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Objective To evaluate a naturally derived acellular dermal scaffold for soft tissue
reconstruction using high-intensity focused ultrasound energy (HIFU).

Materials and Methods Acellular dermal scaffolds (ADSs) were prepared by purifica-
tion of bovine skin. Half of the scaffolds were subjected to high-intensity focused ultra-
sound energy (HIFU) to modify collagen structure, whereas the other half was used as
control. A large skin defect was made in the dorsum of white mice, and the scaffolds
were used to cover the induced defects. Wound healing was evaluated histologically
after 2, 6, and 12 weeks using common and specific stained sections (n = 20).
Statistical Analysis Mean values and standard deviations were calculated for each
group, and Student’s t-test was used for statistical analysis (a= 0.05; n = 20).

Results After 2 weeks, all examined specimens revealed the presence of inflamma-
tory cellular infiltration and early immature blood vessel formation. After 6 weeks,
inflammatory cellular infiltration was reduced, with evidence of maturation of new
blood vessels observed for all groups. After 12 weeks, there was a significant increase
(F =124, p < 0.01) in new collagen formation and count of mature blood vessels
observed for the HIFU group compared with control. Evidence of remodeling of new
collagen fibers and biodegradation of the grafts was also observed.

Conclusions HIFU-modified ADSs enhanced wound healing and could be used to
cover large soft tissue defects.

methods result in donor-site morbidity and increase the risk
of postoperative complications such as bleeding, infection, or

Soft tissue repair and reconstruction is a point of clinical
concern in various medical applications."? Primary peri-
odontal plastic surgical modalities for soft tissue reconstruc-
tion include several types of free connective tissue grafts,
which are considered the golden standard.> However, these
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necrosis. In addition, there are limitations related to the qual-
ity and quantity of the harvested tissue.* Soft tissue graft-
ing is perhaps more emphasized during ridge augmentation
to ensure proper wound closure and to provide protection
of the grafted material. Barrier membranes are also used to
prevent and control soft tissue growth during the period
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required for ossification of the graft.> Different types of col-
lagen membranes are currently available for guided tissue
regeneration.® However, limitations are related to available
sizes, shapes, fixation technique, and additional cost.’

Type I and type III collagens are the main components of
collagen dermal matrices specifically designed for soft tissue
regenerative procedures. It consists of a collagen bilayered
structure®: the outer is compact macrostructured, which
provides occlusive cellular properties and stability-enhanc-
ing tissue adherence and favors open healing, whereas the
inner is microstructured and consists of a thick, porous,
spongy collagen structure that allows blood clot stabilization
and provides neoangiogenesis and the ingrowth of soft tissue
cells.? In addition to its biocompatibility and lack of immu-
nogenicity, collagen has chemotactic properties that attract
fibroblasts, periodontal ligament and gingival fibroblasts,
and many other cells, thus allowing better tissue integration.

Acellular dermal scaffolds (ADSs) are obtained from bovine
skin and produced by a carefully controlled process that
removes the epidermis and dermis cellular content without
altering the extracellular matrix (ECM) structure, which pro-
vides the basis for cellular ingrowth and subsequent tissue
remodeling.!® ADS is easily processed to remove antigenic
cellular components without causing any damage to the
tissue matrix and preserving the structural integrity. The
graft could be also loaded with various bioactive mediators
to enhance wound healing and tissue remodeling.!!

High-intensity focused ultrasound energy (HIFU) is cur-
rently used to increase collagen remodeling to improve skin
texture and vitality.!? This energy restructures collagen
fibers and increases interbundle spaces, enhancing neocol-
lagenesis and neoelastogenesis in the deep layers of the skin.
Additionally, HIFU is currently being tested to enhance the
efficacy of drug delivery using nanoparticles as carriers."> The
aim of this study was to clinically and histologically evaluate
a new ADS prepared using HIFU for the repair of large soft
tissue defects in a mouse model.

Materials and Methods

Healthy adult male albino rats of the Wistar strain weigh-
ing 250 to 300 g (mean weight: 287 + 12.34 g) and 3 months
of age were selected. Animal selection, management, and
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surgery protocol were approved by the Ethics Research
Committee of the Faculty of Dentistry, Alexandria University
(IRB no.: 00010556-I0RG 0008839). Animals were housed
individually in cages and provided with a standard diet for
rodents and tap water. Room temperature and humidity
were maintained at 23°C and 60%, respectively. Animals were
acclimatized to approaching and handling for a period of
10 to 15 days before the start of the study (n = 20).

Acellular Dermal Scaffold Preparation

Full-thickness bovine skin specimens (4 x 4 cm) were
collected and immersed in 5% acetic acid enriched with
5% sodium carbonate for 72 hours at 40°C. Dermal and
fatty layers were removed keeping a 0.5-mm-thick layer
of the dermis. The specimens were then subjected to
alkaline-salt treatment by immersion in 5% sodium
hydroxide containing 5% sodium chloride for 24 hours
followed by two freezing and thawing cycles.'* The process
was repeated two times, and the specimens were washed
and neutralized in acetic acid. Specimens were defatted by
immersion in a mixture of acetone-chloroform solution for
24 hours.

Half of the specimens received HIFU energy (Ulthera
system; Ulthera Inc., Mesa, Arizona, United States) using a
4-MHz probe. A handheld piece delivered an energy level at
7.5 MHz and a focal depth range of 3 to 4.5 mm. A thick layer
of ultrasound conducting medium was applied to the speci-
mens, and each nozzle delivered a preset of pulses in a linear
pattern at 1-cm intervals delivering an average of 300 shots
per specimen. The other half of specimens was used as control.
All specimens were washed, air-dried (60°C for 100 hours),
and finally sterilized by gamma radiation. Specimens were
examined using scanning electron microscopy (XL20;
Philips, Eindhoven, the Netherlands) to study the internal
structure.

Grafting Procedure

The animals were anesthetized in a chamber supplied
with 4% isoflurane in 100% oxygen and then maintained
through a facemask supplying 1.5 to 2% isoflurane in 100%
oxygen. The skin over the dorsum was shaved and carefully
washed with a mixture of iodine and 70% ethanol and then
one square incision, 3 x 3 cm, was made on the dorsal-lateral

Fig. 1 (A) Digital image showing acellular dermal scaffold (ADS) secured in place on the dorsum of test animal. (B) Scanning electron micro-
scopic image, 150%, showing structure of ADS and separation between collagen bundles. (C) Scanning electron microscopic image, 500x,

demonstrating structural relaxation of collagen bundles.
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surface of the mice, approximately 10 mm above the hip
socket. ADS specimens were cut to the required dimension
and were rehydrated in sterile saline for 10 minutes.
Subsequently, the prepared defect was covered with
ADS, which was secured using simple interrupted suture
(4-0 Seralon; Resorba, Nuremberg, Germany) (=Fig. 1A). All
the wounds were bandaged properly with paraffin gauze.
Broad-spectrum antibiotic (Cefadroxil) and an analgesic
(Meloxicam) were administered for 3 consecutive days after
the surgery. Animals were sacrificed after 2 weeks, 6 weeks,
and 12 weeks in a CO, euthanasia chamber, according to the
ethical guidelines.

Immunohistochemical Analysis
After fixation in 4% formaldehyde, each specimen was
dehydrated in ascending ethanol concentrations, cleared
in xylene, and finally embedded in paraffin. Five-um-thick
sections were cut, and representative sections were stained
with hematoxylin and eosin and Masson’s trichrome stains.
Histological assessment was performed under light micro-
scope (Leica ICC50 HD). Immunohistochemical staining for
CD34 expression (a marker of angiogenesis) and vimentin
expression (a marker of mesenchymal and endothelial cells)
was performed. Prepared sections were deparaffinized in
xylene and dehydrated in graded alcohol series. To block
the internal peroxidase activity, sections were placed in 3%
hydrogen peroxide in a phosphate buffer. Antigen retrieval
was achieved in a microwave oven (Panasonic 1380W) for
10 minutes under a pressure of 2 bar. Further incubations with
prediluted ready-to-use primary mouse monoclonal anti-
body, anti-CD34 (QBend 10; DAKO A/S, Glostrup, Denmark),
and anti-vimentin specific stains were used as the primary
antibody for 30 minutes. Sections were incubated in a moist
chamber at room temperature (24 hours) with a working
dilution of 1:50 and 1:100 followed by the application of
secondary antibody (for 15 minutes), 3,3'-diaminobenzidine
(DAB) (to produce brown staining), and Meyer’s hematoxylin
(for background staining). The specimens were placed in a
phosphate buffer saline (PBS) after each mentioned step. The
placenta and smooth muscle were used as positive controls
for CD34 and vimentin, respectively, according to the man-
ufacturer’s instructions. The negative control was obtained
by the replacement of primary antibody with PBS. Sections
were gradually dehydrated and mounted with coverslips.
The presence of brown-colored reaction localized to the
nucleus or the cytoplasm was considered as a positive reac-
tion. The intensity of the immunostaining was classified
as negative, weak, or strong from three fields in the blind
analysis performed by two pathologists using a conven-
tional light microscope, and further image analysis was per-
formed with an image analysis software (Image ] software;
version 4.10.03) and a digital camera (Nikon; Tokyo, Japan).

Histomorphometry

An experienced research associate blindly performed the
histomorphometrical analysis and microscopic examina-
tion. For image acquisition, a colored digital camera (Color-
View III, Olympus, Hamburg, Germany) was mounted on a

binocular light microscope (Olympus BX50). Digital images
were evaluated using an imaging program (Cell D; Soft
Imaging System, Muenster, Germany). Before the histomor-
phometrical analysis, a calibration procedure was performed
to ensure recording repeatable measurements. The following
parameters were evaluated descriptively: vascularization
of the graft (number of vessels/field), foreign body reaction
(thickness of cellular infiltration/field), and amount of new
collagen formation (area of stained collagen/filed)

Statistical Analysis

A statistical analysis software (SPSS version 22.0; IBM Corp.,
Armonk, New York, United States) was used for data analy-
sis. Mean values and standard deviations were calculated
for each group, and Student’s t-test was used for statistical
analysis (a=0.05; n=20). Power analysis study indicated that
sample size (n = 20), a small effect size, and using the selected
level of significance resulted in adequate power (1-=9 5) to
detect differences between tested groups.

Results

All mice were healthy during and after the study, and no
complications were observed. All tested collagen scaffolds
integrated well into the surrounding soft tissues. Scanning
electron microscopic images revealed that HIFU resulted
in relaxation of collagen bundles, with microseparation
observed in smaller bundles (~Fig. 1B, 1C).

After 2 weeks of healing, inflammatory cellular infiltra-
tion was observed below all specimens. The thickness of
cellular infiltration was 45 um for the control and 41 pum for
HIFU group. Inflammatory cells such as neutrophils, granu-
locytes, macrophages, and scattered multinucleated giant
cells were observed to infiltrate between collagen bundles
ADS (=Fig. 2A). Small immature blood vessel ingrowth was
seen as early as 2 weeks, starting at the inner surface of the
ADS (~Fig. 2B). Average number of new blood vessels/field
was 1.2 and 1.3 for the control and HIFU group, respectively
(t=6.3;p<0.2).

After 6 weeks, inflammatory cellular infiltration subsided
significantly, 11.2 pm for the control and 10.1 pm for HIFU
group, with evidence of increase in the number of mature
blood vessels. Average number of new blood vessels/field
was 3.4 and 3.6 for the control and HIFU group, respectively
(t=5.4; p<0.32) (~Fig. 3). No evidence of new collagen for-
mation was observed at this period.
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Fig. 2 Stained sections demonstrating (A) inflammatory cellular
infiltration and (B) early immature blood vessel formationin acellular
dermal scaffold after 2 weeks of surgery.
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After 12 weeks, the HIFU group demonstrated significant
increase (t = 14.3; p < 0.002), in mature blood vessel forma-
tion (5.3/field) compared with the control (4.2/field). The
number of vessels increased and reached the center of HIFU
scaffolds, whereas the number of vessels remained stable at
the borders. Newly formed connective tissue was observed
with evidence of fibroblasts growth and proliferation within
collagen bundles. Fibroblasts grew from a monolayer to mul-
tiple layers and extended between collagen bundles with-
out any noticeable cellular or morphological changes. New
collagen was observed to replace older type after 12 weeks
(~Fig. 4). The density of new collagen was significantly
higher (t = 19.2; p <0.001) for the HIFU group (27/field) com-
pared with the control (14.3/field).

Immunohistochemical staining with CD34-positive
revealed the presence of microvessel-like structures in
the inner layer of collagen matrices after 2 weeks; these
microvessels grew toward the central zone after 6 weeks.
The mature CD34-positive microvessels with thickened
luminal walls were present after 12 weeks. The number of
CD34-positive microvessels increased significantly after
12 weeks. Vimentin was strongly and positively expressed
in all ADS (=Fig. 5). The difference between tested
groups was statistically significant (F = 13.4; p < 0.001)
after 12 weeks.

Fig. 3 Stained sections 6 weeks after surgery demonstrating
signs of maturation of new blood vessels in the (A) control and
(B, C) high-intensity focused ultrasound energy group.

Fig. 4 Stained sections demonstrating collagen reorganization after
12 weeks of healing. (A) Collagen bundles were parallel to the bun-
dles of subcutaneous tissue. (B) Mature formation of blood vessels.
(C) Fibroblasts were located between collagen fibers.
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Fig. 5 (A)
marker showing highly expressed level after 2 weeks, which indi-
cated the presence of myofibroblast-like interstitial cell infiltration.
(B) Vimentin positive cells showed progressive increase after 6 weeks.

Immunohistochemical staining with vimentin bio-
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Discussion

This study evaluated wound healing of a large skin defect
using acellular collagen scaffold prepared using HIFU applied
to produce a modified collagen structure. Scanning electron
microscopic images revealed that the dense collagen bundles
were separated by interbundle spaces and within-bundle
spaces. This modified structure enhanced handling and shap-
ing of the graft and allowed accurate fixation without fear of
tearing or rupture. Additionally, loosening of collagen bun-
dles allowed enhanced fluid circulation, cell migration, and
restructuring of the scaffold in relation to the wound area.

Angiogenesis is a basic requirement for wound heal-
ing and establishes an ideal environment for migration
and multiplying of endothelial cells from preexisting
vessels.!> Examination of early wound healing revealed char-
acteristic initial inflammatory cellular reaction followed by
early vascularization and new blood vessel formation, which
encouraged early remodeling of the scaffolds. Compared with
the controls, a higher number of newly formed blood vessels
reached significant level as early as 12 weeks. Moreover,
new blood vessels were able to reach the center of the scaf-
folds, which is a positive sign for early tissue integration.
Immunohistochemical staining revealed early stages of neo-
angiogenesis and further steps of vessel maturation. More
blood vessels were observed in the inner sections compared
with the central sections. This observation is in accordance
with a previous experimental study performed by Thoma
et al, who reported similar findings.'® This findings can be
explained by previous experimental study, which indicated
that exposure to HIFU can increase the expression of colla-
gen and integrins of ECM-related molecules that promote
the formation of a large number of vessellike structure and
capillaries.!”

Early invasion of fibroblasts is one of the advantages
of collagen scaffolds.'®* New collagen formation and tissue
organization is a sensitive step requiring balance between
the rate of biodegradation and the rate of new tissue for-
mation to prevent tissue collapse during early phases of
healing. Similarly, prevention of excessive fibrous tissue
deposition should be controlled to prevent scar formation
and wound contraction. Immunohistochemical staining
with vimentin biomarkers showed highly expressed levels
after 2 weeks of surgery, which confirms the presence of
myofibroblast-like interstitial cell infiltration. Vimentin
positive cells showed progressive increase after 12 weeks
for the HIFU group, indicating the role of HIFU in enhancing
the structure of scaffolds.

Moreover, the present histological findings showed
that ADS did not initiate excessive immunological or for-
eign body reactions during early wound healing.!” On the
contrary, HIFU is known to reduce these reactions, which
improved the quality and normality of inflammatory
reactions.??? Although few inflammatory cells and multi-
nuclear giant cells were detected, a previous study demon-
strated that native collagen matrix and dehydrothermally
cross-linked matrix were associated with multinucleated
cellular infiltration observed between the collagen bundles.
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The study reported that a native porcine collagen matrix
seems to be the best option for soft tissue augmentation
procedures even if the volume stability is lower than with
non-crosslinked collagen.?®

In contrast to previous studies,?** it was observed that
multinucleated giant cells between the collagen fibers acted as
a source of vascular-inducing signaling molecules, such as vas-
cular endothelial growth factor, and contributed to prolifera-
tion of granulation tissue within the structure of the scaffolds.
Cultivating scaffolds with endothelial and mesenchymal cells
might improve cell-to-cell communication with the surround-
ing host tissue, which would eventually improve scaffold inte-
gration and biodegradation.?* Barbeck et al*® have shown that
the blood vessel framework and the presence of fatty tissue
islands allowed connective tissue proliferation into the ADS
scaffolds and enabled microvessels to infiltrate the collage-
nous structure. This specific vascularization pattern is differ-
ent from vascularization accompanying multinucleated cell
triggered inflammatory process, in which vessels spread out
as a response to biodegradation of cellular content. ADSs were
easily adapted and secured to cover the entire defect area, and
new hair growth was observed to almost completely cover the
wound area after 12 weeks. Longer observation periods are
required to study the long-term behavior of ADS.

Conclusions

Within the limitations of this study, HIFU improved inte-
gration and biodegradation of ADSs. After 12 weeks, the
amount of new collagen and mature blood vessels formed
in the surgical defect covered by the HIFU ADS significantly
increased compared with the control group. HIFU modified
ADS enhanced wound healing and could be used to cover
large soft tissue defects.
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