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Abstract
Several methods for sampling, culturing, and decontaminating donor grafts are available for

cardiovascular tissue banks. Most of these protocols are not standardized, leaving tissue

banks to adapt their microbiological procedures to their tissue processing routines.

Effective microbiological testing and decontamination procedures are essential to ensure

tissue quality and safety for human application. This review presents the different proce-

dures currently available for microbiological testing in cardiovascular tissue banks.

Keywords: Biomedical, experimental, cardiovascular tissue banking, cardiovascular allografts, microbiological testing,

decontamination

Experimental Biology and Medicine 2018; 243: 1284–1299. DOI: 10.1177/1535370218820515

Introduction

Progress in medical science has allowed for the transplan-
tation of tissue from one person to another, enhancing the
quality of life by restoring form and function.1 For more
than 60 years, society has recognized the medical and
humanitarian value of donating and transplanting organs
and tissues. Tissue banks are entities that provide tissue
from living or deceased persons for transplantation pur-
poses. The process whereby tissues and organs from a
potential donor are retrieved involves assessing donor
eligibility and obtaining authorization and/or informed
consent, as well as tissue recovery, collection, acquisition,
processing, storage, labeling, distribution, and dispensing.2

Transplantation of human tissue allografts exposes recipi-
ents to the risk of complications, including both fatal and
non-fatal transmission of infectious organisms such as bac-
teria, fungi, viruses, parasites, and prions.

There are several reports of infections associated with
allograft use, mostly in bone tissues. However, the rate of
bacterial infections following allograft use is reported to be

similar to that in major orthopedic surgeries using prosthet-
ic devices.3–5 Furthermore, there are no recent reports of
infections in recipients of donated tissues resulting from
the transplants they received.6 Contamination and subse-
quent infection by cardiovascular allograft are less common
than those by bone tissues. Some cases have been reported,
mainly involving endocarditis from contamination of aortic
allograph valves.7,8

The absolute incidence of infections associated with con-
taminated allographs is unknown. However, millions of
tissue transplants are performed annually, increasing the
importance of routine screening practices for tissue
donors.9 Donor screening protocols should be designed to
reduce the likelihood that tissues or organs will be pro-
cured that would transmit infection, while enhancing avail-
ability. Such protocols merit continuous evaluation in the
face of new scientific data and new microbiological assays.

Despite the development of many effective culture
methods, these have not been standardized into common
practice guidelines, rendering culture methods that vary
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among tissues and tissue banks. Several methods for
sampling and culturing are available; certain aspects of
these processes will be discussed in this review.

Historical aspects

Transplantation of human allogeneic aortic and pulmonary
heart valves started over 50 years ago.10,11 However,
microbiological contamination of retrieved tissues contin-
ues to be of critical concern to the safety of human tissues
intended for clinical use.12

Prior to the advent of tissue preservation, transplanta-
tion of cardiac valves was required shortly after recovery to
reduce the incidence of contamination and tissue damage.13

Originally, the heart valves were procured aseptically and
kept in nutrient solutions for implantation within hours or
days of recovery.14–16 Since then, several decontamination
and storage techniques have been developed that minimize
microbial contamination of heart valves. The use of ethyl-
ene oxide, freeze-drying,17 and irradiation18,19 were preva-
lent. Other forms of decontamination have also been tested
including high concentration antibiotic incubation and
chemical decontamination using formaldehyde, glutaral-
dehyde, or beta-propiolactone.20–23 However, these allo-
graft sterilization methods resulted in poor clinical
outcomes.20,24,25 Since the mid-1970s, the most common
method has involved decontamination with low-dose anti-
biotics, followed by cryopreservation and storage of
the allografts in liquid nitrogen.26 Currently, heart valves
are treated with a decontamination solution, followed by
cryopreservation or decellularization, allowing preserva-
tion for six months or more. Sampling for microbial testing
occurs at critical points during heart valve processing.
If technology moves toward providing decellularized car-
diac tissue instead of cryopreserved cardiac tissue, the
impact of the decellularization process on bioburden will
have to be assessed.

Source of contamination

The contamination of cardiovascular allografts can occur at
different stages of the process, from retrieval through dis-
pensation, brought on by hidden donor infections, and con-
tamination from the environment, including contamination
from supplies and reagents used during processing.27,28

Monitoring clean rooms at rest as well as in operation
during processing of tissue products enhances the microbi-
al safety of tissue products.29 Therefore, the decontamina-
tion process aims to reduce or eliminate the expected
level of microorganisms on the cardiovascular allografts.
A representation of several conventional and rapid sterility
testing methods used in tissue banking are summarized in
Table 1.

Another source of contamination is the microbiology
laboratory. Different media, materials, and other content
can be contaminated during the process of tissue or
solution culture. The biosafety level (BSL) used for routine
culture is the BSL-2. BSL-3 and BSL-4 are less prone to con-
tamination but are usually available for research. In BSL-2,

people are not dressed for sterile work, potentially carrying
and spreading microorganisms compared to other BSLs.

The effectiveness of each method used to eradicate
microorganisms differs.12,30 Standards for microbiological
analysis in tissue banking are not available, leaving each
tissue bank to validate its own methods.31 The American
Association of Tissue Banks’ (AATB) guidance document
“Microbiological Process Validation & Surveillance
Program” requires validation of procedures related to
tissue processing. This document cites that the outcome
of a disinfection or sterilization process is related to the
capability of that process to reduce or eliminate an expected
level and mix of microorganisms on the particular tissue
type undergoing that process. If pre-sterilization/
pre-disinfection microbiological load exceeds what the
process has been validated to remove or inactivate, there
is a lack of assurance the process will result in an
expected reduction of microorganisms. Pre-sterilization/
pre-disinfection microbiological cultures play a critical
role in indicating whether the capability of the validated
process will be exceeded. It is equally important that
in-process and final culture methods are not inhibited or
influenced by residual processing agents, testing materials,
or other factors.32

Microbiological culture can guide interventions to min-
imize the risk of pathogen transmission to a recipient,
beyond initial serum tests on donors (HIV, HCV, HTLV,
etc.). Additional tests may be performed to evaluate or pro-
vide information prior to allograft processing or storage in
a tissue bank.33 Proper management of the risks must
include the use of validated microbiological methods
with accurate sensitivity and specificity to detect pathogen-
ic microorganisms in cardiovascular allografts, which may
affect the safety of the tissue to be transplanted.32 Due to
the limited shelf-life of some tissue products, the use of
alternative microbiological methods aims to accelerate
microbiological testing, optimizing process workflow, and
rapid product release.29

Pre-recovery conditions and initial contamination rate

The AATB advocates that recovery sites must be evaluated
for suitability using pre-established criteria designed
to control contamination and cross-contamination.32

Microbial contamination rates can vary based on the
unique conditions of the room, wherein the donated tissues
are recovered, the exact recovery procedures, the status of
the donor’s skin, as well as potential risks from the staff. In
the study of Gall et al., postmortem valves retrieved in open
mortuary areas are associated with a 54% risk of microbial
contamination, while those retrieved in an operating room
had a rate of only 12%.34 However, Paolin et al. found a
contamination rate of 84% even in operating room.12 These
authors attribute the increased contamination rate in the
morgue to the atmosphere of the room. Some recovery
sites have controlled environments and reduced risk of air-
borne contamination. Other recovery sites, such a hospital
morgues, were not built to control microbial contamination.
Studies have indicated that, in general, a reduction in time
from asystole to tissue recovery may be an important factor
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to decrease contamination. Jashari et al. found that cardiac
tissue recovered in the operating room from multi-organ
donors had contamination rates of 21.7%, while tissue
recovered from non-heart-beating donors in the morgue
had a higher contamination rate of 33.3%. Some studies
suggest that contamination is less associated with room
but classification of the donor.35,36

Heart retrieval from the thoracic and abdominal
cavities of donors who present with trauma-induced
hemorrhagic effusion can facilitate passive and active
cross-contamination. The presence of gastrointestinal tract
organisms in postmortem valves is likely a result of micro-
bial migration through the blood stream and diaphragm in
the postmortem interval. Moreover, non-heart-beating
donors are often transferred from the site of death to the
hospital hours after cardiac arrest, with a prolonged warm
ischemic time interval (the time before cross-clamping in
HB donors) that might favor the growth and migration of
bacteria into the blood prior to body refrigeration in the
morgue of the referring hospital. Heart-beating tissues
were retrieved immediately after the removal of organs,
only a few hours after circulatory arrest, whereas tissues
from non-heart-beating donors were retrieved on average
17 h after cessation of circulation.12

The recovery of tissue should be performed using
methods that restrict or minimize contamination with
microorganisms from the donor, environment, recovery
team, and/or equipment. Studies have indicated that a
reduction in the time period between asystole and tissue
recovery is an important deterrent to contamination.
The relationship between retrieval time and risk of contam-
ination has been reported in various studies. The lowest
contamination rate was found when warm ischemic time
was maintained below 24 h.33 Van Kats et al. also confirmed
a significant relationship between warm ischemic time and
contamination at retrieval.37 Paolin et al. demonstrated that
tissue contamination was statistically correlated with
gender, type of donor, cadaver time, number of people
attending the retrieval, and season.38 These authors pro-
posed that to minimize the risk of bacterial contamination,
aseptic techniques should be used at retrieval, including
restrictions on the number of team members allowed in
the room. In addition, cadaver time should be as short as
possible, and the donor should be refrigerated within a few
hours after death.38

Effective tissue recovery methods such as minimizing
recovery times (<24 h after death) and the number of expe-
rienced team members involved in recovery are examples
of factors that can affect the rate of tissue contamination.
Additional factors such as minimizing the time after asys-
tole, the total time leading up to tissue recovery, the type of
recovery site, the efficacy of the skin prep method,34,39 and
other technical procedures may also impact the rate of
contamination.33

The European Association of Tissue Banks states that the
maximal time limit for tissue retrieval is 24 h postmortem
as long as the body has been refrigerated within 4 to 6 h of
death.40 Postmortem translocation is not a problem if the
body is appropriately stored.41

Transport and storage parameters of recovered
cardiovascular tissue

Currently, the heart is recovered using aseptic techniques
and placed into a sterile transport solution (TS). Transport
to the tissue bank is conducted at a low temperature to
suppress microbial proliferation.42 Immediately following
recovery, cardiovascular tissues are stored in a variety of
different solutions prior to processing, such as normal
saline, lactated Ringer’s solution, PlasmaLyteVR , transplant
organ perfusate (e.g. Belzer’s UW solution, Collin’s solu-
tion), or tissue culture media.33

The volume of the TS should be adequate to cover the
entire heart, including the vessels and valves. The type,
lot number, manufacturer, and expiration date should be
documented. The transport container should be fluid tight,
designed to prevent contamination of the contents, and
allow for aseptic delivery of the specimen at the time of
processing. Transportation can be of short or long duration,
as long as storage conditions are appropriate.

The time at which the tissue is accepted at the
processing center should be documented. Cardiac and vas-
cular tissues should be received at the processing location
within a sufficient time interval following recovery to allow
for disinfection within the established cold ischemic time
limit (the interval between start of heart retrieval and arriv-
al in the tissue bank). Tissue should be transported in a
manner established by the tissue bank that conforms to
the required environmental conditions for the duration of
transport necessary to maintain the integrity of the tissue
for its intended use.

Pre-disinfection culture

Microbiological culture prior to treating the tissue with
antibiotics is important to identify the “pre-disinfection”
bioburden to determine whether the microorganisms
isolated at this time meet established acceptability criteria.
The degree of effectiveness depends on the number
of microorganisms, the type of microorganism, their phys-
iological state, such as the stage of growth or formation
of endospores, and the environment in which they
are growing.

Disinfection is a process that reduces the number of
viable microorganisms on the tissue, but may not destroy
all microbial forms, such as spores and viruses. For this
purpose, an agent that reduces the number of viable cellu-
lar microorganisms is used. A disinfectant might not kill
spores; therefore, the use of general antimicrobials in tissue
processing is also included in the disinfection process.

Microbiological culture methods

Microbiological growth media should be carefully selected
to provide optimal conditions to support the growth of
microorganisms sampled from TS, as well as samples
from the different steps of valve processing. The culture
should be able to grow the aerobic and anaerobic bacteria,
as well as fungi.43 Microbial testing can be both qualitative
and quantitative.44
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Identification of both genus and species should be
performed in positive cultures. One variable that was not
consistently evaluated or considered in most studies
was the influence that microbial culturing technique has
on specificity and sensitivity, regardless of the sampling
method employed.42 Furthermore, programs should con-
duct both qualitative and quantitative assessments of
microorganisms to determine their sources of contamina-
tion, the effectiveness of their procedures, monitoring
requirements of their quality assurance system, and the
sensitivity of their culturing methods.

Many tissue banks are cultivating tissue samples in
culture broths and subculturing fragments on agar plates
as methods to determine the microbiological safety of
dissected heart valves. However, only 17% of cultivated
myocardial tissue fragments exhibited the presence of
microorganisms, whereas 64% of the transport medium
samples of the incoming hearts tested positive.37 This is a
remarkable difference, given that both types of sample had
been collected prior to antibiotic treatment. Conventional
and automated incubation conditions for sterility testing
used in tissue banking are summarized in Table 2.

Qualitative testing

There are several methods for sampling and culturing
microorganisms. However, it is difficult to assess the effi-
cacy of most of these methods without baseline indicators
such as the initial bioburden or contamination rate follow-
ing recovery. Most studies used media types that are
presumed capable of capturing the majority of organisms
that might contaminate the tissues, but the use of only
one culturing medium or incubation parameter may
exclude important pathogens that might affect transplanta-
tion outcomes.

The European Pharmacopoeia has determined that the
appropriate culture medium for the detection of anaerobic
bacteria is thioglycollate broth; it recommends soybean
casein digest broth for aerobic bacteria and fungi.43

The principle of these growth-based methods involves a
change in turbidity indicating the presence of viable micro-
organisms. The optimal incubation time is 14 days.
The results obtained are limited to a qualitative assessment,
either positive or negative for growth, of the presence or
absence of microorganisms, once it has been determined
that exact enumeration of residual microbes is not possi-
ble.32 The direct inoculation method is suitable for both
solutions and tissue samples.

Most tissue banks use the conventional method45,46;
however, a faster microbial method for sterility testing
increases the available pool of tissue products testing
negative for contamination, thereby improving the identi-
fication of guaranteed adequate and assured product
supplies.29 Automated culture systems can be used for
cell suspensions and other liquids47 and are suitable for
microbiological testing of tissue preparations.12,37,48 In
one automated method, the CO2 produced from microbial
growth is detected, promptly alerting the microbiologist
that the culture is positive. The conventional method
depends on the daily visual analysis of turbidity in the cul-
ture bottle, delaying the availability of results for consider-
ation by the tissue bank.49 Some of the liquid culture media
used in the automated method contain antibiotic chelating
molecules (resins) added to increase the sensitivity of
microbial growth, minimizing the risk of false negatives.50

It is important to ensure that the automated/rapid method
used provides the proper level of sensitivity and specificity,
so that the results yield the necessary information. An addi-
tional advantage of automated system is the lower risk of
samples contamination due to lesser manipulation by the
staff in the microbiology laboratory.

In our research group, we compared the conventional
and automated culture methods in human cardiac tissue
using an artificial contamination model. Myocardial sam-
ples were contaminated with sequential concentrations (104

to 10�1 CFU/mL) of ATCC control strains of Pseudomonas
aeruginosa, Escherichia coli, Staphylococcus aureus, and

Table 2. Conventional and automated incubation conditions for sterility testing.

Type of

culture Methodology Agent Culture medium

Incubation

temperature,
�C

Incubation

period Sample

Conventional

culture

Brazilian

Pharmacopeia

Aerobic Soybean casein digest medium 22.5� 2.5 14 days Transport fluid directly

Tissue biopsy directly

Filtering the transport

fluid and culturing

the filter (membrane)

Anaerobic Fluid thioglycollate medium 32.5� 2.5

Fungi Soybean casein digest medium 22.5� 2.5

United States

Pharmacopeia

Aerobic Soybean casein digest medium 22.5� 2.5 14 days

Anaerobic Fluid thioglycollate medium 32.5� 2.5

Fungi Soybean casein digest medium 22.5� 2.5

European

Pharmacopeia

Aerobic Soybean casein digest broth 20–25 14 days

Anaerobic Thioglycollate broth 30–35

Fungi Soybean casein digest broth 20–25

Automated

culture

Becton

Dickinson- BACTECTM

Aerobic Plus aerobic/F medium 35 5–15 days Transport fluid directly

Tissue maceratedAnaerobic Plus anaerobic/F Medium

Fungi/

Mycobacteria

Myco/F Lytic medium

Biomerieux-BacT/ALERTVR Aerobic BacT/ALERT FA plus aerobic 35 5–15 days

Anaerobic BacT/ALERT SN Anaerobic

Fungi BacT/ALERT MB

Mycobacteria/Fungi
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Candida albicans. The automated and conventional methods
were compared using artificially contaminated solutions
containing myocardial fragments, both before and after
routine decontamination of the solution. S. aureus pre-
sented significantly higher levels and faster rates of
growth in the automated method compared to the conven-
tional method. Growth levels for the automated method
were higher in more concentrated inoculum (102 CFU/
mL). The growth rates for the automated method were sig-
nificantly higher than for the conventional method when
the inoculum concentration was above 103 CFU/mL.
The automated culture method is faster than the conven-
tional method, with higher detection rates in a contaminat-
ed model of myocardial fragments in TS used in
tissue banks.51

Suessner et al. proposed an alternative qualitative micro-
biological testing method involving a shorter incubation
time compared to the European Pharmacopoeia
method.29 As proposed by these authors, advantages
of the alternative microbiological method include earlier
product release dates associated with lower product stor-
age times against higher product quality and greater num-
bers of products in stock for release. Optimization of
sterility testing workflow can be achieved with a decreased
period of incubation. The potential risk of implementing
the alternative method might be false-negative results
due to the shorter incubation period.

Quantitative testing

A quantitative test is usually performed using plate counts
to enumerate starting and ending bioburden. This method
uses membrane filters (MFs) with a nominal pore size
�0.45 mm and an established effectiveness to retain micro-
organisms. The bioburden calculation is important to
understand the possible mechanisms of contamination
and to determine the bacterial burden from in vitro decon-
tamination studies, as well as disinfection strategies during
valve processing.52,53 Microbial identification should be
performed on all positive cultures to determine the genus
and species present during tissue recovery, processing,
environmental monitoring, and final sterility testing as
part of a program’s quality management monitor-
ing system.42

In another study developed by our group, we deter-
mined the bioburden from the TS of heart valves obtained
from non-heart-beating and heart-beating donors using dif-
ferent culture methods. The bioburden from TS was deter-
mined in 20 hearts donated for valve allograft tissue using
MF and direct inoculation. Tryptic soy agar (TSA) and
Sabouraud plates were incubated, and colonies were
counted. Ninety-five percent of the samples for this study
were obtained from heart-beating donors. The warm ische-
mic time period for heart was 1.06� 0.74 h, and the cold
ischemic time period was 25.66� 11.16 h. The mean
TS volume was 232.68� 96.67mL. Out of 20 samples direct-
ly inoculated on TSA plates, two (10%) were positive.
However, when MF was used, out of 20 samples in TSA,
13 (65%) were positive with a mean count of
1.36� 4.04CFU/mL. In Sabouraud plates, the direct

inoculation was positive in five samples (25%), with a
mean count of 0.24� 0.56CFU/mL. The use of MF
increased the proportion of positive results to 50% (10 sam-
ples from a total of 20) with a mean of 0.28� 0.68 CFU/mL.
The detection rate was superior using MF in comparison
with direct inoculation (p< 0.05). Since the bioburden of TS
is low, MF is the technique of choice due to consistently
higher detection rates. Results from this study indicate
that heart-TS can be contaminated with a wide variety of
microorganisms. The MF technique provides a quantitative
measure of the inherent bioburden of heart-TS. The results
obtained in this study will allow for the development of
improved antibiotic cocktail compositions, time and tem-
perature incubation conditions, and microbiological analy-
sis methods.52,54

Microorganisms detected immediately
following recovery

The spectrum and frequency of bacterial contamination
in tissues is highly heterogeneous, depending mostly
on tissue and donor type.55 Despite differences among the
bacterial strains isolated in the tissues, decontamination
nonetheless proved effective in musculoskeletal and car-
diovascular tissues.56 There was no discussion regarding
the acceptable levels of TS contamination that would
allow for allograft release. Not all organisms would neces-
sarily be pathogenic. Allografts were often discarded based
on the presence of positive cultures following antibiotic
intervention; the identification of these remaining organ-
isms might elicit additional antimicrobial treatments that
could further reduce the proportion of allografts dis-
carded,13 thereby impacting the suitability of the tissue
for implantation.57 Comparison between studies is difficult,
as different procurement procedures and bacterial screen-
ing protocols were used.

In our experience with heart valve banking, the
overall contamination rate at retrieval was 52.0% in 1001
TS samples. Staphylococcus spp. was the most prevalent
microorganism, identified in 32% of 770 isolates. Bacteria
from skin microbiota were the most commonly identified
(Staphylococcus spp., Cutibacterium spp., Corynebacterium
spp., Bacillus spp.); bacteria from endogenous microbiota
were less frequent, like Streptococcus spp. and
Enterobacteriales. Other less common bacteria are commonly
found in the environment (personal communication).

According to the AATB’s recommendation, the follow-
ing are considered to be pathogenic and highly virulent
microorganisms that result in tissue discard if detected
at any stage of processing: Clostridium spp. (notably C.
perfringens or C. tetani); Enterococcus spp.; Flavobacterium
meningiosepticum; Klebsiella rhinoscleromatis; Listeria monocy-
togenes; MRSA (methicillin-resistant S. aureus); Mucor spp.;
Mycobacterium spp.; Neisseria gonorrhoeae; Nocardia spp.;
Penicillium spp.; P. aeruginosa or Pseudomonas. pseudomallei;
Salmonella spp.; Shigella spp.; Streptococcus pyogenes (Group
A); Aspergillus spp.; Candida spp.; and other yeasts
and fungi.
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Disinfection of cardiovascular allografts

The contamination rate represents the proportion of tissues
with bacterial or fungal contamination and the bioburden
denotes the quantity of organisms on each sample.13

For bioburden reduction, cardiovascular allografts may be
decontaminated with homemade antibiotic cocktails,
but such mixtures differ considerably in composition, con-
centration, temperature tolerance, and required length of
incubation among tissue banks; to date, no consensus
exists on an optimal formula.34,37,45,58–63 Another option
is to treat human tissues with ready-to-use solutions for
decontamination purposes.31

To maximize safety and prevent the loss of tissue allog-
rafts, tissue banking professionals have implemented pro-
cedures and decontamination methods to control, reduce,
or eliminate bioburden; where possible, they have estab-
lished minimum sterility assurance levels for sterilization
methods, with a focus toward reducing the likelihood of
providing contaminated allografts for transplantation.33

A Canadian report recommends that disinfection proce-
dures for cardiac tissue be validated with quantification
of log reduction using challenge organisms. Qualitative
analysis such as the calculation of discard and/or contam-
ination rates is acceptable for process verification but
should not be used as a surrogate for the quantitative val-
idation of log reduction.42

The effectiveness of the antibiotic solutions used should
be validated against the range of bacterial species normally
recovered from such tissues; furthermore, the tissue bank
should develop a list of species exclusion criteria based on
an assessment of the clinical risk of serious infection in the
recipient. The most commonly found contaminating bacte-
ria included Staphylococci, Cutibacterium (formerly
Propionibacterium), Streptococci, and E. coli.32 Homemade
antibiotic cocktails are made with a combination of
broad-spectrum antibiotics, including but not limited to
penicillin, streptomycin, cefoxitin, vancomycin, amikacin,
and gentamicin. Among these, the most commonly used
antibiotic is vancomycin.64 All antibiotics are reconstituted
with sterile water and pre-mixed with the appropriate
nutrient medium.

The decontamination protocol at the Human Tissue
Bank of the Pontifical Catholic University of Paraná
(Pontif�ıcia Universidade Cat�olica do Paraná (PUCPR))
uses low temperatures in the range of þ2–8�C. The heart
grafts are decontaminated in RPMI 1640 medium with low
concentrations of antibiotics (240 mg/L cefoxitin, 50mg/L
vancomycin, 120mg/L lincomycin, and 100mg/L poly-
myxin B) and kept for 24 h at 2–8�C. This antibiotic solution
has a shelf life of 72 h when stored at 4�C.65

Older studies reported incubation of allografts in a solu-
tion containing penicillin, streptomycin, and amphotericin
B for 24 h at 37�C.66 Some banks still use antifungal agents
to reduce fungal bioburden. However, such antifungal
agents have deleterious effects on cell viability during the
cryopreservation process34 and have therefore been
removed from some decontamination protocols. The time
period for which samples were incubated in the disinfec-
tion solution varied from 12 h up to six weeks. However,

extension of the incubation period beyond 24 h does not
appear to increase the effectiveness of the antibiotic treat-
ment and can impact on tissue integrity.13

Most antibiotics require that microorganismsmultiply in
order to eliminate them, while cell replication does not
happen at 4�C. If the tissue is immersed at a temperature
of 4�C, the tissue will simply absorb the antibiotics, giving a
false-negative result in the post-antibiotic incubation tissue
culture.64 In the Canadian report, the recommendation for
optimal bioburden reduction suggests that the temperature
used during cardiac antimicrobial incubation should be
37�C. While antimicrobials may exhibit some activity at
lower temperatures, they are not nearly as effective, render-
ing a lower microorganism kill rate.42

The use of antimicrobial agents in the decontamination
process reduces the risk of microorganism proliferation.
However, the antimicrobial agents may induce bacteriosta-
sis in the samples that undergo sterility tests and lead
to false-negative results during microbiological analysis.
According to the European Pharmacopoeia,47 US
Pharmacopoeia,67 and ISO 11737–1,68 the sterility test
must be preceded by complete removal of any possible
interfering antimicrobial agents.69 Most tissue banks use
extremely high concentrations of antibiotics for decontam-
ination, much higher than those used in clinical situations.
However, high concentration can be associated with pre-
cipitation and loss of activity. This should be considered
before defining antibiotic concentrations for decontamina-
tion solutions. After decontamination, the tissues should
ideally be rinsed; moreover, the residual antibiotics on the
tissues should be neutralized. Failure to remove or neutral-
ize such residues allows the presence of antibiotics to
induce bacteriostasis of microorganisms, leading to false-
negative results in all tested samples.31,70 Perhaps even
worse, there is a risk that the antibiotics can cause
severe allergic or toxic reactions in tissue recipients.71,72

We were unable to find current studies that reported on
this issue and its potential to cause serious clinical conse-
quences. There is a risk that recipients who have an allergy
to specific antibiotics could develop allergic reactions after
transplantation as a result of extremely high concentrations
of antibiotics in the tissues.70,73 Rinsing of grafts is standard
practice in most tissue banks as well as clinically prior
to implantation.6 The European Pharmacopoeia,47 US
Pharmacopoeia,67 and ISO 11737–168 recommend eliminat-
ing any factor that may interfere with microbial growth
during sample sterility testing. Practical strategies to effec-
tively dilute, neutralize, or remove these bacteriostatic and
fungistatic residues can be incorporated into the sterility
testing workflow using procedures that detect interfering
substances via bacteriostasis and fungistasis analysis.
False-negative results generated by insensitive sampling
techniques, culture media, and testing methods can be
potentially debilitating, if not fatal, to transplant recipients.

Due to virulence mechanisms such as facultative intra-
cellular parasitism, biofilm formation, and persistence at a
resting metabolic state without growth (which is reversible
upon withdrawal of antimicrobial agents or stress condi-
tions), microbial cells can escape these treatments.74
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Effectiveness of the disinfection process

Different decontamination protocols do not exhibit the
same level of bactericidal activity; they may also render
varying effects on the structural integrity of the tissue,
which could lead to significant differences in clinical out-
comes in recipients. Ideally, a disinfection protocol should
achieve the highest bioburden reduction with the lowest
possible effect on tissue integrity. Despite the antiseptic
measures adopted in all processing phases, some tissues
remain contaminated, prohibiting their clinical use.

Significant differences in allograft contamination were
observed before and after the disinfection process.

A recently published review demonstrated that out of 1094
cardiovascular tissues analyzed, 919 (84%) were contaminat-
ed upon retrieval, while 459 (42%) and 69 (6%) proved pos-
itive after the first decontamination and after the second
decontamination, respectively.12 Fan et al. reported that car-
diovascular tissues had a decontamination rate of 80.1%.
Many of the studies did not address the bioburden reduction
capabilities of the disinfectionmethods used.60 The effective-
ness of human cardiac valve allograft disinfection processes
in tissue banking is summarized in Table 3. Different exper-
imental models to test the antimicrobial efficacy of solutions
in vitro are summarized in Table 4.

Table 3. Disinfection and processing practices of human cardiac valve allografts in tissue banking.

Composition of

antibiotic cocktail

Concentration

(mg/mL)

Time/

temperature

% contamination rate

after antimicrobial

intervention

Microorganisms after antimicrobial

intervention Reference

Cefoxitin

Lincomycin

Polymyxin B

Vancomycin

0.528

0.048

0.02

0.05

20–72 h/4�C 6 – Tabaku et al.62

Streptomycin

Penicillin

50

30

6–8/35�C 15.1 Staphylococcus aureus, Diphtheroids

Streptococcus spp., Bacillus spp.

Coagulase-negative Staphylococcus,

Escherichia coli, Cutibacterium acnes,

Lactobacillus spp., Enterococcus faecalis,

Other Gram-negative bacilli, Clostridium

perfringens, Candida albicans

Ireland and

Spelman57

Cefoxitin

Lincomycin

Polymyxin B

Vancomycin

240

120

100

50

20–48 h/4�C 6.25 Gram-positive cocci, Arthrobacter spp.,

Streptococcus viridans,

Staphylococcus aureus

Jashari et al.61

Ciprofloxacin

Amikacin

Metronidazole

Vancomycin

Flucytosine

3

12

12

12

30

5–6 h/37�C 18 Coagulase-negative Staphylococci,

Bacillus spp., Cutibacterium spp.,

Corynebacterium spp., Streptococcus spp.,

Staphylococcus aureus, Clostridium spp.

Bacteroids spp.

van Kats et al.37

Gentamicin

Metronidazole

Flucloxacillin

200

200

200

12h/4�C 0.9 Mycobacterium chelonae, Candida famata Soo et al.69

Lincomycin

Polymyxin B

Vancomycin

120

124

50

20–48h/4�C 19.9 Acinetobacter haemolyticus, Gram positive

Bacillus, Candida albicans,

Corynebacterium subspecies,

Enterobacter faecalis, Gram positive

cocci, Peptostreptococcus sp,

Cutibacterium acnes, Serratia plymuthica,

Staphylococcus aureus, Staphylococcus

epidermidis, Staphylococcus hominis,

Staphylococcus warneri, Streptococcus

mitis, Streptococcus parasanguinis,

Streptococcus viridans group

Fan et al.60

Gentamicin

Cloxacillin

Ceftriaxone

AmphotericinB

Streptomycin

80

640

750

200

250

24 h/24�C 13 Staphylococcus spp., Klebsiella spp. Dashti-

Khavidaki

et al.30

Ceftazidime

Lincomycin

Polymyxin B Vancomycin

240

120

100

50

24–48h/4�C 42% first

decontamination

Coagulase-negative Staphylococcus,

Staphylococcus aureus, Streptococcus spp.,

Clostridium spp., Escherichia spp.,

Enterococcus spp., Others (18 genera)

Paolin et al.,12

6% second

decontamination

Coagulase-negative Staphylococcus,

Staphylococcus aureus, Streptococcus spp.,

Clostridium spp., Enterococcus spp., Others

(8 genera)
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Other forms of disinfection

Due to the frequency of bacterial resistance to
antibiotics, other forms of disinfection have received
increasing attention. One-hundred percent sterilization
would only be achieved by applying rigorous methods
such as radiation or heat sterilization, both of which
would damage the valve tissue and render cardiovascular
grafts unfit for implantation.6

Supercritical carbon dioxide (scCO2), electrolyzed water,
gamma radiation, ethanol-peracetic acid, and hydrogen
peroxide techniques have been compared for impact
on sterility and mechanical integrity of porcine decellular-
ized aortic valves.75 Gamma irradiation with the required
sterilization dose damaged the valve cusps. Electrolyzed
water and hydrogen peroxide were inadequate as a termi-
nal sterilization technique for our valve samples due to
microbial remnants. Ethanol was effective for sterilization,
but the cellular remodeling potential was inhibited with
fixation and cross-linking. The scCO2 sterilization tech-
nique proved superior to the other methods evaluated,
maintaining sound mechanical properties and structural
integrity during the sterilization process. This scCO2 steril-
ization technique could be useful in other soft, decellular-
ized tissue constructs. Paolin et al. proposed a first-step
decontamination with 0.1% sodium hypochlorite for
3 min in an adjuvant treatment to reduce bacterial biobur-
den in tissues retrieved from cadaveric donors; however,
this technique yielded lower decontamination efficiency in
cardiovascular tissues.56

Commercial rapid sterility testing method

The use of rapid microbiological methods (RMMs) for
sterility testing relies on their ability to recover and detect
microorganisms occasionally present in pharmaceuticals
and on microbial viability by multiplication in liquid cul-
ture media, with performance equivalent to the compen-
dial methods.76

Considering the long incubation period required to
obtain an analytical result, the interest of the pharmaceuti-
cal industries in evaluating and validating rapid technolo-
gies suitable for sterility testing and for the isolation and
detection of microorganisms has increased.77,78

Many RMM technologies provide more sensitive, accu-
rate, precise, and reproducible test results when compared
with conventional, growth-based techniques. These meth-
ods have also been shown to detect slow-growing and/or
viable but non-culturable microorganisms more effectively
compared to standard methods used today. Most impor-
tantly, a firm that implements an RMM in support of sterile
or non-sterile manufacturing processes may realize signif-
icant operational efficiencies during the monitoring
and control of critical process parameters, reducing or elim-
inating process variability, and reducing risk to patients.
Additional benefits may include the elimination of
offline assays and a reduction in laboratory overhead and
headcount, lower inventories (raw material, in-process
material, and finished product), a reduction in warehous-
ing space, and a decrease in repeat testing, deviations,

out-of-specification investigations, reprocessing, and/or
lot rejection.

Current rapid method technologies can detect the
presence of diverse types of microorganisms or a specific
microbial species (qualitative), enumerate the number
of microorganisms present in a sample (quantitative),
and/or identify microbial cultures at the genus, species,
and sub-species levels (identification). There are multiple
RMM technologies available commercially. Before purchas-
ing an RMM, there are a number of technical, quality con-
trol, business, and regulatory due-diligence activities that
should be considered.

Molecular biology methods

The use of two medium cultures to determine the suitabil-
ity of the tissue is standard. However, many tissue
banks are reluctant to rely solely upon the two media/
two incubation conditions sterility test to determine
suitability of the tissue for release or the effectiveness of a
disinfection and/or treatment process. In many cases, addi-
tional types of media may be added to the test to strive for
the detection of slightly more fastidious organisms. These
additional media will not only increase the cost of testing
but may also complicate the interpretation of results, as
well as raise questions regarding the extent of additional
media that should be used.79 Moreover, final sterility test-
ing can be unreliable, especially when antibiotics remain on
tissues. Given the importance of avoiding tissue donors
suspected of carrying infectious diseases, the processing
of donor tissues contaminated with virulent bacteria, and
the occurrence of final false-negative sterility tests, methods
based on molecular biology surpass conventional culture-
based techniques for quantification of the members of a
microbiota community in terms of sensitivity, reproducibil-
ity, and reliability.80

Molecular biology techniques are increasingly used
for microbiological diagnosis and have been established
as methodologies for the detection of infectious agents
(bacteria, fungi, and viruses)81,82; they also add value to
the diagnosis of infectious diseases caused by fastidious
or intracellular microorganisms.83–85

Real-time polymerase chain reaction (qPCR) is used for
the detection of pathogenic bacteria by targeting the 16S
rDNA gene (a component of the 30S small subunit of pro-
karyotic ribosomes, common to all pathogenic bacteria).86

It has been used successfully to study human valves affect-
ed by endocarditis, demonstrating that this technique
can detect microorganisms more efficiently than traditional
culture methods87–89 and it could be applied for a tissue
bank.90 Moreover, positive results were observed at low
concentration levels of microorganisms81,83,91 as well as in
patients undergoing treatment with antibiotics who exhib-
ited negative results using traditional culture methods.84

Despite these advantages, qPCR cannot easily distin-
guish between viable and non-viable microorganisms,92

which is a drawback of broad-range application of
DNA-based molecular method.93,94 Other limitations
of this technique involve incorrect sampling, inappropriate
storage, low microbial yield, and DNA purity
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concerns,79,90,91 as well as amplification inhibitors and con-
tamination, all of which contribute to the requirement that
results be verified with alternate tests.92–94 Moreover, stud-
ies using qPCR for the detection of microorganisms in
tissue banks are rare; generally, well-established methodol-
ogies are used, both conventional and automated.

Methods such as focusing on the presence of rapidly
degrading RNA instead of DNA are the most used strate-
gies to minimize this difficulty.95,96 Moreover, methods
using ethidium monoazide bromide combined with the
use of a live-dead staining dye and with qPCR advantages
(i.e. speed and sensitivity) to differentiate viable and non-
viable bacterial cells showed positive results, overcoming
the points such as viability and direct PCR detection of
DNA targets when they are not pre-enriched.97–99

Aellen et al. were able to correlate bacterial viability and
the copy numbers of 16S rRNA using reverse transcription
polymerase chain reaction (RT-PCR) followed by qPCR in
an experiment using bacterial growth (Streptococcus gordo-
nii) and antibiotic-induced killing. Additionally, 16S rRNA
could be used as a marker of antibiotic-induced killing;
however, the differentiation between live and dead bacteria
is affected by the size of the amplified fragment.100

Problems such as samples from infected humans and
animals’ host DNA present in vast excess to microbial
DNA were highlighted. Furthermore, the sensitivity and
specificity of molecular analysis of the microbial DNA
could decrease when unspecific primer binding to host
DNA occurs. A method for selective isolation of bacterial
DNA from human samples was demonstrated using a com-
mercially available kit MolYsisTM (Molzym GmbH & Co.
KG, Bremen, Germany).101

Among molecular diagnostic methods, RT-PCR enables
diagnoses to be obtained in less than 5 h, whereas tradition-
al microbiological methods, including conventional molec-
ular diagnostics such as broad PCR followed by sequencing
can last for more than one day. RT-PCR also enables the
quantification of pathogens102 and is commonly used to
quantify viral loads.103

An application of mass spectrometry that enables bacte-
rial identification following PCR amplification of species-
specific DNA fragments (PCR-ESI-QTOF MS) was
reported.104 This kind of technology is able to identify path-
ogenic bacteria. However, further studies are necessary to
validate the PCR-ESI-QTOF MS methodology in the micro-
biology routine.103

Based on the results of our experimental study, it was
possible to use qPCR as part of the cardiovascular tissue
bank routine with success, suggesting it might be an alter-
native for conventional methods. However, its use should
be extended to other groups of microorganisms and its
results must be validated. Cut-off values and limits of
detection must also be established.105 The qPCR technique
can be used as an alternative method or in conjunction with
conventional and automated cultures, possibly reducing
diagnosis time as well as the occurrence of false-negative
or positive results. It might also increase diagnostic capac-
ity at tissue banks, although more studies are necessary.

In addition, for an effective validation and routine con-
trol of molecular detection process, further studies are

necessary to ensure quality in microbiology laboratory
and tissue banks.

Conclusion

Among the wide range of available options, high-quality,
safe, and efficacious procedures are essential to assess the
quality and safety of tissues for human application. When
the effectiveness of the methods used for decontamination
and microbiological examination differs, their suitability
must be demonstrated with respect to specificity, sensitiv-
ity, and robustness.
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