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Abstract: Donor skin and dermal grafts are used in several types of loss of substance for dif-

ferent clinical purposes. As biological physiological medication, donor skin grafts can promote 

re-epithelization, shorten healing time, alleviate pain and protect dermal and subcutaneous 

structures such as cartilage, tendons, bones and nerves. Though a great variety of dermal 

matrices and skin equivalents, both synthetic and semisynthetic, are now available for wound 

treatment, viable human skin allografts remain an important therapeutic choice for extensive 

deep burns and hard-to-heal wounds. In such cases, viable skin allografts have significantly 

better clinical outcomes than unviable human-derived allografts or synthetic medications. The 

demand for human-derived skin bioproducts continues to be a reason for the existence of skin 

banks. Skin bank organization is complex and requires continuous updating. Careful donor 

selection, thorough microbiological and serological donor screening for transmissible diseases 

and rigorous quality control during tissue preparation are necessary to minimize the risk of 

transmission of pathogenic agents. Skin banks must also observe standardized reproducible 

procedures to ensure tissue traceability and biological safety in all phases of processing and to 

avoid new biological contamination. Constant training and periodic checks are needed to keep 

skin bank operators attentive and responsible. Finally, skin banks should guarantee collection 

and storage of highly viable skin. Here, we discuss available tissue storage methods and the 

different types of skin bioproducts.

Keywords: skin allografts, storage methods, skin bioproducts, skin viability

History of skin banking: past, present and future 
expectation
Until the beginning of the 20th century, it was not possible to bank skin because it was 

difficult to maintain tissue viability. Modern skin preservation began with successful 

storage at +4°C and +7°C by Webster1 and Matthew2, respectively. After experiments 

with refrigerated cow skin, Webster managed to successfully store fresh human skin 

autografts for 3 weeks. Tissue banking procedures started in the 1930–1940s, when 

efficient, reproducible, standardized storage methods became available. During World 

War II and the Vietnam War, numerous studies were conducted on skin allografting 

to treat military burns and wounds.3,4 The first officially recognized skin bank, the US 

Navy Skin Bank, was set up in the USA in 1949 (Figure 1).4 Many skin banks were 

established in the USA in the 1950–1960s, whereas most European tissue banks were 

set up in the 1970 and 1980s: such banks were mainly organized for storage of many 

different tissues, such as the bone and skin.4–8 Two notable exceptions were the Univer-

sity Hospital in Hradec Kralove’ (Czech Republic)5 and the Yorkshire Regional Tissue 
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Bank, founded in 1952 and 1960, respectively.6 Donor skin 

procurement, processing and banking were introduced in Italy 

in the mid-1990s to meet the growing demand for transplant 

tissue.7 The first laboratories were created as centers for the 

treatment of severe burns; they were later organized into 

more complex structures (tissue establishments), includ-

ing skin banks. A skin bank was defined as an organization 

having sufficient structure, equipment, laboratories and 

know-how to ensure safety and efficacy of the entire tissue 

banking process. The complex organization supporting the 

donation process was drawn from the Spanish model (i.e., 

Organización Nacional de Trasplantes).8 The Donor Tissue 

Bank of Victoria is active from 1995. To meet the enormous 

need of burn wound coverage, several skin banks were set 

up during the past few decades. Currently, there are four 

skin banks in Brazil, the latter opened in 2013, and one in 

Mexico from 2003. The first skin bank of India and Africa 

were established in 2010 and 2016, respectively.9–11

A synthetic or semisynthetic skin substitute/dressing with 

biological properties similar to fresh viable human skin has 

yet to be developed, and autologous grafting is still considered 

the gold standard treatment for deep burns and other types 

of skin loss. However, skin autografting is often impossible 

in burn patients, due to a lack of healthy skin donor sites and 

to the general condition of these patients. Human cadaver 

skin grafts are therefore still the best alternative for wound 

coverage.12–14 Moreover, as the median age of the population 

increases, the number of people with hard-to-heal wounds, 

such as posttraumatic wounds in patients with diabetes or on 

long-term therapy with high-dose corticosteroids, chronic 

venous and pressure ulcers, is increasing. The increasing 

demand for donor skin grafts to manage severe burns, trauma 

and soft tissue injuries has led to the creation of skin bank-

ing facilities,14 stimulating research into skin processing 

methods.12–17

All patients provided written informed consent for their 

accompanying images to be published for this review.

Practice guidelines
Today, four tissue banks are active in the USA and oper-

ate according to American Association of Tissue Banking 

guidelines and federal laws.7,9 In Europe, skin banks comply 

with the European Association of Tissue Banks standards 

for skin banking and banking of skin substitutes or with 

specific guidelines, such as that of the British Association of 

Tissue Banks, and national legislation. European directives 

(2004/23/EC,18 2006/17/EC,19 2006/86/EC20) outlining Good 

Manufacturing Practices (GMP) (EU Guidelines GMP 2008) 

were recently issued.21

In Australia, the donation of human tissue is regulated 

by legislation from the late 1970s: tissue banking is regu-

lated as a therapeutic resource (i.e., Therapeutic Goods Act 

1989); thus, tissue banks are required to be licensed by the 

Therapeutic Goods Administration and must comply with 

the code of GMP-human blood and tissues.22

In Italy, pharmaceutical laboratories and cell factories 

rigorously observe GMP guidelines and must be certified,21 

whereas tissue establishments comply with GMP that do 

not completely regulate the sector;23 international guidelines 

by the Council of Europe24 help harmonize procedures and 

standards of different countries to promote tissue exchange. 

Tissue banks interact with international scientific nonprofit 

networks promoting development and research in tissue 

banking.25 Quality standards mostly refer to internationally 

recognized standards such as ISO 9001 (to ensure a traceable 

standardized quality system) and GMP guidelines. GMP 

conformity ensures, inter alia, that environmental param-

eters are constantly monitored for particulate and microbial 

contamination, and structures and equipment are regularly 

calibrated, maintained and validated according to written 

procedures, the frequency of which is set according to the 

importance of the process.24,25

Strict adherence to GMP suggests that aseptic process-

ing in European Union (EU) countries should take place in 

Grade A conditions with Grade B background environment. 

According to EU directives,17 processing areas of tissue estab-

lishments set up in the EU should be classified as Grade A 

with a surrounding environment of at least Grade D.

Skin bank structure
The Tuscan Region Skin Bank has a quality management 

system with ISO 9001 certification since 2003; the skin bank 

Figure 1 Procurement at the US Navy Tissue Bank, Bethesda, Maryland (1950).
Note: Cell and Tissue Banking, The US Navy Tissue Bank: 50 years on the cutting 
edge, 1(1), 2000, 9–16, Strong DM, with permission of Springer.77
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is included in the Italian network authorized by the National 

Transplant Centre.23 Italian skin banks process skin in Grade 

A laminar flow cabinets with a background GMP-Grade B 

environment, in line with national regulations.23 The labora-

tory is defined as a “contamination controlled area” because 

it is composed of differently classified rooms (classes A/B,  

C, D), high-efficiency particulate air filter with positive 

pressure (Biosafety Level 2), constant thermo-hygrometric 

parameters and monitoring for particle/microbial contami-

nation.7,23–26 The skin bank of Siena currently procures, pro-

cesses and stores more than 130 donations per year, obtaining 

about 300,000 cm2 per year of homologous skin for clinical 

use (Figure 2).7

Skin procurement
Skin procurement teams should consist of at least two people 

operating under aseptic conditions and appropriately clothed 

for the type of procurement. Staff must have the necessary 

experience, education and training to correctly perform 

recovery operations. In some European countries, skin pro-

curement from cadavers is carried out by a team of authorized 

medical practitioners (e.g., Spain and Italy) or fully trained 

nonmedical practitioners under medical responsibility (e.g., 

the UK and the Netherlands), since European directives state 

that procurement “shall be carried out by persons who have 

successfully completed a training program specified by a 

clinical team.”19 The retrieval team is usually contacted by 

transplant coordinators.17,19,20

In Italy, skin procurement can only be carried out by 

authorized medical practitioners on call 24 h a day.17,20 In 

the USA, tissue is procured by personnel working for tissue 

recovery agencies. According to federal laws, these agencies 

must be registered with the Food and Drug Administra-

tion (FDA) and observe FDA regulations governing tissue 

recovery.27

In Italy, tissue donors can be between 14 and 78 years of 

age.23 Skin can be procured from deceased heart- beating mul-

tiorgan donors and deceased non-heart-beating  multitissue 

donors. For heart-beating multiorgan donors, skin is procured 

after circulation has ceased. In the USA, non-heart-beating 

donor skin can be harvested until 24 h after death if the body 

is refrigerated or cooled within 12 h of death; if the body is 

not cooled nor refrigerated, skin procurement must be car-

ried out within 15 h of death.27 The EU directive does not 

state any specific timing for the harvesting phases, but many 

countries procure skin within 12 h of death if the body is not 

refrigerated, and within 24 h only if the body is refrigerated 

within 6 h of death.18–23

Skin refrigeration before procurement has some advan-

tages. First, the consistency of subcutaneous tissues is harder, 

which mechanically facilitates the harvesting operation. The 

skin contamination rate may also be reduced.7,16

Procurement from living donors is carried out with the 

same standards as for cadaver donors: in most cases, living 

donors are patients undergoing abdominoplasty who consent 

to tissue donation.

During procurement, perfect coordination between the 

different surgical teams is mandatory to limit the risk of 

tissue contamination.24 To reduce the degree of microbial 

contamination, the donor is appropriately cleansed with 

povidone-iodine scrub solution, rinsed with sterile saline and 

disinfected with chlorhexidine tincture. In our experience, 

shaving helps reduce resident microbial flora living primarily 

in and around hair follicles. The sequence in which tissues 

are procured should be defined to assure their quality. Skin 

should be procured before musculoskeletal tissues, because 

the presence of bones facilitates the procedure without 

increased risk of tissue contamination.24

Skin layers that are 400–800 µm thick are cut from the 

posterior trunk and the lower limbs by battery-operated 

dermatome, such as the Aesculap-GA630,7 or electric der-

matome, such as the Braun Medical17 or the Zimmer Electric 

Dermatome (Figure 3).

Good manual skills ensure samples of uniform thick-

ness and sufficient width, suitable for treating major burns. 

Retrieved tissue is transported to the tissue bank, where data 

recording and processing phases are activated in labora-

tory clean rooms or specific areas. After procurement, the 

cadaver is covered with absorbent pads and/or Tyvek gar-

ments to prevent leakage; in some cases, sealing polymers 

can be used as anti-oozing agents. The skin allografts are 

placed in sealed sterile containers filled with a specific trans-

port medium supplemented with a combination of antibiot-

ics, according to validated skin bank protocols. In our skin 

bank, 0.9% saline solution supplemented with 100 IU/mL 

penicillin and 100 µg/mL streptomycin is used as transport 
Figure 2 Different phases of processing of skin allograft procedure (A) and quality 
control in Grade B area (B). 

A B
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medium.7,28 Other authors prefer Ringer lactate or RPMI 

1640 supplemented with 320 mg/L gentamicin, 500 mg/L 

vancomycin and 600 mg/L lincomycin (per 100 mL of 

transport medium, respectively).17 Others employ transport 

solution composed of 800 mL custom-made medium for 

culturing epithelial cells, consisting of Dulbecco’s Modi-

fied Eagle Medium (DMEM) /Ham’s F12 Nutrient mix and 

10.6 g/L sodium bicarbonate 3:1, supplemented with 

200 mL of custom-made Cambridge Antibiotic Solution, 

consisting of gentamycin sulfate 4 g/L, primaxin 0.2 g/L, 

polymyxin B 0.2 g/L, vancomycin 0.05 g/L and nystatin 

2,500,000 U/L in Medium 199 with 25 mM HEPES).29The 

containers are then transferred to the skin bank in refriger-

ated tanks (+4°C).

Donor screening and selection
Skin banks should regulate all their activities, including pro-

curement, data recording, processing, storage, distribution and 

import/export of tissues,18–20,30–33 according to written operat-

ing procedures detailed in technical guidelines. According to 

international guidelines and national legislation, the safety 

requirements of donor skin (whether from cadavers or living 

donors) must be guaranteed by special procedures and quality 

standards.15–19 To reduce the risk of transmission of diseases 

through skin transplantation, potential donors are selected 

on the basis of comprehensive medical and social (personal, 

behavioral) data, including travel history, physical examina-

tion and serological and microbiological testing. Minimum 

serological screening for HIV, hepatitis B and C and syphilis, 

and optional testing for human T-lymphotrophic virus, cyto-

megalovirus, ABO grouping and Rh typing are  performed by 

most skin tissue banks. Exclusion criteria for skin donation 

include cancer, active infections, autoimmune or connective 

tissue diseases affecting the skin, diseases affecting the dermis 

(e.g., dermal mucinosis, nephrogenic fibrosing dermopathy, 

and porphyria), mechanical or microbial damage to the skin, 

burns at the body site where skin is to be procured and skin 

toxicity due to toxic agents or poisons.18–24,32,33

Processing of skin samples
Processing methods must maintain the integrity and bio-

logical properties of tissues and cells. Processing time for 

cryopreservation or deep freezing needs to be brief to ensure 

cell viability.22–27 Skin is therefore processed according to 

validated skin bank protocols. Accuracy is required in the 

identification of tissue contamination indicators: micro-

biological quality control must be managed with particular 

attention, especially in phases where microbiological and 

particle counts are performed.7,19,21,23 In parallel, the results 

have to coincide with those expected.18–27 Every tissue bank 

has its own processing protocols, which should be detailed 

in written procedures and validated.

During skin procurement in operating theaters or appro-

priate facilities, fragments of at least 5–10 cm2 are usually 

harvested from different body areas and incubated in sterile 

saline solution without antibiotics or culture media: these 

samples are used for microbiological testing.17–24

In our skin bank, skin to be cryopreserved or frozen is 

processed by incubation in normal saline and cryoprotectants 

supplemented with antibiotics, for example, DMEM, 15% 

glycerol, P/S, gentamycin sulfate 100 µg/mL and amphoteri-

cin B 5 µg/mL. In order to prepare de-epidermized dermis 

(DED), skin is de-epidermized manually. The dermis to be 

cryopreserved or frozen is then processed by consecutive 

changes of medium at intervals of 48 h: the first two in nor-

mal saline + penicillin/streptomycin and in normal saline + 

 terbinafine 100 µg/mL. Processed skin and DED are then 

packaged and frozen in a programmable slow-rate freezer 

Figure 3 Battery-operated dermatome Aesculap-GA630 (A) and harvesting levels (B) determining skin allograft thickness.
Abbreviations: FTSG, full thickness skin graft; STSG, split thickness skin graft.

A B
STSG levels
(inches)

FTSG level

Epidermis

Dermis

Adipose

Artery and vein

Very and ultrathin
0.004–0.006

Thin
0.008–0.0.012

Intermediate
0.012–0.016

Thick
0.016–0.020

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Journal of Biorepository Science for Applied Medicine 2017:5 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

45

Skin tissue banking

(such as a Planer-Kryosave Integra, mod.750 , Sunbury-On-

Thames, UK). After packaging and freezing, postprocessing 

samples are sent to the microbiology laboratory, where 

 bacteriological and mycological protocols are applied.30

Quality testing
Microbiological testing
The guide to the quality and safety of tissues and cells for 

human application suggests that microbiological testing for 

bacterial and fungal contamination follows standardized 

protocols (Table 1).24

Bacteria
In our skin bank, a skin sample is defined as “negative” for 

microbial contamination if absence of bacterial growth is 

observed after 3 and 7 days in aerobic and anaerobic cul-

tures. A culture is defined as “positive” if a single bacterial 

colony-forming unit is identified to genus and species level 

by means of selective media and semiautomatic biochemical 

tests (e.g., ATB BioMerieux). Slow-growing bacteria (e.g., 

mycobacteria) are identified by polymerase chain reaction 

(i.e., 16S rRNA sequencing). Antibiograms are performed 

in the case of positive results.15–32 According to a recent 

study by Pirnay et al,32 an incubation time of 14 days allows 

an additional 16.9% of contaminated skin to be detected 

compared with the traditional 3-day incubation protocol. 

The authors also noted that 24% of the slow-growing bac-

teria detected after 14 days could be considered potentially 

pathogenic.32

Yeasts and fungi
Samples are incubated in Sabouraud agar with chlorampheni-

col at +30°C in air for 21 days to detect fast-, medium- and 

slow-growing mycetes. According to the protocol, the sample 

is declared negative if no growth of yeast or fungi is observed 

after 21 days. The genus and species of any yeast colonies are 

determined by selective chromogenic substrates (e.g., Chro-

mAgar and Sabouraud cycloheximide agar, BioMerieux) and 

semiautomatic biochemical tests (e.g., ATB-BioMerieux). 

When filamentous colonies grow, staining with lactophenol 

cotton blue or slide culture is usually performed, then iden-

tification by microscope observation.15–28

Additional tests
Besides microbiological tests for fast- and slow-growing 

aerobic and anaerobic bacteria and fungi performed on tis-

sue by 3-week culture, further quality controls are required 

to ensure that tissues are processed aseptically, and also to 

demonstrate that the processing operators and/or environ-

ment are not possible sources of contamination.21,23,30 These 

controls further include particle counts and microbiological 

analysis in the laboratory, microbiological analysis of pro-

cessing media and operators (glove prints).31,32

Skin discard
The contamination rate is the proportion of skin samples 

not released from quarantine due to bacterial or fungal 

contamination at different steps of procurement or process-

ing. The discard rate expresses the percentage of discarded 

skin donors on all skin donors procured in 1 year. Only 

critically contaminated skin allografts were discarded (e.g., 

polyresistant bacteria). Skin allografts contaminated by 

nonpathogenic agents (e.g., Staphylococcus epidermidis, 

Staphylococcus capitis and Propionibacterium acnes) can 

be reprocessed by glycerolization;30 antibiotics are selected 

on the basis of antibiograms, and those negative after repro-

cessing can be issued for further use. In 2016, in our skin 

bank, 25/132 (19.3%) donors appeared to be contaminated by 

 nonpathogenic bacteria (after reprocessing by glycerolization 

recovery procedure, the final discard rate for multiresistant 

contaminated allografts was 3/132 [2.3%]). 

Similarly, in 2012, the Brussels military skin bank vali-

dated a glycerolization-based recovery method that allowed 

effective inactivation of colonizing agents such as bacteria 

and fungi, excluding spore-formers, and did not modify skin 

allograft structure and function.29 When recovery procedures 

were performed, the discard rate was less than the contamina-

tion rate. Before long-term storage, skin and DED grafts are 

always tested for sterility.31

Viability assessment
The cell viability debate
There is an ongoing debate on the importance of cell viability 

for skin allograft efficacy as a skin substitute. It is tradition-

ally accepted that viable cryopreserved skin allografts (CSAs) 

Table 1 Recommendation for microbiological testing of skin samples

Microbic agent Culture medium Incubation temperature Incubation period, days

Aerobic and fungi Soya bean casein digest medium 20°C–25°C 14
Anaerobic Fluid thioglycollate medium 30°C–35°C 14

Note: Data from European Directorate for the Quality of medicines & Health Care (EDQM). Guide to the quality and safety of tissues and cells for human application. France; 
2015.24
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are superior to other dressing bioproducts. From their expe-

rience with burns, difficult wounds and leg ulcers, various 

authors agree that higher viability is associated with better 

wound-bed preparation and graft taking.13,17,33–35 Viable CSAs 

are deemed to have better transplant performance, to promote 

neovascularization, speed up healing, stimulate immuno-

modulatory response and reduce mortality risk.13,14,31–36 

Some authors speculate that high cell viability may not be 

necessary for skin allograft function as a temporary dress-

ing or permanent substitute.37,38 However, comparison of 

viable CSAs with unviable glycerol-preserved allografts 

(GPAs) has shown superior clinical outcomes (e.g., lower 

mortality and morbidity rate, reduced healing time) in both 

adult and child burn patients treated with viable CSAs.13,29,35 

In our experience, CSAs stimulate wound-bed granulation 

in burns, hard-to-heal wounds and venous ulcers better and 

more rapidly than glycerolized nonviable skin. However, 

this assumption comes largely from direct observation and 

clinical experience, since large-scale standardized studies 

on whether CSAs are clinically superior to GPAs are yet to 

be performed.36

Assessment of cell viability: state of the art
It is important for a skin bank to assess and certify the 

viability of CSAs before transplantation.13,15,16,27,30,36 How-

ever, three main problems are encountered. First, tissue 

viability is difficult to measure in the laboratory: since in 

vivo setting conditions are very different, laboratory tests 

cannot achieve 100% accuracy. Second, since different skin 

viability assessment methods, both quantitative (e.g., glu-

cose or oxygen consumption assay, vital staining methods, 

lactate production, etc.) and qualitative (e.g., cell count by 

trypan blue test) are used,36–38 and they cannot be compared. 

Third, because different authors have developed their own 

formulae to calculate skin viability, study results cannot 

always be compared.14,17,33–35,38,39 It will therefore be necessary 

to harmonize laboratory methods and standardize viability 

testing and measurement in order to compare study results.36

Siena skin bank viability testing method
At the Siena skin bank, the trypan blue test and cell culture 

tests are not performed as routine viability tests, because 

appropriate evaluation showed that this procedure is unreli-

able, time consuming and expensive.36 The MTT metabolic 

assay is preferred as it has proven reliable and reproducible, 

and is widely used for cell viability assessment in most skin 

banks.29,33,36,38

The MTT metabolic assay (based on 3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyltetrazolium bromide) relies on 

reduction of water-soluble tetrazolium salts to insoluble 

formazan pigments by mitochondrial enzymes. The pigment 

produced is dissolved and extracted with an organic solvent 

and quantified spectrophotometrically, measuring extractant 

optical density (OD) at a wavelength of 570 nm. Histology 

performed after the MTT test has demonstrated pigment 

fixation only in the epidermal layers (Figure 4).

Based on our past experience with cell viability measure-

ments,7,30,31,28 we elaborated a corrected formula to express 

CSA cell viability, excluding other confounding factors (i.e., 

weight and area of the sample procured from the skin graft, 

mL of solvent, skin normalization to 100%) and detecting 

OD at 570 nm.29 We propose that expressing viability in terms 

of corrected OD (570 nm) (corr OD570 nm=OD positive 

control – OD negative control) could be more appropriate 

and closer to real data.36

Storage methods
Two common methods of skin allograft preservation are 

glycero-preservation and cryopreservation. The main dif-

ference between the two techniques lies in tissue viability: 

glycerolized and lyophilized skin grafts are not viable but 

retain structural and mechanical properties, whereas cell via-

bility is maintained by cryopreserved, and to a lesser degree 

deep frozen, skin grafts, so the tissue can be grafted onto a 

wound bed after a certain period of time.13,35–38 The ongoing 

debate concerning the clinical advantages of GPAs or CSAs/

frozen skin allografts is related to this basic  difference.35,37,39 

Figure 4 Histological study showing cryostat tissue sections of skin allograft 
samples after MTT assay: the purple formazan pigment marks viable cells and is 
limited to the epidermal layers.
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Other recently developed types of preservation of unviable 

tissue are lyophilization and gamma-irradiation, with the 

advantages of extended storage and sterility, respectively 

(Tables 2 and 3).36,40–43

Cryopreservation and freezing
CSAs were first introduced into clinical practice in 1979 to 

treat severe burns.5,6 Cryopreservation is defined as a process 

in which the biological and structural functions of tissues 

or cells are preserved by cooling to subzero temperatures 

in a cryoprotectant such as dimethyl sulfoxide or glycerol 

(Table 3). Cryopreservation of skin allografts requires rapid 

processing phases at low temperature to maintain sufficient 

cell viability. Inappropriate storage can impair the normal 

metabolic activity of skin and, therefore, all its physiological 

functions after transplantation.

Skin samples are usually processed within 72 h of recep-

tion. Soaking in antibiotic or antimicrobial solutions is widely 

used to decontaminate viable tissues that cannot be termi-

nally sterilized.36,39–43 To maintain cell integrity and tissue 

structure, skin grafts should be incubated in cryoprotectants, 

cooled gradually and thawed rapidly when needed for clinical 

use.44–46 Cryopreserved skin grafts are stored at −130°C in 

vapor-phase nitrogen or at −196°C in liquid nitrogen.

Frozen (with storage at −15°C) and deep-frozen allografts 

stored at −80°C/−60°C are also viable skin grafts but with 

reduced cell viability. The storage time (i.e., months or years) 

should be validated and included in skin bank procedures 

(Tables 2 and 3).

Tissue morphology and integrity should be assessed by 

histomorphology and/or immunochemistry. At the Siena 

skin bank, routine histological observations on CSAs/

frozen allografts after 15 days of storage have not shown 

any substantial alterations in the stratum corneum, in the 

integrity of the epidermal layers or in the dermo-epider-

mal junction; fibroblasts are still observed in the dermis 

(Figure 5).  Freeze-induced histological alterations (i.e., 

epidermal– dermal separation, fragmentation of collagen 

and elastic fibers) are rarely encountered. Separation of 

the stratum corneum from the epidermis is only observed 

when the interval between procurement and storage exceeds 

48 h.36

Storage temperature
At our skin bank, freezing is performed with a single-stage 

protocol in a slow freezer (such as a Planer–Kryosave 

Table 2 Overview of current storage methods

Storage method Description

Freeze-drying (lyophilization) Dehydration process by freezing the material and then reducing the surrounding pressure to allow 
the frozen water in the material to sublimate directly from the solid phase to the gas phase. Residual 
moisture in tissues: 1%–6%

Freezing/deep freezing Storage between −15°C and −80°C with cryoprotectant solutions
Cryopreservation Storage at <−135°C in liquid- or vapor- phase nitrogen, with cryoprotectant solutions
Glyceropreservation Storage at 2°C–8°C in high-percentage glycerol solution
Drying Tissue dried at room temperature and low humidity atmosphere
Alcoholic preservation Storage in ethanol (about 96%)
Cell culture medium preservation Preservation in a growth medium for viable tissues and cells

Note: Data from www.eurocode.org.68

Table 3 Temperature range for storage of tissues and: updated 
terminology

Storage condition Temperature limits (°C)

Cryopreserved (vapor phase or  
liquid nitrogen)

<−135°C

deep frozen −80°C to −60°C
Frozen <−15°C
Refrigerated 2°C to 8°C
Cold or cooled 8°C to 15°C
Room temperature 15°C to 25°C

Note: Data from European Directorate for the Quality of Medicines & HealthCare 
(EDQM). Guide to the quality and safety of tissues and cells for human application. 
France: EDQM; 2015.24

Figure 5 Skin allograft histopathologic study (hematoxylin and eosin staining) after 
15 days of storage at −80°C (original magnification 100×): morphology of skin layers 
is preserved.
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Integra) at −1°C to −2°C per min from +10°C to −90°C.36,44 

Our median storage period before utilization of CSAs is 

1–2 months.

Other authors use a three-step preservation procedure, 

freezing the skin tissue to −20°C in the first hour, holding 

it at −80°C for at least 24 h and then storing it in liquid 

nitrogen at −130°C or below until use.33,44 For allografts 

subject to long-term cryopreservation, many authors prefer 

storage below −130°C to avoid ice crystal formation and cell 

damage.45,46 Typical temperatures are −135°C,47 −150°C and 

−170°C.18,37,48

Storage temperature and allograft 
viability
It is commonly accepted that storage temperature has an 

impact on cell viability.43–49 In general, the decay of cell 

viability is inversely correlated with storage time and depends 

on storage temperature. Most authors agree that acceptable 

viability is obtained with a storage temperature of −80°C or 

below (−130°C). Indeed, storage of tissues at +4°C had shown 

to reduce viability in a few weeks.15,18,47,49 Similar results 

were observed with storage at −70°C.46,50 Most studies have 

investigated the viability of skin allografts cryopreserved for 

2 and 4 weeks: very few have focused on long-term storage 

(≥2 months).36,51,52

Short-term storage studies
After 2 weeks of storage at −80°C, using the three-step 

freezing, some authors reported a cell viability decay of 

50%.14,33,43 Castagnoli et al showed that preservation at −80°C 

gives constant results (i.e., 50% loss of cell viability), sug-

gesting that the final viability largely depends on the length 

of the prefreezing period, irrespective of initial values.33 We 

observed similar results after 2 weeks at −80°C with the 

one-step freezing protocol (i.e., a median reduction in cell 

viability of 50%, range 19%–81%) with the MTT assay.36

Long-term storage studies
In 1989, De Luca et al found a colony-forming efficiency 

of 45%–50% in cryopreserved cultured human epithelial 

grafts stored at −80°C for over 2 months.51 In 1990, Teepe 

et al estimated a cell viability of 62.8% by the dye exclusion 

method (trypan blue) in cryopreserved cultured epithelial 

grafts stored for 6 weeks at −70°C.52 More recently, Udoh et 

al compared cell viability measures of CPAs stored at −135°C 

and −80°C: median cell survival rates were 89.3%, 61.7% 

and 61.6% after 1, 6 and 12 months of storage at −135°C, 

respectively, whereas at −80°C, survival rates were much 

lower (35.2% viability after 6 months).48 Colony-forming 

efficiency of grafts cryopreserved for 1, 6 and 12 months 

was estimated at 66.1%, 58.5% and 55.1%, respectively, of 

noncryopreserved control grafts. Some histological differ-

ences between the two groups were also reported: epidermal 

structure was maintained after 6 months of storage at −135°C, 

but not at −80°C.48

In 2013, Schiozer et al estimated viability at 37%, 25% 

and 15% of the original values after 1, 6 and 12 months, 

respectively, at −70°C: these values were estimated by the 

trypan blue viability assay and metabolic analysis based on 

glucose consumption and lactate production.46

In our experience with the MTT assay, the greatest loss 

in viability occurred in the first 15 days of storage. Indeed, 

loss of cell viability was 54.4%, 65% and 69% after 15 days, 

6 and 12 months, respectively, compared with fresh skin 

(prefreezing). In addition, loss of viability was 23% after 6 

months and 33% after 12 months compared with viability 

after 15 days of storage.

Finally, we recently reported that besides depending on 

freezing protocol, storage temperature and/or period, final cell 

viability is primarily influenced by the initial viability of the 

fresh sample, which is likely to depend on donor clinical and 

medical data, such as age, sex and cause of death.36

Glycero-preservation
Preservation through glycerolization was introduced by the 

Euro Skin Bank in 1984 and involves incubation in increas-

ing concentrations of glycerol solution in order to fix free 

water in intra- and extracellular spaces.52–54 GPAs are main-

tained at a temperature of +2°C to +10°C in concentrated 

glycerol solution. It is recommended to expose allografts 

to 98% glycerol for at least 4 weeks before clinical use to 

increase their safety.53,54 Glycero- preserved skin allografts are 

 nonviable grafts, as the process of glycerolization destroys 

vital structures (Table 2). Although no previous studies have 

identified glycerolization-induced alterations in human skin 

allografts, the effects of this treatment on other connective 

tissues, including mechanical and structural changes, suggest 

that the skin may also be affected.56 Indeed, glycerolization 

has been found to increase the stiffness of human sclera with 

no visible change to the connective tissue matrix.57

Glycero-preservation has some advantages as GPAs have a 

certain degree of antibacterial and antiviral activities as well as 

reduced immunogenicity; processing is simpler than for cryo-

preservation, and grafts are easily distributed at refrigerated 

temperature. Thus, GPAs are widely used in clinical practice 

all over the world as temporary dressing, alone or combined 
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with CSAs, for difficult, posttraumatic and surgical wounds, 

and deep loss of substance (e.g., tendon coverage).58–60 To 

treat burn patients, most centers generally prefer CSAs. In 

very old or young severe burn patients and/or in burns with 

minimal morbidity, some authors make strategic use of GPAs; 

for example, GPAs can be used not only for wound-bed 

preparation but also in sandwich grafting or as a dressing 

for partial-thickness burns.35,54–60 Indeed, it is traditionally 

believed that GPAs have antimicrobial properties and limit 

bacterial invasion and proliferation in the wound bed by acting 

as a mechanical barrier, possible bacterial contamination.54–61

Gamma-irradiation
Sterilizing tissue grafts offer a clear advantage in terms 

of safety and do not pose any environmental concerns. 

Therefore, radiation sterilization has become the method of 

choice for an increasing number of tissue banks, especially 

for musculoskeletal grafts. Gamma-irradiation is the process 

of exposure to gamma rays from radionuclide isotopes 60Co 

and 137Cs. According to the International Atomic Energy 

Agency, a radiation dose of 25 kGy is defined as the reference 

dose for the sterilization of the tissue grafts, but some tissue 

banks prefer lower radiation dose (e.g., 15 Gy) to respect 

tissue properties. Adequate radioprotectant agent must be 

used in a pre-irradiation treatment.62 As per the skin tissue, 

gamma-irradiation was not considered a possible sterilization 

methods until 10 years ago. Some authors reported toxic or 

architectural alterations such as increased tissue stiffness 

induced by free radicals cross-linking collagen fibers of 

25 kGy. Rooney et al found that irradiation with 25 kGy of 

deep-frozen skin soaked in low glycerol concentration (i.e., 

20%) prior to irradiation is not harmful to tissue structure.63

Lyophilization/freeze-drying
Lyophilization (freeze-drying or cryodesiccation) is a dehy-

dration process involving two consecutive steps: a freezing 

phase and a sublimation phase, in which low pressure allows 

frozen water to sublimate directly from a solid to a gaseous 

state. This processing technique is generally applied to dermal 

matrices.58 Briefly, skin is de-epidermized and processed 

for decellularization, which commonly consists of physical, 

biological (enzymatic) and chemical methods, variously 

combined.41,43,56–65 Such freeze-dried acellular dermis lacks 

immunogenic potential and is sterile, and can therefore be 

used as a dermal scaffold that integrates into the host tissue or 

closed wounds. It is easily stored and distributed, and is used 

when required after re-hydration (for 30−60 min at +37°C in 

sterile saline in the case of lyophilized dermis).

Our experience
The acellular DED that we routinely produce in our skin bank 

undergoes the following steps: incubation with detergents, 

sonication, washing, incubation in cryoprotectant solution 

(i.e., Clearant™) and γ-ray irradiation with 25 kGy from a 

Co-60 source. Its non-viability is confirmed by immuno-

histochemical data, such as negative viability according to 

Ki67 and MIB-1 tests. Acellular lyophilized γ-irradiated DED 

maintains its original structure, with optical and transmis-

sion electron microscope evidence of integral elastic and 

collagen fibers66 (Figure 6A). In vitro biocompatibility tests 

(cytotoxicity tests with fibroblasts and cultured keratinocytes) 

demonstrate that the product does not inhibit cell growth or 

colonization of host cells on its surface (Figure 6B). Mechani-

cal stress tests also demonstrate that its elastic performance 

is equivalent to that of untreated dermis.66

Clinical use of skin bank bioproducts
Clinical use of skin allografts: history
The first report of skin grafting dates back to the second cen-

tury BC, when the Indian surgeon Sushruta used auto-grafted 

skin for rhinoplasty.67 The Swiss surgeon Reverdin was the 

first to use skin allografts to treat wounds: he described an 

autologous allografting method and in 1869 developed a 

method known as the “pinch grafting” technique. In 1870, 

George Lawson proposed a deeper-thickness graft, includ-

ing epidermis and reticular dermis.68 Five years later, the 

German surgeon Thiersch described skin graft adherence 

to a wound bed by histological research. His experience on 

a limited group of patients treated with partial-thickness 

combined allografts (epidermis and a variable quantity of 

dermis) was published in 1875. However, he encountered 

problems with re-epithelization of donor sites when harvest-

ing partial-thickness autografts: this oriented the preference 

for thin grafts in subsequent years.69 In 1881, Girdner started 

to systematically employ autologous skin grafts for burns and 

wounds.67,70 He also tried to use allografts: he procured skin 

Figure 6 Electron transmission microscopy showing preserved the architectural 
structure of the dermis, integrity of the basal membrane and skin polarization (A). 
Histocompatibility test with human fibroblasts, colonizing the dermal surface (B).

A B
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from the thigh of a young German boy and transplanted it 

to a 10-year-old burn patient.

In the first decades of the twentieth century, several well-

known investigators established the inevitability of allograft 

failure. Georg Schöne determined that allograft always 

failed, and subsequent grafts from the same donor failed 

more rapidly (1912).67,69,70 Peter Medawar (1915–1987) was 

the first to successfully use homologous skin grafting, for 

which he received the Nobel Prize in 1960. He gained experi-

ence with severe burn patients in London during World War 

II and conducted extensive studies on skin allograft, defining 

the timing and the histological and immunological charac-

teristics of rejection. He also hypothesized that skin grafts 

between twins would only be accepted by identical twins.70

In the past 50 years, the clinical experience of surgeons 

and physicians has advanced the use of skin allografts for 

the treatment of burns. On the one hand, it was noted that 

the dermal layer was the principal actor of skin allografting, 

representing a resilient and tough new surface. On the other 

hand, it was observed that donor-site epithelium regenerated 

from deep epithelial islands within hair follicles and seba-

ceous glands after removal of partial-thickness grafts; thicker 

grafts could therefore be harvested, and transfer of the upper 

dermis would not interfere with donor-site healing. Moreover, 

new instruments for skin procurement allowed these thicker 

grafts to be obtained. Further technical advances offered a 

wider range of therapeutic choices in the treatment of burns, 

and methods such as pinch grafts (Thiersch technique) and 

pedicle flaps are now considered obsolete.68–70

Skin allograft classification
Skin grafts can be classified according to their thickness 

(Figure 7) or indicated by the name of the physician who 

first developed the technique (Table 4).

A split-thickness skin graft is a skin graft that includes the 

epidermis and part of the dermis. The thickness of the graft 

depends on the donor site, and the clinical purpose: split-

thickness grafts are usually employed to cover large areas. 

The rate of autorejection is low. The area of the skin graft can 

be expanded to 9 times its size using a specific skin mesher. 

The donor site heals by re-epithelialization from the dermis 

and surrounding skin: appropriate dressings speed up the 

process so that the same site can, if necessary, be harvested 

again after 6 weeks.

A full-thickness skin graft consists of the epidermis and 

all of the dermis. The donor site is either sutured closed 

directly or covered by a split-thickness skin graft.

A composite graft is a graft containing skin and underly-

ing cartilage or other tissue. Donor sites may, for example, 

include ear skin and cartilage to reconstruct nasal ala rim 

defects.71

Skin and dermal allograft advantages for 
clinical use
The gold standard to obtain permanent wound closure is 

autologous grafting: however, autografting is only possible 

in a minority of cases. In all other patients, allografting is 

often the best alternative. The use of human skin allografts 

has several advantages, including reduction of water, elec-

Figure 7 Classification of skin allografts according to their thickness and site of dermatome cleavage.

Split-thickness graft

Partial-thickness graft

Full-thickness graft

Thin Epidermis

Dermis

Subcutaneous tissue

Thick

Intermediate

Harvesting site
and

graft thickness

Table 4 Classification of skin allografts according to their 
thickness

Type Characteristics Thickness, mm

Split thickness Thin (Thiersch–Ollier) 0.15–0.3
Intermediate (Blair–Brown) 0.3–0.45

Full thickness Thick (Padgett) 0.45–0.6
Thick (Wolfe–Krause) >0.6
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trolyte and protein loss, and antibacterial effect, wound 

pain reduction (especially glycerolized skin allografts), 

preparation of wound bed for definitive closure, promotion 

of epithelialization and provision of dermal templates for 

epidermal grafts.

Hence, indications for skin allografts in wound manage-

ment include coverage of extensive wounds where autolo-

gous tissue is not available, coverage of widely meshed skin 

autografts, extensive partial-thickness burns and extensive 

epidermal detachment. Using dermal allografts is of main 

importance in the management of wound healing, as the 

less immunogenic dermal component takes to the wound 

bed (Table 5).

Techniques for clinical use of skin and 
dermal allografts
Split-thickness grafts are indicated for covering large areas. 

Several combinations can be adopted, according to the 

depth and type of wound, including: cryopreserved/glycero-

preserved skin or dermis; mono or multi-layer; meshed 

(i.e., expanded) or unmeshed skin/dermis; combination of 

allografts with autografts.72

Unmeshed allografts
Allogeneic grafts are best applied unmeshed (or minimally 

expanded) to maximize their ability to temporarily close 

the wound (Figure 8). Fresh allografts, and to a lesser extent 

cryopreserved allografts, become well vascularized, stimulate 

neovascularization in the underlying wound bed, and prepare 

the recipient sites for permanent coverage with autologous 

skin. In addition, viable allografts tolerate modest wound 

contamination and adhere better to the freshly excised sub-

cutaneous fat than do cryopreserved grafts. Allogeneic skin 

is usually removed once the patient donor sites have healed 

sufficiently for reharvesting or once autologous cultured 

skin is available for permanent wound closure. Unmeshed 

cryopreserved skin allografts can be employed in burns, 

hard-to-heal wounds and ulcers (Figure 9). Cryopreserved 

skin allografts show delayed rejection in severe burns due to 

immunocompromised conditions and can last on the wound 

several weeks before rejection.

Meshed and combined allografts
To cover large burn areas involving ≥50% of the total body 

surface area, when autologous skin cannot be procured, 

meshed allografts at different expansion rates (e.g., 3:1, 4:1 

and 6:1) can be used (Figure 10). In cases of extensive full-

Table 5 Indication of skin bank bioproducts: classification and clinical use

Cryopreserved skin Cryopreserved 
DED

Glycero-
preserved skin

Glycero-preserved/
dermis/DED

Lyophilized acellular 
dermis

Cell viability Nonviable tissue

Wound-bed preparation, skin regeneration (GPskin) antalgic effect, scaffold for skin regeneration
Composite graft, temporary coverage, 
possible engraftment of the dermal 
component

Composite graft, 
temporary coverage

Temporary 
coverage,
composite graft

Composite graft, 
possible engraftment of 
the dermal matrix

Engraftment of the dermal 
matrix

Extensive burns
Nonhealing leg ulcers
Epidermolytic diseases
(Stevens–Johnson syndrome) 
– Toxic epidermal necrolysis
– Staphylococcal scalded skin syndrome
Posttraumatic/surgical wound 
regeneration

Posttraumatic wounds
Leg ulcers

Extensive burns,
cutaneous 
wounds,
Lyell syndrome
Extensive ulcers
Donor area 
coverage

Pressure/posttraumatic 
wounds/ulcers
Full-thickness burns
cutaneous wounds

Cutaneous full-thickness 
wounds (venous ulcers, 
pressure ulcers, diabetic/
trophic ulcers)
Burns (hot, chemical), surgery 
(posttraumatic full-thickness 
wounds), orthopedic surgery, 
ENT, oral and plastic surgery

Note: Data from Fimiani et al.74

Abbreviations: DED, de-epidermized dermis; ENT, ear nose and throat.

Figure 8 Unmeshed cryopreserved allografts coverage of burned skin area.
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thickness injury, the meshed autologous graft can be further 

used and protected by meshed or unmeshed skin allografts 

to obtain re-epithelization. Alexander72 first described the 

use of meshed widely expanded autologous skin grafts cov-

ered with meshed allografts having a lower expansion rate 

Figure 9 Treatment of a leg ulcer wound with cryopreserved unmeshed skin 
allografts.

Figure 10 Autologous cryoreserved skin allografts meshed 3:1 used to cover a burn injury.

Figure 11 “Alexander” original technique: meshed allograft overlay of an underlying meshed autograft (A). “Sandwich technique”, variant of “Alexander” original technique (B).

3:1 autograft

1:5 allograft

Autograft 6:1

Allograft 3:1

Excised
wound

( Figure 11A). Surgeons/physicians can select the expansion 

rate and directly mesh skin/dermis according to the case 

(Figure 11B). This method provides immediate as well as 

temporary and permanent wound closure. However, in less 

extensive wounds, many surgeons have expressed concern 

that the overlying allograft may induce inflammatory rejec-

tion that can delay the taking of the underlying autografts. 

In such cases, the use of acellular dermal matrices (less 

antigenic) may be preferred.73,75,76

Meshed cryopreserved/frozen de-epidermized dermis can 

sometimes be integrated into the wound bed of full-thickness 

burns or leg ulcers (Figure 12A and 12B). Otherwise, in cases 

of deep wounds with tendon exposure, meshed glycerolized 

 (Figure 13) or lyophilized (Figure 14) allodermis can be 

applied to protect delicate structures, and then covered with 

skin allografts.

Conclusion
Skin allografts are deemed effective in the treatment of many 

kinds of skin loss and may be life-saving. They have impor-

tant clinical uses, behaving as physiological medication, 
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available today for wound treatment,73,74 viable allogeneic 

human skin allografts remain a major therapeutic choice for 

extensive deep burns and hard-to-heal wounds. For patients 

with such lesions, viable skin allografts have significantly 

improved clinical outcomes with respect to unviable human-

derived allografts and synthetic medications.

Further clinical indications for skin bank bioproducts 

include orthopedic trauma with bone–tendon exposure, dental 

surgery, maxillo-facial reconstruction, reconstruction of criti-

cal areas of the face, nasal septum or tympanic reconstruc-

tion, chronic full-thickness ulcers, posttraumatic and surgical 

wounds and pressure ulcers, autoimmune and infectious skin 

loss, pyoderma gangrenosum and Mohs surgery.17,18,36,37 This 

explains the increased demand for homologous skin/dermis 

from tissue banks.

This demand for human-derived skin bioproducts contin-

ues to support the existence of skin banks. However, it is worth 

bearing in mind that despite serological and microbiological 

screening of donors to exclude transmissible diseases, as well 

as careful donor selection and rigorous quality control in tissue 

preparation, bioproducts carry a certain risk of transmission 

of pathogenic agents. It is therefore necessary to assess risks/

benefits, obtain full informed consent and take into account 

contraindications such as infected, non-debrided skin lesions, 

skin cancers and intolerance/allergy to antibiotics used in 

skin processing. Tissue banks differ in their techniques for 

preservation and storage of human skin allografts. They need 

to guarantee standardized methods, reproducible procedures, 

traceability and safety in all phases of processing in order to 

avoid new biological contamination. Consistent, reproducible 

operating standards with periodic checks, and continuous 

Figure 12 Cryopreserved meshed de-epidermized dermis integration onto the 
wound bed of a leg ulcer (A) and a full-thickness burn (B).

Figure 13 Coverage of tendons exposure and dermal component reconstruction in 
a deep traumatic wound by glycerolized dermis. Wound appearance after adequate 
debridement (A), application of glycerolized DED (B), and final re-epithelization 
after 2 months (C).
Abbreviation: DED, de-epidermized dermis.

Figure 14 Application of lyophilized acellular gamma-irradiated dermis (DED LIO) 
over a dehisced surgical wound (gastric-onchologic surgery). (A,B,C) Complete 
healing assessed after 30 days; (D) with integration of DED LIO into the wound bed
Abbreviation: DED-LIO, de-epidermized dermis liophilized.

promoting wound healing, shortening hospitalization time, 

controlling pain and protecting dermal and subcutaneous 

structures (cartilage, tendons, nerves and bones). They are 

also successfully used as skin substitutes that incorporate the 

dermal component into the wound bed, guiding a more physi-

ological healing process. Although a great variety of synthetic 

and semisynthetic dermal matrices and skin equivalents are 
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training and improvement of quality objectives help maintain 

a high level of attention and responsibility among operators 

and lead to progressive quality improvement.17,27,32,37

The central role of tissue establishments in providing 

tissue grafts for clinical use highlights the complex network 

linking donors and recipients. Tissue banks often encounter 

difficulty in supplying material to final clinical users. Besides, 

demand for tissue allografts depends on the one hand on 

scientific developments that make new treatments possible 

and support tissue bank activity, but on the other hand on new 

alternatives that may lead to reduced demand for bioproducts.

Most tissue banks have recently been involved in provid-

ing skin and other tissue grafts in critical incidents and disas-

ters, demonstrating their central role as a source of materials 

for immediate needs in emergencies and catastrophic events.
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