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Abstract 

Acellular dermal matrix (ADM) is derived from natural skin by removing the entire epidermis and the cell components 
of dermis, but retaining the collagen components of dermis. It can be used as a therapeutic alternative to “gold stand-
ard” tissue grafts and has been widely used in many surgical fields, since it possesses affluent predominant physico-
chemical and biological characteristics that have attracted the attention of researchers. Herein, the basic science of 
biologics with a focus on ADMs is comprehensively described, the modification principles and technologies of ADM 
are discussed, and the characteristics of ADMs and the evidence behind their use for a variety of reconstructive and 
prosthetic purposes are reviewed. In addition, the advances in biomedical applications of ADMs and the common 
indications for use in reconstructing and repairing wounds, maintaining homeostasis in the filling of a tissue defect, 
guiding tissue regeneration, and delivering cells via grafts in surgical applications are thoroughly analyzed. This review 
expectedly promotes and inspires the emergence of natural raw collagen-based materials as an advanced substitute 
biomaterial to autologous tissue transplantation.
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1  Introduction
Autografts have long been considered as the “gold 
standard” material for repairing damaged tissue grafts, 
since they can achieve good therapeutic effects. Nev-
ertheless, the use of autografts comes with some dis-
advantages including a second surgical site for donor 
tissue, delayed healing and potential morbidity in the 
donor site, post-operative bleeding, and discomfort for 
the patients. To this end, researchers have long sought 
better alternatives to autografts. As early as 1985, Hcek 
et  al. [1] used for the first time allogeneic dermis as 
autologous skin transplantation carrier, and trans-
planted it into animal models and scab wounds of burn 
patients, achieving certain effects in wound repair and 
scar hyperplasia inhibition. Nevertheless, subsequent 
studies demonstrated that the presence of cellular 

components in allogeneic tissues can lead to immune 
rejection of allogeneic skin grafts [2], which gave rise 
to the research on cell-free allogeneic tissue materi-
als. In the 1990s, Compton et  al. [3] successfully pre-
pared acellular dermal matrix (ADM) and applied it to 
the treatment of burn wounds, achieving good clinical 
effects. In addition, Livesey et al. [4] applied allogeneic 
ADM with removed epidermis and cells to repair burn 
wounds. Initially, ADM was limited to burn medicine/
surgery. However, ADM materials have several advan-
tages including good cell affinity, biocompatibility, cer-
tain mechanical properties, and an ability to induce cell 
growth and proliferation. Therefore, they have been 
widely used in plastic surgery and wound care, as well 
as in surgical subspecialties including oral, maxillofa-
cial, urogenital, and general/oncology surgery [5].
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More specifically, ADM, including allogenic and xeno-
geneic ADM depending on the source, is prepared from 
skin, where the entire epidermis and cell components of 
dermis are removed, while the collagen components and 
basic tissue structure of dermis are retained [6]. Tradi-
tionally, ADM materials are made from a variety of ter-
restrial animal tissues, such as porcine hide and human 
skin. In general, the cellular immunity that the cells pre-
sent in the transplanted tissue may trigger an immune 
response, leading to the rejection of the skin transplan-
tation. After removing the cellular components with 
strong immunogenicity, ADMs with collagen as the 
main component have very low antigenicity and can 
almost cause no rejection reaction of the host. How-
ever, some researchers consider that using terrestrial 
animal tissues may risk the spread of zoonotic viruses, 
especially in the current epidemic situation. In addition, 
residual xenoantigens, such as galactose-α-1 3-galactose 
(α-Gal) epitopes, may induce immune responses due to 
the inappropriate process of ADMs. Consequently, fish 
skin-derived ADMs and collagen have been developed 
since they do not contain α-Gal antigen and have a low 
risk for prion and/or virus infection, and they are eco-
nomical and sustainable source of collagen [7]. However, 
the main component of fish-derived ADMs is generally 
less thermally stable and more readily degradable com-
pared to terrestrial animal-derived collagen [8]. Legal 
aspects and costs affect the choices of ADM, and human 
ADM remains the most researched type. Porcine ADM 
(pADM) has been shown to share significant similarities 
with human ADM regarding the histological structure 
and biocompatibility and has the advantages of greater 
availability and lower cost [9].

As a natural extracellular matrix (ECM), ADM 
has increasingly attracted the attention of biomedi-
cal researchers due to its natural abundance, high bio-
compatibility, and excellence in a variety of biomedical 
applications [10, 11]. Its three-dimensional (3D) inter-
connected network structure has a channel diameter of 
100–200 μm formed by the collagen bundles that remain 
after the removal of the epidermis, dermal fibroblasts, 
and epidermal appendages, and is beneficial for cell 
growth. It is also worth noting that ADM forms a soft 
framework structure that can contribute to the toughness 
and ductility of the scaffold, further enabling the scaffold 
to undergo deformation and absorb energy after it yields 
soft tissues, which is not seen in pure extracted collagen.

2 � ADM modification
Natural skin tissue has several characteristics that are 
compatible with the human body, such as adaptive 
mechanical strength and hydrophilic properties. ADM 
can be regarded as a collagen scaffold with a 3D network 

structure, which remains after the natural skin tissue 
undergoes a series of physical, chemical, and biochemical 
processes to remove the epidermis and intradermal cells 
and other components. Therefore, the physicochemical 
properties of ADM are not exactly the same as those of 
natural tissues. In particular, ADM tends to have weaker 
mechanical properties and lower resistance to enzymatic 
degradation than natural tissues [12, 13]. However, actual 
application scenarios often require transplant substi-
tutes such as ADM to have similar properties to natu-
ral tissues. Thus, in order to better meet the application 
requirements, the ADM needs to be modified in order to 
avoid the adverse effects of the decellularization process 
on its physicochemical properties, or further improve 
its performance so that it can be applicable to different 
application scenarios (such as body surface coverage, 
repair, filling, and in vivo application). Furthermore, the 
removal of cellular components does not guarantee that 
the immunogenicity of ADM is completely removed. A 
certain degree of modification is beneficial to reduce the 
immune response induced by the material [4]. Conse-
quently, it is necessary to modify the ADM properly.

2.1 � Modification method and principle
The modification of ADM can be generally divided into 
physical methods and chemical methods. Physical modifica-
tion refers to the use of physical technologies to treat ADM 
to achieve the desired modification effect. Physical methods 
commonly include thermal dehydrogenation, ultra-violet 
(UV) irradiation, drilling, and freeze drying. More specifi-
cally, thermal dehydrogenation is the formation of amide 
bonds or crosslinking through severe dehydration of col-
lagen molecules at high temperature [14]. UV irradiation 
forms bonds between the nuclei of aromatic residues, such 
as tyrosine and phenylalanine. Therefore, UV irradiation 
offers the potential to link protein molecules, and enables 
the bonding within polypeptide chains [15]. Drilling con-
cerns the artificial formation of aperture structures on the 
surface or inside the ADM by mechanical or laser means 
[16]. Freeze drying is a method of drying ADM, which can 
also be used as a method for micro-adjusting the pore struc-
ture of ADM. In general, the degree of physical modification 
is weak and therefore is not usually used alone.

Chemical methods refer to the use of chemical modi-
fiers to modify the ADM, and usually include the use 
of materials such as glutaraldehyde (GA), carbodiim-
ide (EDC)/N-Hydroxysuccinimide (NHS), epoxy com-
pounds, nanomaterials, and dialdehyde polysaccharide. 
The main component of ADM is collagen, which con-
tains many reactive groups such as amino, carboxyl, and 
hydroxyl groups on its side chains [17, 18]. Studies have 
shown that the ε-amino group of collagen lysine side 
chains is the most reactive group in collagen amino acid 
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side chain residues under alkaline conditions [19]. There-
fore, ADM can be modified by many chemical modifiers 
that react with the corresponding amino groups, such 
as GA, dialdehyde polysaccharide, epoxy compounds, 
and plant polyphenols. The most classic example is the 
crosslinking reaction between GA and collagen. It is 
known that the reaction of amino groups with aldehyde 
groups is completed in two steps, i.e., nucleophilic addi-
tion and β-elimination reaction. First, nucleophilic addi-
tion is produced by the lone pair electron attack on the 
carbonyl group in the amino group, which is followed by 
proton transfer, and finally, a stable Schiff base is formed 
by dehydration [20]. Dialdehyde polysaccharides can also 
form Schiff bases with amino groups on collagen [21]. 
The presence of charge polarization and epoxy ring ten-
sion in the epoxy group on the epoxy compound endows 
the epoxy group with high reactivity, promoting the 
reaction with groups containing active hydrogen, such 
as amino, carboxyl, and sulfhydryl groups. In general, 
epoxy compounds mainly react with the amino groups 
on collagen under alkaline and neutral conditions [22]. In 
addition, among the chemical reactions of collagen car-
boxyl groups, the most classic is the crosslinking of col-
lagen under the action of EDC/NHS [23]. The principle 
is that EDC couples first with the carboxyl group to form 
an O-isoyl urea structure, then combines with NHS to 
form an intermediate, and finally is attacked by nucleo-
philic primary ammonia to form amide cross-links; that 
is, isomeric peptide bonds are formed between adjacent 
molecules, and the activated intermediate (water-soluble 
urea derivative) can be removed and cleaned [24, 25]. The 
enzymes involved in the natural self-crosslinking process 
of collagen can also be used to modify ADM [26]. Trans-
glutaminase mainly catalyzes the acyl transfer reaction 

between the γ-carboxamide group (acyl donor) of the 
glutamine residues and the ε-amino group (acyl accep-
tor) of the lysine residues in the collagen peptide chains, 
resulting in the inter- and intra-molecular formation of 
ε-(γ-glutamyl)-lysine covalent bonds [27, 28]. Lysyl oxi-
dase can catalyze the oxidative deamination of ε-amino 
lysine residues to produce aldehyde groups, which then 
react with the amino groups to form Schiff bases to 
achieve crosslinking [29, 30]. Moreover, plant polyphe-
nols possess the general chemical properties of phenolic 
compounds and have the ability to bind to proteins; thus, 
a large number of hydrogen bonds are formed in col-
lagen, realizing the desired modification effect [31]. A 
combination diagram of several common modifiers with 
active sites on ADM is illustrated in Fig. 1.

These physical methods and chemical reactions are 
the cornerstones of the modification process as a whole. 
During the whole modification process, different types 
of modification take place under the action of these "cor-
nerstones", which can be divided into physical struc-
ture modification, crosslinking, and masking. Physical 
structure changes generally refer to the microstructure 
changes caused by the modification of ADM. Crosslinking 
refers to the formation of links or bridges between active 
groups in ADM, as well as the reaction between two or 
more functional groups in the modifier and active sites in 
ADM, requiring the modifier to be a double or multiple 
functional group reagents [32]. Furthermore, it also refers 
to the reaction of active groups in ADM to form links 
induced by physical or chemical actions. In masking, only 
one functional group in the modifier reacts with the active 
groups on ADM [32, 33]. The modifier may be a single, 
double, or multiple functional reagents. A schematic 
drawing of the crosslinking and masking modifications 

Fig. 1  Schematic diagram of reaction of several common modifiers with ADM
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is depicted in Fig.  2. For example, epoxy compounds of 
mono-functional groups can form only epoxidation and 
react with amine compounds without forming bridges 
or crosslinks, which is the so-called masking. Only mul-
tifunctional epoxy compounds can induce bridging or 
crosslinking between collagen chains. The Comparisons 
of different modification technologies are listed in Table.1.

Based on the classification of the above-mentioned 
modification types, it can be known that different types 
of modification have different effects. In general, the 
effects of physical structure modification concern the 
changes in performance caused by the changes of the 
physical structure of ADM. Compared to physical struc-
ture modification, crosslinking and masking have more 
apparent effects on the physicochemical properties and 
biocompatibility of ADM. The crosslinking structure of 
ADM has a key effect on its physicochemical properties, 
and the appropriate crosslinking method can effectively 
regulate the structural stability, mechanical properties, 
and degradation resistance of ADM materials [34]. More-
over, the chemical groups and molecular structures on 
the surface of ADM materials also play a key role in their 
performance, and masking is an important method that 
can be used to regulate the surface properties of ADM 
materials [11]. The specific effects of modification on 
ADM are analyzed in the following sections.

2.2 � Effects of modification on physicochemical properties
The chemical bonds, hydrogen bonds, and van der Waals 
forces within collagen are crucial for ADM ability to 
maintain the physicochemical properties. In general, the 

modifications can directly affect the physiochemical prop-
erties of ADM. Among them, crosslinking can significantly 
improve the mechanical properties and degradation resist-
ance. This is because crosslinking can generate intramolec-
ular, intermolecular, and interfibrous crisscross links in the 
ADM, and can form a linear crosslinked network structure, 
which can greatly improve the physicochemical properties 
of ADM, such as the mechanical properties, stability, and 
degradation resistance. Ma et al. [35] used EDC, oxidized 
chitosan oligosaccharide (OCOS), and GA to crosslink with 
the ADM of basa fish. Their results revealed that the three 
crosslinking agents could improve the mechanical proper-
ties, thermal stability, and enzyme degradation resistance of 
the materials, with GA having the most apparent effect, fol-
lowed by EDC. The thermal shrinkage temperatures of the 
GA, EDC, and OCOS crosslinked samples were increased 
by 20.52, 18.27 and 8.04 °C, respectively, compared to those 
of the un-crosslinked samples. This is due to that GA has 
the smallest molecular weight and the strongest reactivity, 
which can produce the highest crosslinking degree. Nev-
ertheless, GA can cause cytotoxicity and calcification after 
implantation, which is detrimental to its application. On 
the other hand, OCOS contributes more to the improve-
ment of material hydrophilicity, since OCOS crosslinking 
can introduce polar groups that increase hydrophilicity. 
EDC modification can improve the stability of materials to 
a certain extent. However, it should be mentioned that, due 
to the limited active sites available for reaction in ADM, the 
distance between each point may not be appropriate; thus, 
the crosslinking effect of EDC is limited, and it needs to be 
combined with other crosslinking methods to enhance its 
modification effect. For example, Hu et al. [36] combined 
thermal dehydrogenation and EDC crosslinking on porcine 
ADM, and the designed reaction mechanism is shown in 
Fig.  3. They reported that the thermal denaturation tem-
perature increased from 65.2  °C before modification to 
88.3 °C, and the seven-day degradation rate in collagenase 
solution decreased from 80% to about 29%. Sung et al. [37] 
compared the enzyme degradation performance of col-
lagen modified by epoxy compounds. They found that the 
anti-enzyme ability of single-epoxide epoxy compound-
treated collagen was similar to that of un-crosslinked colla-
gen, while that of double and multi-epoxide treatments was 
improved. These differences can be attributed to the differ-
ent effects of masking and crosslinking. Fu et al. [38] dem-
onstrated the feasibility of incorporating reduced graphene 
oxide (RGO) nanoparticles to ADM in order to improve the 
physicochemical characteristics of natural scaffold materi-
als and develop a highly efficient local transplantation sys-
tem for mesenchymal stem cells (MSCs) in diabetic wound 
healing. In addition, some physical modifications play a 
role as well. For instance, Lin et al. [39] studied the changes 
in the biomechanical properties of laser microporous ADM 

Fig. 2  Schematic drawing of crosslinking and masking
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through stress–strain and stress-relaxation tests on sam-
ples with different spacing between pores, and determined 
that ADM with a spacing of 350 μm had good biomechani-
cal properties.

2.3 � Effect of modification on microstructure
The removal of cells and cellular components from the 
dermis leaves behind a natural mixture of structural 
and functional proteins that constitute the ECM, such 
as collagen, fibronectin, laminin, and vimentin. Con-
sequently, an in  vitro environment analogous to the 
in vivo microenvironment is provided, where cells can 
adhere, proliferate, and exert their paracrine function 
[40]. Modifications can change the microstructure of 
ADM to a certain degree, with physical structure modi-
fications having a great effect on ADM microstructure. 
Drilling can directly transform the ADM structure 
and adjust its pore size and porosity, thus improving 

its permeability. In practical application, drilling can 
increase the contact area between ADM and cells, pro-
viding favorable conditions for cell adhesion and migra-
tion into the ADM [41]. Laser micropore ADM grafting 
in combination with split thickness autografting can 
improve wound healing, and implantation studies have 
reported vascular infiltration and slow cell growth [42]. 
However, collagen and elastic fibers in ADM may suffer 
some adverse effects during laser drilling. Freeze dry-
ing can make the ADM structure looser, and facilitate 
the growth of cells, as well as the preservation of mate-
rials. Furthermore, crosslinking also affects the micro-
structure. Study has shown that the modification of 
ADM by oxidized chitosan oligosaccharide may lead to 
the shortening of the distance between collagen fibers 
[13]. In addition, chemical crosslinking can stabilize the 
structure of ADM, which is beneficial to maintaining 
the pore size and porosity to a certain extent.

Fig. 3  The diagarm of the mechanism of synergistic effect of EDC and dehydrothermal crosslinking on porcine ADM (PADM). ( Adapted from ref. 
[36], copyright 2013, with permission from the Elsevier)
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2.4 � Effect of modification on biocompatibility
The main component of native ADM is collagen, which 
has good biocompatibility, and there are many sites on 
collagen that promote cell adhesion, such as GxxʹGExʺ 
cell-adhesive motifs [43]. In general, modification has a 
significant effect on ADM biocompatibility, especially 
the role of chemical modifiers, since chemical modifica-
tion often involves the change of many groups and pos-
sible residues. Modifiers such as GA and formaldehyde 
are known to adversely affect ADM biocompatibility and 
their use has been restricted [44]. Epoxy compounds are 
another category of commonly used chemical modifiers 
in the field of collagen modification. Materials treated 
by epoxy compounds have good biological and physical 
properties; thus, epoxy compounds are considered as 
acceptable ADM modifiers [45]. Moreover, crosslinking 
using EDC/NHS is frequently used for collagen-based 
material stabilization. This process forms ‘zero-length’ 
amide bonds between carboxylate groups (e.g., on aspar-
tic acid or glutamic acid residues) and adjacent primary 
amines (e.g., on lysine residues). A major advantage of 
this treatment is its non-toxicity, since neither EDC nor 
NHS are incorporated into the material and can be eas-
ily removed by washing, making EDC/NHS a widely used 
crosslinking method for ADM modification [46, 47]. 
Nevertheless, it is worth mentioning that, although EDC/
NHS-mediated ADM self-crosslinking is non-toxic due 
to the removal of exogenous substances, it may adversely 
affect the cell adhesion of the material. Studies have indi-
cated that EDC crosslinking requires a large amount of 
carboxylic acid groups, but the GxxʹGExʺ cell adhesion 
motif in collagen contains a key carboxylic acid group 
[43]. These motifs bind to the cell surface integrins, 
which are a major heterodimer somatic adhesion recep-
tor. The carboxylic acid base group on the E residue of 
the GxxʹGExʺ motif is essential for the cellular adhesion 
on collagen [48]. The free carboxylic acid group in the 
integrin binding motif is the same as the group chemi-
cally modified by EDC crosslinking; thus, the carbox-
ylic acid group consumed by crosslinking will have an 
adverse effect on cell adhesion. Therefore, several stud-
ies have combined EDC with other crosslinking methods 
to reduce carboxyl consumption. As it can be observed 
in Fig. 4, the integrin-binding GxxʹGExʺ motifs in colla-
gen I have the differential integrin specificity, each with 
amino acid substitutions at the x position [49]. In recent 
years, to improve the biocompatibility of modified ADM, 
many new modifiers have emerged, such as dialdehyde 
chitosan, dialdehyde sodium alginate, and epoxy chi-
tosan, which have achieved good results. The obtained 
crosslinked ADM has good biocompatibility and the 

ability to promote cell adhesion. Zhu et al. [50] modified 
an acellular porcine dermal matrix with sodium dialde-
hyde alginate with different oxidation degrees, and the 
results revealed that, after modification with sodium dial-
dehyde alginate with appropriate oxidation degrees, the 
material had good biocompatibility and was conducive to 
cell adhesion and proliferation.

2.5 � Effect of modification on functionality
The most basic properties that determine if ADM can 
be used as tissue repair material include resistance to 
enzyme degradation, porosity, surface properties, and 
mechanical properties. However, in many application 
scenarios, ADM is required to have a variety of functions 
to better meet the service requirements.

ADM materials are often used to promote wound heal-
ing. In general, the wound surface is warm and moist, 
which make it very conducive to bacterial reproduction. 
Therefore, it is of high importance to inhibit the growth 
and reproduction of bacteria. Modification of ADM 
materials to improve their antibacterial performance 
has been one of the research hotspots in this field for a 
long time. ADM materials are often endowed with anti-
microbial properties by being combined with antimicro-
bial agents. Commonly used antibacterial agents include 
antibiotics, chemical antibacterial agents (e.g., quater-
nary ammonium salt), metal and nano-metal materials, 
and natural antibacterial agents (e.g., chitosan). Cai et al. 
[51] developed an ADM hydrogel combined with van-
comycin, which is an antimicrobial agent used to induce 
hemostasis, expedite antimicrobial activity, and promote 
tissue repair. In vivo antibacterial and hemostatic experi-
ments on a rat model indicated that a vancomycin-loaded 
ADM hydrogel could promote the healing of infected tis-
sue and the effective control of hemorrhage. Chen et al. 
[52] crosslinked ADM with oxidized chitosan oligosac-
charide and prepared silver nano-particles in  situ with 
aldehyde groups that were not fully reacted (Fig. 5). The 
obtained ADM material exhibited good antibacterial 
effects against Escherichia coli and Staphylococcus aureus 
and achieved a good repair effect on full-thickness skin 
defects of a rat model. Moreover, chitosan and its deriva-
tives have antibacterial and good biological properties; 
thus, they have been widely used in the field of collagen 
modification. Liu et al. [53] prepared dialdehyde chitosan 
with obvious antibacterial effects on Escherichia coli 
and Staphylococcus aureus, which was successfully used 
to crosslink collagen. Chen et al. [54] prepared oxidized 
quaternary ammonium chitosan salt and applied it to the 
modification of ADM, exhibiting good physicochemical 
and antibacterial properties.
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In clinical use, the effect of tissue repair is closely 
related to the degree of material vascularization. Only 
vascularization can provide sufficient oxygen and nutri-
ents to tissues, improving the chances of survival, and 
can ensure their functional status after survival. Stud-
ies have demonstrated that, when dermal substitutes 
are used for skin repair, the slow vascularization after 
transplantation can lead to poor epidermal cell activ-
ity, easy peeling and necrosis of the epidermal layer, 
and low survival rate of the transplant [55]. In terms 
of structure, the thickness, porosity, and pore size of 
ADM materials affect vascularization. It is generally 
believed that, the thinner the tissue, the higher its per-
meability, and the easier the vascularization. Zhang 
et  al. reported that aged ADM is more porous than 
young ADM, has superior recellularization, revascu-
larization, and immunogenicity properties, and thus, 
it may be a more favorable tissue engineering scaffold 

[56]. Pruitt et  al. [57]. suggested that endothelial cells, 
lymphocytes, and growth factors of surrounding tis-
sues can successfully penetrate into the ADM when the 
pore size is greater than 80  μm, thus achieving vascu-
larization. Appropriate porosity and pore size are con-
ducive to the infiltration of tissue fluids and cells; thus, 
the appropriate modification of the ADM pore size is 
conducive to its vascularization. Chai et al. used a laser 
punch to generate uniformly distributed micropores on 
porcine ADM, which facilitated the passage of tissue 
fluids and the penetration of newly formed microves-
sels. Therefore, ADM can be used advantageously in 
promoting the wound healing rate and reducing the 
contraction rate. However, the heat produced by the 
laser beam can cause certain damage at the periphery 
of the micropores [42]. In terms of ADM composition, 
substances that can promote vascularization include 
growth factors [58], stem cells [59], endothelial cells 

Fig. 4  Schematic representation showing the potential modification of integrin α1 (blue lines) and α2 (pink lines) binding sites on collagen 
I by EDC (red) or UV (green). The collagen α1(I) chain and binding sites are depicted in orange and the α2(I) chain and binding sites are in 
blue. +  +  +  + , +  + and + above the integrin I-domain indicate strong, moderate and weak collagen binding, respectively. ( Adapted from ref. [49], 
copyright 2019, with permission from the Elsevier)
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[60], and exosomes [61]. Song et  al. [62] constructed 
an ADM modified with vascular endothelial growth 
factor (VEGF)-loaded multi-walled carbon nanotubes 
(MWNTs), which were able to carry VEGF to cells 
or tissues. The composite material with 3% MWNTs 
exhibited lower cytotoxicity and an appropriate release 
performance, which prompted faster vascularization 
of the ADM than other scaffolds. Zhu et  al. [40] indi-
cated that ADM can provide a suitable microenviron-
ment for adipose-derived stem cells (ADSCs), and 
in vivo implanted ratADSC-pADM exhibited improved 
vascularization and mitigated inflammatory response 
compared to untreated pADM. Van Eps et al. [63] dem-
onstrated that the amniotic fluid allograft treatment of 
ADM caused enhanced vascularization and cellulariza-
tion, which was reflected by increased histomorpho-
metric scores at 14 days.

Calcification is a commonly met problem when ADM 
materials are used as implant material. The deposition of 
calcium phosphate in biological tissues is called calcifi-
cation. For instance, GA is a commonly used crosslink-
ing agent for collagenous biomaterials which contains 
two active aldehyde groups. Although it can stabilize 
and modify structures with high-phosphorus content 
on the biomaterials, these may become calcification sites 
when exposed to ECMs with high calcium content [64]. 
In order to prepare ideal anti-calcification biomaterials, 
there are certain research directions that are followed, 

including blockage of residual aldehyde groups, use of 
non-aldehyde crosslinking agents, use of ion competition 
inhibition, and locally-controlled drug delivery.

Natural and artificial ADM scaffolds with spatially 
organized collagen fibers can provide a suitable archi-
tecture and environment for cell attachment and pro-
liferation. To expand their biomedical applications, 
researchers have also aimed at the functional modifica-
tion of ADM materials in order to be used for controlled 
drug delivery. Chu et  al. [65] used polyethylene glycol 
(PEG) and graphene oxide (GO) to prepare a novel nano-
carrier, namely PEGylated GO(GO-PEG), with high 
solubility and superior biocompatibility for biological 
applications as a drug carrier. Subsequently, they syn-
thesized GO-PEG-mediated quercetin (GO-PEG/Que) 
as a precursor, and then assembled it with ADM to pro-
duce an ADM-GO-PEG/Que hybrid scaffold. The latter 
could enhance the hydrophilicity and controllability of 
the delivery of hydrophobic drugs and serve as a power-
ful drug delivery system for developing stem cell-based 
therapies, tissue engineering, and regenerative medicine.

3 � Characteristics and application mechanism 
of ADM

An ideal dermal replacement should include proper-
ties such as tensile structural strength, contain natural 
substrates such as proteoglycans and laminin that pro-
mote wound healing, produce a noto-minimal immune 

Fig. 5  Schematic outline of the process of in situ synthesis of silver nano particles on oxidized chitosan oligosaccharide cross-linked porcine ADM 
scaffold. ( Adapted from ref. [52], copyright 2019, with permission from the Elsevier)
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response, and have the ability to integrate into native tis-
sue. Most of these characteristics are included in ADMs. 
More specifically, advantages of dermal substitutes 
include low immunogenicity after application, temporary 
or permanent coverage of the skin and soft tissue, elastic-
ity and pliability to contour any tissue defects, minimal 
application time in the operation room, and minimal 
patient morbidity, since no harvest sites are required [66].

It is well known that ADM materials have many con-
science interactions with the host during their appli-
cation. The engineered 3D reticulate structure allows 
ADMs to function as a “sustainer” to promote epidermis 
regeneration and revascularization, and thus reduce the 
risk of infection. In addition, multiple studies have con-
firmed that ADM materials are capable of recellulariza-
tion, revascularization, and active remodeling. A study 
supports the use of human ADM as a hospitable scaffold 
for hosting cell infiltration and remodeling. Regardless 
of the patient age or time after implantation, all grafts 
have shown evidence of cellular infiltration, neovascu-
larization, and active remodeling. The results have also 
suggested that there is a relationship between implant 
duration and the extent of recellularization, as well as 
that human ADM materials can be successfully incor-
porated into host tissue when used in superior capsule 
reconstruction [67]. For example, Chu et al. [68] grafted 
MSCs onto an ADM scaffold to treat diabetic cutaneous 
wounds, and found that the MSC-ADM treatment sig-
nificantly increased angiogenesis and rapidly completed 
the re-epithelialization of newly formed skin on diabetic 
mice. Furthermore, type-I collagen fiber degradation in 
ADM and new type-I collagen fiber synthesis in diabetic 
wound sites treated with MSC-ADM during the first 
7  days of wound healing were intravitally and dynami-
cally monitored by second harmonic generation imag-
ing. Moreover, a research revealed that porcine ADM can 
effectively promote wound healing and scar formation 
through epidermal stem cells (ESCs), and this process 
is related to the alteration of the internal miRNA levels 
[69]. In addition, the regulatory function of porcine ADM 
treatment on miRNAs in ESCs has been investigated. For 
instance, Chen et al. [70] reported that the treatment of 
porcine ADM reduced the levels of miR-124-3p.1 and 

miR-139-5p in wounds. In particular, MiR-124-3p.1 
and miR-139-5p inhibited the expression of JAG1 and 
Notch1, respectively, by directly targeting the miRNAs in 
ESCs. That is to say, the porcine ADM induced the down-
regulation of miR-124-3p.1/139-5p in wounds and the 
up-regulation of JAG1/Notch1 in ESCs, thus promoting 
the cutaneous wound healing.

4 � Biomedical applications of ADM
ADMs have good biocompatibility and biodegradability, 
similar to other protein materials, natural polyesters, and 
polymers [71–73], ADM materials have been widely used 
to promote wound healing and reconstruct damaged 
human tissues due to their excellent biocompatibility and 
tissue regeneration properties. In general, ADM materi-
als can be directly used as wound coverings, soft tissue 
repair materials, tissue filling materials, etc. in the fields 
of skin wound healing, otolaryngology, stomatology, 
abdominal repair, plastic surgery, and so on. The com-
mon clinical indications of ADMs are showed in Table2. 
In recent years, several novel applications of ADMs have 
been developed, and ADM materials can also be used 
as the raw material for the construction of tissue repair 
materials. Currently, there is extensive commercializa-
tion and successful application of ADM products, such 
as Alloderm™ (LifeCell), AlloMax™ (CR Bard Davol), 
FlexHD™ (Ethicon), Permacol™ (Covidien), SurgiMend™ 
(TEI bioscience), Strattice™ (LifeCell), and XenMatrix™ 
(CR Bard Davol).

4.1 � Applications in skin wound repair and dermatology
ADM materials have been used in soft tissue reconstruc-
tions since 1995, and were initially applied for the treat-
ment of burns. Until now, several efforts have been made 
to realize skin regeneration in the healing of deep burn 
wounds. Relevant studies have demonstrated that ADM 
derived from allogeneic or heterogeneous skin as a natu-
ral promising dermal scaffold can be applied in clinical 
tissue repair. They have reported that ADMs can pro-
vide a proper scaffold for cell colonization, which can be 
favorably combined with wound site edges. ADM materi-
als have been shown to promote cell migration, prolifera-
tion, and vascularization, and therefore accelerate wound 

Table 2  Common clinical indications of ADMs

Application field Clinical indications

Wound repair and dermatology Burns, diabetic ulcers, skin injuries after surgery, pressure ulcers

Otorhinolaryngology and maxilla-facial surgery Perforation, skull base defects, head and face soft tissue defects

Stomatology Oral mucosal defects, gingival/parodontal wounds, guided tissue/bone regeneration membranes

Abdominal/chest wall repair Hernia repair, abdominal/chest wall reconstructions after trauma, tumor resection, trauma

Plastic surgery Breast reconstructions, rhinoplasty, vaginal, penile girth, and urethral plastic surgery
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healing [74]. Until now, many commercial ADM dress-
ings have been successfully applied in clinical practice 
with good therapeutic effects and have become a rou-
tine treatment for burns and other skin wounds. Figure 6 
demonstrates the processes and effects of a human ADM 
(hADM) used to repair a post-traumatic deep wound at a 
plantar site with satisfactory results [75].

Autografting is often impossible in patients with 
large burns, and is often associated with donor-site 

complications in terms of aesthetic results and possi-
ble infections. Therefore, ADM materials represent a 
precious source of dermis, necessary to restore the lost 
barrier function. Chen et  al. reported that, after using 
DermACELL®, a lower degree of contractures and cica-
tricial hyperplasia commonly seen in deep burns was 
observed [76].

In addition, diabetic foot ulcer (DFU) is a chronic, 
refractory disease in need of multidisciplinary endeavor, 

Fig. 6  (A) A 43-year-old patient presented to the first-aid with a post-traumatic deep wound at plantar site; (B) a rotation flap was realized at first. 
Then the patient was admitted to the ambulatory setting: a surgical and enzymatic debridment was realized in ambulatory setting of the residual 
deep defect; (C) a double-layer grafting was realized: a thick hADM graft (800 μm) (ie, deep dermis) was positioned in the bottom of the wound 
bed, along with an overlying deep-frozen thick patch (600 μm), fixed with steril strips, and covered with a paraffin gauze and a povidoneiodine 
gauze; (D) longitudinal incisions were performed over the grafts before application; the dressing was changed every 7 days. After 3 weeks, the 
previous hADMs grafts were completely integrated into the wound bed, and a new thin hADM meshed 3:1 was applied with steril strips; (E) 
covered by hyaluron gauzes changed every 72 h; (F) Final closure was achieved after further 4 weeks. ( Adapted from ref. [75], copyright 2021, with 
permission from the Wiley)
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and ADM materials have been adopted to address this 
annoying issue. A systematic review and meta-analysis 
showed that [77], compared with the standard of care, 
ADMs may accelerate the healing speed of uninfected, 
non-ischemic, and full-thickness DFU. ADMs have 
exhibited superiority compared to the standard of care 
alone, while generating no additional complications. Fur-
thermore, the Integra® Dermal Regeneration Template 
was used in a clinical study to treat DFU, and the analy-
sis demonstrated that the key biomarkers of the wound 
healing process were activated at a gene-expression level, 
while the synthesis of collagen I, collagen III, and elas-
tin was also promoted and modulated within the 28-day 
observation period [78].

Moreover, an ADM scaffold with a uniformly aligned 
3D nanofibrous structure was used for the targeted deliv-
ery of MSCs in order to repair full-thickness cutaneous 
defects, which is another significant application aspect. 
In the study by Qi [79], denatured ADM seeded with 
bone marrow MSCs (BM-MSCs) was implanted into 
murine cutaneous wounds, and promoted wound heal-
ing in terms of angiogenesis, re-epithelialization, and 
skin appendage regeneration. In a case report [80], ADM 
combined with amniotic stem cells was used to treat skin 
burns, and the patient was discharged from the hospital 
on the 12th day after surgery with complete wound heal-
ing. Moreover, micronized ADM has also been used as a 
cell culture substrate to expand human fibroblasts and as 
a cell transplantation vehicle for skin regeneration [81].

4.2 � Applications in otorhinolaryngology and maxilla‑facial 
surgery

In the field of otorhinolaryngology and head and neck 
surgery, ADMs have been mainly used to repair tympanic 
membrane perforation, nasal septum perforation, skull 
base defects, and head and face soft tissue defects [82]. In 
addition, ADM allografts are safe and effective adjuncts 
that can be used in the closure of oronasal fistulae in hard 
palates greater than 15  mm in diameter [83]. Moreo-
ver, ADMs have also been commonly utilized as a viable 
alternative for soft tissue augmentation in facial recon-
struction. A large number of patients with cutaneous 
malignancies in areas involving the midface, nasal side-
wall, and nasal alae are commonly left with a significant 
defect, which concerns the concomitant loss of volume 
following wide local excision. In addition to providing a 
scaffold for wound healing, ADMs, such as AlloDerm, 
have been shown to effectively restore the volume after 
full-thickness excisions in the midface and nasal alae [66].

4.3 � Applications in stomatology
After their successful application in the field of burn 
wounds, ADMs have gradually gained popularity in the 

repair of oral soft tissues, including clinical soft tissue 
defects caused by tumors, mucosal diseases, trauma, 
fistula repair, and pre-denture surgery. Over the years, 
autogenous soft-tissue grafts, i.e., subepithelial con-
nective tissue graft (sCTGs) have been considered as 
the gold standard for peri-implant soft tissue augmen-
tation. Panwar et  al. concluded that the immediate 
implant placement with soft tissue augmentation, both 
with ADMs and sCTGs, is a safe, viable, and predictable 
method. Although the aforementioned study achieved 
favorable results in the sCTG group compared to the 
ADM group, the use of ADMs can still be considered, 
especially when the patient is not consenting for the use 
of a sCTG or there is not plenty palatal tissue and in the 
case of patients with coagulopathies. Moreover, a 36-case 
research on the application of ADMs in the reconstruc-
tion of oral mucosal defects demonstrated that ADM 
grafts were safe and effective [84]. Furthermore, several 
studies has used ADMs for root coverage treatments and 
soft tissue augmentation. It has been demonstrated that 
ADMs can enhance keratinized tissue, especially while 
treating challenging cases which include thinner pala-
tal tissues, multiple teeth recession, restricted period of 
treatment, and individuals with a decreased pain thresh-
old [85]. As a barrier membrane, ADM has also been 
used for various purposes including the increase of the 
attached gingiva [86] and guided bone regeneration [87]. 
In a clinical case,  acellular dermal matrix was  used for 
soft tissue augmentation in a maxillary dental implant 
lacking buccal bone, and good results were obtained [88] 
(Fig. 7).

4.4 � Applications in abdominal/chest wall repair
The integrity of the soft tissue of abdominal or chest 
walls might be lost after trauma, herniation, or tumor 
resection. It remains a significant challenge for surgeons 
to repair or reconstruct such forms of soft tissue defects. 
Due to its unique structure and excellent biological prop-
erties, such as the ability to support vascular ingrowth 
and incorporate native tissues, ADM is nowadays com-
monly used to repair tissue defects in cases when the 
available autogenous musculofascial tissue is not ade-
quate for tension-free closure [89]. This approach has 
significantly improved the success rates of such opera-
tions and has reduced the incidence of wound complica-
tions [90, 91]. After analyzing patients who had at least 
36 months of postoperative follow-up, a report revealed 
that ADMs can provide durable long-term outcomes 
in complex abdominal wall reconstruction with hernia 
recurrence rates similar to those for synthetic meshes, 
and achieve lower infection and mesh explantation rates 
than those reported for synthetic meshes [92]. Moreo-
ver, relevant studies have shown that ADM can reduce 
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complications for patients with multiple comorbidities 
and for those with abdominal wall reconstructions in 
contaminated wound environments [93, 94]. In addi-
tion, based on a similar principle of ADM application in 
abdominal wall reconstruction, ADM has also exhibited 
good application outcomes in chest wall repair. A study 
investigated 146 patients [95 with synthetic mesh (65.1%) 
and 51 with ADM (34.9%)] with oncologic defects who 
underwent resection and chest wall reconstruction. The 
study concluded that the ADM patients experienced 
fewer surgical-site complications than the synthetic mesh 
ones. Therefore, surgeons should consider selectively 
using ADMs for chest wall reconstruction, particularly in 
patients with higher risk for surgical-site complications 
[95]. A clinical study has shown a complicated abdominal 
hernia repair with Strattice®, a non-crosslinked porcine 
acellular dermal matrix [96] (Fig. 8).

4.5 � Applications in plastic surgery
Since plastic surgery often involves the reformation, fill-
ing, or restoration of skin and other soft tissues, ADM 
materials have also been widely used in plastic surgery 
due to their unique advantages in soft tissue repair. A 
report from the American Society of Plastic Surgeons 
states that ADM was used in > 60% of all breast recon-
structions performed in the USA in 2018 [97]. Immediate 
direct-to-implant breast reconstruction with ADM is the 
method of choice for many plastic surgeons and patients. 

Among the reported benefits of ADM are the reduced 
risk of implant exposure and migration, a more satisfy-
ing definition of the inframammary fold, and reduction 
of the postoperative pain through the increase of the 
implant-pocket volume and the elimination of the need 
for coverage from surrounding muscles or fascia [98]. A 
study reported the acceptable rates of reoperations and 
implant loss of ADM after investigating the complica-
tions, reconstructive failure, and possible risk factors in 
direct-to-implant breast reconstruction with ADM (pri-
marily Strattice™) [97]. Moreover, breast reconstruction 
using ADM for the complete coverage of implants has 
been shown to reduce such complications and improve 
the aesthetic outcomes [99]. In addition, ADMs have also 
been used as a common filler in a variety of areas such 
as nose, vaginal, penile girth, and urethral plastic surgery.

4.6 � Applications as raw material
While ADM has many excellent biological character-
istics, its form is limited to the inherent mode and its 
design cannot be further improved. In order to bet-
ter expand its application range based on its excellent 
biological characteristics, researchers have focused on 
its application as a raw material for the construction 
of biological materials. In recent years, ADM has also 
been used to develop ECM hydrogels, as a substrate for 
3D printing, as a raw material for electrospinning, as 
well as to extract collagen and collagen fibers. Jin et al. 

Fig. 7  Acellular dermal matrix used for soft tissue augmentation in a maxillary dental implant lacking buccal bone. (A) Clinical scenario before 
bone augmentation; (B) 6 months after guided bone regeneration; (C and D) soft tissue augmentation by using an acellular dermal matrix; (E) flap 
closure; (F) 5 year recall showing the stability of the obtained soft tissue volume. ( Adapted from ref. [88], copyright 2020, with permission from the 
Wiley)
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fabricated ADM and gelatin methacrylamide (GelMA) 
bioinks, and their results demonstrated that ADM 
preserved the main ECM components of the skin and 
GelMA had tunable mechanical properties. Based on 
these bioinks, a 3D bioprinting functional skin model 
was developed, which could not only promote in vitro 
cell viability and proliferation, but also accelerate 
wound healing and re-epithelization, stimulate dermal 
ECM secretion and angiogenesis, improve the wound 

healing quality in a moist microenvironment, and sup-
port epidermis reconstruction [100]. For an abdominal-
wall repair application, Yang, et  al. mixed a modified 
solution of ADM powder and silk fibroin (SF) and con-
structed an antiadhesion isolation layer on the abdomi-
nal cavity sides of polypropylene (PP) meshes through 
electrostatic spinning. The results in rat models dem-
onstrated that the ADM/SF-PP meshes could effec-
tively reduce the inflammatory response at the contact 

Fig. 8  Case: abdominal reconstruction of gastroschisis, complicated by infection and failure of previous repairs. (a) Repair breakdown; (b) mesh 
removal and debridement; (c) right component separation; (d) left component separation; (e) Strattice® inlay; (f) primary fascial closure; (g) wound 
closure; (h) 5-month follow-up without evidence of hernia recurrence. Impending extrusion of permanent fascial sutures is evidence, however. ( 
Adapted from ref. [96], copyright 2017, with permission from the Elsevier)
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surface between the meshes and the abdominal organs, 
and quickly promote the regeneration of the abdomi-
nal surface tissue, preventing and reducing abdominal 
adhesion and supporting the restoration of the abdomi-
nal wall [101]. Liu et al. prepared an advanced collagen 
aggregate from porcine ADM, and demonstrated that it 
could serve as a better alternative source of collagen for 
further application in the food and biomedicine indus-
tries [102].

5 � Conclusions
ADM is derived from the natural ECM and has inher-
ent biocompatibility, suitable mechanical properties, 
and controllable non-toxic degradability. As an alterna-
tive to “gold standard” tissue grafts, ADM scaffolds can 
be favorably used in the reconstruction and repair of 
wounds, and they can maintain the homeostasis in the 
filling of tissue defects, guide tissue regeneration, and 
deliver cells via grafts in surgical applications. Neverthe-
less, there is still a lot of work to be done before ADMs 
can be extensively accepted by doctors and patients. The 
long-term immunomodulatory molecular interaction 
mechanisms and cascade reactions between ADMs and 
the body need to be further clarified. The full conver-
sion process of ADMs in humans needs also to be bet-
ter defined. In addition, functional ADMs need to be 
further developed and industrialized in order to achieve 
better application results than ordinary ADMs. The use 
of certain technologies developed in recent years [103–
106] in combination with ADMs may also improve its 
performance and broaden its range of applications. It is 
strongly believed that in the near future, with the devel-
opment of ADM research, perfect repair materials can be 
obtained able to reproduce the effects of autologous tis-
sue transplantation.
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