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Abstract

BACKGROUND: Breast reconstruction after mastectomy using silicone implants is a surgical procedure that occasionally

leads to capsular contracture formation. This phenomenon constitutes an important and persistent cause of morbidity, and

no successful therapies are available to date. Recently, the use of acellular membranes as a protective material for silicone

prostheses has been gaining attention due to their ability to prevent this adverse outcome. For this reason, the evaluation of

the tissue-material integration and the induced biostimulation by acellular membranes results crucial. Evaluation of in vivo

tissue integration and biostimulation induced by three different natural acellular collagen membranes.

METHODS: Scanning electron microscopy was performed to analyse the membrane porosity and cells-biomaterial

interaction in vitro, both in dry and wet conditions. Adipose-derived stem cells were cultured in the presence of mem-

branes, and the colonisation capacity and differentiation potential of cells were assessed. In vivo tests and ex vivo analyses

have been performed to evaluate dermal integration, absorption degree and biostimulation induced by the evaluated

membrane.

RESULTS: Analysis performed in vitro on the three different acellular dermal matrices evidenced that porosity and the

morphological structure of membranes influence the liquid swelling ratio, affecting the cell mobility and the colonisation

capacity. Moreover, the evaluated membranes influenced in different manner the adipose derived stem cells differentiation

and their survival. In vivo investigation indicated that the absorption degree and the fluid accumulation surrounding the

implant were membrane-dependent. Finally, ex vivo analysis confirmed the membrane-dependent behavior revealing

different degree of tissue integration and biostimulation, such as adipogenic stimulation.

CONCLUSION: The physico-chemical characteristics of the membranes play a key role in the biostimulation of the

cellular environment inducing the development of well-organized adipose tissue.
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1 Introduction

Silicone breast implants have been widely used for aes-

thetic and reconstructive mammoplasty [1]. The formation

of the peri-prosthetic capsule (PPC) is considered part of

the local reparative process against the foreign material

(implant), which involves a diversity of inflammatory cells

[2]. The PPC formation can become a problematic response

when it contracts around the inserted material, causing

hardness and deformity to the breast, known as capsular

contracture (CC). According to Atlan et al. [3], collagen

fibre alignment presents a significant role in CC, which

means that disrupting this orientation may reduce the

incidence and severity of the contracture. The differences

among the surfaces of mammary implants may influence

the CC. In contrast, smooth surfaces allow the proper

collagen fibre alignment; the texturised ones interfere with

the fibre growth protecting against the CC [3, 4].

The CC formation is one of the most commonly reported

complications after implant-based breast augmentation and

represents an important and persistent cause of women

morbidity [5]. More than 10% of cases of CC report a

noticeable and painful deformity [6]. Regrettably, there are

no successful preventive therapies developed currently, and

the conventional treatment requires surgical intervention

for capsular remotion [5].

In recent years, researchers have been focusing on the

natural tissue-derived matrices to be used as highly bio-

compatible and versatile scaffolds for tissue engineering

applications due to native components that enhance cell

migration, differentiation, and proliferation [7]. The use of

acellular matrices (ACMs), of which the main element is

the extra-cellular matrix (ECM) structure, has been gaining

attention. They are obtained from human or animal tissues,

properly treated, and deprived of any resident cell popu-

lation [8].

ACMs can be used to treat difficult-to-heal wounds,

deep burn closure, and as a scaffold for organ parts and

tissue reconstruction due to the capacity to support host

tissue cell colonisation and promote their differentiation

[7, 9, 10]. ACMs healing ability is regarding their capacity

to induce wound repair by amplifying the collagen secre-

tion and deposition and adjusting the healing reparative

phases [11, 12]. ACMs have been used as a coating

material for silicone breast implants to prevent PPC con-

tracture and the recruitment of macrophages, neutrophils,

and cellular elements responsible for contracture formation

(myofibroblast). It is considering that there is a high pos-

sibility that ACMs can attenuate the inflammatory response

of tissue [13].

Due to ACMs being considered scaffolds, they must

accomplish the same characteristics, such as promoting the

healing process, progenitor cell differentiation, and mim-

icking the extra-cellular environment [14]. Some

researchers have described the influence of materials in

stem cell differentiation where the type of material directly

affects the final differentiated cell [15].

Restoring the damaged tissue requires different types of

cells, appropriate ECM components, and the collaboration

of cytokines. Among these cells, adipocytes, which are the

primary energy storage location, have a regenerative role

due to the production of different adipocytokines involved

in repair and regeneration processes [16, 17].

This study aimed to investigate three natural ACMs, two

porcine-derived and one bovine-derived membrane, with

different physical structures, such as porosity, thickness,

and stratification, both in vitro and in vivo. In vitro cell-

biomaterial interaction was analysed through colonization

capacity of adipose-derived stem cells (ASCs) in direct

contact with the ACMs. Subcutaneous implantation of

ACMs in mice was assessed to evaluate the tissue inte-

gration and biostimulation membrane-induced.

2 Materials and methods

2.1 In vitro evaluation

2.1.1 Acellular collagen membranes

In this study, three xenogeneic non-crosslinked membranes

provided by DECO med S.r.l. (Venice, Italy) were

evaluated:

• 0.6 mm thick porcine acellular dermis, without addi-

tional chemicals, manufactured by ADIPOMATRIX�
processes (subjected to industrial secrecy) named

ACM1.

• 0.6 mm thick porcine-derived dermal membrane pre-

pared with a common enzymatic deantigenation named

ACM2.

• 0.4 mm thick bovine-derived acellular pericardium

membrane with a common enzymatic deantigenation

named ACM3.

2.1.2 Morphological and physical properties

of membranes

Scanning electron microscopy (SEM) was performed to

evaluate the membranes in dry and wet conditions. Each

piece was fixed for 4 h with glutaraldehyde 2% (Sigma

Aldrich, Milan, Italy) in 0.1 M Phosphate Buffer Solution

(PBS), postfixed in 1% osmium tetroxide (Sigma Aldrich,

Milan, Italy) in PBS 0.1 M for 1 h. Then, the samples were

dehydrated in a graded concentration of ethanol (Sigma
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Aldrich, Milan, Italy), followed by a critical point dryer

(CPD 030, Balzers, Vaduz, Liechtenstein), fixed to stubs

with colloidal silver and sputtered with gold by a MED 010

coater (Balzers), to be imaged with FEI XL30 scanning

electron microscope (FEI Company, Eindhoven, Nether-

lands). The increment of mean porous size of membranes

due to the embedding in culture growth media was calcu-

lated using Image-J Software using 10 SEM images taken

before and after the embedding process at the same mag-

nification. In addition, the swelling ratio of the evaluated

membranes was measured using Eq. 1, where Wi is the

initial weight of the membrane under dry conditions and

Ww the weight after submerging the membrane in PBS for

24 h at room temperature [20, 21].

S %ð Þ ¼ Ww �Wi=Wi

� �
� 100 ð1Þ

The porosity percentage was evaluated according to

Archimedes principle and the procedure suggested by Lou

T. et al. [20, 21] using pure ethanol (Sigma-Aldrich, Milan,

Italy) as displacement liquid. Membranes were weighed in

dry (W) and subsequently soaked in 70% ethanol (Sigma-

Aldrich) for 1 h in vacuum conditions. After the time

passed, wet membranes were submerged in a known vol-

ume (V1) and weight (W1) of pure ethanol. The system

weight (W2) and the displaced volume (V2) were mea-

sured. The porosity percentage (e) was calculated using

Eq. 2, considering pure ethanol density (q) at 20 �C.

e ¼ W2 �W1 �Wð Þ=q
.

V2 � V1ð Þ ð2Þ

2.1.3 Isolation and seeding of adipose-derived stem cells

ASCs were isolated from human lipoaspirate of healthy

donors (women of ages between 35 and 45 years) after

informed consent, following the protocol described by

Peroni et al. [22] and Busato et al. [23], using an enzymatic

method [18, 19]. The lipoaspirate samples were incubated

in 1 mg/mL of Collagenase type I (GIBCO Life Technol-

ogy, Monza, Italy) dissolved in Hank’s Balanced Salt

Solution (HBSS, GIBCO Life Technology) with 2% of

Bovine Serum Albumin (BSA, GIBCO Life Technology).

Complete growth medium (Dulbecco’s Modified Eagle’s

Medium (DMEM), Sigma-Aldrich) supplemented with

10% of fetal bovine serum (FBS, GIBCO Life Technol-

ogy), 1% of 1:1 penicillin/streptomycin (P/S, GIBCO Life

Technology) solution, and 0.6% of amphotericin B

(GIBCO Life Technologies) was added to neutralise the

enzymatic action. The extracted cells were incubated in a

humidified atmosphere with 5% CO2 at 37 �C in a 25 cm2

flask with complete growth medium. The cells were

detached after reaching between 70 and 80% confluence by

incubation with 0.25% trypsin (GIBCO Life Technology)

at 37 �C for 5 min, centrifuged at 3000 rpm for 7 min, and

the cell pellet was re-plated in a 25 cm2 flask. The cells

were cultured until passage four (P4), following the pro-

cedure mentioned above.

2.1.4 ASCs colonization capacity and in vitro

biostimulation

For each ACM, two 6-well plates were prepared for in vitro

test, consisting of the incubation of a 1 cm2 of the mem-

brane with P4 cultured ASCs, for 7 and 14 days. For this

aim, a glass was positioned at the bottom of the wells and

simultaneously 1 9 104 cells were seeded in each well,

covered with 2 ml of complete growth medium and incu-

bated at 37 �C, 5% of CO2 for 24 h. After incubation, 1

cm2 of each ACM was positioned in the wells (with both

layers facing the bottom of the well) and incubated for 24 h

with complete growth medium (DMEM supplemented with

10% FBS, 1% P/S and 0.6% amphotericin B). After 24 h,

ASCs were homogeneously seeded above and over the

membranes. All the conditions were performed in tripli-

cates. For all the wells, complete growth medium was

replaced every 72 h.

After 7 and 14 days, the medium was discarded and,

both membranes and cells were processed for SEM (with

the protocol reported above) and oil red O staining,

respectively. Briefly, once the membranes were removed

from the 6-well plate, the coverslips with adherent ASC

were washed with PBS 0.1 M pH 7.4 and fixed for 30 min

with 4% formalin (Bio-Optica, Milan, Italy) in PBS

0.05 M. The adherent cells were washed with PBS 0.1 M

three times and stained with oil red O ready-to-use solution

(Bio-Optica) for 30 min at room temperature. Samples

were washed with PBS and stained with Mayer’s hema-

toxylin ready-to-use solution (Bio-Optica) for 2 min, at

room temperature, and washed with tap water. The cov-

erslips were mounted on a microscopy glass with a Mount

Quick aqueous solution (Bio-Optica). Once the microscopy

glasses were dried under the cabinet, samples were

observed in light microscopy using an Olympus BX-51

microscope (Olympus, Tokyo, Japan) equipped with a

DKY-F58 CCD JVC digital camera (Yokohama, Japan)

with magnification 20X.

ASCs cultured with complete growth medium (without

ACMs) were used as a negative control. Instead, ASCs

cultured with specific adipogenic media (Sigma-Aldrich)

were used as a positive control.
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2.2 In vivo evaluation

2.2.1 Membranes subcutaneous implant in mice

For in vivo study were used n = 30 Balb/c female mouse

strain of 10-weeks old purchased from Envigo (Envigo,

Milan, Italy) implanted in the left flank, 10 mice for each

evaluated membrane. Animals were housed in a controlled

environment, as indicated by the Interdepartmental Center

for Animal Study and Research of Verona University

(CIRSAL), with free access to food and water. The pro-

tocol of membrane implant was approved by CIRSAL and

by the Italian Ministry of Health (protocol number

56DC9.38). For the subcutaneous implant, animals were

anaesthetized using a face mask by inhalation of 2%

isoflurane for 5 min and left at 1% for the duration of

surgery. Moreover, animals were positioned on a heated

bed to maintain a stable temperature during surgical

procedures.

A subcutaneous pocket was made at the dorsal region,

and 1 cm2 of each membrane was implanted above the

muscular fascia followed by a suture using a non-ab-

sorbable silk 3/8 13 mm 4.0 suture-thread. At the end of

the surgery, animals were housed following the CIRSAL

guidelines. Three mice for each group were sacrificed

7 days after surgery, three after 14 days, and the remaining

mice were sacrificed at 30 days.

In addition, silicone prostheses were implanted in a

group of n = 3 animals (positive control) using the previ-

ously described protocol, and the animals were sacrificed

30 days after surgery.

2.2.2 Magnetic resonance imaging (MRI) acquisition

MRI was performed at different time points (7, 14, and

30 days after subcutaneous implantation) to evaluate the

membranes and silicone prosthesis localisation and inte-

gration. Magnetic resonance images were acquired with a

Bruker system operating at 7 T (Bruker Biospin, Ettlingen,

Germany). T2 weighted 3D RARE (Rapid Acquisition

Refocused Echo) sequence was performed with the fol-

lowing parameters: echo time (TE) = 4 ms, repetition time

(TR) = 1200 ms, field of view (FOV) = 25 9 25 9 30

mm, number of averages = 16, flip angle = 180 degrees,

slice thickness = 0.350 mm, and matrix size (MTX) =

256 9 128 9 32 pixels. During the procedure, mice were

anaesthetized by inhaling a mixture of O2 and air con-

taining 1–1.5% of isoflurane, placed in a prone position in

the heated animal bed in a 3.5 cm diameter bird-cage coil.

The acquisition parameters were maintained during the

time of observation for all the animals. Moreover, the

volume of each subcutaneous implant was determined with

the MRI acquisition to quantify the reabsorption degree at

different time points. The area occupied by the subcuta-

neous implant was manually selected, drawing a Region of

Interest (ROI) in every slice, and the volume was calcu-

lated with Eq. 3.

V ¼
Xn

i¼1
qui

� �
� image resolution ð3Þ

where qui represents the number of pixels manually

selected.

The percentage of membrane reabsorption was calcu-

lated at each time point using Eq. 4:

Reabsorption ¼ Vt � V0ð Þ=V0

� �
� 100 ð4Þ

where Vt is the volume at a time t and V0 is the initial

volume.

2.2.3 Ex vivo evaluations

After MRI acquisition at 14 and 30 days from subcuta-

neous implantation, mice were sacrificed, and ACMs with

surrounding tissue was excised. The explanted samples

were fixed in 10% formalin for 24 h, paraffin-embedded

and cut with a microtome to obtain sections of 7 lm. For

the histological evaluation, the slices were deparaffinised

and stained with Mayer’s hematoxylin and Eosin (H&E,

Bio-Optica) and Mallory’s trichrome (MT, Bio-Optica).

The same histological stainings were performed for the

excised tissue exposed to the silicone prostheses after

30 days of implantation.

In addition, the samples were processed with collagen

type I (Coll. I) and vascular endothelial growth factor

(VEGF) for immunohistochemical analysis to evaluate the

tissue-ACMs integration. The slides were deparaffinized in

xylene for 20 min, rehydrated and incubated with Sodium

citrate buffer (10 mM sodium citrate and 0.05% of Tween

20, pH 6.0) for 20 min at 95–100 �C to promote the anti-

gen retrieval procedure. After slow cooling, the slices were

incubated in hydrogen peroxide (3% in methanol) (Sigma-

Aldrich) for 30 min to cease the endogenous peroxidase

activity. The slices were washed in phosphate-buffered

saline (pH 7.4) and incubated with blocking solution (10 g/

L BSA, 3 mL/L Triton X-100 and 10 mL/L normal goat

serum) for 30 min. The samples were incubated with the

following primary antibodies overnight at 4 �C: rabbit anti-
collagen type I, dilution 1:500 (GTX41286; GeneTex,

Irvine, CA, USA); mouse anti-VEGF, dilution 1:100

(GTX83426; GeneTex). After a short washing in phos-

phate-buffered saline (pH 7.4), the slices were covered

with biotinylated secondary antibody (anti-rabbit antibody

diluted 1:400 for collagen type I; anti-mouse antibody

diluted 1:400 for VEGF) for 1 h at room temperature. The

samples were then incubated with avidin–biotin complex

(VECTASTAIN Elite ABC-HRP Kit, Vector Laboratories,
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Burlingame, CA, USA) for 45 min at room temperature,

and the immunoreaction was identified adding 3,3’-di-

aminobenzidine tetrahydrochloride (Dako, Santa Clara,

CA, USA) for 5 to 10 min. Finally, the sections were re-

dehydrated and mounted with Entellan (Merck, Kenil-

worth, NJ, USA). The glasses were examined by light

microscopy using an Olympus BX-51 microscope, equip-

ped with a DKY-F58 CCD JVC digital camera.

In order to characterize the adipogenic biostimulation,

the newly formed adipose tissue was analysed at 30 days

for mouse anti-collagen type III (Coll. III), dilution 1:1000

(GTX26310; GeneTex) and VEGF using the same protocol

previously described.

3 Results

3.1 In vitro evaluation

3.1.1 Morphological and physical characterization

Structural and physical properties of the evaluated mem-

branes were measured in order to analyse the morpholog-

ical characteristics and the porosity in dry and wet

conditions in culture growth media.

Figure 1A shows the SEM images at cross-view in dry

conditions of the ACMs. The stratification is noticeable due

to the different pressing grades of ACM1 and ACM2,

which present two and three layers, respectively. While

ACM3 results composed by a single stratum where the

elastic fibres (EF) are clearly identifiable, as indicated in

the higher magnification reported in Fig. 1A. ACM1 pre-

sents a two-layer structure, one is highly porous (porous

layer: PL), while the other appears more compact (compact

layer: CL). SEM images reveal that ACM2 is composed of

three layers; both external layers are thinner and more

compact (CL), while the middle one results porous (PL).

Figure 1B presents the top view of the membranes in

dry and wet conditions at two different magnifications.

ACM1 exhibits a porous surface composed of crossed

collagen fibres forming an irregular porosity through 3D

structure with a mean porous size near 2 lm as reported in

Fig. 1C. After the embedding procedure in culture growth

media, it can be seen that the lamellar organization is more

noticeable, and the size of the porous is increased. In the

case of ACM2, the surface displays a porous configuration

when analysed dry with a mean porous size ranging

between 4 and 5 lm (Fig. 1C). After embedding in culture

growth media, the lamellar structure appears non-ho-

mogenous, and the porous size of the membrane surface

increases (from 4.5 ± 1.1 to 8.3 ± 1.8 lm), as reported in

Fig. 1C.

Likewise, ACM3 was analysed before and after

embedding in culture growth media. Under dry conditions,

the membrane surface is highly dense and smooth, com-

posed of a compact fibre structure that creates porous

(0.2 ± 0.1 lm) as reported in Fig. 1C. After the embed-

ding process, the membrane is characterised by a more

irregular surface and the porous results closed due to the

liquid uptake.

The table in Fig. 1C reports the swelling ratio and the

porosity percentage. It is appreciable that liquid absorption

capacity influences the porosity and, therefore, the incre-

ment of porous size. For ACM1, the increment of mean

porous size is higher than the reported for the other two

evaluated membranes (88.9%) with a porosity percentage

of (56.50 ± 6.84%). On the contrary, for ACM2, the

swelling ratio is higher, which probably increases the size

of the fibres that might affect the increase of the porous size

(45.6%), and in addition, its porosity percentage is

increased (71.77 ± 6.01%). The same effect is reported for

ACM3, which loses its porosity due to liquid uptake

(swelling ratio of 100 ± 6.65%), affecting its porosity

percentage (17.22 ± 6.56%).

3.1.2 ASCs colonization capacity

To evaluate the colonization capacity of ASCs on ACMs

surfaces, the cells were cultured over the membranes for

7 days and subsequently were studied with SEM images.

Figure 2 shows on the upper panel the membranes surface

colonized by cultured cells. It is appreciable that for ACM1

and ACM2, the surface is covered with ASCs with elon-

gated filopodia, while for ACM3 cells are hardly detect-

able. Seeing the middle panel, cells in contact with ACM1

reveal the presence of numerous cytoplasmic flaps (CF)

over the surface, which indicates strict adherence with the

membrane. The CF detectable on the ASCs surface in

contact with ACM2 appears scarce. The cells in contact

with ACM3 present a non-conventional shape with a

wrinkled plasmatic membrane (WPM). Furthermore, the

adhesion between cells and the membrane is reduced.

The last panel shows the cells growing and spreading

through the porous of ACMs colonizing the 3D structure.

Those cells seeded over ACM1 and ACM2 generate con-

nections between them; while, in the case of ACM3, the

cells are not adherent to the surface and are not charac-

terised by the presence of filipodia.

3.1.3 In vitro biostimulation

ASCs attached to the bottom of wells in which the ACMs

were placed for 7 and 14 days were stained with Oil-Red-

Oil solution and compared with positive and negative

controls at the same time points. Figure 3 shows the images
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of the stained cells at the same magnification. On day 7,

ASCs in contact with ACM1 started to internalise lipid

droplets seen as red spots on the cytoplasm. The amount

and size of the lipid droplets indicate an early stage of

differentiation compared with the positive control. Addi-

tionally, small amounts of membrane debris around the

cells can be seen in the culture medium (Fig. 3, black

arrows). On the other hand, ASCs in contact with ACM2

do not present lipid droplets on their cytoplasm, appearing

with the typical morphology of stem cells as compared

with the negative control. Moreover, a high quantity of

membrane debris is detectably dispersed among the cells,

probably due to the elevated degradation rate of the

membrane. The cells cultured with ACM3 are reduced in

number and appear stressed with a suffering morphology.

After 14 days of study, ASCs exposed to ACM1 show

their capacity to duplicate actively, reaching the confluence

and with a visible increment of lipid droplets, indicating

the progression in adipogenic differentiation similar to the

reported for positive control. ASCs growing in the presence

of ACM2 starts to accumulate lipid droplets in the cyto-

plasm, indicating a slow ASCs differentiation into adipo-

cytes compared to the positive control and cells in contact

with ACM1. Finally, for ACM3, the behaviour found on

the 7th day continues in time, showing that the membrane

affects both the growth, the shape, and the vacuolization

(Fig. 3, dotted arrows) of ASCs. No adipose differentiation

is visible.

3.2 In vivo and ex vivo evaluation

3.2.1 Tissue integration

In order to evaluate how silicone prosthesis affects the

tissue, MR images and histological analysis were per-

formed on mice subcutaneously implanted with silicone

Fig. 1 Morphological and physical characterization of the ACMs.

A SEM of ACMs in cross-view. The layered structure is identifiable

for ACM1 and ACM2 (white bars indicates the different layers, Scale

bar 200 lm), while ACM3 is composed of a single layer (Scale bar

200 lm) and are recognizable the elastic fibres (white square

indicates the area of higher magnification, Scale bar 20 lm).

B SEM images of ACMs at top view at two magnifications in dry

and wet conditions (Scale bar: upper 200 lm, bottom 5 lm) show the

surface porosity created by the crossed collagen fibres. C The

table summarizes the physical properties of ACMs (data reported as

mean ± standard deviation). CL: Compact layer; PL: Porous layer;

EF: Elastic fibres
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Fig. 2 SEM analysis of ASCs colonization capacity over ACMs at

different magnifications. Some cytoplasmic flaps are appreciable on

cells cultured with ACM1 and ACM2, while cells in contact with

ACM3 present a wrinkled plasmatic membrane. (Scale bar: upper

20 lm, middle 5 lm, bottom 10 lm) (ASCs: Adipose-derived stem

cells on ACMs surface and spreading through their porous, CF:
Cytoplasmatic flaps on ASCs Surface, WPM: wrinkled plasmatic

membrane)

Fig. 3 In vitro biostimulation. ASCs after 7 and 14 days of contact

with the evaluated ACMs were compared with ASCs cultured growth

medium (negative control) and adipose differentiative medium

(positive control). (Scale bar 20 lm) (Arrows indicate membrane

debris, dotted arrows indicate vacuolization)

Tissue Eng Regen Med (2022) 19(3):477–490 483

123



prosthesis. The MRI was performed for 7, 14 and 30 days

after the silicone implantation. The images clearly identify

the area of the silicone graft (Fig. 4) surrounded by an area

of fluid accumulation (Fig. 4, dotted arrow) that appears

stable over time. The ex vivo findings display an altered

tissue morphology in the area of silicone prosthesis inser-

tion (Fig. 4, H&E) compared to the positive control

(Fig. 4, healthy skin H&E). Analysing the tissue with MT

is possible to identify an accumulation of elastic fibres

(Fig. 4, MT black arrows) surrounded by an inflammatory

infiltration (Fig. 4, MT white asterisks) on the site of

contact with the silicone implant. MT staining of healthy

skin shows the physiological and non-altered subcutaneous

structure.

The in vivo tissue integration induced by the evaluated

membranes was assessed after the subcutaneous implan-

tation in mice of the ACMs. Figure 5 shows the MRI

acquisitions after 7, 14 and 30 days from the surgery. On

day 7th of study, the membranes are completely visible

(Fig. 5, arrows), and a fluid accumulation (Fig. 5, dotted

arrows) is observed in the subcutaneous region adjacent to

all the evaluated grafts. After 14 days of study, the mem-

branes reabsorption degree was calculated (Fig. 5, reab-

sorption degree tables). Images reveal minimal

reabsorption of ACM1 (12.21 ± 5.5), while the

Fig. 4 Elastosis formation after silicone prosthesis implantation.

Magnetic Resonance images of control group are shown on the upper

line after 7, 14 and 30 of follow-up. Histology images on the middle

and bottom panels show H&E (Scale bar 100 lm) and MT (Scale bar

100 lm and 20 lm) staining of negative control group (uncovered

silicone prosthesis) compared with positive control (healthy skin).

(Arrow: silicone prosthesis; dotted arrow: fluid accumulation: black

arrow: elastosis, White asterisks: Inflammatory reaction, H&E:
Hematoxylin/Eosin staining; MT: Mallory’s Trichrome)
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reabsorption rate of ACM2 and ACM3 results faster

(67.28 ± 3.4 and 72.82 ± 8.1, respectively). On the con-

trary, the fluid accumulation bordering the ACM1 seems to

be reabsorbed faster than ACM2 and ACM3

(64.23 ± 10.30, 37.13 ± 16.70 and 36.36 ± 14.20, for

ACM1, ACM2 and ACM3, respectively).

On the 30th day of follow-up, the fluid accumulation is

not already visible in the surroundings of ACM1 with a

reabsorption degree of 93.40 ± 4.8%, while only

53.75 ± 5.3% of the membrane was reabsorbed. At the

same time point, both ACM2 and the fluid accumulation

around the membrane were almost entirely reabsorbed with

a reabsorption degree of 94.60 ± 2.7% and 97.13 ± 6.5%,

respectively. In the case of ACM3, while the fluid accu-

mulation is still present (reabsorption degree of

79.84 ± 6.9%), the membrane appears highly reabsorbed

(reabsorption degree of 92.59 ± 4.3%), and the remains

appear adherent to the muscular tissue of the animal.

After 14 and 30 days from implantation, the ex vivo

examinations were performed to analyse the morphological

structure modifications of ACMs (H&E and MT staining)

and tissue integration and colonization (Coll. I and VEGF)

as shown in Fig. 6.

After 14 days of surgery, histological examinations

confirm the MRI results, and all the ACMs are still dis-

tinguishable. ACM1 appears well preserved, and the three-

layer results are non-altered, as shown in Fig. 6 (H&E and

MT). As confirmed with the immunohistochemical analy-

sis. Mallory’s staining revealed that the membrane was

colonised by resident cells and collagen fibre (Fig. 6, Coll.

I). Indeed, the positive result for the collagen type I anti-

body suggests an early integration between the autologous

connective tissue and the membrane (Fig. 6, Coll. I,

arrows). No positive expression of VEGF was found.

Regarding ACM2, the membrane is well visible, and it is

possible to recognise the layered structure (Fig. 6, H&E and

MT): CL has been positioned immediately after the reticular

dermis, and PL is placed on the opposite side (Fig. 6, MT).

The immunohistochemical analysis shows no migration of

native collagen fibres nor new vessels formation in the

membrane (Fig. 6, Coll. I and VEGF). However, the mem-

brane results highly infiltrated by cells, probably due to an

inflammatory reaction. For ACM3, the membrane appeared

dense and compact (Fig. 6, H&E and MT) except in the

central portion in which the fluid accumulation has caused

the loss of fibres density (Fig. 6, MT, asterisk). Moreover,

thanks to MT staining, the architecture of ACM3 is clearly

visible: the elastic fibres that typically compose the peri-

cardium are detectable as the red fibres in Fig. 6. No evi-

dence of cells colonisation (Fig. 6, H&E), resident collagen

fibres infiltration (Fig. 6, Coll. I), and neovascularization

(Fig. 6, VEGF) are detectable.

At 30 days after the surgery, the ACM1 shows a reduced

stratification and results partially reabsorbed, in accordance

with MRI findings (Fig. 7). Moreover, the membrane

appears compact with a well-structured collagen fibre

(Fig. 7, MT). Comparing the results with those at 14 days,

ACM1 seems homogenously colonized by resident cells

Fig. 5 Evaluation of in vivo tissue integration. Magnetic resonance

images performed after 7, 14, and 30 days of implantation of the

evaluated ACMs allowed the calculation of the membrane’s

reabsorption degree and the surrounding fluid accumulation. (Arrow:

ACMs, dotted arrow: fluid accumulation)
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and collagen fibres (Fig. 7, Coll. I, arrows) but with no new

vessel formation identified (Fig. 7, VEGF).

In the case of ACM2, the dermis of the mice shows a

physiological organisation while the membrane is hardly

detectable (Fig. 7, H&E and MT), probably due to the high

degree of reabsorption as reported by MRI investigation.

Moreover, an organically structured layer of resident col-

lagen fibres (Fig. 7, Coll. I, arrows) is detectable near the

ACM2 implantation site, suggesting that the dermal com-

partment is fully restored, but the membrane results less

colonized by collagen fibres than ACM1. Immunohisto-

chemical analysis for neo-vascularization reveals no posi-

tive response for ACM2 (Fig. 7, VEGF).

Finally, histological analysis of ACM3 confirms that the

membrane is completely adherent at the muscular tissue

and an unfolded, not compact, and disorganized structure is

clearly identifiable (Fig. 7, H&E and MT), justifying the

high reabsorption degree obtained with MRI images.

Immunohistochemical analysis reveals a partial integration

between the membrane and the surrounding tissue. Native

collagen fibres (Fig. 7, Coll. I, arrows) and resident cells

start to migrate through the ACM3. VEGF analysis reveals

no signal of neo-angiogenesis surrounding the ACM3 after

30 days.

3.2.2 In vivo adipogenic biostimulation

Analysing the ACMs-induced biostimulation after 30 days

of study, histological examination reveals an adipogenic

induction thanks to ACM1, but no signs were found on

ACM2 and ACM3 (Fig. 8). Mallory’s trichrome shows a

well-organised adipose tissue deposition inside the mem-

brane (Fig. 8B). Mature adipocytes resulted connected

through a thin extra-cellular matrix of newly formed col-

lagen fibre (Fig. 8B), and immunohistochemical analysis

for VEGF detects the formation of new vessels distributed

in the adipose tissue (Fig. 8B).

4 Discussion

The number of women undergoing breast reconstruction

surgery after mastectomy through silicone implant-based

procedure is steadily increasing; however, silicone or

Fig. 6 Ex vivo tissue integration after 14 days of study. The excised

samples (ACMs with surrounding tissue) were stained with H&E and

MT showed in upper panel (Scale bar 100 lm). Additionally,

immunohistochemical analyses were performed with Coll. I and

VEGF antibodies in bottom panel (Scale bar 30 lm). Asterisk

indicates loss of fibre density; arrows indicate Coll. I positivity. CL
Compact layer, PL Porous layer, H&E: Hematoxylin/Eosin staining,

MT: Mallory’s trichrome, Coll. I: Collagen type I staining, VEGF:
Vascular Endothelial growth factor staining

Fig. 7 Ex vivo tissue integration after 30 days of study. The excised

samples (ACMs with surrounding tissue) were stained with H&E and

MT are shown in upper panel (Scale bar 100 lm). Additionally,

immunohistochemical analyses were performed with Coll. I and

VEGF antibodies in bottom panel (Scale bar 30 lm). Arrows identify

positive responses for Coll. I. H&E: Hematoxylin/Eosin staining, MT:
Mallory’s Trichrome, Coll. I: Collagen type I staining, VEGF:
Vascular Endothelial Growth Factor staining
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polyurethane prostheses are associated with foreign body

response which results in the PPC formation [24, 25]. An

unsolved issue is the elevated frequency of CC, in partic-

ular, related to breast irradiation. The CC is an inflamma-

tory reaction characterised by fibrosis surrounding the

implant due to the action of excessive collagen production,

which provokes painful deformity [26].

To date, the standard treatment for CC is surgical

remotion which is a highly invasive procedure. For this

reason, the development of non-invasive approaches to

prevent CC is necessary. Many positive reports are

emerging about using biological materials to improve

alloplastic breast reconstruction [25]. In this study, ACMs

different in morphology and physical structure have been

evaluated in vitro and after subcutaneous implant in mice.

Firstly, ACMs were incubated with ASCs to assess the

interaction between the acellular scaffold and mesenchy-

mal stem cells, representing one of the cellular elements

involved in regeneration and repair pathways [27].

According to the literature, the stimulation and differenti-

ation of ASCs increase wound repair and regeneration

ability by intensifying collagen secretion and deposition

[9, 14]. Recent studies have demonstrated a link between

adipocytes and wound healing, given that adipocytes also

act as key regulators of skin health [28]. Collected data

showed that in vitro colonisation capacity and adipogenic

differentiation potential of ASCs are membrane dependent.

Our results show that the ASCs in contact with the three

evaluated ACMs have different behaviour. In particular,

the high swelling ratio (more than 200%) of ACM2

improves the surface ASCs colonisation, but the non-ho-

mogenous lamellar structure and the pores mean diameter

(about 8 lm) after the embedding procedure reduce the

ability of ASCs to move across the 3D structure. Addi-

tionally, the cells in contact with ACM2 exhibit few

cytoplasmic flaps indicating a poor activation capability. In

the case of ACM3, the direct contact of ASCs with this

material leads to cell stress. Indeed, SEM and optical

microscopy evaluation showed a non-conventional shape

of ASCs with a wrinkled and damaged cytoplasmic

membrane. On the contrary, ACM1 presented an appro-

priate swelling ratio (about 160%) that increases the mean

porous diameter (88. 9%), allowing the complete coloni-

sation of cells through the 3D structure. The numerous

cytoplasmic flaps found on the ASCs surface reveal that

ACM1 is able to stimulate and activates the cells. Indeed,

Dasgupta et al. reports that an increased number of cyto-

plasmatic processess positively affects the attachment and

the spreading of cells on biomaterial surfaces [29]. More-

over, ASCs resulted stimulated by ACM1 improving their

differentiation capacity into adipose-like cells.

The ACMs physical properties also influenced the

degree of integration with the resident tissue and biostim-

ulation (such as adipogenic stimulation, angiogenesis, or

new collagen fibres deposition) in vivo. The control group

implanted with the silicone prosthesis showed the

Fig. 8 Induced adipose biostimulation study. A shows H&E of the

evaluated membranes (ACM1, ACM2 and ACM3) revealing an

adipogenic formation inside ACM1. B MT staining of newly formed

adipose tissue inside ACM1 (arrows delimited the membrane, scale

bar 100 lm) and immunohistochemical analysis of newly formed

adipose tissue for Coll. III and VEGF antibodies (scale bar 30 lm).

H&E: Hematoxylin/Eosin staining, MT: Mallory’s trichrome, Coll.
III: Collagen type III staining, VEGF: Vascular endothelial growth

factor staining
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formation of a high elastosis in the surroundings of the

implant. On the contrary, ACMs presented a different tis-

sue response. This suggests that using biological materials

as implant beds avoiding direct contact between the sili-

cone prosthesis and the resident tissue could favour a

physiological integration [30]. Schmitz et al. [25] reported

that the implantation of an acellular dermal matrix cover-

ing a silicone prosthesis reduced the rate of inflammation in

rats [25].

Our analysis reported an initial reaction of the resident

subcutaneous tissue to the membrane implantation. Indeed,

a different degree of membrane architecture modification

and a consequent fluid accumulation surrounding the

ACMs were reported. On day 14, the membrane structure

of ACM1 appeared unaltered, and longitudinal MRI results

revealed that it is still present until day 30, indicating a

slow reabsorption rate. Moreover, the fluid accumulation

appeared almost completely reabsorbed, indicating the high

biocompatibility of ACM1 with the surrounding tissue. The

slow reabsorption rate of ACM1 could be due to the two

layers with different thicknesses and porosity that consti-

tute the membrane. Low reabsorption could be advanta-

geous for materials used as breast prosthesis coating due to

a higher possibility of breast prosthesis integration that

could reduce the PPC formation. A slow degradation rate

allows the material to maintain its mechanical structure

during tissue regeneration [31]. Instead, the volume of

ACM2 and ACM3 decreased about 70% from 7 to 14 days

after implantation, indicating a faster reabsorption degree

than ACM1. On the other hand, the fluid accumulation

remains elevated (of about 75%), allowing the develop-

ment of oedema and recruitment of inflammatory cells.

The integration between ACMs and subcutaneous tissue

was evaluated by analysing the membrane colonisation by

resident cells and collagen fibres matrix. While ACM2 and

ACM3 resulted poorly infiltrated, ACM1 appeared highly

colonised, and native collagen fibres spread within the

membrane starting from day 14. As suggested by histo-

logical evaluation, the integration process of ACM3 was

detectable from day 30, indicating a later migration of

endogenous extra-cellular matrix components through the

membrane compared to ACM1. These results are supported

by previous in vitro experiments, in which ASCs culture

with ACM3 appeared suffering. A different behaviour was

observed for ACM2. At 30 days, the membrane was not

detectable by MRI or histological analysis, suggesting a

rapid degradation and absorption process. This phe-

nomenon could be attributable to an immune-inflammatory

response induced by oedema visible at day 14.

Finally, adipogenic biostimulation was also evaluated.

Only ACM1 showed positive results at the last evaluated

time point. Specifically, a deposition of adipose tissue

inside the membrane was clearly visible. The newly formed

adipocytes appeared surrounded by extra-cellular matrix

components. Collagen fibres, which constitute the major

matrix component, resulted positive for collagen type III

antibody by immunohistochemical analysis. Moreover, the

angiogenesis phenomenon was detectable, and new vessels

were found inside the adipose tissue. Since mature adipose

tissue is composed of multiple components (such as adi-

pocytes, extra-cellular matrix, vessels) [32], our findings

suggest a multiple functional biostimulation induced by

ACM1, which stimulated the formation of new well-

structured adipose tissue. Indeed, ECM is responsible for

providing growth factors for signalling, immunological

response and modulation of structure properties of the

tissue leading to its restoration and maintaining home-

ostasis [33]. The activation of adipogenesis after ACMs

implantation hypothesises that adipocytes could improve

the interaction between membrane and tissue, favouring the

regeneration and repair processes. Another aspect that

positively influences the regeneration is the angiogenesis

by which resident mesenchymal stem cells could migrate

into the damage site with growth factors and cytokines. In

different models and clinical protocols, the implant of

ACMs restores the physiologic vascularisation [34]. The

stimulation of adipogenesis and the restoration of physio-

logic angiogenesis could ensure a restitution ad integrum

of the dermis and subcutis [34].

In conclusion, this study evaluated three acellular

matrices to be used as possible coating of breast silicone

prosthesis. The results have shown that subcutaneously

implanted natural membranes can induce biological acti-

vation in the surrounding tissue. Specifically, the induction

of adipogenic stimulation is morphological-dependent on

the porosity, thickness and swelling ratio of the membrane.

The deposition of newly formed adipose tissue could play a

key role in forming a well-organised tissue architecture

preventing capsular contracture formation.

Acknowledgement The authors thank the Centro Piattaforme Tec-

nologiche (CPT, University of Verona, Italy) for their technical

support.

Declarations

Conflict of interest The authors declare that they have no known

conflict of interest or personal relationships that could have influenced

the results presented in this work.

Ethical statement The protocol of membrane implant was approved

by CIRSAL and by the Italian Ministry of Health (protocol number

264 56DC9.38).

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

488 Tissue Eng Regen Med (2022) 19(3):477–490

123



if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. Baxter RA. Acellular dermal matrices in breast implant surgery:

defining the problem and proof of concept. Clin Plast Surg.

2012;39:103–12.

2. Meza Britez ME, Caballero Llano C, Chaux A. Periprosthetic

breast capsules and immunophenotypes of inflammatory cells.

Eur J Plast Surg. 2012;35:647–51.

3. Atlan M, Nuti G, Wang H, Decker S, Perry TA. Breast implant

surface texture impacts host tissue response. J Mech Behav

Biomed Mater. 2018;88:377–85.

4. Brown T. Surface areas of textured breast implants: Implications

for the biofilm theory of capsule formation. Plast Reconstr Surg

Glob Open. 2018;6:e1700.

5. Wright MA, Samadi A, Lin AJ, Lara DO, Harper AD, Zhao R,

et al. Periprosthetic capsule formation and contracture in a rodent

model of implant-based breast reconstruction with delayed

radiotherapy. Ann Plast Surg. 2019;82:S264–70.

6. Tevlin R, Borrelli MR, Irizarry D, Nguyen D, Wan DC, Momeni

A. Acellular dermal matrix reduces myofibroblast presence in the

breast capsule. Plast Reconstr Surg Glob Open. 2019;7:e2213.

7. Brouki Milan P, Pazouki A, Joghataei MT, Mozafari M, Amini

N, Kargozar S, et al. Decellularization and preservation of human

skin: A platform for tissue engineering and reconstructive sur-

gery. Methods. 2019;171:62–7.

8. Kornmuller A, Brown CFC, Yu C, Flynn LE. Fabrication of

extra-cellular matrix-derived foams and microcarriers as tissue-

specific cell culture and delivery platforms. J Vis Exp. 2017.

https://doi.org/10.3791/55436

9. Qi Y, Dong Z, Chu H, Zhao Q, Wang X, Jiao Y, et al. Denatured

acellular dermal matrix seeded with bone marrow mesenchymal

stem cells for wound healing in mice. Burns 2019;45:1685–94.

10. Freytes DO, Tullius RS, Valentin JE, Stewart-Akers AM,

Badylak SF. Hydrated versus lyophilized forms of porcine extra-

cellular matrix derived from the urinary bladder. J Biomed Mater

Res A. 2008;87:862–72.

11. Gadelkarim M, Abushouk AI, Ghanem E, Hamaad AM, Saad

AM, Abdel-Daim MM. Adipose-derived stem cells: effectiveness

and advances in delivery in diabetic wound healing. Biomed

Pharmacother. 2018;107:625–33.

12. Bush K, Gertzman AA. Process development and manufacturing

of human and animal acellular dermal matrices. In: Albanna MZ,

Holmes IV JH, editors. Skin Tissue Engineering and Regenera-

tive Medicine. 1st ed. Elsevier; 2016. p. 83–108.

13. Carlsson AH, Gronet EM, Rose LF, Chan R. Clinical applications

of acellular dermal matrices in reconstructive surgery. In:

Albanna MZ, Holmes IV JH, editors. Skin Tissue Engineering

and Regenerative Medicine. 1st ed. Elsevier; 2016. p. 109–24.

14. Storti G, Scioli MG, Kim BS, Orlandi A, Cervelli V. Adipose-

derived stem cells in bone tissue engineering: useful tools with

new applications. Stem Cells Int. 2019;2019:3673857.

15. Wu S, Liu X, Yeung KW, Liu C, Yang X. Biomimetic porous

scaffolds for bone tissue engineering. Mater Sci Eng R Rep.

2014;80:1–36.

16. Tan QW, Tang SL, Zhang Y, Yang JQ, Wang ZL, Xie HQ, et al.

Hydrogel from acellular porcine adipose tissue accelerates wound

healing by inducing intradermal adipocyte regeneration. J Invest

Dermatol. 2019;139:455–63.

17. Hoerst K, van den Broek L, Sachse C, Klein O, von Fritschen U,

Gibbs S, et al. Regenerative potential of adipocytes in hyper-

trophic scars is mediated by myofibroblast reprogramming. J Mol

Med (Berl). 2019;97:761–75.

18. Chun C, Lee DY, Kim JT, Kwon MK, Kim YZ, Kim SS. Effect

of molecular weight of hyaluronic acid (HA) on viscoelasticity

and particle texturing feel of HA dermal biphasic fillers. Biomater

Res. 2016;20:24.

19. Ghodbane SA, Dunn MG. Physical and mechanical properties of

cross-linked type I collagen scaffolds derived from bovine, por-

cine, and ovine tendons. J Biomed Mater Res A.

2016;104:2685–92.

20. Lou T, Wang X, Song G, Gu Z, Yang Z. Fabrication of PLLA/b-
TCP nanocomposite scaffolds with hierarchical porosity for bone

tissue engineering. Int J Biol Macromol. 2014;69:464–70.

21. Lou T, Wang X, Yan X, Miao Y, Long YZ, Yin HL, et al.

Fabrication and biocompatibility of poly(l-lactic acid) and chi-

tosan composite scaffolds with hierarchical microstructures.

Mater Sci Eng C Mater Biol Appl. 2016;64:341–5.

22. Peroni D, Scambi I, Pasini A, Lisi V, Bifari F, Krampera M, et al.

Stem molecular signature of adipose-derived stromal cells. Exp

Cell Res. 2008;314:603–15.

23. Busato A, De Francesco F, Biswas R, Mannucci S, Conti G,

Fracasso G, et al. Simple and rapid non-enzymatic procedure

allows the isolation of structurally preserved connective tissue

micro-fragments enriched with SVF. Cells. 2020;10:36.

24. Thrusfield M. Observational studies. In: Thrusfield M, Christley

R. editors. Veterinary epidemiology, 4th ed. Wiley-Blackwell;

2017. p. 319–38.

25. Schmitz M, Bertram M, Kneser U, Keller AK, Horch RE.

Experimental total wrapping of breast implants with acellular

dermal matrix: a preventive tool against capsular contracture in

breast surgery? J Plast Reconstr Aesthet Surg. 2013;66:1382–9.

26. Headon H, Kasem A, Mokbel K. Capsular contracture after breast

augmentation: an update for clinical practice. Arch Plast Surg.

2015;42:532–43.
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