
The use of an acellular matrix derived from human dermis
for the treatment of full-thickness skin wounds

Elena Bondioli . Valeria Purpura . Catuscia Orlandi . Andrea Carboni .

Paola Minghetti . Giovanna Cenacchi . Giovanni De Luca . Daniela Capirossi .

Evandro Nigrisoli . Davide Melandri

Received: 8 November 2018 / Accepted: 8 February 2019 / Published online: 14 February 2019

� Springer Nature B.V. 2019

Abstract Full-thickness skin wounds occur in many

different clinical cases and the use of biological

acellular dermal matrices (ADMs) to reconstruct the

damaged area is increasing in the field of plastic and

reconstructive surgery. In particular, the ability of

ADMs to maintain the structural properties of extra-

cellular matrix as well as to provide a suitable envi-

ronment for cell growth makes their use suitable for

the improvement of wound healing and the reduction

of side effects deriving from contracture and scar

tissue formation. In this study, we describe the clinical

use of a recently developed human dermal matrix

(HDM) in combination with graft skin as an alterna-

tive reconstructive solution for the treatment of full-

thickness skin wounds. The HDM was applied in

combination with autologous graft skin on three

different clinical cases in which full-thickness skin

wounds occurred. The clinical outcomes were evalu-

ated in the patients during their follow-up.

Histological as well as ultra-structural analysis were

also performed on skin biopsy of the clinical case 3

one year after the treatment with HDM. The use of

HDM stimulates the wound healing process in all

clinical cases of full-thickness skin wounds here

described with a functional and aesthetic rescue of

the damaged area. Histological and ultra-structural

analysis show a regenerative healing of the wound

area with well-organized/oriented connective tissue in

which cellular infiltration as well as blood vessels are

evident. Our results support the clinical use of HDM as

a permanent dermal replacement for the treatment of

full-thickness skin wounds.

Keywords Dermal matrices � Skin wounds �Wound

healing

Introduction

Several clinical conditions are characterized by full-

thickness skin wounds in which the dermal and

epidermal layers result as totally destroyed. In these

conditions, unlike the epidermis, the dermal layer is

unable to regenerate and it is finally replaced by scar

tissue lacking of properties required for functional and

aesthetic rescue. The conventional surgical treatments

with autograft or allograft skin are able to provide a

life-saving skin replacement on the damaged area. On

the other hand, a further injury at the donor site of the
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patient is required when auto-graft skin is applied

while the use of allograft skin results in a final

rejection of the homologous tissue applied for the

presence of foreign cellular component (Ingham et al.

1993). In both these cases, a full recovery of dermal

component is not achieved and scar tissue formation is

produced as a consequence of their use (Cohen et al.

1992). To overcome limitations of these procedures,

alternative approaches were taken into account and the

use of ADMs is now increasing in the field of plastic

and reconstructive surgery (Fosnot et al. 2011). ADMs

are biological scaffolds able to maintain structural and

biochemical properties of extracellular matrix (ECM)

after the removal of cellular component. In fact, they

provide a structural support and a biological environ-

ment suitable for the stimulation of cell growth as well

as the attraction of underlying cells to the lesion area,

improving and accelerating the healing process and, in

turn, wound closure (Brown and Badylak 2014;

Tabata 2008; Brigido et al. 2004). Thus the use of

ADMs provides a biological replacement of the empty

area in which dermis is missing reducing the possi-

bility that it can be filled by scar tissue. In addition, the

use of ADMs allows the application of a thinner auto-

graft skin to cover the damaged area and the absence

of cellular component avoids problems deriving from

rejection. Unlike synthetic materials, ADMs are also

biocompatible and well integrated with the wound

receiving site. Moreover, biological scaffolds com-

posed of ECM have been shown to be resistant to

deliberate bacterial contamination in preclinical

in vivo studies as well as to recruit and induce

proliferation of tissue specific cell types (Badylak

2005; Brennan et al. 2006; Vorotnikova et al. 2010).

All these ADMs properties have improved the surgical

approaches to difficult clinical conditions such as

head, neck or extremity surgery allowing their better

management with excellent results (Fosnot et al.

2011). In this scenario, Emilia Romagna Regional

(ERR) Skin Bank in collaboration with Rizzoli

Orthopedic Institute realized a cell-free scaffold

derived from human dermis (HDM) using a patented

decellularization method (PTC/IB2008/002753) able

to maintain a balance between the absence of viable

cellular component and the ECM structure, required

for its clinical use (Bondioli et al. 2014). In this study,

we show the clinical outcomes of full-thickness skin

wounds treatment in which HDM was used as a

permanent dermal replacement in combination with

overlying skin graft.

Materials and methods

Procurement, decellularization and assessment

of HDM properties

Human dermis was taken from the trunk area of multi-

organ and/or multi-tissue donors following National

Rules on harvesting, processing and distributing

tissues for transplantation (CNT 2016) and was then

decellularized at the ERR Skin Bank of Bufalini

Hospital, Cesena, Italy.

The epidermis was first separated using an electric

dermatome from the dermis trunk area and discarded

in sterile conditions. Then dermis samples were

dissected. The dermis grafts were rinsed with 0.9%

NaCl solution and stored in this solution for transport

(at 2–10 �C) to the treatment station (\ 12 h), where

they were aseptically submitted to a combined treat-

ment of decellularization. The tissue was treated with

2.5% trypsin (Gibco, cat. no. 15090) and placed in an

incubator overnight (5 ± 0.2% CO2 at 37 �C).
Finally, the dermis was submitted to irradiation with

c-rays, cryo-frozen and stored in nitrogen vapor at

- 180 �C to - 190 �C.
Microbiological and endotoxin analysis were per-

formed to guarantee sterile conditions and, in turn, the

clinical use of HDM. Histological analysis as well as

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay were also performed as tests of

validation, in order to ensure respectively the main-

tenance of structural tissue properties and the loss of

viable cellular component of HDM (data not shown).

Histology and ultrastructural analysis of biopsy

Histological and ultrastuctural analysis were per-

formed on skin biopsy of the clinical case 3 one year

after the treatment with HDM. Briefly, for histological

analysis samples were fixed with 10% formalin

solution and paraffin embedded. After processing,

histological sections (5-lm in thickness) were stained

with hematoxilin and eosin. Alternatively, Masson’s

trichrome, Weigert or PAS staining were used in order

to respectively identify the presence of collagen,

elastic fibers or the basal membrane. A
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semiquantitative morphometric analysis was also

performed on histological sections in order to evaluate

cellular infiltration, the presence of multinucleated

giant cells, vascularity and the organization of

connective tissue according to scoring criteria previ-

ously established (Valentin et al. 2006) (Table 1). The

mean value of four different fields analyzed by a

pathologist at forty times magnification is reported in

Table 2. Ultrastructural analysis has been performed

on glutaraldehyde 2.5% in 0.1M phosphate buffer skin

specimens. After post-fixation in OsO4 1% in Cacody-

late buffer, specimens were dehydrated and embedded

in Araldite epoxy resins. Thin sections were observed

with a Philips 410 Philips Trasmissione Electron

Microscope (TEM).

Surgical procedures

A schematic representation of surgical steps per-

formed for each clinical case is reported in Table 3.

After a surgical debridement to remove necrotic tissue,

HDM previously fenestrated or not was applied on the

exposed osteo-tendineous tissue of all wound areas

(Fig. 1a, left panel, clinical case 1). In particular, the

total exposition of Achilles tendon in the clinical case

2 was treated totally covering it with HDM (Fig. 1b,

upper, right panel). A continuous negative pressure

wound therapy (VAC therapy) was then immediately

applied for 14 days on the wound area covered with

HDM of the clinical case 1 and 2, in order to promote

HDM engraftment on the wound bed maintaining its

protection and perspiration. After this first treatment,

auto-graft skin was also applied on the wound bed of

both clinical cases. In particular, the extensive dam-

aged area in the clinical case 2 required the use of auto-

graft skin meshed in a ratio of 1:6 applied in

combination with allograft skin, according to Alexan-

der surgical technique. VAC therapy was finally

performed for additional 14 days using a fat gauze

as interface between HDM/skin autograft and the

sponge of the VAC system. Differently from the

clinical cases 1 and 2, the auto-graft skin was applied

on HDM immediately before the application of VAC

therapy and the fat gauze in the clinical case 3 (Fig. 1c,

central panel). The combined treatment in a single

surgical step was preferred in this clinical case to

reduce risks of treatment failure since no comorbidity

factors were evident. The VAC therapy was then

accurately replaced after 3, 7 and 14 days. The study

was exempt from approval from an ethics’ board. In all

cases, significant adverse reactions were not identified.

The total healing time, the length of hospital stay, and

Table 1 Scoring criteria used for semi-quantitative morphometric analysis previously described (Valentin et al. 2006)

Criterion 0 1 2 3

Cellular

infiltration

Between 0 and 50

cells per HPF

Between 51 and 100 cells per HPF Between 101 and 150

cells per HPF

More than 150 cells

per HPF

Multinucleated

giant cells

No multinucleated

giant cells per

HPF

Between 1 and 2 multinucleated giant

cells per HPF

Between 3 and 4

multinucleated giant

cells per HPF

More than 5

multinucleated giant

cells per HPF

Vascularity Either 0 or 1

blood vessel per

HPF

Between 2 and 5 blood vessels per HPF Between 6 and 10 blood

vessels per HPF

More than 10 blood

vessels per HPF

Connective

tissue

organization

Original scaffold

intact

Original scaffold disrupted, poorly

organized, new host extracellular

matrix present

Moderately organized

connective tissue

present

Dense highly

organized connective

tissue present

HPF high power field (940)

Table 2 Semi-quantitative morphometric analysis performed

on histological sections of the clinical case 3

Criterion Clinical case 3

Cellular infiltration 0

Multinucleated giant cells 0

Vascularity 2

Connective tissue organization 2

The mean of 4 different fields analyzed at forty times

magnification is reported
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the time between HDM application and healing of the

wound for all clinical cases are reported in Table 4.

The healing process as well as the functional and

aesthetic rescue of the damaged area after HDM

application in combination with graft skin was then

evaluated after a follow-up of 4 months (Fig. 2a),

18 months (Fig. 2b) and 1 year (Fig. 2c) in the

clinical case 1, 2 and 3, respectively. Histological

and ultrastructural analysis were also performed

during follow-up on skin biopsy of the clinical case

3 (Fig. 3).

Results

The clinical cases here described are all characterized

by full-thickness skin wounds in which osteo-tendi-

neous exposure and lack of vascularization were

identified. Thus, the use of conventional surgical

treatments resulted unsuitable for their treatment and

the application of HDM in combination with overlying

graft skin appeared to be an alternative, efficient

treatment to induce healing process.

In the clinical case 1, the full-thickness skin wound

showed osteo-tendineous exposure on the marginal

side of the right foot due to arterial vascular ulcer

previously treated with conventional treatments with-

out any improvement. In addition, the 91-year-old

patient showed arteriosclerosis and diabetes, and a

total amputation of the fifth toe was also required after

the limb surgical revascularization and its aggressive

debridement. In this case, HDM was applied on the

wound bed in combination with auto-graft skin as

described in ‘‘Materials and methods’’ section. A clear

reduction of granulation tissue in the damaged area in

which HDM was applied alone was already evident

after the first 14 days of VAC therapy (Fig. 1a, right

panel). Thus HDM was able to induce a modulating

effect on the wound healing resulting in a rescue of

physiological characteristics of the damaged tissue.

Then the application of auto-graft skin on the wound

bed followed by additional 14 days of VAC therapy

was able to ensure skin engraftment on the wound

area. The clinical follow-up was then performed after

4 months resulting in an excellent healing of the

damaged area with little scar-like tissue (Fig. 2a). A

functional and aesthetic rescue of the damaged area

with minimal evidence of inflammatory response was

also identified.

In the clinical case 2 a full-thickness skin wound

due to necrotizing fasciitis in both legs was evident

with exposure of bone tissue as well as Achilles tendon

on the left leg (Fig. 1b, circle and arrow respectively,

upper, left panel). A gap due to loss of tissue between

the Achilles tendon and the remaining damaged area

of the left leg was also identified (Fig. 1b, arrow,

upper, right panel). In addition, the 55-year-old patient

was affected by rheumatoid arthritis and she had been

treated with systemic steroid therapy. An inflamma-

tory response was also evident. Similar to the clinical

case 1, HDM was immediately applied on bone tissue

as well as on the Achilles tendon (Fig. 1b, upper, right

panel). The healing process was then already evident

on the wound area after 14 days of VAC therapy. In

fact both bone tissue and Achilles tendon resulted

vital, well vascularized and protected by HDM above

them after this first treatment (Fig. 1b, lower, left and

right panels). Surprisingly, the gap between Achilles

tendon and the remaining damaged area of the left leg

resulted totally covered by viable and well vascular-

ized tissue, supporting a regenerative process of

healing induced by HDM (Fig. 1b, lower, right panel).

No significant adverse reactions were identified. After

this first encouraging result, a meshed auto-graft skin

Table 3 Schematic representation of surgical steps performed for all clinical cases

Surgical step 1 Surgical step 2 Surgical step 3 Surgical step 4

Clinical

case 1

Application of HDM

(fenestrated)

VAC therapy

(14 days)

Application of autograft skin VAC therapy

(14 days)

Clinical

case 2

Application of HDM (not

fenestrated)

VAC therapy

(14 days)

Application of autograft skin (meshed 1:6)

and allograft skin

VAC therapy

(14 days)

Clinical

case 3

Application of HDM

(fenestrated)

Application of

autograft skin

VAC therapy replaced after 3, 7, 14 days –
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(ratio 1:6) in combination with allograft skin was

applied on both legs as described in ‘‘Materials and

methods’’ section. Then a clinical follow-up of the

wound areas was performed after 18 months. As

shown in Fig. 2b, a rescue of the damaged area was

identified in both legs with good wound healing and a

complete engraftment of auto/allograft skin. In

particular, the addition of HDM on the left leg was

able to cover and protect the exposed bone tissue as

well as the Achilles tendon so that similar clinical

results were obtained in comparison with the other

right, damaged leg (Fig. 2b, right and left panels). A

reduction of inflammatory component and an

improvement of functional and aesthetic properties

Fig. 1 Application of HDM on the osteo-tendineous exposure

on the marginal side of the right foot (clinical case 1) (a, left
panel) and clinical results after 14 days of VAC therapy (a, right
panel). Full-thickness skin wound due to necrotizing fasciitis

with exposure of bone tissue and Achilles tendon (clinical case

2) (b, upper, left panel). Application of HDM onAchilles tendon

(b, upper, right panel) and healing process after 14 days of VAC

therapy (b, lower, left and right panels). Full-thickness skin

wound with osteo-tendineous exposure on the malleolar region

of the left lower limb due to car accident (clinical case 3) (c,
upper panel). Application of HDM and autograft skin on the

osteo-tendineous exposure (c, central panel). Engraftment of

HDM/auto-graft skin after 14 days of VAC therapy (c, lower
panel)
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of the damaged area was also identified, avoiding the

limb’s amputation, previously considered as treatment

of choice for the patient in other structures.

In the clinical case 3, the 41-year-old patient

showed the full-thickness skin wound with osteo-

tendineous exposure on the malleolar region of the left

lower limb due to car accident (Fig. 1c upper panel).

HDM was immediately applied in combination with

auto-graft skin on the wound area (Fig. 1c, central

panel). The damaged area was then evaluated after 3, 7

and 14 days of VAC therapy. An initial engraftment of

HDM/autologous skin on the full thickness skin

wound was already evident after 3 days of VAC

therapy, although the two different layers were yet

well recognized. Then a continuous improvement of

their engraftment as well as an increase of skin

thickness on the wound bed was carried out during the

following days so that the damaged area appeared

covered by a dry and well vascularized skin and the

HDM scaffold below could no longer be identified at

the end of VAC therapy (Fig. 1c, lower panel). The

long term follow-up was then performed after 1 year

showing a total healing of the full-thickness skin

wound with low, soft and plain similar scar tissue

(Fig. 2c). A functional and aesthetic rescue of the

damaged area was also identified. In this clinical case,

histological and ultrastructural analysis were also

performed on skin biopsy of the patient after the

clinical follow-up of 1 year. As shown in Fig. 3a (left

panel), the histological sections showed a normal

epidermis in which the basal layer appears full of

keratinocytes that become less evident in the upper

layers consistent with their commitment to differen-

tiation. As expected in normal skin, the final loss of

their nuclei in the outer corneal layer gave rise to the

keratinized surface. The specific PAS staining also

showed an intact and well defined basal membrane in

the interface between the epidermal and dermal layers

(Fig. 3a, right panel). Moreover, we also compared the

un-implanted HDM (Fig. 3b upper, left panel) with

dermal layer observed on the damaged area after

1 year (Fig. 3b, lower, left panel). The un-implanted

HDM showed dense collagen fibers randomly orga-

nized (Fig. 3b upper, central panel) as well as few and

disrupted elastic fibers (Fig. 3b upper, right panel) as

expected (Ghetti et al. 2017a), while the replaced

Table 4 Schematic representation of the total healing time, the length of hospital stay and the time between HDM application and

healing of the wound in all clinical cases

Clinical

case

Total healing time

(days)

Length of hospital stay

(days)

Time between HDM application and healing of the wound

(days)

1 30 15 18

2 30 22 25

3 40 20 25

Fig. 2 Clinical follow-up of the damaged area treated with

HDM/autograft skin after 4 months (a) 18 months (b, left and
right panels) and 1 year (c) in the clinical cases 1, 2 and 3

respectively
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dermal layer showed the presence of well-organized/

oriented collagen (Fig. 3b, lower, central panel) and

elastic fibers (Fig. 3b lower, right panel) in which

cellular infiltration as well as the presence of blood

vessels was evident (Fig. 3b, lower left panel), sup-

porting the progressive remodeling of the lesion area

induced by HDM. In addition, the presence of

multinucleated giant cells was not identified. The

specific values of morphometric analysis reported in

Table 2 were identified following scoring criteria of

the semi-quantitative histological analysis (Valentin

et al. 2006) (Table 1). Ultra-structural analysis

(Fig. 3c) confirmed the presence of some monocytic

infiltrating cells, as light inflammatory reactions (left

panel), and a well-defined dermal structure in which

Fig. 3 Histological analysis of the wound area after the clinical

follow-up (clinical case 3) stained with hematoxylin and eosin

(a, left panel) or PAS (a, right panel). Histological analysis of
both un-implanted HDM (upper panels) and the replaced dermal

layer (lower panels) stained respectively with hematoxylin and

eosin (b, upper and lower left panels), Masson’s trichrome (b,
upper and lower central panels) or Weigert (b, upper and lower

right panels). Ultrastructural analysis performed on skin biopsy

of the patient (c)
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not only collagen fibers, in a parallel array, are clearly

visible, but also the elastic component (right panel).

Discussion

The continuous innovation in the field of plastic and

reconstructive surgery has led in the last decade to the

development of new and high-performance substrates

presently available for different surgical applications

(Shevchenko et al. 2010; Mulder et al. 2012; Hughes

et al. 2016). The rescue of functional and aesthetic skin

properties in clinical cases of skin wounds is affected

by production of scar tissue during the healing process

that, in turn, is inversely related to residual dermis on

the wound site able to prevent wound contraction

(Walden et al. 2000). Thus the presence of dermal

layer plays an important role in the healing process and

several methods based on skin replacement were

developed for the treatment of full-thickness skin

wounds (Wainwright and Bury 2011). Among them

the use of acellular dermal matrices associated with

autograft or allograft skin is increasing as a new

reconstructive solution when conventional surgical

treatments could not be effective. The strength in the

use of acellular matrices is their ability to give a well

maintained three-dimensional living place for cells in

which the biological stimuli mediated by ECM induce

tissue regeneration preventing or reducing contracture

and scar tissue formation during wound healing

(Aurora et al. 2007; Derwin et al. 2006; Reing et al.

2009). In our study we evaluated the effectiveness of

the acellular dermal matrix (HDM) recently developed

at Emilia Romagna Regional Skin Bank (Bondioli

et al. 2014) for the treatment of three different clinical

cases in which full-thickness skin wounds occurred.

The clinical cases described were selected for this

study since the invasiveness of other surgical tech-

niques such as free flaps approach and their possible

poor engraftment on the extensive wound area lacking

of vascularization make their use unsuitable for the

induction of healing process as well as for permanent

wound closure. In particular, the treatment was based

on HDM application on the osteo-tendineous exposure

of the damaged area followed by skin graft. We

identified a double action of the HDM/skin graft

combined treatment: an HDM-induced protection of

the exposed osteo-tendineous structures and a pro-

gressive wound healing, with evidence of tissue

regeneration and rescue of functional and aesthetic

skin properties of the damaged area during the clinical

follow-up. In fact the application of an intact extra-

cellular matrix on the wound area can act as a

template, stimulating the production of a functional

structure of dermis and avoiding its filling with scar

tissue (Livesey et al. 1995). Consistent with the

induction of regenerative process we identified cellu-

lar infiltration and the presence of new blood vessels

on the replaced dermal layer as a sign of neovascu-

larization. Moreover the fibroblast component

recruited inside the wound site produced new and

well oriented collagen and elastic fibers, as evidence

of the progressive remodeling of the lesion area

associated with the presence of well-defined elastic

fiber as demonstrated also by ultrastructural analysis

on skin biopsies. Thus, HDM could restore the lacking

ECM structure and acts as a template giving a stimulus

to induce its enrichment with host cells. According to

these results, similar evidences after the application of

HDM for the treatment of abdominal wall defects were

recently published (Ghetti et al. 2017a). Moreover,

HDM was also used for rotator cuff repair (Fini et al.

2012; Rotini et al. 2011), breast or pelvic reconstruc-

tion (Perrone et al. 2016), and abdominal wall

reconstruction (Ghetti et al. 2017b) underling its high

potential for different clinical applications. Similarly

to us, other authors described the use of different

biological matrices in a wide range of medical fields

that were overviewed considering their general appli-

cations (Fosnot et al. 2011). In particular, the use of

human dermal matrices in combination with graft skin

was evaluated as suitable for the treatment of wounds

(Wainwright and Bury 2011; Askari et al. 2011; Yim

et al. 2010; Reyzelman et al. 2009; Wainwright 1995;

Wainwright et al. 1996) resulting in tissue engraftment

on the damaged area and revascularization of the

wound bed without sign of necrosis. In our study we

observed on the damaged area after the HDM/skin

application both tissue engraftment and a rapid

revascularization, probably related to the presence of

necrotic vascular channels inside HDM (Bondioli

et al. 2014) that can be used as preferred ‘‘route’’ by

host cells for a rapid vascularization/repopulation of

the wound site. Our histological analysis also showed

the presence of all epidermal layers after the clinical

follow-up of 1 year in the clinical case 3. Noteworthy,

keratinocytes in the basal layer stretched over an intact

and well defined basal membrane complex that is
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frequently lost after injury and whose integrity plays

an important role during the wound healing process

(Chetty et al. 1992) providing elasticity and strength

against contractures to the damaged area. The HDM

also resulted as well tolerated by the receiving patients

without heavy signs of inflammatory response or giant

cells in the analyzed histological sections. In other

clinical conditions previously reported, different

results were obtained after the use of xenograft

scaffolds (Mulder et al. 2012; Browne et al. 2001;

Zheng et al. 2005; Badylak and Gilbert 2008). On the

other hand, the animal-derived matrices are often used

for the treatment of skin wounds and their availability

in large amount and size is independent from donation

of skin tissue, required for human-derived matrices

(Jiong et al. 2010). However, an equality to native

dermal tissue of human origin is not naturally owned.

Taking into account all these considerations, we

can conclude that HDM is able to provide a coverage

of high quality, improving patient care when conven-

tional surgical treatments were strongly limited by the

local and general conditions of the patients. Thus the

use of HDM can be considered as an innovative

reconstructive solution for the treatment of full-

thickness skin wounds and our previous and current

clinical results prompt us to further enhance its use to

different clinical fields as a permanent dressing able to

induce a regenerative healing process.
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