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ditorial
ummary  of  the  panel  discussions  at  the  2nd  Symposium  on  Biodegradable
etals,  Maratea,  Italy,  2010
The 2nd Symposium on Biodegradable Metals was  held in Maratea,
taly, August 31–September 3, 2010 and was structured into the
ollowing five broad scientific sessions: metals, corrosion, in vitro,
n vivo, posters and regulatory aspects. The bulk of the symposium

as focussed primarily on magnesium- and iron-based materials.
t the end of each session a panel discussion was held and vari-
us topics regarding the current session and beyond were debated
n an open cohesive and discursive style. Here, we  summarize the
ey aspects of the entire panel discussion and try to structure the
ain topics, concerns and comments that were addressed during

he symposium. Acknowledgement is given to all of the participants
hose contributions to this summary are very vital. All of the con-

ributors to this summary actively followed the open invitation at
he symposium to compile an overview of the panel discussions,
nd have accordingly prepared this summary to the best of their
nowledge. Therefore, the summary may  not represent all of the
opics as discussed at the conference in full detail. However, we
ope that the reader may  be inspired by this summary and that it
ay  provide new trends and guidelines in the burgeoning field of

iodegradable metals as next generation biomedical materials.

. In vitro versus in vivo – an unsolved relationship

One of the major challenges in developing biodegradable metal-
ic (BMs) implants for application in humans is the poor correlation
etween in vitro and in vivo behaviour of these metals over time.
pecifically, evidence has shown the relative rates of corrosion to
e dependent on such factors as tissue fluid flow rates, blood supply
nd diffusion coefficient of hydrogen. Typically, the corrosion rate
etermined in vivo does not correlate with that predicted by the
reviously accepted in vitro models. Moreover, the development
f a predictive in vitro model is a formidable challenge given that
he corrosion rate is also influenced significantly by the implanta-
ion site. Thus, the field is faced with significant challenges in the
nvestigation of these largely unproven materials. In particular, the
evelopment of a sequence of test protocols is required to establish
ytocompatibility and quantify the host response to BMs.

. In vitro – understanding and simplifying systems

The panel agreed that there is an urgent need for conduct-

ng fundamental studies to obtain a deeper understanding of the
n vivo biodegradation or biocorrosion of BMs. It is generally
elieved that proteins play a critical role in controlling biodegrada-
ion rates; however, the mechanism by which proteins (and other

921-5107/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.mseb.2011.09.032
biological moieties) either increase or decrease the biodegradation
rate is still not clearly understood. In addition, factors such as tem-
perature, pH buffering, and pH regulation, and gases such as CO2
and O2, including flow rate would all be expected to impact the
degradation behaviour of BMs. Since high throughput assessment
is the eventual goal, it is agreed, that the more sophisticated an
in vitro system is, it seems to be less achievable for high throughput
screening. In vitro test methods developed for the more traditional
pseudo-inert biomaterials (i.e. stainless steels and titanium) are
generally not applicable to BMs  as shown by the large discrepan-
cies that exist between in vitro cell culture and in vivo degradation
rates including the clinical outcomes. The results from in vitro cell
culture testing often predict failure of a BM in a biological environ-
ment even though the animal model may  show an excellent host
response. Future research in the in vitro area needs to carefully con-
sider the use of multiple test methods since each in vitro method
provides different information.

The panel agreed that there is clearly a need for in vitro tests
with greater capacity to simulate the in vivo environment by tak-
ing into account the dynamic formation of corrosion products of
BMs. The influence of a dynamic flow or perfusion environment
is often not considered as the media is used under static condi-
tions but may  prove to be important for the simulation of in vivo
biodegradation rates. The effect of flow also needs to be carefully
considered according to the intended implant location since (i) flow
or perfusion rates will vary and (ii) biological moieties that smother
the surface may  reduce or eliminate the influence of fluid flow after
short periods.

3. In vivo – the “Gold Standard”

The exact corrosion mechanisms occurring in vivo as tested
and reported in various animal models in the literature is largely
unknown with only some limited information on specific alloy
systems, and limited to a small number of animal models. The cor-
rosion process in vivo appears to be complex and unpredictable.
The problem of developing a more precise understanding is further
compounded by a large array of different test parameters, animal
models, and methods of analysis carried out by different research
groups.

Clearly, the panel agreed that the major benefit of develop-

ing our knowledge of the dominant mechanisms occurring in vivo
lies in the design of a predictive in vitro test that could be useful
as a rapid screening method, reducing the cost and ethical bur-
dens of extensive animal trials. The parameters that dominate the

dx.doi.org/10.1016/j.mseb.2011.09.032
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
dx.doi.org/10.1016/j.mseb.2011.09.032
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ehaviour of BMs  in various locations in the body are yet to be
ualitatively or quantitatively identified for the design of the BM,
nd for developing a predictive in vitro test. Moreover, species
pecific sensitivity or tolerance to selected corrosion products or
lements need to be considered when choosing the appropriate
nimal model.

. The quest for the best in vitro corrosion medium

Another area requiring a much deeper understanding is differ-
nt media that is typically used in the in vitro assessment of BMs.
raditional corrosion testing of metals mainly relies on aggressive
hloride-containing media such as aqueous NaCl solutions. Many
esearch groups are currently chasing the “Holy Grail” to allow the
imulation of physiological conditions but the use of various sim-
lated body fluids (SBFs) (e.g. Hanks balanced salt solution, Earls
alt solution, MEM,  MEM  plus proteins, etc.) adds another level of
omplexity to the interpretation of corrosion tests that corrosion
cientists are still learning to interpret. For example, passivation
roperties at the surface of the BM substrate are continuously
hanging with time in an SBF as calcium phosphates precipitate
t the surface, which make electrochemical measurements very
hallenging.

The most complex corrosion medium comprising both organic
nd inorganic components is human blood. However, ethical and
conomical considerations render the use of whole blood as the
ontact medium for large scale testing to be impractical. There-
ore, the use of simulated blood-like fluids (e.g. standards proposed
y the International Organization of Standardization (ISO) and the
erman Institute for Standardization (DIN)) might be included
s part of a predictive in vitro system. However, the corrosion
ehaviour of BMs  in simulated blood-like fluids has been shown to
ot correlate with results in vivo. The sole use of blood-simulated
uids is therefore a poor approximation of the complexity of
rganic blood components such as proteins, peptides and various
ell types.

. The relative promise of bioreactors

In order to achieve more physiologically representative test sys-
ems, much attention in the tissue engineering and biomaterials
elds has been aimed at the development of special bioreactor
ystems aimed at growing organs in vitro. The three chief con-
iderations in such designs are: (i) the need to integrate required
tandardized testing equipment into such bioreactor systems; (ii)
he availability of accurate implant-site tissue “specifications”; and
iii) whether to aim for top-down or bottom-up approaches for the
efinition of relevant parameters.

(i) Many groups have automated the standard testing equip-
ment for daily routine measurements, although not specifically
designed for the analysis of degrading metals. Achieving con-
sistency of conditions between laboratories is a prerequisite
for comparing results, although for some techniques it might
be very costly.

(ii) To simulate the physiological environment at specific implant
sites, the micro-environmental factors of specific (and often
multiple) tissues, must be very well understood. For many tis-
sues sufficient detail of the environment is still unknown. Large
differences exist even within particular tissue types further
complicating matters. For example, calvarial bone, maxillary

bone, and femur are effectively distinct tissue types, and
therefore cannot be approached with a single set of analyti-
cal considerations. The design of effective tissue test systems
becomes highly complicated as this is confounded by the
eering B 176 (2011) 1596– 1599 1597

changes exhibited by individual tissues during development,
maturation, and aging.

(iii) A bottom-up design to building a bioreactor system employs a
step-wise progression from very basic conditions toward the
introduction of several factors until the experimental results
closely mimic  the in vivo conditions. Top-down refers to start-
ing from very complex systems (e.g. whole blood) and reducing
the complexity to the lowest possible level. Both approaches
have their pros and cons. The bottom-up approach may  fail
to include relevant conditions but starts from simple set-
ups, while top-down requires a high accuracy to delete single
factors and an elaborate starting setup. In any case, the experi-
mental procedure must be accurately documented to allow for
reproducibility.

6. Cell lines versus primary cells – artificial results from
pathological conditions?

One powerful means by which to bridge the divide between
in vitro and in vivo results is via the use of cultured cells. More accu-
rately classified as ex vivo, such systems are generally reproducible
and can be conducted on semi-large scales. Special consideration
needs to be given to the ex vivo system in terms of (i) the effect
of metal degradation on the cellular respiration in the microenvi-
ronment, and (ii) the effect of the release of corrosion by-products
on cell physiology, since in contrast to the ex vivo environment
iron or magnesium are highly regulated in human physiology. Fur-
thermore, primary cells are strongly preferred over cell lines in the
design of an ex vivo system. In general, cell lines are tumour-derived
or have been artificially transformed, thereby introducing a host
of complicating factors to their physiology. Hence, the response
derived from use of cell lines need to be assessed very carefully
and cannot be generalized.

In the past, investigators have often simply transferred rec-
ommendations from standards established for permanent implant
testing (e.g. ISO 10993) to the field of degradable materials.
In spite of these standards stating they should be applied to
“non-permanent” applications, a common approach is to use
commercially available cell lines such as fibroblasts (L-929) or
osteosarcoma cells (MG63) in accordance to the ISO standards. If a
transformed cell type is used, the “healthy” pathways may  already
have been altered and any observed effects may be attributable in
large part to the disease pathophysiology of the original tumour of
the cell line. Thus, it is highly recommended to use primary cells for
in vitro testing of biodegradable metals. In the ideal case, the com-
parison between in vivo and in vitro results should be performed ex
vivo with cells originating from the same animal model that will be
used for in vivo experiments.

7. Toxicology of metal corrosion

The use of degradable metals for material implant applica-
tions, must stringently consider any possible toxicological effects
of degradative by-products on cell and organ physiology. However,
for biodegradable metals the knowledge about the amount and
oxidation state of the released elements and their effects on the
surrounding micro- and macro-environments is in its infancy. A
particular challenge lies on the inclusion of possible pathological
pathways. Especially for magnesium this is very difficult, as it is
intimately involved in various normal physiological mechanisms –
even such basic mechanisms as cell proliferation are co-regulated

by magnesium. Clearly, the panel agreed that in this interdisci-
plinary field it is of paramount importance to obtain basic scientific
knowledge on the various fundamental cell physiological processes
occurring, and include them in the further study designs of BMs.
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Table 1
Summary of in vitro corrosion parameters and methods that influence degradation
behaviour of biodegradable metals (BM). These aspects should be described in detail
in  all publications of BMs.

Experimental component Parameter

Material Precise chemical composition
Casting and processing conditions
Phase composition and grain structure
Other micro-structural information

Corrosion medium Organic and inorganic components
Surface area vs. mass of sample
Temperature
pH adjustment/monitoring
Frequency and amount of exchange of the medium

Experimental set-up Buffering system
Static vs. dynamic
Duration of experiment
Settling time before start of the experiment

Sample preparation Grinding and polishing conditions
Pre-cleaning
Removal of corrosion products
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Avenue, Chicago, IL 60637, United States
Analysis Tafel fit conditions
Electrochemical Impedance (EIS) equivalent circuit

. Suggestion for standardization of reporting of
xperimental procedures

Within the research community there needs to be great
oherency, and it is desirable to develop standards for adopting

 more consistent approach toward studying BMs  in vitro (and
n vivo). Presently, there are approximately 150 published journal
apers on Mg-based BMs  that are concerned with the measurement
f in vitro biodegradation. However, only about 10% of the in vitro
iodegradation experiments reported in these papers can be repli-
ated, and thus compared, due to incomplete descriptions of the
n vitro testing parameters or conditions. There are a large number
f test parameters that can be altered in an in vitro test (Table 1)
nd without a complete description of these experimental condi-
ions, there is the risk that progress in the field will be stalled as
nowledge is not being gained at a rate that is proportional to the
ffort directed in this field. Moreover, published reports frequently
o not include the state of the test materials such as precise chemi-
al composition, casting/processing conditions, phase composition,
eformation and grain structure, and other micro-structural infor-
ation to which the corrosion rate of BMs  is extremely sensitive.
reater transparency of the experimental setup is necessary for the
enefit of the BMs  research community. An overview of some of the
ossible conditions that need to be carefully described is given in
able 1.

. An approach to standardization in biodegradable metals

A major topic discussed at the conference was inconsistency of
amples and results from various research groups, and thus the
uestion has been raised if standard tests are necessary. The panel
greed that presently there is no need for standardized tests since
he basics of in vitro and in vivo corrosion of BMs  are still not fully
nderstood, and this is coupled with a wide variety of methods
dopted and practiced in various laboratories around the world.
owever, a common requirement for standardisation (in compli-
nce with the requirements of ISO or ASTM) is the availability of
xperimental approaches that are highly reproducible across dif-

erent laboratories. To achieve this level of reproducibility, specific
xperimental procedures and study designs need to be established.

Currently, many different material compositions are tested
nder various conditions with numerous methods for probing the
eering B 176 (2011) 1596– 1599

various properties of BMs. Therefore, it has been suggested to
establish a network of research groups that would identify spe-
cific materials with specified surface treatments to be investigated
around the world. The co-ordination of this network is in the hands
of the Helmholtz Center Geesthacht (HZG, Geesthacht, Germany)
and HZG will also provide the master stock materials. In a survey,
it was  agreed that initially high-purity magnesium would be used.
The high purity Mg  is produced at HZG by permanent mould direct
chill-casting followed by a defined heat treatment prior to shipping.
The surface will be polished by 2400 emery paper. This “standard”
material will be distributed to various research groups in a round-
robin type approach. Currently 37 scientists from 26 institutions
and universities coming from 12 countries are participating in the
network. Research groups will be offered to include the high-purity
Mg  from HZG as a baseline material for comparing data against
other materials, and their own  methods of assessment. In addition,
a standard test protocol will be distributed for an in vitro and in
vivo test that will assist with the comparison of results among the
participating research groups. Ultimately, the goal of this initiative
is to evaluate whether tests conducted at various laboratories on
an identical test material will reliably determine the biocompati-
bility of magnesium materials in the absence of standardized test
methods for BMs.
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