_mean_thickness
6.000% 74 150.000
1120.1821679
4.000% 100.000 16.51256629 ;l
2.000% 50.000 d ooms7]
10.09892732
25.12089281|
.000% 000
1 1
2 2
3 3
EDLCNFA EXENODERM NEA HDLCCAM ASSAY XENODERM CAM ASSAY
(E) (F)

Figure 2. The value “vessel total area/ROI” is represented as a trend during the three observa-
tion periods (A). The second calculated variable is “vessel_num_branching_points/ROI” and it is
represented as a trend during the three observation periods (B). The second calculated variable
is “vessel_num_branching_points/vessels_total_area” and it is depicted as a trend (C). The num-
ber_tubes_length/Covered_area is depicted as a trend during the observation periods day 1, day 3,
day 5 (D). The variable number_tubes/total_tube_length is depicted as a trend during the observation
periods (E). Vascular mean thickness comparative assessment in between DLC and Xenoderm. Note
the exponential increase of vascular thickness for DLC sustaining blood vessels maturation (F).

Table 1. CAM assay and network formation assay (NFA) parameters variability by comparative
analysis in between dual-layer collagen (DLC, type I collagen + glycosaminoglicans) and Xeno-
derm (Type I collagen alone). The table compares the results of the DLC implanted eggs and
the Xenoderm implanted eggs at the observational points: day 1 (1), day 3 (2), day 5 (3) for the
following parameters: vessel_total_area [Px"2]/ROI; vessels_num_branching_points/ROI, mean-
ing the number of ramification points encountered in the ROI and divided by the number of
squared pixels encountered in the ROI; vessels_num_branching_points/vessels_total_area; ves-
sels_num_branching_points/covered_area and number_tubes/total_tube_length [Px].

DLC Xenoderm
Parameteres CAM Assay CAM Assay
Vessels_total_area
[Px"2]/RO1
1 16.53% 18.29%
3 22.72% 32.10%
5 18.86% 16.30%
Vessels_num_branching_points/ROI
1 0.00% 0.01%
2 0.01% 0.02%
3 0.02% 0.02%
Vessels_num_branching_points/vessels_total_area
0.02% 0.07%
0.02% 0.06%

0.00% 0.13%
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Table 1. Cont.
DLC Xenoderm
Parameteres CAM Assay CAM Assay
NFA NFA
Total_tube_length [Px]/covered_area [Px"2]

1 1.15% 3.53%

2 1.10% 3.27%

3 4.04% 4.01%

Num_tubes/total_tube_length [Px]

1 3.29% 2.81%

2 3.35% 4.26%

3 3.05% 5.40%

The vessel_total_area/ROI exhibits a gradual and natural growth from day 1 to day 3.
Xenoderm has rapid growth from day 0 to day 3, followed by a decline from 32.10% to
16.30%. In contrast, DLC exhibits slower growth and a less sudden decrease of just 3.86%.
This suggests that DLC promotes angiogenesis and vascularization in a sustainable and
more efficient manner. The data pertaining to Xenoderm indicate a significant increase
from day 1 to day 3, but the subsequent drop implies a less seamless integration with the
living model.

3.1.2. Vessels_Num_Branching_Points/ROI

This variable, presented in Table 1 and Figure 2B, represents the percentage of new
vascular ramifications in relation to the region of interest (ROI). The percentage of DLC
vessels branching points increases from day 1 to day 5 slowly but constantly, indicating
that DLC promotes neoangiogenesis and vascular branching over time. The trend exhibits
a consistent rise during all three observations. On the other hand, Xenoderm percentages
show an increase from the first to the second observation, followed by a stagnation, with
little change in the last observational period.

3.1.3. Vessels_Number_Branching_Points/Vessels_Total_Area

This variable, represented in Figure 1C and Table 1, is the ratio of the number of
branching points to the total area of vessels and it is a quantitative measure of the complex-
ity of the vascular network’s branching structure. A greater ratio signifies a network that
is more intricate and extensively branched. The data for the DLC and Xenoderm indicate
that Xenoderm exhibits greater branching complexity than the DLC at all three time points
(Table 1 and Figure 2C). Over time, the DLC exhibits a decreasing tendency in the ratio
of the number of branching sites to the total area of vessels. These findings indicate that
the DLC vascular network has a decrease in branching ramifications as time progresses.
The Xenoderm trend indicates that the ratio of vessels_number_branching_points to ves-
sels_total_area increases with time. This indicates that the Xenoderm vascular network
grows increasingly intricate yet less mature.

3.1.4. Total_Tube_Length [Px]/Covered_Area

The ratio of total tube length over covered area is a measure of the density of the
vascular network. A higher ratio indicates a denser vascular network. This means that there
are more vessels per unit area of tissue. The data show that Xenoderm has a higher ratio
of total tube length over the covered area than the DLC during the two first observations,
and then DLC has a higher value on day 5. The trend for both Xenoderm and DLC is that
the ratio of total tube length over the covered area decreases from day 1 to day 3, and
then increases from day 3 to day 5. This suggests that the vascular network becomes less
dense initially, and then denser over time. This may be due to the fact that the tissues are
still developing and growing on day 1, and the vascular network needs to adapt to the
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changing needs of the tissues. (Figure 2D). The increase rate of the ratio of total tube length
over covered area can be calculated using the following formula:

Increase rate = (Value at day 5 — Value at day 3)/Value at day 3 x 100%

Using this formula, we can calculate the following increase rates for the Xenoderm
and the DLC:
Xenoderm: (4.01% — 3.27%)/3.27% x 100% = 22.63%

DLC: (4.04% — 1.10%)/1.10% x 100% = 272.73%

This shows that the DLC has a much higher increase rate than the Xenoderm. This
means that the vascular network in the DLC is becoming denser at a much faster rate than
the vascular network in the Xenoderm. The data are depicted in Table 1.

3.1.5. Number_Tubes/Total_Tube_Length [Px]

The ratio of number of tubes to total tube length is a complex measure that can be
influenced by a variety of factors, including the maturity of the vascular network, the
presence of remodeling, and the specific tissue type. In a developing vascular network,
the ratio of number of tubes to total tube length may be high. This finding demonstrates
an immaturity of the circulatory system as the vessels are shorter and less developed.
However, over time, the vessels may mature and elongate, leading to a decrease in the ratio
of number of tubes to total tube length. Additionally, remodeling of the vascular network
can lead to the removal of inefficient vessels and the formation of more efficient ones. This
can also lead to oscillations in the ratio of number of tubes to total tube length. Therefore, a
lower ratio of number of tubes to total tube length indicates that the vascular network is
more mature and efficient. Overall, the ratio of number of tubes to total tube length is a
useful tool for assessing the functionality of the vascular network, but it is important to
consider all of the relevant factors when interpreting the results. In Table 1 and Figure 2E,
while the values for DLC remain constant and then slightly decrease (3.29%, 3.35%, 3.05%),
the parameter for Xenoderm shows a rise from 2.81% at day 1 to 5.40% at day 5 (Table 1
and Figure 2E).

3.1.6. Vascular_Mean_Thickness

Another powerful means of calculating vascular functionality is by considering the
“vessels_mean_thickness.” (Figure 2F and Table 2). The thickness of the of the vascular
walls’ structures serves as a robust indicator to assess the maturity of each vascular entity,
reflecting their functionality and capacity to facilitate and impulse blood flow. The mean
thickness of the vessels found in the implanted eggs exhibits distinct trends, depending
on the type of implant. The mean thickness of vessels in Xenoderm-implanted eggs
demonstrates a decreasing trend over time, reducing from 11.98 Px on day 1 to 10.10 Px
on day 5, suggesting that the Xenoderm implant does not promote an increase in vessel
robustness over time. Conversely, the mean thickness of vessels in DLC-implanted eggs
exhibits an increasing trend, rising from 25.12 Px on day 1 to 120.18 Px on day 5. Comparing
the mean thickness of vessels in Xenoderm- and DLC-implanted eggs indicates that the
Xenoderm implant does not effectively support the healthy development of vessels. In
general, thicker vessels tend to be more elastic, enabling them to expand and contract more
effectively in response to changes in blood pressure. This makes thicker blood vessels
more efficient at transporting blood and oxygen to tissues. Overall, the assessment of
mean thickness provides valuable insights into the vascular functionality and the impact of
different implants on vessel development.
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Table 2. Vessels_mean_thickness [Px]. The table compares the results of the DLC-implanted eggs and
the Xenoderm-implanted eggs at the observational points: day 1 (1), day 3 (2), day 5 (3).

Vessels_Mean_Thickness [Px] DLC CAM Assay Xenoderm CAM Assay
25.12 11.98
23.32 16.51
120.18 10.10

3.2. Vascular Loops Analysis by Network Formation Assay (NFA)

The vascular loop analysis performed with the network formation assay of the IKOSA
app showed that the egg implanted with Xenoderm developed one vascular loop in during
day 1, three vascular loops at day 3, and six vascular loops at day 5. The average loop
area was 1552 P2, 1702.67 P"2, and 7697 P"2, respectively. Showing an increase of 490%
from day 1 to day 5. This is compatible with the idea of vascular maturity and vascular
networking increasing more every day, and creating more complex loops and vascular
networks every day (Figure 3).

(b)

(f)

Figure 3. IKOSA network formation assay (IKOSA_NFA) evaluated the remodeling ability of newly
formed vascular network (by assessing the vascular loops number and size), but also vascular mean
thickness characterizing vessel maturation and stabilization. Significant differences have been found
between DLC and Xenoderm. Vascular loop number, size, and density were significantly increased
for DLC from day 1 (a) (one purple contour of one vascular loop) to day 3 (b) and day 5 (c) (six
contoured loops in different colors which differentiate their size). For a similar period, for Xenoderm
(d—f), there was a low number of vascular loops.
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The loop analysis performed by the IKOSA network formation assay demonstrated
that DLC exhibits an even larger capability for forming vascular loops. In particular, after
one day from the implant, DLC showed the formation of four vascular loops, with an
average of 471,430 P2 area each and an average perimeter of 2598.955 P. During the second
observation, which happened during day 3, the loops observed were 14 with an average
area of 30,350 P"2 and a perimeter of 513 pixels. Nonetheless, in the last day of observation,
for a much smaller ROI of DLC, two loops were observed, having an average perimeter of
184.5 P and an average area 2196 P"2.

3.3. Comparative Statistical Analysis

A statistical comparison between DLC and Xenoderm related to the main angiogenic
parameters evaluated by IKOSA was carried out. Statistical analysis of angiogenic pa-
rameters evaluated for Xenoderm showed no statistically significant correlation between
branching points, vascular mean thickness, vascular area, and tube number/total tube
length. By contrast, strong statistically significant correlations have been found for DLC
(Table 3) between branching points/vascular mean thickness (p = 0.005), and branching
points/total tube length per covered area (p = 0.005), but not for vascular total area. The
strongest statistical significance observed was vascular mean thickness related to total
tube length /covered area (p < 0.001). This correlation confirms and sustains DLC’s ability
to induce a strong angiogenic response, but also to promote proper vessel remodeling
and maturation.

Table 3. The table represents a statistical analysis through Pearson’s r, Spearmann’s rho and Kendall’s
Tau B of the parameters calculated for the integration of dual-layer collagen (DLC).

DLC_Vascular Mean DLC_Branching

Thickness Points
Pearson’s r 1.000 ** —
p-value 0.005 —
DLC_branching points Spearman’s tho 0866 _
p-value 0.167 —
Kendall’s Tau B 0.816 —
p-value 0.110 —
Pearson’s r 1.000 *** 1.000 **
p-value <0.001 0.005
DLC_total tube Spearman’s rho 1.000 0.866
length/covered area p-value 0.167 0167
Kendall’s Tau B 1.000 0.816
p-value 0.167 0.110

Note. * p < 0.05, ** p < 0.01, *** p < 0.001, one-tailed.

4. Discussion

Collagen is a highly adaptable biomaterial that has significant importance in various
practical fields. It is widely used in alimentary sciences and in the pharmaceutical industry.
Additionally, collagen is utilized in the manufacturing of sports accessories like tennis
rackets [11,22]. Collagen is the most abundant fibrous protein and makes up most of the
extracellular matrix (ECM) in all species [23,24]. Collagen is a prevalent component in
human tissues and exhibits various significant attributes, including cell recognition signals,
the capacity to form 3D scaffolds of different configurations, manageable mechanical quali-
ties, and natural degradation abilities. These qualities make collagen an ideal material for
creating tissue-engineered scaffolds for a wide range of medical purposes. The appeal of
collagen as a biomaterial mostly relies on its status as a naturally abundant component
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of the extracellular matrix. Consequently, it is regarded as an inherent part of the body,
rather than an external substance [24]. The constituents of collagen engage in a sequential
manner with one another, and with other elements of the extracellular matrix (ECM), to
form structures with varying degrees of interconnection and specific functions. Collagen is
crucial for preserving the structural and biological properties of connective tissues. An ex-
tensive understanding of these features has enabled the development of novel biomaterials
that mimic the structural and biological properties of natural tissues, particularly tissues
primarily consisting of collagen type L, III, and IV [25-27].

Surprisingly, the intrinsic ability of collagen scaffolds to induce and promote angiogen-
esis is less reported in the literature, despite the fact that some collagen-based biomaterials
(as Xenoderm and similar) are frequently used in clinical practice for skin wound heal-
ing [7,28,29] or other reconstructive procedures [15,30,31].

De novo collagen scaffolds’ angiogenic ability to recruit blood vessels in the absence
of other cellular interactions is less studied in the literature. The architecture heterogeneity
of collagen scaffolds represents one of the main drivers of their vascularization. Colla-
gen fiber arrangements differentially guide the recruitment of blood vessels and their
structural patterns.

The present study was focused on the study of the endogenous angiogenic ability of
two types of collagen scaffolds frequently used in clinical practice, but less characterized re-
lated to their angiogenic potential: Xenoderm (a skin dermis-derived collagen scaffold) [32]
and dual-layer collagen sponge (usually used for hemostasis) [33]. Both Xenoderm and
DLC have not been studied before on chick embryo chorioallantoic membrane models,
regarding their ability to acquire new blood vessels from the adjacent microenvironment.
Moreover, for most papers related to the angiogenic potential of both scaffolds, there were
applied conventional methods to assess angiogenesis as microvessel density or the assess-
ment of growth factors from the GAGs component by chemical or molecular methods. The
artificial intelligence based IKOSA platform allowed us to assess angiogenesis with tests
able to assess not only the number and density of newly formed blood vessels, but also by
evaluating the dynamic criteria of angiogenesis processes as number of branching points,
total vessel length and total vessel area, vessel wall thickness, and vascular loops. These
criteria dynamically characterize angiogenic processes from their early stages of vessels
sprouting, to their full maturation.

Xenoderm contains type I porcine collagen, while dual-layer collagen is structured in
two distinct layers: one containing type I collagen and another layer filled with glycosamino-
glycans. Both type I collagen and glycosaminoglycans promote angiogenesis [18,34], but
our experimental study demonstrated that the hybrid collagen scaffold induces a different
dynamics of angiogenesis steps. Type I collagen from Xenoderm induced a rapid and potent
angiogenic response. This finding was sustained by a rapid increase in branching points
number, total tube length, and total vascular area for Xenoderm compared to DLC in a
similar period. Despite an accelerated increase in vessel total area for Xenoderm compared
to DLC on day 3 of experiment, the total vessel area at the end of the experiment was higher
for DLC than for Xenoderm. This may be surprising, but when we correlated these data
with the findings derived from the vascular loops analysis, we found that the total vascular
area developed in the DLC model is higher compared to Xenoderm, most probably due to
higher maturation and stabilization of blood vessels induced by GAGs. These data may
be important for choosing proper collagen scaffolds to be used in different organs tissue
engineering. Previous experimental findings using DLC as scaffold for tissue bioprinting re-
ported similar results on dual-layer collagen scaffolds” advantages as one of the most proper
materials for tissue bioprinting [35], and also for tissue vascularization [18], most probably
due to the presence of a high amount of glycosaminoglycans. Glycosaminoglycans (GAGs)
are tissular components mandatory for vascular development [36]. GAGs highly modulate
both endothelial cells migration, proliferation, and tube formation, but also vascular remod-
eling and maturation due to their effects on perivascular smooth muscles cells also [37,38].
Recently, Pilloni et al. demonstrated that the addition of hyaluronic acid did not enhance
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the formation of new blood vessels in the early steps of reparative gingival angiogenesis,
but enhanced extracellular matrix remodeling and collagen maturation, facilitating an
accelerated wound healing inside human gingiva [39]. These findings are in accordance
with ours. Total tube length in the last day of the experiment was similar in between both
scaffolds but vascular mean thickness exhibits a tremendous increase for DLC compared to
Xenoderm. This means that DLC (most probably due to the presence of GAGs layer) has
ability to induce a rapid maturation of newly formed blood vessels. Vessels’ maturation
and remodeling by addition of perivascular smooth muscle cells is mandatory for a proper
vascular function [40,41]. Conventional microscopic methods, such as as CD34/smooth
muscle actin double immunostaining for endothelial / perivascular cells, respectively, may
prove the presence of perivascular smooth muscle cells on tissue section, but they do not
have enough sensitivity and specificity to appreciate differences related to vessel thickness
variability due to the acquisition of smooth muscle cells. Al-based IKOSA CAM platforms,
especially CAM assay and network formation assay tests, can evaluate by automated
image analysis vessel thickness of the newly formed perfused blood vessels in vivo and
correlate it with other angiogenic parameters. GAGs layer from the DLC structure induced
significant differences related to angiogenesis steps. In 1986, Ausprunk described the GAGs
distribution during chick embryo chorioallantoic membrane vessels development [42]. The
author pointed out that sulphated GAGs help the maturation and stabilization of CAM
vessels. Collagen glycosaminoglycan dual-scaffolds increase the recovery of brain lesions
in the rodent model of brain lesions [43] (26) by stimulation of angiogenesis. The same
team reported that collagen glycosaminoglycan dual-scaffold also seemed to play a critical
role in promoting proliferation of perivascular cells, especially in the area surrounding the
lesion (26). This is in accordance with our findings regarding vessels’ mean thickness for a
similar combination in between collagen and GAGs.

5. Conclusions

In this work, we proved that a combination of type I collagen and glycosamino-glycans
on a DLC scaffold can promote blood vessel remodeling and angiogenesis. On its own, type
I collagen promoted angiogenesis’ initial stages, but did little to aid in the development,
maturation, or stabilization of the newly formed vascular network. The results show that
glycosaminoglycan and type I collagen mixtures are the best scaffolds for angiogenesis from
tissue engineering, which means that a fully functional vascular network development
may be sustained.

Author Contributions: Conceptualization, E.R.G.S. and A.V.P; methodology, ER.D.; software, T A.P;
validation, E.S.B. and A.M.C,; formal analysis, E.S.R.; investigation, E.R.G.S. and A.M.C; resources,
FR.D. and E.S.B.; data curation, FE.S.R.; writing—original draft preparation, ER.G.S. and AM.C.;
writing—review and editing, E.R.G.S.; visualization, ES.R.; supervision, A.M.C. and M.C.; project
administration, F.S.R.; funding acquisition, A.K.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All results an data of this manuscript could be found to the main author
of the present work.

Acknowledgments: We are grateful to Victor Babes University of Medicine and Pharmacy Timisoara
Romania for the logistic support offered to us for the development of the present study.

Conflicts of Interest: The authors declare no conflicts of interest.



Bioengineering 2024, 11, 423 13 of 14

References

1. Meyer, M. Processing of Collagen Based Biomaterials and the Resulting Materials Properties. Biomed. Eng. OnLine 2019, 18, 24.
[CrossRef] [PubMed]

2. Hutmacher, D.W. Scaffold Design and Fabrication Technologies for Engineering Tissues--State of the Art and Future Perspectives.
J. Biomater. Sci. Polym. Ed. 2001, 12, 107-124. [CrossRef] [PubMed]

3. Shekhter, A.B.; Fayzullin, A.L.; Vukolova, M.N.; Rudenko, T.G.; Osipycheva, V.D.; Litvitsky, P.F. Medical Applications of Collagen
and Collagen-Based Materials. Curr. Med. Chem. 2019, 26, 506-516. [CrossRef] [PubMed]

4. Lee, K.Y;; Mooney, D.J. Hydrogels for Tissue Engineering. Chem. Rev. 2001, 101, 1869-1879. [CrossRef] [PubMed]

5. Peng, W.; Li, D.; Dai, K.; Wang, Y.; Song, P; Li, H.; Tang, P.; Zhang, Z.; Li, Z.; Zhou, Y.; et al. Recent Progress of Collagen, Chitosan,
Alginate and Other Hydrogels in Skin Repair and Wound Dressing Applications. Int. ]. Biol. Macromol. 2022, 208, 400—-408.
[CrossRef] [PubMed]

6. Erdogan, D.; Van Gulik, T.M. Evolution of Fibrinogen-coated Collagen Patch for Use as a Topical Hemostatic Agent. J. Biomed.
Mater. Res. B Appl. Biomater. 2008, 85B, 272-278. [CrossRef] [PubMed]

7. Hosseini, S.N.; Mousavinasab, S.; Rahmanpour, H.; Fallahnezhad, M. A Biological Dressing versus “conventional” Treatment
in Patients with Massive Burns: A Clinical Trial. Ulus. Travma Ve Acil Cerrahi Derg. Turk. |. Trauma Emerg. Surg. TJTES 2009,
15, 135-140.

8.  Matouskova, E.; Mestak, O. The Effect of Different Biologic and Biosynthetic Wound Covers on Keratinocyte Growth, Stratification
and Differentiation in Vitro. J. Tissue Eng. 2014, 5, 2041731414554966. [CrossRef] [PubMed]

9. Sun, L;Li L; Wang, Y,; Li, M,; Xu, S.; Zhang, C. A Collagen-Based Bi-Layered Composite Dressing for Accelerated Wound
Healing. J. Tissue Viability 2022, 31, 180-189. [CrossRef]

10. Tavelli, L.; McGuire, M.K.; Zucchelli, G.; Rasperini, G.; Feinberg, S.E.; Wang, H.-L.; Giannobile, W.V. Extracellular Matrix-Based
Scaffolding Technologies for Periodontal and Peri-Implant Soft Tissue Regeneration. J. Periodontol. 2020, 91, 17-25. [CrossRef]

11. Ramshaw, ].A.M.; Peng, Y.Y,; Glattauer, V.; Werkmeister, ].A. Collagens as Biomaterials. J. Mater. Sci. Mater. Med. 2009, 20, 3-8.
[CrossRef] [PubMed]

12.  Vijayalekha, A.; Anandasadagopan, S.K.; Pandurangan, A. An Overview of Collagen-Based Composite Scaffold for Bone Tissue
Engineering. Appl. Biochem. Biotechnol. 2023, 195, 4617-4636. [CrossRef]

13.  Rico-Llanos, G.A.; Borrego-Gonzalez, S.; Moncayo-Donoso, M.; Becerra, J.; Visser, R. Collagen Type I Biomaterials as Scaffolds for
Bone Tissue Engineering. Polymers 2021, 13, 599. [CrossRef]

14. Haugh, M.G.; Jaasma, M.].; O’Brien, E]J. The Effect of Dehydrothermal Treatment on the Mechanical and Structural Properties of
collagen-GAG Scaffolds. J. Biomed. Mater. Res. A 2009, 894, 363-369. [CrossRef]

15.  Fan, L.; Ren, Y,; Emmert, S.; Vu¢kovi¢, I; Stojanovic, S.; Najman, S.; Schnettler, R.; Barbeck, M.; Schenke-Layland, K.; Xiong, X.
The Use of Collagen-Based Materials in Bone Tissue Engineering. Int. J. Mol. Sci. 2023, 24, 3744. [CrossRef] [PubMed]

16.  O’Brien, F. Influence of Freezing Rate on Pore Structure in Freeze-Dried Collagen-GAG Scaffolds. Biomaterials 2004, 25, 1077-1086.
[CrossRef]

17.  Ellermann, E.; Meyer, N.; Cameron, R.E.; Best, S.M. In Vitro Angiogenesis in Response to Biomaterial Properties for Bone Tissue
Engineering: A Review of the State of the Art. Regen. Biomater. 2023, 10, rbad027. [CrossRef]

18.  Minor, A.].; Coulombe, K.L.K. Engineering a Collagen Matrix for Cell-Instructive Regenerative Angiogenesis. ]. Biomed. Mater.
Res. B Appl. Biomater. 2020, 108, 2407-2416. [CrossRef] [PubMed]

19. Ribatti, D. Two New Applications in the Study of Angiogenesis the CAM Assay: Acellular Scaffolds and Organoids. Microvasc.
Res. 2021, 140, 104304. [CrossRef]

20. Ribatti, D.; Annese, T.; Tamma, R. The Use of the Chick Embryo CAM Assay in the Study of Angiogenic Activiy of Biomaterials.
Microvasc. Res. 2020, 131, 104026. [CrossRef]

21. Schneider-Stock, R.; Ribatti, D. The CAM Assay as an Alternative In Vivo Model for Drug Testing. In Organotypic Models in
Drug Development; Schifer-Korting, M., Stuchi Maria-Engler, S., Landsiedel, R., Eds.; Handbook of Experimental Pharmacology;
Springer International Publishing: Cham, Switzerland, 2020; Volume 265, pp. 303-323. ISBN 978-3-030-70062-1.

22.  Muthukumar, T.; Sreekumar, G.; Sastry, T.P.; Chamundeeswari, M. Collagen as a Potential Biomaterial in Biomedical Applications.
Rev. Adv. Mater. Sci. 2018, 53, 29-39. [CrossRef]

23. Ricard-Blum, S. The Collagen Family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978. [CrossRef] [PubMed]

24. Sorushanova, A.; Delgado, L.M.; Wu, Z.; Shologu, N.; Kshirsagar, A.; Raghunath, R.; Mullen, A.M.; Bayon, Y.; Pandit, A.;
Raghunath, M.; et al. The Collagen Suprafamily: From Biosynthesis to Advanced Biomaterial Development. Adv. Mater. 2019,
31, 1801651. [CrossRef] [PubMed]

25. Chowdhury, S.R.; Mh Busra, M.F;; Lokanathan, Y.; Ng, M.H.; Law, ].X; Cletus, U.C.; Binti Haji Idrus, R. Collagen Type I: A
Versatile Biomaterial. Adv. Exp. Med. Biol. 2018, 1077, 389—414. [CrossRef] [PubMed]

26. Sharma, S.; Rai, VK,; Narang, R K.; Markandeywar, T.S. Collagen-Based Formulations for Wound Healing: A Literature Review.
Life Sci. 2022, 290, 120096. [CrossRef] [PubMed]

27.  Coelho, N.M.; Llopis-Hernandez, V.; Salmerén-Sanchez, M.; Altankov, G. Dynamic Reorganization and Enzymatic Remodeling of

Type IV Collagen at Cell-Biomaterial Interface. In Advances in Protein Chemistry and Structural Biology; Elsevier: Amsterdam, The
Netherlands, 2016; Volume 105, pp. 81-104. ISBN 978-0-12-804825-2.


https://doi.org/10.1186/s12938-019-0647-0
https://www.ncbi.nlm.nih.gov/pubmed/30885217
https://doi.org/10.1163/156856201744489
https://www.ncbi.nlm.nih.gov/pubmed/11334185
https://doi.org/10.2174/0929867325666171205170339
https://www.ncbi.nlm.nih.gov/pubmed/29210638
https://doi.org/10.1021/cr000108x
https://www.ncbi.nlm.nih.gov/pubmed/11710233
https://doi.org/10.1016/j.ijbiomac.2022.03.002
https://www.ncbi.nlm.nih.gov/pubmed/35248609
https://doi.org/10.1002/jbm.b.30916
https://www.ncbi.nlm.nih.gov/pubmed/17806107
https://doi.org/10.1177/2041731414554966
https://www.ncbi.nlm.nih.gov/pubmed/25383177
https://doi.org/10.1016/j.jtv.2021.09.003
https://doi.org/10.1002/jper.19-0351
https://doi.org/10.1007/s10856-008-3415-4
https://www.ncbi.nlm.nih.gov/pubmed/18379858
https://doi.org/10.1007/s12010-023-04318-y
https://doi.org/10.3390/polym13040599
https://doi.org/10.1002/jbm.a.31955
https://doi.org/10.3390/ijms24043744
https://www.ncbi.nlm.nih.gov/pubmed/36835168
https://doi.org/10.1016/S0142-9612(03)00630-6
https://doi.org/10.1093/rb/rbad027
https://doi.org/10.1002/jbm.b.34573
https://www.ncbi.nlm.nih.gov/pubmed/31984665
https://doi.org/10.1016/j.mvr.2021.104304
https://doi.org/10.1016/j.mvr.2020.104026
https://doi.org/10.1515/rams-2018-0002
https://doi.org/10.1101/cshperspect.a004978
https://www.ncbi.nlm.nih.gov/pubmed/21421911
https://doi.org/10.1002/adma.201801651
https://www.ncbi.nlm.nih.gov/pubmed/30126066
https://doi.org/10.1007/978-981-13-0947-2_21
https://www.ncbi.nlm.nih.gov/pubmed/30357700
https://doi.org/10.1016/j.lfs.2021.120096
https://www.ncbi.nlm.nih.gov/pubmed/34715138

Bioengineering 2024, 11, 423 14 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hosseini, S.N.; Mousavinasab, S.N.; Fallahnezhat, M. Xenoderm Dressing in the Treatment of Second Degree Burns. Burns 2007,
33,776-781. [CrossRef] [PubMed]

Chaplin, ].M.; Costantino, P.D.; Wolpoe, M.E.; Bederson, ].B.; Griffey, E.S.; Zhang, W.X. Use of an Acellular Dermal Allograft for
Dural Replacement: An Experimental Study. Neurosurgery 1999, 45, 320-326. [CrossRef] [PubMed]

Samiei, M.; Alipour, M.; Khezri, K.; Saadat, Y.R.; Forouhandeh, H.; Abdolahinia, E.D.; Vahed, S.Z.; Sharifi, S.; Dizaj, S.M.
Application of Collagen and Mesenchymal Stem Cells in Regenerative Dentistry. Curr. Stem Cell Res. Ther. 2022, 17, 606—620.
[CrossRef]

Zegarra-Caceres, L.; Orellano-Merluzzi, A.; Muniz, EWM.G.; de Souza, S.L.S.; Faveri, M.; Meza-Mauricio, ]. Xenogeneic Collagen
Matrix vs. Connective Tissue Graft for the Treatment of Multiple Gingival Recession: A Systematic Review and Meta-Analysis.
Odontology 2024, 112, 317-340. [CrossRef]

Nocini, R.; Abdulraheem, M.; Galzignato, P.-F.; Manzini, J.; Bernardi, P; Conti, G.; Sbarbati, A.; Chirumbolo, S.; Bertossi, D.
Histology and Long-Term Clinical Outcome of Crushed Cartilage with Double-Layer Gelatin Sponge Membrane for Dorsum
Refinement in Primary Rhinoplasty. Facial Plast. Surg. 2023, 39, 679-685. [CrossRef]

Hoogenkamp, H.R.; Koens, M.J.W.; Geutjes, PJ.; Ainoedhofer, H.; Wanten, G.; Tiemessen, D.M.; Hilborn, J.; Gupta, B.; Feitz, W.E],;
Daamen, W.E; et al. Seamless Vascularized Large-Diameter Tubular Collagen Scaffolds Reinforced with Polymer Knittings for
Esophageal Regenerative Medicine. Tissue Eng. Part C Methods 2014, 20, 423-430. [CrossRef] [PubMed]

Morla, S. Glycosaminoglycans and Glycosaminoglycan Mimetics in Cancer and Inflammation. Int. J. Mol. Sci. 2019, 20, 1963.
[CrossRef] [PubMed]

Salleh, A.; Mustafa, N.; Teow, Y.H.; Fatimah, M.N.; Khairudin, FA.; Ahmad, I; Fauzi, M.B. Dual-Layered Approach of Ovine
Collagen-Gelatin/Cellulose Hybrid Biomatrix Containing Graphene Oxide-Silver Nanoparticles for Cutaneous Wound Healing:
Fabrication, Physicochemical, Cytotoxicity and Antibacterial Characterisation. Biomedicines 2022, 10, 816. [CrossRef] [PubMed]

Lepedda, AJ.; Nieddu, G.; Formato, M.; Baker, M.B.; Fernandez-Pérez, J.; Moroni, L. Glycosaminoglycans: From Vascular
Physiology to Tissue Engineering Applications. Front. Chem. 2021, 9, 680836. [CrossRef] [PubMed]

Wang, Q.; Chi, L. The Alterations and Roles of Glycosaminoglycans in Human Diseases. Polymers 2022, 14, 5014. [CrossRef]
[PubMed]

Evanko, S.P.; Angello, J.C.; Wight, T.N. Formation of Hyaluronan- and Versican-Rich Pericellular Matrix Is Required for
Proliferation and Migration of Vascular Smooth Muscle Cells. Arterioscler. Thromb. Vasc. Biol. 1999, 19, 1004-1013. [CrossRef]
[PubMed]

Pilloni, A.; Marini, L.; Gagliano, N.; Canciani, E.; Dellavia, C.; Cornaghi, L.B.; Costa, E.; Rojas, M.A. Clinical, Histological,
Immunohistochemical, and Biomolecular Analysis of Hyaluronic Acid in Early Wound Healing of Human Gingival Tissues: A
Randomized, Split-Mouth Trial. J. Periodontol. 2023, 94, 868-881. [CrossRef] [PubMed]

Dimitrievska, S.; Niklason, L.E. Historical Perspective and Future Direction of Blood Vessel Developments. Cold Spring Harb.
Perspect. Med. 2018, 8, a025742. [CrossRef] [PubMed]

Naito, H.; Iba, T.; Takakura, N. Mechanisms of New Blood-Vessel Formation and Proliferative Heterogeneity of Endothelial Cells.
Int. Immunol. 2020, 32, 295-305. [CrossRef]

Ausprunk, D.H. Distribution of Hyaluronic Acid and Sulfated Glycosaminoglycans during Blood-vessel Development in the
Chick Chorioallantoic Membrane. Am. J. Anat. 1986, 177, 313-331. [CrossRef]

Huang, K.-F; Hsu, W.-C.; Hsiao, J.-K.; Chen, G.-S.; Wang, J.-Y. Collagen-Glycosaminoglycan Matrix Implantation Promotes
Angiogenesis Following Surgical Brain Trauma. BioMed Res. Int. 2014, 2014, 672409. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.burns.2006.10.396
https://www.ncbi.nlm.nih.gov/pubmed/17524562
https://doi.org/10.1097/00006123-199908000-00025
https://www.ncbi.nlm.nih.gov/pubmed/10449077
https://doi.org/10.2174/1574888X17666211220100521
https://doi.org/10.1007/s10266-023-00863-4
https://doi.org/10.1055/s-0042-1749408
https://doi.org/10.1089/ten.tec.2013.0485
https://www.ncbi.nlm.nih.gov/pubmed/24099067
https://doi.org/10.3390/ijms20081963
https://www.ncbi.nlm.nih.gov/pubmed/31013618
https://doi.org/10.3390/biomedicines10040816
https://www.ncbi.nlm.nih.gov/pubmed/35453566
https://doi.org/10.3389/fchem.2021.680836
https://www.ncbi.nlm.nih.gov/pubmed/34084767
https://doi.org/10.3390/polym14225014
https://www.ncbi.nlm.nih.gov/pubmed/36433141
https://doi.org/10.1161/01.ATV.19.4.1004
https://www.ncbi.nlm.nih.gov/pubmed/10195929
https://doi.org/10.1002/JPER.22-0338
https://www.ncbi.nlm.nih.gov/pubmed/36648006
https://doi.org/10.1101/cshperspect.a025742
https://www.ncbi.nlm.nih.gov/pubmed/28348177
https://doi.org/10.1093/intimm/dxaa008
https://doi.org/10.1002/aja.1001770304
https://doi.org/10.1155/2014/672409
https://www.ncbi.nlm.nih.gov/pubmed/25309917

	Introduction 
	Materials and Methods 
	Material Selection and Material Grafting into the Chick Embryo CAM 
	IKOSA CAM Assay and Network Formation Assay 

	Results 
	CAM Assay 
	Vessel Total Area/ROI 
	Vessels_Num_Branching_Points/ROI 
	Vessels_Number_Branching_Points/Vessels_Total_Area 
	Total_Tube_Length [Px]/Covered_Area 
	Number_Tubes/Total_Tube_Length [Px] 
	Vascular_Mean_Thickness 

	Vascular Loops Analysis by Network Formation Assay (NFA) 
	Comparative Statistical Analysis 

	Discussion 
	Conclusions 
	References

