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      Biologic Mesh: Classifi cation 
and Evidence-Based Critical 
Appraisal                     

     Corey     R.     Deeken     

          Current State of the Art 

 At least thirty types of biologic meshes exist for 
soft tissue repair applications such as hernia 
repair/abdominal wall reconstruction, breast 
reconstruction, wound healing, urogenital/pelvic 
fl oor reconstruction, and musculoskeletal recon-
struction [ 1 – 6 ]. Of these, fi fteen are commonly 
utilized for  hernia repair applications   and are 
fully described in Table  7.1 . Biologic meshes are 
touted to possess many advantages over perma-
nent synthetic meshes. Since biologic meshes are 
derived from biological tissues, these materials 
are eventually degraded and remodeled by the 
host, providing the benefi t of a temporary scaf-
fold at the repair site with low risk of long-term 
infl ammation and fi brosis. In addition, biologic 
meshes can be utilized in clean-contaminated or 
contaminated settings where synthetic meshes 
may be contraindicated. It is believed that revas-
cularization of these materials during the remod-
eling process effectively clears pathogens from 
the mesh. Despite these potential advantages, 
there are also some disadvantages associated 
with biologic mesh use, namely the high cost of 
these materials compared to synthetic meshes, 
variability in biologic mesh properties due to 
donor characteristics, and production of these 

materials in limited sizes and geometries. 
Furthermore, biologic meshes may be problem-
atic for patients with religious or ethical concerns 
surrounding the use of human or animal tissue- 
derived products [ 7 ].

   In the future, biologic mesh designs may 
expand to include antibacterial coatings to reduce 
or inhibit microbial colonization. This could be 
particularly useful in clean-contaminated or con-
taminated settings. One such mesh,  XenMatrix™ 
AB Surgical Graft   (C.R. Bard/Davol, Inc., 
Warwick, RI), has recently received 510 k 
approval from the FDA. This mesh is comprised 
of acellular porcine dermis, coated with a resorb-
able polymer ( l -tyrosine succinate) that serves as 
a carrier for two antimicrobial agents, derivatives 
of rifamycinB and tetracycline (180 μg/cm 2  
each). According to the Instructions for Use 
(IFU), preclinical studies have demonstrated that 
these antimicrobial agents reduce or inhibit 
microbial colonization of the mesh when com-
pared to a control mesh. However, data have not 
yet been acquired in human subjects.  

    Classifi cation of Biologic Mesh 

 Biologic meshes are typically classifi ed accord-
ing to three major categories as shown in Table 
 7.1 : (1) species of origin, (2) tissue type, and (3) 
processing conditions. These materials are 
derived from a variety of species (i.e., human, 
bovine, porcine, and equine) and tissue types 
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(i.e., dermis, pericardium, and small intestine 
submucosa). The  species and type of tissue   from 
which a biologic mesh is derived determine the 
structure, composition, and mechanical proper-
ties of the resulting biologic mesh and can have 
important implications when implanted in 
human subjects. However, more attention has 
historically been paid to the method by which 
the original tissue is processed to become a bio-
logic mesh, particularly the crosslinking 
process. 

 At a minimum, all biologic meshes undergo a 
 decellularization process      to remove cells and cel-
lular debris, leaving behind the extracellular 
matrix (ECM) component of the original. This is 
an extremely important aspect of biologic mesh 
development since the recipient’s immune 
response is directly infl uenced by the effi cacy of 
the decellularization process. Residual cellular 
debris can lead to an infl ammatory response and 
should be eliminated to the extent possible with-
out damaging the structure or composition of the 
ECM. Numerous decellularization techniques 
exist such as treatments with enzymes [ 8 ,  9 ], sol-
vents [ 10 – 12 ], acids/bases, detergents [ 11 – 13 ], 
hypertonic/hypotonic solutions [ 14 ,  15 ], chelat-
ing agents [ 16 ,  17 ], and toxins [ 4 ]. The decellu-
larization technique must be optimized for the 
species and tissue type from which the mesh is 
derived, and the details of the decellularization 
process are often withheld by the manufacturer 
as proprietary. 

 In addition to decellularization, some biologic 
meshes are also  intentionally  crosslinked through 
chemical treatments or dehydration. Crosslinking 
is typically done to improve the strength of the 
mesh and/or to prevent rapid degradation of the 
mesh in vivo. Crosslinking can be accomplished 
through a variety of chemicals such as carbodi-
imides [ 18 – 21 ], glutaraldehyde [ 22 – 24 ], or hexa-
methylene diisocyanate [ 22 ].  Variables   such as 
crosslinking agent, concentration, temperature, 
pH, and exposure time all contribute to the num-
ber and type of new bonds that are introduced 
into the tissue [ 18 ,  22 ,  25 ]. 

  Xenogeneic meshes   are terminally sterilized 
using gamma irradiation, ethylene oxide, or 

e-beam treatments, while allogeneic meshes are 
subjected only to a fi nal disinfection process such 
as ethanol or peracetic acid treatment. Inadvertent 
crosslinking may occur during the sterilization 
process, which can have unfavorable conse-
quences, such as reducing cellular infi ltration and 
scaffold degradation. 

 Preservation of the tissue for  long-term pack-
aging and storage   is the fi nal step in the process-
ing of biologic meshes. Some are dehydrated, 
while others are stored in a hydrated state or even 
submerged in a preservation fl uid. These condi-
tions can lead to unintended disruption of the 
structure and composition of the ECM, which 
may infl uence the remodeling process in vivo. 

 In summary, there are a tremendous number 
of variables due to the number of species, tissue 
types, and processing conditions involved in the 
production of biologic mesh materials. 
Furthermore, the details of many of the process-
ing techniques are withheld by the manufacturers 
as proprietary, making it even more challenging 
to directly compare biologic mesh products and 
scientifi cally determine the effect of a single 
variable. Human tissue-derived biologic meshes 
are also plagued by the added variables of donor 
age, sex, comorbidities, and anatomical location 
from which the tissue is procured.  

    Evidence-Based Critical Appraisal 

     Characterization   of Biologic Meshes 

 The physical, thermal, and mechanical character-
istics of twelve biologic meshes were evaluated 
in a recent study via laser micrometry, differen-
tial scanning calorimetry, suture retention 
strength testing, tear resistance testing, and ball 
burst testing [ 26 ]. The results were compared 
based on species, tissue type, and processing 
conditions, namely crosslinking. These tests 
were designed to fully characterize the pre- 
implantation properties of biologic meshes and to 
test the hypothesis that  crosslinked materials 
possess greater pre - implantation strength than 
non - crosslinked materials . 
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 The results of this study revealed a wide vari-
ety of pre-implantation characteristics between 
different types of biologic meshes. In contrast to 
the hypothesis, crosslinked meshes exhibited 
lower mechanical strengths than non-crosslinked 
meshes in all three mechanical tests performed 
(i.e., suture retention strength testing, tear resis-
tance testing, and ball burst testing). This was 
especially true of the porcine dermis-derived 
meshes. The bovine pericardium-derived meshes 
exhibited similar mechanical strengths between 
the crosslinked and non-crosslinked meshes, 
indicating little effect of crosslinking on the 
mechanical characteristics of bovine pericardium 
tissue. It was expected that the human dermis- 
derived meshes would exhibit similar mechanical 
strengths since all are derived from the same spe-
cies/type of tissue and none are crosslinked. 
However, the three human dermis-derived 
meshes exhibited a wide range of mechanical 
strengths. These results indicate that other factors 
such as donor variables (i.e., age, sex, tissue pro-
curement site, comorbidities, etc.) or conditions 
during the  decellularization and decontamination 
processes   signifi cantly infl uenced the resulting 
properties of the human dermis-derived meshes.  

    Repetitive Loading 

 A subset of biologic meshes was further evalu-
ated in another study involving  repetitive loading   
experiments [ 27 ]. Nine types of biologic meshes 
were subjected to cycles of uniaxial tensile load-
ing, and series of 10, 100, and 1000 cycles were 
completed for each mesh type. It was hypothe-
sized that  crosslinked materials resist damage 
during repetitive loading and maintain baseline 
strength while non - crosslinked materials sustain 
damage during repetitive loading and exhibit a 
signifi cant reduction in strength . 

 Consistent with this hypothesis, one of the 
crosslinked porcine dermis meshes ( Permacol™  ) 
was signifi cantly stronger than the non- crosslinked 
porcine dermis meshes ( Strattice™   and 
 XenMatrix™  ) at baseline and after 10, 100, or 
1000 cycles of loading. However, the other 
crosslinked porcine dermis mesh ( CollaMend™  ) 

exhibited similar results as the non-crosslinked 
porcine dermis meshes at baseline and after 10, 
100, or 1000 cycles, indicating that the particular 
crosslinking agent or conditions utilized to achieve 
decellularization, crosslinking, and/or sterilization 
signifi cantly infl uenced the properties of this mate-
rial. Additionally, both crosslinked porcine dermis 
meshes ( Permacol™   and  CollaMend™  ) and one 
of the non-crosslinked porcine dermis meshes 
(XenMatrix™) maintained their baseline tensile 
strength even after exposure to repetitive loading 
conditions, while the other non-crosslinked por-
cine dermis ( Strattice™  ) exhibited a signifi cant 
decrease in tensile strength with increasing num-
ber of cycles. As expected, the crosslinked bovine 
pericardium mesh (PeriGuard ® ) was signifi cantly 
stronger than the non-crosslinked bovine pericar-
dium mesh (Veritas ® ) at baseline and after 10, 100, 
or 1000 cycles of loading. However, both bovine 
pericardium meshes maintained their baseline ten-
sile strength even after 1000 cycles of loading, 
regardless of the presence of crosslinking. These 
results contrast those of porcine dermis-derived 
meshes, indicating that variables such as species, 
tissue type, and processing conditions may all play 
a role in determining the fi nal properties of these 
materials. As in the previous study, wide variation 
was observed between the human dermis- derived 
meshes, pointing to donor variables, in addition to 
processing conditions, as particularly problematic 
for human tissue- derived meshes. 

 In general, crosslinked meshes resisted damage 
during  repetitive loading   and maintained baseline 
tensile strength, while non-crosslinked meshes sus-
tained damage during repetitive loading and exhib-
ited signifi cant reduction in tensile strength. 
However, widespread generalizations should not 
be made, as this study demonstrated exceptions, 
particularly for porcine-dermis- derived products.  

    Resistance to Enzymatic Degradation 

 In another study, the same subset of biologic 
meshes was also exposed to collagenase enzymes 
in vitro in order to assess the impact of  enzymatic 
degradation   on the uniaxial tensile strength of 
these materials [ 28 ]. It was hypothesized that 
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 crosslinked materials resist enzymatic degrada-
tion and maintain baseline strength while non - 
 crosslinked materials undergo enzymatic 
degradation and exhibit a signifi cant reduction in 
strength . 

 Nine types of biologic mesh materials were 
exposed to collagenase solution at 37 °C. After 
30 hours of exposure, both crosslinked and non- 
crosslinked porcine dermis meshes exhibited sig-
nifi cantly reduced tensile strength compared to 
their respective baseline tensile strengths, indi-
cating signifi cant enzymatic degradation. This 
result was observed regardless of crosslinking. 
Even so, one of the crosslinked porcine dermis 
meshes (Permacol™) maintained signifi cantly 
greater tensile strength than the two non- 
crosslinked porcine dermis meshes (Strattice™ 
and XenMatrix™) and the other crosslinked por-
cine dermis mesh (CollaMend™) throughout the 
exposure period. On the other hand, one of the 
non-crosslinked porcine dermis meshes 
(XenMatrix™) was so signifi cantly degraded 
that it was diffi cult to measure the tensile strength 
of the specimens beyond 12 hours of exposure to 
collagenase solution. 

 Similarly, the non-crosslinked bovine pericar-
dium  mesh   (Veritas ® ) exhibited signifi cantly 
reduced tensile strength compared to its baseline 
tensile strength after just 6 hours of exposure to 
collagenase solution, indicating signifi cant and 
rapid in vitro degradation of this particular mate-
rial. However, the crosslinked bovine pericar-
dium mesh (PeriGuard ® ) maintained its baseline 
tensile strength and did not show any evidence of 
degradation even after 30 hours of exposure to 
collagenase. The crosslinked bovine pericardium 
mesh (PeriGuard ® ) also maintained signifi cantly 
greater tensile strength than its non-crosslinked 
counterpart (Veritas ® ) throughout the exposure 
period, as expected. 

 The human dermis-derived meshes displayed 
wide variation in baseline properties and in their 
ability to resist enzymatic degradation. Although 
the baseline tensile strength of FlexHD ®  was 
lower than that of AlloMax™, FlexHD ®  resisted 
 enzymatic degradation   more effectively. 
AlloMax™ was so signifi cantly degraded after 

just 12 hours of exposure that tensile strength 
could not be reliably measured beyond that point. 

 The results of this study demonstrated that in 
general, crosslinking did not improve the resis-
tance of porcine dermis-derived meshes to enzy-
matic degradation. However, crosslinking did 
signifi cantly improve the resistance of bovine 
pericardium-derived meshes to  enzymatic degra-
dation  . These results suggest that the effects of 
crosslinking may be species/tissue dependent or 
related to the specifi c chemical compounds uti-
lized to achieve crosslinking and the number of 
additional bonds ultimately introduced into these 
tissues. Additionally, differences were observed 
between non-crosslinked materials, suggesting 
that widespread generalizations of all non- 
crosslinked materials should not be made. 
Differences due to species, tissue type, and other 
processing conditions appear to be extremely 
infl uential.  

    Porcine Model of Ventral Hernia 
Repair 

 The mechanical strength of a hernia repair site 
and the host tissue response to six types of bio-
logic meshes were evaluated in several recent 
studies using a well-established  porcine model   of 
 ventral hernia repair   [ 29 – 31 ]. This model was 
designed to fully characterize the post- 
implantation properties of biologic meshes and to 
test the hypotheses that (1)  crosslinked materials 
augment the strength of native tissue ,  leading to 
a stronger hernia repair and that  (2)  crosslinked 
materials resist degradation ,  thereby reducing 
cellular infi ltration and overall tissue remodeling 
compared to non - crosslinked materials . 

 In this study, a total of four hernia defects 
(5 cm each) were surgically created in each ani-
mal, one in each abdominal quadrant. The 
 musculature and fascia of the abdominal  wall   
were incised and left open, creating the abdomi-
nal wall defects. The subcutaneous fat, areolar 
tissue, and skin were closed in separate layers to 
prevent wound dehiscence. The defects were 
allowed to mature for 21 days and were then 
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repaired with biologic mesh positioned in the ret-
romuscular/preperitoneal space. Animals were 
subsequently survived for 1, 6, or 12 months. 
Mesh-tissue composites were procured at the end 
of the survival period and subjected to uniaxial 
tensile testing to provide a measure of the biome-
chanics of the repair site. Specimens were also 
stained with hematoxylin and eosin (H&E) and 
semi- quantitatively assessed for six characteris-
tics of tissue response: cellular infi ltration, cell 
types, scaffold degradation, ECM deposition, 
neovascularization, and fi brosis. Possible scores 
in each category ranged from 0 to 3, with higher 
scores representing more favorable characteris-
tics of tissue response. A composite score was 
also generated from the mean of the six compo-
nent scores and was utilized as an overall mea-
sure of tissue remodeling. 

 Mechanical testing of the mesh-tissue com-
posites revealed that all repair sites exhibited 
similar tensile strengths at all time points regard-
less of biologic mesh type or presence/absence of 
crosslinking. Furthermore, the strength of the 
native tissue of the  porcine   abdominal wall was 
not signifi cantly augmented by any of the bio-
logic meshes, including crosslinked materials. 

 Histological analysis revealed that in the short-
term, crosslinking of biologic meshes impacted 
characteristics of tissue remodeling such as cel-
lular infi ltration and neovascularization. As 
shown in Fig.  7.1 , non-crosslinked  meshes   exhib-
ited higher scores at earlier time points than cross-
linked meshes. However, at later time points, 
scores for crosslinked materials tended to reach 
levels similar to non-crosslinked materials. Thus, 
crosslinking did not appear to signifi cantly infl u-
ence cellular infi ltration over the long-term as 
anticipated. Other processing conditions such as 
differences in decellularization and sterilization 
techniques may have impacted tissue remodeling 
characteristics more substantially and should be 
evaluated in future studies.

       Biologic Meshes Explanted 
from Human Subjects 

 The remodeling characteristics of biologic 
meshes after  implantation   in human subjects for 

abdominal wall reconstruction are not well 
understood. Thus, two recent studies have evalu-
ated biopsies of biologic meshes procured from 
human subjects during abdominal re-exploration 
[ 32 ,  33 ]. 

 In the study by Cavallo et al., biopsies were 
obtained from forty human subjects [ 32 ]. Mesh 
type was identifi ed in 37 out of 40 biopsies and 
included 23 human dermis-derived biologic 
meshes, 11 porcine dermis-derived biologic 
meshes, and 3 bovine dermis-derived biologic 
meshes. After procurement, the specimens were 
stained with hematoxylin and eosin (H&E) and 
semi-quantitatively assessed for six characteris-
tics of tissue response: cellular infi ltration, cell 
types, scaffold degradation, ECM deposition, 
neovascularization, and fi brosis. Possible scores 
in each category ranged from 0 to 3, with higher 
scores representing more favorable characteris-
tics of tissue response. A composite score was 
also generated from the mean of the six compo-
nent scores and was utilized as an overall mea-
sure of tissue remodeling. 

 Cellular infi ltration, ECM deposition, and 
neovascularization scores were 2 for 80%, 64%, 
and 64% of the specimens, respectively, indicat-
ing that the majority of cells, host ECM deposi-
tion, and vasculature infi ltrated beyond the 
periphery and began to penetrate deeper into the 
mesh, even reaching the center of the biopsy in 
some cases. Cell types scores were <3 in 57% of 
the specimens, indicating that the majority of 
meshes showed evidence of infl ammatory infi l-
trate. Only 43% of the specimens scored ≥3 for 
cell types, indicating the presence of fi broblasts 
only without any infl ammatory cells. Scaffold 
degradation and fi brosis scores were ≥2 in 56% 
and 70% of cases, respectively, indicating that 
the majority of the meshes were signifi cantly 
degraded with mild fi brous encapsulation of less 
than 25% of the mesh periphery. In general, the 
biologic mesh biopsies indicated favorable 
host remodeling scores with cells (primarily 
fi broblasts), host ECM deposition, and new vas-
culature beginning to reach the center of the 
biopsies, which were almost fully degraded with 
minimal infl ammatory or fi brous reaction. 

 When the meshes were subdivided by mesh 
type, it was revealed that human dermis-derived 
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  Fig. 7.1    Semi-quantitative histological scores representing the tissue remodeling characteristics of biologic meshes 
explanted from a porcine hernia model (H&E stained slides)       
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meshes exhibited signifi cantly improved cellular 
infi ltration, ECM deposition, scaffold degradation, 
and neovascularization scores compared to por-
cine dermis-derived meshes and trended toward 
improved scores compared to bovine dermis- 
derived meshes. Thus, the species of origin appears 
to signifi cantly impact remodeling of biologic 
meshes when  implanted   in human subjects. 

 In the study by De Silva et al., biopsies were 
obtained from fourteen ( n  = 14) human subjects 
who underwent biologic mesh repairs placed as 
an intraperitoneal underlay [ 33 ]. Mesh type was 
identifi ed in all biopsies with  n  = 7 crosslinked 
porcine dermis (Permacol™) and  n  = 7 non- 
crosslinked porcine dermis (Strattice™). After 
procurement, the specimens were stained with 
hematoxylin and eosin (H&E) and Masson’s tri-
chrome and evaluated for acute and chronic 
infl ammatory response, foreign body reaction, 
fi brous capsule formation, cellular infi ltration, 
neovascularization, and degradation/remodeling. 
Possible scores in each category were 0 (none), 1 
(minimal), 2 (mild), 3 (moderate), or 4 
(extensive). 

 The crosslinked porcine dermis specimens 
exhibited mild foreign body reaction, moderate 
fi brous capsule formation, no neovascularization, 
no cellular infi ltration, and no quantifi able new 
collagen deposition. The non-crosslinked porcine 
dermis specimens exhibited similar characteris-
tics with mild to moderate foreign body reaction, 
mild to moderate fi brous encapsulation, no neo-
vascularization. However, non-crosslinked grafts 
did demonstrate some neo-cellularization at the 
 periphery   of the mesh, albeit without any quanti-
fi able new collagen deposition. Regardless of 
crosslinking, the porcine dermis-based biopsies 
showed no evidence of signifi cant remodeling at 
the time of explantation. Although the fi ndings of 
the study questioned the concept of biologic 
mesh remodeling, this fi nding might be a factor 
of the underlay mesh positioning.   

    Conclusions 

 A large number of biologic meshes are cur-
rently available. Those meshes are touted to 
possess many advantages over permanent 

synthetic meshes. It is believed that revascu-
larization of these materials during the remod-
eling process effectively clears pathogens 
from the mesh. Mesh remodeling has proven 
to be inconsistent. Crosslinking is not the only 
factor that determines the properties or perfor-
mance of biologic meshes. Other aspects of 
the tissue treatment process (i.e., decellular-
ization method, crosslinking technique, extent 
of crosslinking, sterilization process, and 
packaging conditions) or species/tissue from 
which these meshes are derived all contribute 
and should be explored in more detail in future 
studies. Overall, biologic mesh use appears to 
have peaked several years ago and recent dis-
appointing clinical data and high cost have 
begun to limit its utilization.     
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