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Abstract 
Allografts have been used in a variety of applications to augment as well as re-
place tissues throughout the body. A number of steps are involved in selec-
tion, harvesting, processing and testing of dermal allografts. Grafts can be ob-
tained that are: free of antibodies to viruses and low in viral titers. Cellular 
material can be eliminated from the tissue and the product becomes almost 
exclusively a collagen fiber network. The purpose of this paper is to examine 
the changes in collagen structure and properties that occur during processing 
of decellularized dermis. The results indicate that collagen fiber swelling oc-
curs during processing although the product preserves the native collagen 
banding pattern at the fibrillar structural level. Fiber swelling and decreased 
collagen deformability of processed dermis, may lead to stress concentration 
at the implant-tissue interface and up-regulation of mechanotransduction. 
This may lead to premature mechanical failure due to creation of a chronic 
inflammatory condition at the implant-tissue interface. It is suggested that all 
dermal allografts be oriented such that Langer’s lines of the implant match 
those of the host tissue, and that wound closure by suturing be done under 
conditions that preserve the normal tension in skin in order to minimize im-
plant-interfacial failure. 
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1. Introduction 

Synthetic materials have gained widespread use as replacements for damaged 
tissues in a wide variety of applications [1] [2]. Allografts and xenografts have 
grown appreciably in their use in applications that include: bladder regeneration 
[3], burns [4], breast reconstruction [5], facial cosmetic defects [6], free flap 
coverage [7], hernias [8], ophthalmic defects [9], oral defects [10], replacement 
of cardiovascular tissues [11], tendon/ligament repair [12], and vaginal repair 
[13]. They also have been used as replacements in the repair of rotator cuff, 
Achilles and quadriceps tendons, primary staged and revised breast reconstruc-
tion, hernia repair, treatment of chronic wounds such as diabetic foot ulcers and 
pulmonary patches [14] [15] [16]. 

While synthetic materials such as Dacron and Teflon work well in many ap-
plications, and stainless steel and other metal wires are useful in stents, natural 
materials such as auto- and allografts are useful in many applications where cel-
lular ingrowth and repair responses are required to promote long-term healing 
of tissues such as dermis and ligaments [17] [18]. While many studies unders-
core the utility of dermal allografts, questions arise regarding the effects of 
processing conditions such as decellularization, decontamination, and viral 
deactivation on the structure of these tissues and the surgical outcome. In addi-
tion, more than one third of hernia replacements require revision surgery. Fail-
ures of these implants typically occur at the implant-tissue interface due to me-
chanical mismatches [16]. Therefore, the mechanical properties of allograft ma-
terials appear to be an important characteristic needed for a positive outcome at 
least in hernia repair. 

The primary component of allograft tissue is extracellular matrix (ECM) 
composed of collagen and elastic fibers, proteoglycans, cell attachment factors, 
growth factors, signaling molecules, cells, ions and water [2]. The 3-D structure 
of collagen scaffolds has been shown to promote the repair response in dermal 
and orthopedic applications by minimizing the deposition of granulation tissue 
and promoting organized collagen deposition along the major axis of the scaf-
fold [17] [18]. 

Use of tissue derived collagen scaffolds for human surgical applications re-
quires removal of cellular components of the epidermis and dermis and 
processing into sheets or other forms. During removal of cells from tissues, 
changes in the physical structure and mechanical properties occur that may af-
fect the resulting strength and healing properties of these materials. Moore et al. 
reported the effects of using a non-denaturing anionic detergent, recombinant 
endonuclease and antibiotics on the decellularization and mechanical properties 
of human dermis [14]. They showed that 97% of the DNA was removed as well 
as cell membrane components such as major histocompatibility complex-I 
yielding materials with ultimate loads of up to 635 N. Terzini et al. reported de-
cellularization in 0.06 N NaOH for 1 to 7 weeks at room temperature [19]. They 
found that the ultimate stress of the product was between 4 and 10 MPa between 
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5 and 6 weeks of treatment. Longer treatments reduced the strength. It is impor-
tant to understand how processing conditions affect the physical structure and 
properties of decellularized dermal implants. 

The purpose of this paper is to review typical steps involved in selection and 
processing of human dermal tissues for use in surgery. These steps include do-
nor selection, removal of the epidermis and dermal cells, viral deactivation, and 
tissue processing. The influence of processing on the structure and mechanical 
properties of dermal collagen scaffolds is examined in this paper. 

2. Methods 
2.1. Patient Selection 

Human skin was obtained from the tissue banks that comply with all American 
Association of Tissue Banks (AATB) standards and FDA regulations CRF 21 
Parts 1270 and 1271. All donors were qualified based on serological testing, 
medical/social history, neurological screening and physical assessment. All do-
nors were de-identified by the tissue bank and only sample numbers were pro-
vided for identification. Serology testing was conducted for antibodies to HIV-1, 
HIV-2, Hepatitis A and B, HTLV-1 (human T-lymphotropic Virus), pseudora-
bies virus (PRV), porcine parvovirus (PPV), bovine diarrhea virus (BVD) and 
protein-resistant prion disease (PRPD). Samples with antibodies to any of these 
markers were discarded. Samples were rejected from patients with any of the 
following neurologically related diseases or conditions: Creutzfeldt-Jacob dis-
ease, pituitary disease, dura mater implantation, degenerative or demyelinating 
disease or death in a neurological or psychiatric hospital. Physical assessment of 
donor skin included evaluation of the risk of a sexually transmitted disease, 
presence of needle tracks or tattoos, unexplained jaundice and signs of infection. 
Any of these conditions resulted in rejection of the donated skin. 

2.2. Skin Processing 

Decellularized dermis was prepared from human skin by removal of the epider-
mis and dermal cells, viral inactivation, freezing, and freeze drying. The epider-
mis was removed by immersion in 2 M NaCl for 24 to 27 hours at temperatures 
between 2˚C and 8˚C. The epidermis was then scraped with a sterilized spatula 
until all the loose material was removed. Viral inactivation was achieved by im-
mersion of the dermis in 0.5 M NaOH at pH = 12.0 (high pH) for 60 minutes at 
temperatures between 4˚C and 10˚C by adding 6 ml NaOH solution per gram of 
tissue. The tissue is then washed in 0.05 M phosphate buffer pH = 6.5 three 
times and then the pH is lowered to 2.5 (low pH) using 0.5 M phosphoric acid 
for three hours at between 2˚C and 8˚C. The pH of the dermis is then raised to 
6.5 by adding 0.5 M NaOH. One gram of dermis is then placed in 6 ml of reagent 
alcohol (90% ethanol, 5% isopropanol, 5% methanol) and the material is placed 
at 2˚C to 8˚C for 1 to 14 days until the viral count is reduced to an acceptable 
level. The material is then washed with distilled water, frozen, and freeze dried. 
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2.3. Biochemical Analysis 

Four by four mm pieces of decellularized dermis are placed in 0.02 M dibasic 
sodium phosphate buffer at pH 9.5 and are fragmented with an in-line rotor/ 
stator macerator. The jacket of the incubator is cooled to 1˚C by pumping cold 
water through it. Glutaric anhydride at 50 mg/ml in isopropyl alcohol is added 
to the mixture to a final concentration of 0.2% W/V to solubilize the tissue. The 
final pH is adjusted to 9.5 using 0.5 M NaOH. SDS PAGE gel electrophoresis was 
conducted on dermal samples to determine the collagen types present using the 
methods reported previously [20]. 

2.4. Light Microscopy, Morphological Analysis and Transmission 
Electron Microscopy 

Gross morphology was obtained by taking photographs of harvested skin at 
magnifications between 4 and 40×. Morphological observations are made on 
samples that were cut from unfrozen dermis and decellularized tissue that were 
stored in a 60/40 (W/V) alcohol/water mixture and then sent to Pacific Patholo-
gy (San Diego, CA) for processing. Longitudinal and cross sections of the sam-
ples were stained with Hematoxylin and Eosin (H & E) and were observed under 
a light microscope. Samples were evaluated for normal collagen architecture. 
Low magnification pictures were taken at 4× and then the image was scanned 
and serial sections were reconstructed in 3D to produce an image of the whole 
tissue to determine the fiber diameters and lengths. The collagen fiber diameter 
and length have been shown to be related to the strength of collagenous tissues 
[21]. 

2.5. Transmission Electron Microscopy 

Collagen fibrils were solubilized from processed dermis as described above for 
biochemical analysis, placed on carbon-coated copper grids and stained with sa-
turated aqueous uranyl acetate for 5 min. The pH of the unbuffered staining so-
lution was 3.8. Stained fibrils were viewed with a Philips 300 transmission elec-
tron microscopy at a magnification of 60,000× as described previously [22]. 

2.6. Image Analysis 

Images of H & E-stained histological sections of dermis were are acquired at 4 
and 40× magnifications, with four images captured for each section. The images 
were then imported into the graphics editing program, Adobe Photoshop, and 
the color and brightness of each were adjusted for uniformity. The images were 
then rotated, cropped and knit together, and then the compiled image is ad-
justed for higher contrast between the two dye colors resulting from H & E 
staining. 

Portions of whole sections were used to create models and extrapolate data, 
using Adobe Photoshop, Adobe Illustrator, and ImageJ, a NIH-developed image 
processing program, as well as Solidworks, a 3-dimensional computer-aided de-
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sign program. 
Smaller, representative sections of the images were established and imported 

into Adobe Illustrator, a vector graphics design program. This program was used 
to convert the current images, in rasterized, or pixilated form, to vector images, 
and enables computer-aided design programs to recognize each individual shape 
as an entity. The vectorized images were then imported into Solidworks, a com-
puter-aided design (CAD) program. The vector files were then converted into 
CAD model files, with the chosen images being approximately 1 mm in length 
and width, and 6 µm in thickness. Because of the limitations of Solidworks, the 
models were scaled up 225 times in all dimensions. 

2.7. Enzyme Degradation Studies 

Enzyme degradation was measured by immersing 0.1 g of wet dermis into buf-
fered solutions containing one of the following enzymes: 1) bacterial collagenase, 
or 2) pepsin. Collagen degradation due to exposure to denaturing conditions will 
decrease the resistance to bacterial collagenase. If degradation is severe then the 
resistance to pepsin, which normally only degrades the non-helical ends of the 
collagen is lowered. Samples are incubated for 4.8 hours with the enzymes and 
then the amount of sample remaining is determined gravimetrically. Normally a 
0.1 g weight of wet tendon contains about 25% to 30% tissue when dried. This 
means that that a 0.1 g sample of dermis has about 0.025 to 0.03 g of tissue be-
fore digestion. 

The fraction of collagenous tissue that remains after digestion was determined 
using 1000 U/ml of bacterial collagenase (Sigma-Aldrich) in PBS pH = 7.4 con-
taining 25 mM CaCl2. Tissue samples were incubated at 37˚C ± 2˚C for 4.8 
hours, removed from incubator and 1 mL of 10 mM EDTA solution was added 
to stop the enzyme reaction. The digested material was separated from undi-
gested material, washed with DI water, air dried for 24 hrs and then weighed. 
The fraction of undigested tissue was calculated by dividing the final weight by 
0.1. Material removed during collagenase digestion consists of collagen damaged 
during processing. 

Pepsin digestion was accomplished by mixing 0.1 g of tissue samples with 5 ml 
pepsin (Sigma-Aldrich) solution (6 mg/ml in HCl pH = 2.5), and incubating the 
mixture for 4 hrs at 22˚C. At that time the undigested material was washed with 
5 ml of DI water two times and then the samples were air dried for 24 hrs at 
37˚C. The dried sample was weighed and the number was divided by 0.1 to get 
the fraction of tissue remaining after pepsin digestion. The fraction of pepsin 
insoluble material sometimes increases after processing since processing may 
remove pepsin soluble tissue fragments. 

2.8. Mechanical Testing 

Decellularized human dermal samples were tested after immersion in phosphate 
buffer solution as described elsewhere [23] [24] [25]. Both tensile stress-strain 
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test and vibrational optical cohesion tomography (OCT) were used to measure 
the modulus of all of the samples. Samples were tested wet after soaking in 
phosphate buffer solution at pH 7.4 for at least 30 minutes. Processing and test-
ing steps were conducted at 22˚C. 

2.9. OCT and Vibrational Analysis in vitro 

Determination of the modulus using OCT and vibrational analysis was con-
ducted as discussed previously [23] [24] [25]. The resonant frequency, fn, of 
each sample was measured and converted into a modulus value using Equation 
(1), 

( )22π nE mL f A=                        (1) 

where m, L and A are the sample mass, length and cross-sectional area. 
The relationship between the modulus measured using vibrational and tensile 

measurements is given by Equation (2) 

1.026 0.0046Ev Et= +                     (2) 

where, Ev and Et are the moduli measured using vibrational and tensile mea-
surements, respectively and are in MPas [23] [24] [25]. 

3. Results 
3.1. Serological Testing and Biochemical Analysis 

Serological testing was conducted to establish the removal of viruses that may 
contaminate dermal allografts. Table 1 shows the results of viral testing for HIV, 
Hep A, PPV, PRV and BVDV. Results of serological testing were negative for 
antibodies to HIV-1, HIV-2, Hepatitis B and HTLV-Y. Viral inactivation studies 
indicated that viral inactivation lowered the log of the viral titers from about 
3.77 to as much as 10.3. 

SDS PAGE electrophoresis results on solubilized dermal tissue showed that it 
contained Types I, III and VI collagens as well as fibronectin. 

3.2. Light Microscopy, Histology and Electron Microscopy 

Light microscopic studies illustrated that the freshly harvested skin was com-
posed of a shiny epidermis on top of a pinkish dermis (Figure 1). The harvested 
skin pieces were about 9 cm wide and 12 cm long. 
 
Table 1. Results of serological testing on skin allografts before decellularization. 

Inactive  
solution 

Log reduction in titers for virus 

HIV Hepatitis A PPV PRV BVDV 

pH > 12 >4.89 3.97 >5.06 >4.09 >3.77 

pH < 1.0  >2.2 5.24 >5.5  

pH < 2.5 4.0   6.24  

Total log reduction >8.89 >6.17 >10.3 >9.59 >3.77 
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Figure 1. Photographic image of freshly harvested human skin. Harvested skin has a shi-
ny appearance at the epidermal surface while dermis appears pink before processing. 
 

Results of histologic studies indicated that the harvested skin had a thin epi-
dermis on top of the dermis that was separated from the dermis after treatment 
with the solution containing 2 M NaCl (Figure 2). After viral inactivation and 
decellularization, very few cells were visible by light microscopy; however, the 
collagen matrix appeared to stain less intensely and appeared swollen when 
compared to the control dermis (Figure 3). Transmission electron microscopy 
indicated that collagen fibrils had the normal light-dark repeat pattern characte-
ristic of type I collagen fibrils with no evidence of cells or proteoglycans present 
between the collagen fibrils (Figure 4). 

3.3. Image Analysis and Enzyme Digestion 

Image analysis was conducted on serial sections reconstructed into a montage of 
the whole sample that was a composite of several stained histological sections 
(Figure 5). When unprocessed skin was compared to processed dermis, it was 
clear that the collagen fibers of the processed dermis were swollen (see Figure 
6). When the cross-sectional area of the unprocessed dermal collagen fibers were 
quantitatively compared to those of processed dermal fibers, the latter was much 
larger based on image analysis results (see Table 2). 

When unprocessed and processed dermal samples were treated with bacterial 
collagenase and pepsin, the % of the sample remaining after collagenase diges-
tion increased while the % of the sample remaining after pepsin digestion de-
creased after processing (Table 3). 

3.4. Mechanical Testing 

Moduli values for decellularized dermis were obtained based on a combination 
of optical coherence tomography and vibrational analysis as previously  
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Figure 2. Histological images of human skin before and after separation of epidermis 
from the dermis. Histological images of H & E stained sections of unprocessed skin 
showing epidermis on the top surface (left) and skin treated with 2 M NaCl (right) to re-
move the epidermis. Note the loose epidermis is scraped away from the dermis before the 
dermis is further processed. 
 

 
Figure 3. Histological evaluation of human dermis before and after removal of dermal 
cells. Intact dermis (left panel) stained with H & E (hematoxylin and eosin) shows the 
presence of many dark nuclei while the treated dermis shows that the section is devoid of 
dark nuclei after treatment to remove cellular material (right panel). Notice the relatively 
weak staining intensity of the collagen in the decellularized dermis indicating that the 
collagen fibers are less dense after removal of the cells. 
 
Table 2. The summary of quantitative data acquired from the images in Figure 6 ob-
tained from image analysis. 

Skin state 
Number of 

fibers 
Average area (µm) 

Average fiber length (µm) 

x-direction y-direction 

Unprocessed 966 0.000162 0.0294 0.0156 

Processed 518 36.125483 0.0310 0.0276 

 
described [23] [24] [25]. A calibration curve of modulus determined from vibra-
tional measurements and that obtained from standard tensile measurements is 
shown in Figure 7. The modulus from vibrational measurements was calculated 
by measuring the resonant frequency of decellularized dermis (Figure 8) and use  
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Figure 4. Transmission electron micrograph of dermal collagen fibrils from decellula-
rized human tissue. The image shows negatively stained collagen fibrils found in the der-
mis of decellularized tissue after treatment to remove the cellular material. Note the sam-
ple is composed of collagen fibrils with no evidence of cellular debris or proteoglycans 
present. 
 

 
Figure 5. Montage showing the images of serial sections of unprocessed human skin. The 
images of the original unprocessed section of skin: (a) all four images rotated and cut to 
fit together; (b) brightness/color/contrast balanced; and (c) contrast/color adjusted to ac-
centuate the differences in the H & E stains. Note the darker epidermis is present at the 
surface and appears to be sloughing off. The dermis is characterized by a multitude of 
pinkish collagen fibers. 
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Figure 6. H & E stained sections of skin and processed dermis. The images of sections of: 
(a) unprocessed skin showing the presence of the darker staining epidermis at the top and 
(b) processed dermis showing that the collagen fibers (pink) appear to be swollen and less 
dense. 
 

 
Figure 7. Calibration curve of modulus determined from vibrational studies and conven-
tional tensile testing. This figure was modified based on Shah et al. [23] [24] [25] 
 

 
Figure 8. Vibrational analysis of decellularized dermis. Determination of the resonant 
frequency from measurement of the maximum displacement of a sample vibrated be-
tween 0 and 700 HZ. Note the maximum displacement is measured and converted into a 
vibrational modulus using Equation (1). The modulus calculated from vibrational studies 
was calculated from the resonant frequency as described by Shah et al. [23] [24] [25]. 
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of Equation (1). The maximum modulus measured for decellularized dermis was 
about 17 MPa as was previously reported [24] [25] [26]. Modulus measurements 
on made on decellularized dermis are strongly dependent on strain (Figure 9) as 
previously reported [24] [25]. However, they also depend on the direction of 
Langer’s lines (Table 4). 
 

 
Figure 9. Plot of modulus determined from OCT and vibrational studies versus strain for 
decellularized dermis. Note the resonant frequency and modulus increase with strain as 
previously reported [23] [24] [25]. 
 
Table 3. Collagenase and pepsin digestion results for unprocessed (UN) and processed 
(P) human dermis. 

Sample Status *Collagenase % (SD) *Pepsin % (SD) 

1 
UN 16.98 (0.55) 25.0 (0.60) 

P 13.98 (0.67) 43.1 (1.90) 

2 
UN 24.60 (2.87) 33.4 (0.67) 

P 10.78 (2.04) 32.7 (0.40) 

3 
UN 18.20 (0.59) 28.6 (0.10) 

P 13.40 (0.26) 46.0 (1.60) 

*% of dry weight remaining after enzyme digestion of a 0.1 g wet sample-normal skin contains 25% to 30% 
collagen by dry weight. 
 
Table 4. Modulus measurements made using OCT and vibrational analysis along and 
perpendicular to Langer’s Lines (LL) in processed decellularized dermis. Note decellula-
rized dermis fails perpendicular to LL at strains as low as 10%. 

Strain (%) 
Modulus (MPa) 

Parallel to LL Perpendicular to LL 

2 2.09 +/− 0.24 0.69 +/− 0.04 

5 2.54 +/− 0.27 0.95 +/− 0.48 

8 4.80 +/− 0.37 1.63 +/− 0.063 
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Modulus measurements made along and perpendicular to Langer’s Lines in-
dicate that decellularized dermis is stiffer along Langer’s Lines as opposed to 
perpendicular to them (Table 4) as expected. In addition, although the strain to 
failure of decellularized dermis is about 20% along Langer’s Lines that of intact 
skin is much greater (40% - 80%). The strain at failure in the direction perpen-
dicular to Langer’s lines (10% to 15%) is less than that along Langer’s lines 
(about 20% to 25%) indicating that the orientation of collagen fibers in allograft 
tissue may be an important consideration when minimizing the strain at the 
host-tissue interface. This is due to the large difference in deformability of skin 
(40% - 80%) and processed dermis (10% to 25%). 

4. Discussion 

The use of allograft tissues to replace or repair damaged tissues and organs has a 
long history. Allograft and xenograft dermis is used in many applications and 
accounts for a large volume of medical procedures. When used as filler without 
mechanical requirements, such as in the breast or in the face, there are few com-
plications as long as the cellular components of the tissue are removed, the graft 
does not contain antibodies to viral components, the viral load, is reduced and 
the implant does not cause pressure on the surrounding tissue. 

In applications that are structural, such as in repair of herniated abdominal 
wall, the mechanical properties of the graft material play an important role [16]. 
The results of recent studies suggest that allograft failure can be due to mechan-
ical mismatches between graft and the host tissues [16]. It is known that intimal 
hyperplasia occurs with vascular grafts due to mechanical mismatch between a 
low modulus vessel wall and a stiff graft made of polyethylene terephthalate, 
Dacron [26]. Pressure induced tissue necrosis has also been reported at the fe-
moral artery closure point in animals, and after breast reduction surgery in hu-
mans [26] [27]. This suggests that effective tissue repair using allografts should 
involve limiting the stress and strain at the implant-issue interface whether the 
graft is loaded in tension or compression. 

The interfacial stress at the tissue-implant interface arises from either pressure 
created by the implant on the surrounding tissue or stress concentration at the 
interface from suturing. The stress concentration occurs when a soft material is 
sutured to a more rigid one. In this case when a suture is pulled taut, the softer 
of the materials (skin) deforms more than the rigid material (graft). If the former 
is the host tissue (skin) then this sets into motion mechanotransduction leading to 
cellular proliferation and deposition of repair tissue [26]. Complicating 
stress-concentration at the interface is the fact that the modulus of dermis and 
skin is strain dependent. Therefore as the host skin allograft is sutured in place, 
the strain at the interface is increased which increases the stiffness of both host 
and implant materials. Minimization of cellular hyperplasia and mechanotrans-
duction in the host tissue due to strain hardening requires minimization of the 
interfacial stress. 

Another consideration is that most allografts do not come with the direction 
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of Langer’s Lines marked. The significance of this is that the surgeon does not 
know how to line up the collagen fiber orientation in the allograft with that of 
the host tissue (Langer’s lines). To minimize stress concentration at the inter-
face, Langer’s Lines of the allograft need to be aligned with those of the host tis-
sue. If this does not occur then cellular invasion and remodeling of the allograft 
may lead to premature graft failure due stress concentrations and up-regulation 
of mechanotransduction [26]. In addition, since the deformability of decellula-
rized dermis in the direction perpendicular to Langer’s lines is much lower than 
that of normal skin (10% - 15% versus in excess of 40% in skin) this will cause 
stress concentration and excess host tissue deformation at the implant-tissue in-
terface. 

Results presented in this paper suggest that while allograft dermis can be har-
vested, decellularized, treated to decrease the viral load, and processed into a 
form for use in surgery, there are a number of changes that occur to the dermis 
that occur during processing. While decellularized dermis is composed of pri-
marily collagen with little elastic tissue, processing to remove cells swells the 
collagen fibers and changes their susceptibility to enzymatic digestion by bac-
terial collagenase. Excessive collagen fiber swelling as a result of backbone clea-
vage leads to decreased resistance to the enzyme collagenase. Harsh treatments 
such as exposure to sodium hydroxide swell the tissue, and unravel the collagen 
fibers; they also lead to damage to the collagen molecular backbone that de-
creases the graft strength and changes the handling characteristics of the tissue. 
The increased resistance to pepsin after processing of the tissue suggests that 
some of the non-collagenous proteins present in the allograft dermis are re-
moved during processing. 

We have reported results of mechanical studies on intact skin and decellula-
rized dermis for over 30 years [23] [24] [25] [28] [29] [30]. Results of published 
studies suggest that the high strain modulus of skin and processed dermis are 
very similar and range from 16.0 to 18.4 MPa [23] [24] [25]. Thus processing 
does not appear to change the high strain modulus. However, processing does 
appear to reduce the ability of dermis to deform at low strains. Human skin 
tested in tension in vitro has a very low modulus (0.75 MPa or less) up to a 
strain of 0.4 (40%) due to the elastic fibers [30]. This is compared to decellula-
rized dermis with a modulus of 2.57 MPa at a strain of 0.05 (5%) [23] [24] [25]. 
Human skin from the hand in vivo has an estimated modulus of about 0.66 MPa 
under normal skin tension [31]. Based on these data it appears that while the 
high strain modulus of decellularized dermis is similar to that of normal skin, 
decellularized dermis appears to be less deformable than normal skin. This sug-
gests that allografts of dermis may function better as graft materials when Lan-
ger’s Lines of the graft and host are parallel and care is taken to minimize the 
strain at the implant-host interface. The increased stiffness of decellularized 
dermis over normal skin at low strains may be a result of loss of the elastic fiber 
network during decellularization as well as swelling of the collagen fibers that 
make it difficult for the material to deform under tension. 
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5. Conclusions 

Much progress has been made in selection, harvesting, processing and testing of 
dermal allografts. Grafts can be obtained that are: free of antibodies to viruses 
and have low in viral titers. Cellular material can be eliminated from the tissue 
and the product becomes almost exclusively a collagen fiber network. However, 
each of these processes can change the structure and properties of the dermis. 

Morphological results suggest that processing of decellularized dermis results 
in collagen fiber swelling while preserving the collagen native banding structure 
at the fibril level. Fiber swelling and decreased collagen deformability, in con-
junction with the need to orient the sample with respect to Langer’s Lines, may 
lead to stress concentration at the implant-tissue interface. Stress concentrations 
may lead to premature mechanical failure due to up-regulation of mechano-
transduction and creation of a chronic inflammatory condition at the graft-host 
interface. 

It is suggested that all dermal allografts be oriented with the Langer’s lines of 
the implant parallel to those of the host tissue and that wound closure by sutur-
ing be done under conditions that preserve the normal tension in skin and limit 
the stress concentration at the graft-host interface. 
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