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ARTICLE INFO ABSTRACT

Keywords: Biocompatibility concerns the phenomena that occur within the interactions between biomaterials and human

Biomaterial patients, which ultimately control the performance of many facets of medical technology. It involves aspects of

ger;ormance materials science, many different forms of engineering and nanotechnology, chemistry, biophysics, molecular
athway

and cellular biology, immunology, pathology and a myriad of clinical applications. It is not surprising that an
overarching framework of mechanisms of biocompatibility has been difficult to elucidate and validate. This essay
discusses one fundamental reason for this; we have tended to consider biocompatibility pathways as essentially
linear sequences of events which follow well-understood processes of materials science and biology. The reality,
however, is that the pathways may involve a great deal of plasticity, in which many additional idiosyncratic
factors, including those of genetic, epigenetic and viral origin, exert influence, as do complex mechanical,
physical and pharmacological variables. Plasticity is an inherent core feature of the performance of synthetic
materials; here we follow the more recent biological applications of plasticity concepts into the sphere of
biocompatibility pathways. A straightforward linear pathway may result in successful outcomes for many pa-
tients; we may describe this in terms of classic biocompatibility pathways. In other situations, which usually
command much more attention because of their unsuccessful outcomes, these plasticity-driven processes follow
alternative biocompatibility pathways; often, the variability in outcomes with identical technologies is due to
biological plasticity rather than material or device deficiency.

Host response
Medical device
Genetic

1. Introduction

Trained as a metallurgist, I never thought I would use the term
‘plasticity’ in a biological context. After all, plasticity is defined as ‘the
ability of certain solids to change shape permanently when subjected to
stresses’ [1], the emphasis being on ‘permanently’ to distinguish this
deformation from elasticity, which is reversible, or non-permanent.
After working in biomaterials science, and specifically the area of
biocompatibility, for over 50 years, I thought even less of using plasticity
in the description of biocompatibility phenomena. On moving from the
engineering of implantable devices to the highly biologically-oriented
arena of regenerative medicine, I witnessed with a detached perspec-
tive the use of this term to describe some aspects of stem cell behavior
[2].

But, a few months ago, I was re-reading Darwin’s ‘The Origin of the
Species’ [3], and there I encountered him using ‘plastic’ and ‘plasticity’ to
explain some concepts of natural selection in living species, which had
nothing to do with permanent changes of shape in solids. To add to my
increasing confusion, I then read a biography [4] of Santiago Ramoén y
Cajal, the 1906 Nobel Laureate in Physiology or Medicine for his work in
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neuroscience, only to find him discussing neuronal plasticity, a term that
was used to describe metamorphic phenomena in sensory neurons. Both
men used these terms sparingly, but they had a profound influence on
subsequent thinking.

Darwin referred to this concept in two ways. First, he noted that in
many plants it is possible to see endless points of structure and consti-
tution in which the varieties and sub-varieties differ slightly from each
other; “the whole organization seems to have become plastic, and departs in a
slight degree from that of the parental type”. This has become the basis of
developmental plasticity [5,6] which is the capacity of the same geno-
type to produce different phenotypic outcomes depending upon inputs
during development. Secondly, he referred to modifications to breeds of
animal where the animal’s organization is considered ‘as something
plastic, which they (breeders) can model as they please’. Here we see the
combined concepts of irreversible change with the ability to model, or
mold.

The situation with Cajal is a little different, and I am indebted to
Stahnisch and Nitsch for explaining the ambiguity that arose with his
work [7]. According to La Ros et al. [8], brain structural plasticity is a
phenomenon that allows the mature brain to adapt to environmental
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changes, to repair itself after lesions or disease, and to slow aging. One of
Cajal’s major achievements was to transfer concepts of functions in the
peripheral nervous system to those in the central nervous system, a step
which was too far for many of his contemporaries in the 1890s. He had
great difficulty with the dogma of immutable morphology in the adult
brain, which led him to speculate that “but the functional specialization of
the brain imposed on the neurones two great lacunae: proliferative inability
and irreversibility of intraprotoplasmatic differentiation. It is for this reason
that, once the development was ended, the founts of growth and regeneration
of the axons and dendrites dried up irrevocably” [9]. Once I saw the
reference to irreversibility, I started to appreciate the real concept of
plasticity here. Without the possibility of both reversible and irreversible
change, brain function is limited and unadaptable. In the material sci-
ence context, it is equivalent to saying that deformation of solids is
restricted to elastic deformation, at the limit of which there can be no
permanent change of shape, just brittle fracture; the ‘founts of adaptation
and manipulation dry up irrevocably’.

So how is this relevant to biocompatibility? This term arose in the
biomaterials field after years of misunderstanding about the host
response to biomaterials, and was eventually defined, through
consensus [10], as ‘the ability of a material to perform with an appropriate
host response in a specific application’; this was in 1987 and it was reaf-
firmed as the correct definition at a consensus conference in Chengdu,
China in 2019 [11]. Nevertheless, there has been controversy over the
mechanisms of biocompatibility, whatever this definition says, for
several decades [12]. The main problem is that the definition is con-
ceptual and does not help anyone to develop biomaterials with superior
biocompatibility characteristics; moreover, it gives no guidance as to
what is ‘appropriate’. Such difficulties have been compounded by the
significant increase in the number and variety of biomaterials applica-
tions. Back in the 1980s these were largely confined to implantable
devices and artificial organs; now there are also tissue engineering
constructs, imaging and in vivo diagnostic systems, and drug and gene
delivery systems, where objectives may be different, and concepts of
appropriateness vary considerably.

Each clinical application of a biomaterial needs to be embraced by its
own biocompatibility sphere. That does not mean that we need a
different definition of biocompatibility for each situation, but we do
need an overarching framework. For most implantable devices, this
framework must incorporate all factors that can influence the develop-
ment of the so-called foreign body response. For a biomaterial-based
tissue engineering construct, the framework has to encompass both
the avoidance of adverse effects on cells together with proactive stim-
ulation and direction of tissue regeneration. For nanoparticle-based
imaging contrast agents, it needs to address the same type of ADME
(absorption, distribution, metabolism and excretion) factors that are
involved with pharmacokinetics of drugs, and so on.

I have recently tried to identify the main scientific characteristics of
biomaterials and their devices that control clinically significant
biocompatibility outcomes [13]. I have also correlated the features of
so-called bioactive materials with that paradigm [14] and have drawn
attention to the implicit conundrum that is encountered with tissue
engineering scaffolds [15] but have struggled to identify that over-
arching framework. What has been missing is that thread, or perhaps
network, that holds the pieces together. In this paper, I propose that we
consider biocompatibility is associated with the concept of plasticity,
just as Darwin and Cajal showed in their respective areas.

Why is this important? It seems that there has been a retrograde
movement in our collective understanding of biocompatibility in recent
years. In all the clinical applications I have alluded to above, it is
inevitable that not all patients will be satisfied with the outcome. An
inability to achieve universal satisfaction is frequently attributed to
device or biomaterial ‘failure’, which is usually related to deficiencies in
biocompatibility. This attribution is fueled, in the USA at least, by the
power of both litigation and social media (themselves inextricably
linked), which leads to public demands for absolute safety and for
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‘biocompatible’ materials; I should add here that for many years I have
pointed to the inappropriateness of the adjective ‘biocompatible’ since,
as the definition explicitly states, biocompatibility has to be placed into
the context of the specific application, so that there is no such thing as a
universally ‘biocompatible material’ [16]. The ensuing controversies
often lead advocates of the ‘failed material’ accusations to develop hy-
pothetical mechanisms of adverse reactions, usually introducing their
own pejorative language to emphasize where the fault lies; terms such as
metallosis related to the use of metallic systems in joint replacement,
bridging fibrosis and meshoma to characterize responses to surgical
meshes, and BII or breast implant illness with silicone breast implants,
have contributed to the non-scientific treatment of serious problems.

Implicit in the development of this myriad of failure mechanisms is
the assumption that each situation is new and different to others and
gives rise to symptoms and diagnoses of new classes of conditions, or
indeed, of new diseases. The reality is that the juxtaposition of foreign
materials and tissues of the body is not new and our bodies have generic
mechanisms to deal with these situations. These mechanisms are based
on the principles of inflammation and immunity, with contributions
from both toxicity and tissue repair. Because there are so many specific
circumstances in which this juxtaposition arises, there will be many
variations in the precise biocompatibility pathways that can be identi-
fied; in some situations, the pathways are quite simple and the outcomes
of the plasticity phenomena are binary in nature, while other are far
more complex. However, there is sufficient plasticity in these pathways
for them to be accommodated within one overarching framework, and
within which we see variations in pathology and clinical conditions that
are quite consistent with existing biological science, without implica-
tions of new diseases. We cannot, of course, consider only the bioma-
terial properties in these pathways since we must take into account
individual patient variables, clinical skill factors and, in many cases,
epigenetic factors.

2. Outline of overarching biocompatibility model

I would like to think that the days have long gone when biocom-
patibility, equated in many people’s minds with biological safety, was
simply characterized by the classical perturbation of wound healing,
involving the combination of inflammation and fibrosis, giving varia-
tions of the foreign body reaction. Our ideas about this process were
largely shaped both by observations of the host response to monolithic
implants placed in relatively unstressed sites within, for example, the
paraspinal musculature of in-bred rats, together with the lack of any
effects on cells and cellular components in in vitro test environments.
Scenarios consistent with this simple paradigm are shown in Fig. 1.

These pathways are essentially linear sequences of events, on which
may be superimposed bursts of cascade phenomena, such as macro-
phage or complement activation, and the outcomes will either be clin-
ically acceptable resolution or clinically unacceptable unresolved
situations, including progressive chronic inflammation, hyperplasia or
cell/tissue death. In the materials science analogy, these pathways are
equivalent to elastic systems, perhaps with the interjection of some
superelasticity, which end in a functionally stable equilibrium or brittle
fracture.

Such simple biocompatibility models do not, generally, take into
account the wide array of system variables that could possibly influence
the real-time interactions between biomaterials and human hosts, such
as.

e Biomechanical environments, including processes of mechano-
transduction, and associated effects of Body Mass Index, physical
activity etc.,

o Altered biophysical characteristics,

e Variations in individual responses in innate immunity,

e Variations in individual responses of adaptive immunity, including
effects of immunomodulatory biomaterials,
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Unsatisfactory Resolution Outcomes
Cellular toxicity Pain
Chronic inflammation Disability
Hypersensitivity — Loss of mobility
Atrophy Neurological effects
Necrosis Cardiovascular effects

Autoimmunity
Blood disorders
Absence of desired

Organ dysfunction
Poor cosmesis
No clinical benefit

cellular response Death

Initial Coltact: Satisfaf:tgry Resolution Outcomes
Implantation Clinically acceptable Desired clinical
Injection innate immunity objectives
Ingestion No adaptlve |mmun|ty Unperturbed
Dermal No autoimmunity physiological
Inhalation No adverse effects on systems
Extracorporeal neurological, cardio- Good cosmesis

In vitro / bioreactor

vascular, musculo-
skeletal systems
Desired cellular response

Fig. 1. The simple linear paradigm for biocompatibility pathways, based upon conventional ideas about the host response.

e Susceptibility to chronic inflammation,

e Effects of prior exposure to viruses, e.g., Epstein-Barr Virus,

e Genetic predisposition to autoimmunity,

e Variations in mechanisms of internalization of particles, especially
nanoparticles,

Effects of age, gender and diet,

Effects of co-morbidities and accidental trauma,

Effects of life-style factors such as smoking and recreational drugs,
Influences of separate pharmacological agents,

Tatrogenic effects associated with clinical technique,
Biomaterial-induced epithelial-mesenchymal transition,

Metal ion influence on downstream signaling pathways that control
the equilibrium between osteoblast and osteoclast activity.

There may not seem to be much connectivity between these phe-
nomena, but there are already some hints with the language, including
‘transition’, ‘prior exposure’ and ‘predisposition’, that are suggestive of
idiosyncrasy and both genetic and epigenetic factors. In the following
sections, many of these factors will be addressed within discussions
about selected clinical scenarios in which the complexity of biocom-
patibility pathways significantly influences outcomes. This will allow
the establishment of a framework that embraces the concepts of plas-
ticity of these pathways. The selection of scenarios discussed here has
been based on those areas that have substantial relevant data, and they
cover areas with which I have, personally, some experience; many other
applications, such as contact lenses and bioartificial organs, could well
be considered within this context.

One thing will become clear from this analysis. For many patients
there will be successful outcomes of procedures involving biomaterials
technology (i.e., characterized by the lower right section of Fig. 1), and
we can denote the events taking place as being of historically conven-
tional biocompatibility pathways. For others, where the outcomes are,
to a greater or lesser extent, unsatisfactory, (top right of Fig. 1), the
events may be dependent on plasticity, following different biocompati-
bility pathways.

3. Clinical scenarios

In each of the exemplars described in this section, there is a summary

of the background story, a discussion of the mechanisms (established or
proposed) of the specific phenomena, and the identification of the
plasticity characteristics.

3.1. BIA-ALCL; breast implant associated — anaplastic large cell
lymphoma

I start with a biocompatibility (and, indeed, a biological safety) issue
that has only arisen very recently. It is important since it relates to ob-
servations of tumors associated with a very popular type of medical
device, that is the breast implant.

3.1.1. Background

For many years there have been the occasional claim that implants,
including breast implants, can be the cause of tumors; there is a
remarkable lack of evidence (epidemiological, pathological, clinical
etc.), as [ summarized a few years ago in relation to surgical meshes
[171, but this new scenario is of significance since it concerns lym-
phomas occurring at sites remote from the implant. A lymphoma is the
most common cause of blood cancer, affecting lymphocytes. Overall
incidence is highly variable [18]; as an example, in the USA, about 100,
000 individuals are diagnosed with lymphoma each year. Non-Hodgkin
lymphoma is the most common form of hematological malignancy, and
within this category is anaplastic large cell lymphoma (ALCL). There are
several risk factors for lymphomas, including certain bacterial in-
fections, prior exposure to some viruses, a lowered immune system, and
autoimmune conditions. ALCL is an aggressive type of lymphoma that is
usually of the T-cell type, which may become manifest in the lymph
nodes, skin, lungs and elsewhere; there is no single cause of ALCL It has
been recognized for decades, however, that one gene, anaplastic lym-
phoma kinase gene (ALK) plays a significant role in the development of
ALCL [19] and that there are different outcomes with individuals who
are ALK negative to those who are ALK positive [20]. All ALCL patients
have large neoplastic cells of a cohesive growth pattern, with abundant
cytoplasm, pleomorphic nuclei, and uniform strong expression of CD30.
However, a greater proportion of ALK negative ALCL tumors are CD2
and CD3 positive, and ALK positive ALCL tumors are more often EMA
(epithelial membrane antigen) positive with greater cytotoxic protein
expression. The histopathological appearance of ALK negative
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lymphoma is shown in Fig. 2.

Keech and Creech were the first to publish a report on anaplastic T-
cell lymphoma in the proximity of a breast implant in 1997 [22]. This
involved a patient who had been implanted with saline-filled products 6
years previously; a biopsy revealed ALCL, which was treated success-
fully with chemotherapy and radiation. No causality between the lym-
phoma and the implant was demonstrated. The next report was that of
Sahoo et al., [23] who described an ALCL in a patient who had several
types of implant over a period of 15 years.

A pathological study was published in 2008, Roden et al. reporting
four women with neoplastic T-cell seroma in the vicinity of either saline
or silicone gel-filled implants [24]. All were ALK negative, and the
condition was described as an indolent T-cell lymphoproliferative dis-
order that was readily resolved by conventional cancer therapies. De
Jong et al. reported a survey of women who had received breast im-
plants, yielding 11 patients with ALCL. The report suggested that there
was an association between implants and lymphomas but noted that the
absolute risk was ‘exceedingly low’ [25]. Miranda et al. described 21
cases of ALCL, 15 of which, all ALK negative, were associated with breast
implants, ‘suggesting a pathogenic relationship’ [26]. Lipworth et al.
reviewed five studies involving 43,000 women with cosmetic breast
implants, for up to 37 years [27]. There were 48 observations of non--
Hodgkin’s lymphoma, which was less than the number expected on the
basis of a statistical analysis of a control cohort group. They concluded
that there was no credible evidence of an increase of non-Hodgkin’s
lymphoma originating in the breast among women with implants.

Kim et al. [28,29] concluded that there is a positive correlation be-
tween breast implants and ALCL, that it is usually clinically indolent
with favorable prognosis. Miranda et al. published a follow up of 60
patients [30]. They suggested that there were two patient sub-sets, most
presenting with an effusion around the implant, without a tumor mass,
achieving complete remission with excellent disease-free survival. A
smaller sub-set presented with a tumor mass associated with the fibrous
capsule, which was more aggressive. Thompson and Prince confirmed
the existence of these two sub-sets, stating again that women with ef-
fusions but no tumor masses had excellent long-term survival [31].

Several other epidemiological and literature review-based studies
were published between 2017 and 2021 [32-37]. These suggested that
the incidence of BIA-ALCL is between 1 in 1000 and 1 in 30,000 implant
recipients, that there is little difference between saline and silicone gel
filled products, that implants with textured surfaces tended to be asso-
ciated with more cases, and that most cases were ALK negative and
CD30 positive.
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3.1.2. Mechanisms

The first comprehensive discussion about potential mechanisms of
BIA-ALCL was published by Ye et al. [38], which confirmed that the
typical patient was around 50 years old and had received a silicone shell
implant a decade before. The most common symptoms were late seroma
and the presence of a palpable mass. The authors suggested four possible
mechanistic factors.

o Chronic inflammation and the inflammatory milieu; the response to
the implant is a form of inflammation and states of inflammation
exhibit higher incidences of cancer.

o Inflammatory oncotaxis; this is the attraction to and activation of
circulating neoplastic cells within a host by inflamed tissue space.

o Immunogenicity of implants; associated with the implant materials
or surface texture.

o Subclinical infection: there is a substantial body of evidence that
many incidences of cancers in general, but including lymphomas, are
attributable to infections.

Montes-Mojarro et al. discussed the appearances of large cell lym-
phomas in general and those apparently associated with breast implants
in particular [39]. They described this condition as a CD30" lympho-
proliferative disease; epidemiological studies had not been able to
demonstrate an increased risk of lymphoma in patients with breast im-
plants. The women were diagnosed between the ages of 24 and 82 years,
presenting with a mass or a periprosthetic fluid; one subgroup presented
as an effusion around the implant, and a second presenting with a
palpable indolent tumor. In the first group, the capsule is commonly
thickened, showing a granular layer with adjacent fibrinoid material,
but the implants usually are intact. The second subgroup of patients
shows a wider morphological spectrum. The neoplastic cells grow in a
cohesive manner within a fibrotic or chronic inflammatory background
and show multinodular appearance with necrosis and abundant scle-
rosis. Some cases show a predominant chronic inflammatory infiltrate
composed by lymphocytes, histiocytes, and eosinophils, masking the
neoplastic cells, which themselves are strongly positive for CD30 and
usually negative for ALK. T cell-associated antigens such as CD3, CD5,
and CD7 are usually negative. Chromosomal abnormalities involving
ALK, DUSP22, and TP63 genes are absent, but recurrent mutations in the
JAK-STAT3 pathway have been reported.

These observations and their interpretation were consistent with
those of Di Napoli et al., who referred to the ‘inflammatory cytological
patterns’ [40]. Kadin et al. reinforced the potential role of inflammation,
especially allergic inflammation, through the observation of the

Fig. 2. Pathological features of ALK-negative anaplastic large cell lymphoma, showing sheets of medium-to-large size cells with reniform nuclei and doughnut cells

(in inset), H&E x400. After Amador and Feldman [21], with permission.
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cytokine IL-13 in the tumor cells in BIA-ALCL, which they describe as the
‘signature cytokine of allergic inflammation’ [41]. The essential question
then focuses on the agent to which the allergic inflammation is directed,
these authors suggesting ‘that BIA-ALCL is the end result of an amplified
immune response, possibly to antigen(s) associated with bacteria in the bio-
film surrounding breast implants’ and ‘these findings suggest the hypothesis
that an amplified immune response with features of a chronic allergic reaction
in a susceptible patient underlies the pathogenesis of BIA-ALCL’.

With respect to the comments in the previous paragraphs about
mutations and chromosomal aberrations, attention has recently been
directed towards genetic factors [42]; BIA-ALCL may have a unique
pattern of genetic alterations. It is consistently negative for most
ALCL-related gene rearrangements, but the JAK-STAT3 pathway is
constitutively activated in BIA-ALCL In a 2020 study by Laurent et al., it
is particularly important to recognize their main conclusion that ‘the
BIA-ALCL genomic landscape is characterized by not only JAK/STAT acti-
vating mutations but also loss-of-function alterations of epigenetic modifiers’
[43]. Although there are many possibilities here, the type of molecules
released during some inflammatory conditions could cause genetic
modifications within signaling pathways that lead to lymphoma
production.

This broad conclusion was supported by the study of DeCoster et al.,
who concluded that an inflammatory microenvironment may facilitate
malignant transformations through this JAK-STAT3 signaling pathway
[44]. On the other hand, Blombery et al., pointed to the observation that
some cases of BIA-ALCL occurred in patients with germline TP53 mu-
tations, which is a rare genetic condition that predisposes the in-
dividuals to some forms of cancer, including breast cancer [45]. In a
similar manner, de Boer et al., reported that women with a germline
mutation in the BRAC1 or BRAC2 genes who had received breast im-
plants were at higher risk of developing BIA-ALCL [46]. Tevis et al. also
reported genetic susceptibility factors that are responsible for germline
genetic variation in human leukocyte antigen in patients with BIA-ALCL
[471.

As Rondon-Lagos et al. point out [48], there appear to be some
unique genomic abnormalities leading to dysfunction of these biological
pathways, especially the JAK1/STAT3 signaling pathway and the
occurrence of BIA-ALCL, with a complexity of chromosomal aberrations,
and genetic amplifications not seen elsewhere. One possible factor is
that some rare lymphomas occur in situations where there is chronic
inflammation but also decreased immune surveillance; some other forms
of lymphoma have been found within the central nervous system and
testes, both known to be immune-privilege sites, and such conditions
could be present in the breasts of some patients [49].

Hu et al., in 2015, were among the first to suggest that bacteria were
associated with large cell lymphoma [50]. Their conclusions were
derived from a study in pigs, and from some observations in human
patients, where there was a significant correlation between the number
of bacteria and the number of lymphocytes in tissue fluid. The micro-
biome of breast implants and the periprosthetic tissues of patients was
recently reported by Walker et al. [51]. The microbiome showed
commonly cultured microbes in both BIA-ALCL and control samples,
with no significant differences between them. Swanson has argued
persuasively that there is unlikely to be a significant infectious etiology
[52].

Two papers were published in 2020 that drew attention to the po-
tential association of the Epstein-Barr virus (EBV) with susceptibility to
BIA-ALCL. Rodriguez-Pinilla et al. described three cases of EBV positive
large cell B lymphomas in patients with breast implants [53] and Mes-
cam et al. reported a similar number of cases [54]. Medeiros et al. [55]
noted here that the EBV is a member of the herpes virus family; it is very
common, most cases of infection being mild. The virus usually becomes
inactive for long periods of time, potentially reactivating under certain
conditions, where stressors such as surgery, accidents, a depleted im-
mune system or emotional stress are present. The cases typically had
CD30" EBV-infected B-cells. Lymphomas were usually inside the tissue
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capsule, with varying amounts of inflammatory cells. There was a
distinct overlap between the morphologies of these EBV-associated
lymphomas and the usual non-EBV-associated ones, but there are
clearly some differences. It has been postulated that these EBV-positive
diffuse large-B-cell lymphomas arise at the site of chronic inflammation,
driven by a local immunosuppression [56]; as such they have been
labelled DLBCL-CI, Diffuse Large B Cell Lymphoma - Chronic
Inflammation.

These possibilities created by an apparent association of EBV and
BIA-ALCL raise several questions. First, as noted by Mansy et al. [57],
the spectrum of breast implant large cell lymphomas extends beyond
BIA-ALCL, rendering diagnosis less certain. Secondly, since the true
incidence of EBV involvement in all BIA-ALCL cases is not known, and
since EBV itself is a known risk factor for multiple forms of cancer [58],
including Hodgkin’s lymphoma, it is possible that this virus is the main
driver of BIA-ALCL. As Mansy et al. point out, ‘the etiology of
EBV-associated cancers likely results from a complex intersection of genetic,
clinical, environmental and dietary factors’.

There has been an increasing interest in the role of surface topog-
raphy of breast implants (discussed as texture or roughness, see Fig. 3) in
BIA-ALCL and its relationship to the degree and type of inflammation
within the host response and capsule formation. Most epidemiological
studies have pointed to the significant preponderance of incidences of
BIA-ALCL with textured implants, but there has been considerable
speculation as to why this should be so. In 2012, Britez et al. showed a
statistically significant higher level of lymphocytes and histiocytes with
textured breast implants compared to smooth walled implants, with a
dominance of T lymphocytes over B cells [60].

A major review of large cell lymphomas associated with breast im-
plants, concluded that these cases were site- and material-specific lym-
phomas [61]; out of 173 cases, none were found in patients with smooth
devices, while they were unrelated to the implant fill material (silicone
gel or saline). The evidence suggested that there was a chronic inflam-
matory cause, and the demographics and associated skin lesions sug-
gested a genetic predisposition. A similar paper by Loch-Wilkinson et al.
[62] confirmed the increased risk with ‘high surface-area textured im-
plants’, suggesting that the high surface area leads to greater coloniza-
tion by bacteria. They correctly point to the multi-factorial nature of the
phenomenon, speculating that these surfaces lead to chronic antigen
stimulation in genetically susceptible hosts over a prolonged period of
time, a view reinforced by Clemens when commenting on this paper
[63]. Doloff et al. have shown that topography influences the immune
response to silicone implants, suggesting that a roughness of 4 pm is
ideal since it is associated with a lower foreign body response, and the
production of immunosuppressive regulatory cells [64].

Although the evidence that BIA-ALCL is more associated with
textured rather than smooth wall implants is incontrovertible, even
though some authors now question the strength of the association [65],
there is still no universally accepted explanation. It is most likely that the
textured implants generate a stronger chronic inflammatory response,
which mutates in some way to a lymphoma in genetically susceptible
patients, but efforts to identify differences with responses to different
surfaces have failed to produce significant outcomes [66]. The situation
may be even more complex following observations of both B-cell and
T-cell lymphomas in the same implant capsule, with indications that
autoimmunity is involved [67].

Any attempt to specifically and uniquely link anaplastic large cell
lymphomas to breast implants, and especially textured breast implants,
with demonstrable evidence of causation, has to consider whether
similar lymphomas are found in situations involving other type of
implanted device. Cheuk et al. [68] identified eight cases in the clinical
literature where lymphomas had been reported around metallic im-
plants. These implants routinely showed osteomyelitis associated lym-
phoma, with long-standing chronic inflammation or irritation, with a
long latency period and histological features of CD20" large B cell
lymphoma, and association with EBV. Palraj et al. have reported a case
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Fig. 3. Scanning Electron Micrographs of textured surfaces of some commercial breast implants, After Calobrace et al. [59], with permission.

of soft tissue large T-cell lymphoma around a stainless steel fixation
plate implanted in the tibia for 7 years, inferring that the mechanism
involved a chronic inflammatory reaction to the implant-derived anti-
genic stimulus which evolved to lymphoma through clonal trans-
formation and/or genetic mutation to a particular subset of lymphocytes
[69]. Sanchez-Gonzales et al. reported a case of a diffuse large B-cell
lymphoma in a knee replacement patient, with proliferation of EBV
transformed B cells induced by chronic inflammation [70]. Wang et al.
reported a similar pathology associated with metallic screws and rods
used in lumbar spinal fusion surgery [71]. An EBV- associated diffuse
large B-cell lymphoma has been reported in the chest wall 20 years after
reconstruction with polyethylene terephthalate mesh [72]. The same
type of material, in the form of a Dacron aortic prosthesis, was reported
to be associated with an ALK-negative anaplastic large cell lymphoma in
a patient who had been treated with endovascular aortic aneurysm
repair 7 years previously [73].

A controversial aspect in this context is the apparent occurrence of
large cell lymphomas associated with space-filling gluteal prostheses,
Mosquera-Zamudio et al. reporting one case of diffuse large B-cell
lymphoma in a patient with necrotizing fasciitis in the region of silicone
implants in the buttock [74], Shauly et al. reporting a similar, but more
aggressive, case [75]. Mendez et al. discussed a case in which a woman
with gluteal augmentation by silicone implants experienced increasing
volume and distortion of the left buttock, which was shown to be
infected and later explantation revealed large cells positive for CD30 and
CD4 and negative for ALK [76]. However, both Senderoff [77] and
Piubelli et al. [78] believe that it is premature to draw analogies be-
tween the gluteal and breast implant experiences.

Whether or not it is premature to draw precise analogies cannot
negate the fact that lymphomas do occur in patients with prostheses
other than breast implants [79]. Two reports in pathology journals, one
[80] appearing before all of the attention given to BIA-ALCL, and one
[81] just last year, present balanced, unbiased views on this matter.
Descriptions of these lesions according to the first of these papers
included ‘aggregates of large lymphoma cells with definite cytologic atypia,

aberrant immunophenotype, immunoglobulin light chain restriction and gene
rearrangement, a very high proliferation index and uniform labelling of cells
for Epstein Barr Virus’, with a clear indication of diffuse large B-cell
lymphoma with long-standing or slow-growing chronic inflammation,
occurring in enclosed environments and in association with the EBV.

3.1.3. Plasticity

The conventional biocompatibility pathway for breast implants in-
volves acceptable degrees of inflammation and fibrosis, leading to the
formation of a fibrous capsule around the device. The extent of fibrosis
varies, and in some cases may be excessive and painful, giving the
clinical condition of capsular contracture.

The plasticity of breast implant biocompatibility, specifically related
to BIA-ALCL, is shown schematically in Fig. 4. Inevitably, there will be
an inflammatory response to the implant, associated with the surgical
procedure and possibly influenced by implant characteristics, including
surface texture, and bacterial biofilms. The inflammatory cells release
cytokines, the profile of this release, both temporally and molecularly,
controlling cellular responses. Thus, inflammation activated cytokine
generation is the driver for BIA-ALCL, while the consequences are
dependent on the susceptibility of the host, where major risk factors are
ALK negativity, certain genetic pathway mutations, some germline
mutations, mutations in epigenetic regulators and prior exposure to
certain viruses including EBV. Depending on a variety of processes
which are not yet clear, the magnitude of the effects of these biological
factors, and interactivity between them, determine whether, as in the
majority of cases, the proliferation of T lymphocytes leads to an indolent
and manageable effusion, or, in rare cases, it leads to malignancy.

The metallurgical analogy is that of deformation, where the driver is
mechanical stress and where the consequences of that applied stress are
determined by inherent material characteristics, such as grain bound-
aries and precipitates (analogous to genetic factors and viruses) and by
environmental factors such as temperature (analogous to epigenetic
factors).
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Fig. 4. Plasticity in breast Implant biocompatibility - The genesis of alternative biocompatibility pathways in BIA-ALCL. The starting point is the creation of an
inflammatory milieu, associated with the surgical intervention and the possible accentuating factors of implant texture and biofilms. The inflammation involves
cytokine release from cells. In patients who do not have pre-disposing characteristics, the classical pathway is followed, leading to fibrous encapsulation of the
implant. When pre-disposing factors are present, there may be increasing proliferation of T cells in ALK negative individuals. Depending on a number of factors, this
proliferation may yield indolent (and easily treatable) lymphomas or malignancy. Thus we have at least two-subsets of BIA-ALCL, arising from variations in the

highly plastic alternative biocompatibility pathways.

3.2. Intraocular lens opacification and epithelial — mesenchymal
transition

Intraocular lenses are highly successful implanted devices, but some
patients do suffer from one significant complication, posterior capsular

opacification (PCO). This arises from the proliferation, migration and
abnormal differentiation of residual lens epithelial cells and fibers in the
capsular bag.
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Fig. 5. One interpretation of posterior capsule opacification, after Cooksley et al. [85]. In (A) residual lens epithelial cells are stimulated by surgical trauma, resulting
(B) in upregulation of inflammatory mediators followed by epithelial-mesenchymal transition, proliferation and infiltration of leukocytes and activation of SMAD
signaling pathways (C) and migration of transdifferentiated lens cells over the IOL optic (D).
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3.2.1. Background

This is not widespread problem but is a good example of how one
type of biological event can trigger an unusual biocompatibility
pathway. The effects are obvious to the patient and can be readily
monitored by physicians; moreover, the process may take place slowly
over a few years in the absence of significant mechanical forces or sig-
nificant release of chemical substances from the biomaterials. There
have been references in the literature to the role of the biomaterial’s
surfaces and protein adsorption in the pathogenesis of PCO.

3.2.2. Mechanisms

Nibourg et al. have recently discussed the pathogenesis and pre-
vention of PCO [82]. Lens epithelial cells (LECs) are normally situated in
a single layer on the inner side of the anterior lens capsule; they are
mostly removed during cataract surgery, but some remain in the
capsular bag afterward and they are able to proliferate and migrate to
the posterior capsule. Moreover, LECs are able to transdifferentiate,
especially to myofibroblasts, which are primarily responsible for the
PCO (Fig. 5). This epithelial to mesenchymal transformation, EMT, can
cause the lens capsule surface to become wrinkled, because the myofi-
broblasts contain a-smooth muscle actin and therefore have contractile
properties; when in the visual axis, these wrinkles give rise to visual
disturbances.

EMT is a biological process in which epithelial cells lose their char-
acteristics (e.g., cell-cell junctions, apical-basal polarity, epithelial
markers) and acquire mesenchymal features such as cell motility and a
spindle cell shape [83]. Originally discussed in terms of defining
important cell changes in embryogenesis, it is now well accepted that it
plays a significant role in cancer progression and tissue fibrosis. Of
relevance to this essay, EMT has been determined to ‘display highly plastic
and dynamic manners during cell fate transitions’ [84]. The transition is
regulated at different levels by multiple factors, including cell-signaling,
transcriptional control, epigenetic modification and post-translational
modifications. It has been demonstrated that EMT and metastatic can-
cer cascades are inextricably linked, with clear relationships between
EMT and cancer stem cells. Of relevance is the fact that cancer cells are
observed exhibiting a plasticity that demonstrates the ability to switch
between cancer stem cells and non-cancer stem cells in different
situations.

In the context of IOLs, EMT is triggered within inflammatory re-
sponses, induced in this case by the surgery itself, where the damaged
ocular tissue releases chemokines. Also the family of TGF-$ growth
factors has been implicated in the EMT process. A latent form of TGF- f is
present in aqueous humor and is activated by trauma. Signaling by TGF-
f starts with its binding to serine/threonine kinases on the cell surface,
eventually resulting in cell signaling by phosphorylation of Smad pro-
teins. Clearly, there are well-established signaling pathways that trans-
late ocular tissue damage in the region of, but not caused by, the IOL
implant into important clinical outcomes. Nibourg et al. did state that
the IOL materials and design do influence the extent of PCO, one of the
citations used to support this [86] specifically states that it is the IOL
design and not the material that influences PCO. Other studies support
the importance of design [87,88], whereas others are equivocal [89]. It
should be noted, as pointed out by Bozukova et al., the design issue
largely concerns the role of the IOL optic acting as a barrier to cell
migration rather than being involved in causation of migration and EMT
[90]. Evidence concerning surface properties, protein adsorption and
cell behavior on IOL surfaces is very confusing. In the paper of Bozukova
et al. mentioned above, it is stated on one page that “implants exhibiting
hydrophilicity associated with strong cell adhesion”, while on the next page
report “biomaterials with a hydrophilic surface are known for effective
reduction of protein deposition and cell adhesion”. They do refer to pub-
lished data that suggest that low aqueous contact angles (<40) and those
of high angles (>75) have low cell attachment, whereas maximum
attachment is seen at intermediate angles. The work of Awasthi et al.
[91] confirm this confusing situation through the comments:
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“Comparison of hydrophobic and hydrophilic materials showed that the type
might influence PCO development ... although it is well recognized that a
hydrophilic acrylic material is more biocompatible, IOLs made of this mate-
rial have been shown to support LEC adhesion, migration, and proliferation
and thus PCO development compared with an IOL made of PMMA or hy-
drophobic acrylic materials”.

3.2.3. Plasticity

There are several key factors that control the development of PCO
(Fig. 6). The first, which is considered to be the driver of the phenom-
enon, is the effect of local trauma associated with the surgical removal of
the cloudy lens which leaves behind some epithelial cells. Above a
certain level of residual lens epithelial cells, a series of events involving
upregulation of inflammatory mediators is activated. It is unclear
exactly what is that critical level of residual cells; indeed, a central point
in the plasticity of the opacification pathway is that this critical level is
likely to be dependent on individual characteristics. These include ge-
netic factors; for example, decorin is believed to be involved in these
processes, the expression of which appears to be significantly elevated in
situations that lead to opacification [92]. Over time, the residual lens
epithelial cells proliferate, which is influenced by signaling pathways
and mediators such as TGF p.

In susceptible individuals, this process may lead to EMT. Lamouille
et al. recently reviewed molecular mechanisms of EMT [93]. A critical
sentence in the introduction to this paper reads:”

The ability of epithelial cells to transform into mesenchymal cells, and
back, either partially or fully, illustrates an inherent plasticity in the epithelial
phenotype”. The switch in cell differentiation is mediated by key tran-
scription factors, the functions of which are finely regulated at the
transcriptional, translational, and post-translational levels. As noted
above, the EMT here may lead to the formation of myofibroblasts, which
are responsible for the opacification.

3.3. Surgical meshes

A surgical mesh implantable device is a piece of a textile or tissue
fabric that is used to support weakened or damaged internal soft tissues.
There are several conditions in which meshes are commonly used, two
important applications being hernias (especially ventral, inguinal and
incisional hernias) and pelvic organ prolapse, in which certain pelvic
organs, such as uterus, bladder and rectum descend through the vagina
(or possibly the anus in the latter case). Millions of patients suffer from
one or other of these conditions annually and globally. The materials of
which the meshes are made, which can be synthetic or natural, are
accurately described as ‘biomaterials’ and their performance has
become a major concern in recent years. I discuss here the features of
this performance within the concepts of disease causation and mesh
biocompatibility, especially focusing on the widely pronounced putative
causes of mesh failure.

3.3.1. Background

Although there are other clinical applications of meshes, I deal only
with hernia and prolapse issues here; meshes are widely used in the
treatment of urinary incontinence in women, but additional factors are
involved, especially infection, and it is better to leave those aside in the
present discussion. I consider the hernia and prolapse meshes together
for although there are differences there is much commonality, which
allows a broader and more comprehensive assessment.

Pelvic floor dysfunction, which includes prolapse, is a very serious
issue, being described as a hidden epidemic in the USA in 2005 [94],
accounting for some 300,000 women requiring treatment annually.
However, according to Weber and Richter [95], virtually all women
with prolapse can be treated and their symptoms improved, if not
completely resolved. Anatomically and functionally, support for pelvic
organs in women is provided by the vagina, which is itself supported by
complex interactions between the levator ani muscles and their fascial
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Fig. 6. Plasticity in IOL posterior capsule opacification pathway. See text for explanation.

coverings, and by connective tissue attachment of the vagina to the bony
pelvis, including the uterosacral ligaments, the arcus tendinous fascia
pelvis, and the perineal body and membrane. The levator ani complex
consists of three sections, the pubococcygeus, puborectalis and ilio-
coccygeus, which are separated to allow passage of the urethra, vagina
and rectum. The sphincteric and support systems within this complex
control functions during normal activity, for example maintaining ure-
thral closing pressure to counteract increasing bladder pressure [96];
decreases in the number of striated muscle fibers occurring with age can
profoundly influence this balance. Damage to, or deficiencies in, any
part of the vaginal connective tissue system can change the vaginal axis
so that the vagina may no longer be compressed against the levator
muscles, predisposing to incontinence and/or prolapse.

When considering the pathophysiology of prolapse, it is necessary to
consider predisposing, inciting and promoting factors [97]. With pre-
disposing factors, there is good evidence that increasing parity (i.e.,
number of vaginal births), advancing age and obesity are principal
factors, with an increasing amount of evidence to indicate the role of
genetic predisposition. The inciting events mostly center around preg-
nancy and delivery, but with previous surgeries, especially hysterec-
tomy, also potentially involved. Promoting factors include pulmonary
diseases, especially those with significant coughing, physical activity
and chronic constipation.

The reason why the pathophysiology of prolapse is mentioned here is
that these factors may indirectly control biocompatibility of meshes
used in treatment. Put simply, in the majority of cases, there are pre-
disposing factors which involve either weakened supporting tissue and
altered anatomy, that, coupled with several difficult vaginal deliveries
and maybe individual factors such as obesity and lifestyle issues, result
in diminishing resistance to the abdominal pressure, and the tendency to
prolapse. This may be controlled non-surgically, but in many cases,
surgical reconstruction is necessary. It might seem rather naive to as-
sume that successful reconstruction can be achieved by placing a simple
mesh into the affected area, which is already compromised biome-
chanically and physiologically, hoping that the normal ‘rules’ of
biocompatibility apply.

With hernias, there are several different situations, but the etiology
can be understood by reference to abdominal wall hernias (with or
without the involvement of prior surgery and failure of incisional
healing) and the special case of inguinal hernias. The abdominal wall is a
complex laminated cylinder of muscle and fascia, which provides pro-
tection for the viscera and support for both respiratory mechanics and

musculoskeletal posturing [98]. The interplay between the dynamic
muscle layers and static fascial framework allows for the maintenance of
a constant intraabdominal pressure to support normal physiologic
functions. If the wall is in a weakened state, the pressure will be focused
on that point, increasing susceptibility to a hernia, which is the pro-
gressive penetration of the wall by internal tissues (Fig. 7). Not sur-
prisingly, one source of such weakening is prior surgery, leading to
incisional hernias [99]. Inguinal hernias are very common; the inguinal
canal starts at the internal inguinal ring, ending at the superficial ring,
and contains the spermatic cord in men and the round ligament in
women [100]. The integrity of the abdominal wall here depends on the
orientation of the inguinal canal; herniation can proceed laterally from
the internal inguinal ring, or medially from a weakened transversalis
fascia. Once again, meshes are used to repair and support the abdominal
wall tissues that have been, and probably remain, compromised.
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Fig. 7. Gross anatomy of abdominal hernia.
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3.3.2. Mechanisms

In this section, I deal with the pathophysiology of the underlying
tissue conditions that lead to hernia or prolapse alongside the mecha-
nisms of biocompatibility associated with meshes used in their treat-
ment. For purposes of clarity, I only discuss synthetic meshes (rather
than biological meshes) and I refrain from discussing technical details
such as methods of mesh fixation since, although very important from a
practical clinical perspective, it is difficult to rationalize their specific
effects.

In terms of pathophysiology, the following are the principal
contributing factors.

3.3.2.1. Connective tissue changes. Henriksen et al. [101] discussed the
role of altered collagen metabolism in the causation of hernias, finding
that there are alterations at three levels; the type I to III ratio is
decreased, collagen quality is poorer (primarily based on cross-linking
characteristics) and collagen breakdown is increased. The collagen fi-
bers and fibrils are thinner and more evenly distributed in the rectus
sheath of hernia patients compared to controls. Klinge et al. confirmed
the presence of decreased collagen I/III ratios and altered levels of
matrix metalloproteinases (MMPs) in incisional hernia patients, indic-
ative of collagen disorders [102]. This point was amplified by Thankam
et al. [103] who described disturbances in collagen homeostasis in some
patients following surgery, including alterations in expression of
collagen subtypes and impairment in the transdifferentiation of fibro-
blasts to myofibroblasts, increasing susceptibility to incisional hernia.
Pans et al. [104] concluded that molecular alterations in collagen are
associated with groin hernias, while Chen and Yeh [105] showed
increased turnover involving matrix metalloproteinases and serine
proteases in pelvic tissue predisposed to incontinence and prolapse,
while Jackson et al. found that reduction in total collagen content and
increases in intermediate intermolecular cross-links and advanced gly-
cation cross-links were seen in prolapsed tissue [106].

3.3.2.2. Biomechanics. Consistent with these observations of connective
tissue changes, Moali et al. found that tissues in patients who experience
prolapse undergo remodeling as a result of the biomechanical stresses
induced by pelvic organs on the vaginal wall [107]. Mei et al. [108]
considered the smooth muscle cell content of the vaginal wall, noting
that in the posterior vaginal wall this was much lower in women with
prolapse than those without, suggesting that biomechanically controlled
smooth muscle contractility changes are involved in prolapse. Con-
cerning susceptibility to herniation, it is recognized that the human
abdominal wall is a complex composite structure, the layers of which
vary considerably in mechanical characteristics [109]; the linea alba, a
midline band of connective tissue that separates the two parallel por-
tions of the rectus abdominis muscle, is composed primarily of type I
collagen and has considerable anisotropy. Along with the aponeuroses,
this performs most work in the abdomen, and variations in their char-
acteristics control mechanical stability and resistance to hernia [110].

3.3.2.3. Genetics and hereditary factors. There is good evidence that
there are genetic and hereditary associations for both prolapse and
hernia. Cartwright and colleagues [111,112] have indicated that there
are at least four biologically plausible polymorphisms associated with
prolapse, primarily including the COL1A1 gene, but also in ESR1, FBLN5
and PGR genes. Matrix metalloproteinase-9 (MMP-9) is also a candidate
gene for prolapse [113]. Family history of prolapse among first-degree
relatives in an established risk factor [114]. According to Barnett
et al., inguinal hernia is associated with several genetic syndromes and
related disorders in some ECM components [115]. More specifically, and
in relation to adult-onset inguinal hernia, Jorgensen et al. identified four
inguinal hernia susceptibility loci near the genes WT1, EFEMP1, EBF2
and ADAMTS6, which suggests a role in collagen homeostasis and
elastin maintenance [116].
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3.3.3. Plasticity

As implied above, situations in which surgical meshes are used in
patients are far more dependent on the patient’s conditions that neces-
sitate their use than most other medical device applications. The factors
involved are shown on the left-hand side of Fig. 8. These factors reflect
the compromised state of the connective tissue and most of them
continue to influence the process of wound healing in tissue repair.

Dealing specifically with hernia repair, many patients progress
through the wound healing phase, involving classical biocompatibility
pathways, and there is no need to invoke mechanisms of plasticity.
There are two phenomena that can adversely interfere with early stages
of repair, neither of which are significantly related to the device design
or materials, and which can necessitate re-intervention. These are ad-
hesions and infection, being prominent causes of device failure; they are
not considered here. However, there are two drivers of poor wound
healing, the first being related to the condition of the tissue that has to be
repaired; the second is associated with the biomechanical environment
within which the repair process takes place.

The plasticity of biocompatibility is clearly seen here. In most cases,
there is no single, well-defined event that demarcates failure of the
process. There is an interplay between the natural mechanisms of soft
tissue repair (involving those of inflammation and fibrosis in all of their
complexities) and those of resistance, including the application of me-
chanical forces which are inconsistent with the mechanisms of mecha-
notransduction within in a reparative environment, and the presence of
connective tissue disorders that interfere with repair. The influences of
obesity [117] and diabetes mellitus [118] as co-morbidity factors are
especially important.

If the natural processes are in the ascendency, after a few weeks, the
patient may be unaware of the original conditions and, while taking
good care of his or her body, never have a recurrence. To the contrary,
the repair process may be less than ideal, in which case the patient will
have to live with the consequences, such as chronic pain, the inflexibility
of scar tissue, and the psychological aspects of not knowing if the
abdominal wall will herniate or rupture again. Put simply, the tissue is
always in a state of metastability, the plasticity being associated with the
balance between reversibility and irreversibility of the connective tissue
characteristics. That this is a characteristic of the hernia mesh biocom-
patibility is seen by the variable influences of different meshes on the
stimulation of chronic inflammation, and of the role of elasticity and
anisotropy of meshes on the stress distribution in the mesh — abdominal
wall complex. The plasticity associated with inflammatory responses,
especially involving transition between cellular (especially macro-
phage) phenotypes, is likely to be a major factor.

3.4. Metal-on-metal hip replacement prostheses

3.4.1. Background

The history of total hip replacement is well-known and there is little
need to rehearse that here. Notwithstanding considerable clinical suc-
cess over several decades, failures did occur, especially with loosening of
components in cemented polyethylene — metal combinations. In 1995,
Harris analyzed the situation and concluded that ‘many acetabular
components become loose because of the ingress of particulate debris that
leads to linear bone loss at the interface with the pelvis, a process that is
biologically akin to the more florid forms of osteolysis’ [119]. The partic-
ulate debris referred to was that of ultra-high molecular weight poly-
ethylene, released through the wear process; the particles were typically
0.40-1.15 pm in size, appearing in numbers that depended on many
factors but usually between 108 and 1010/gram tissue [120]. The
occurrence of osteolysis, with implications for the role of the
bone-resorbing cell, the osteoclast, led to studies of potential molecular
pathways for the phenomenon. The discovery that the TNF receptor
family member, RANK, played a major role in osteoclast differentiation
[121] led to observations of a correlation of RANK, RANKL and TNFa
expression with bone loss and wear debris around hip replacements
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Fig. 8. Plasticity in hernia mesh biocompatibility pathways. Several factors control the susceptibility to both hernia formation and the ability of the damaged tissue
to be repaired. Some factors, such as adhesion formation and infection, both of which can occur in most abdominal surgical procedures (for example as a consequence
of clinical technique) cause early failure, essentially unrelated to biocompatibility. In susceptible patients, the drivers of different biocompatibility pathways,
involving genetically-determined deficiencies in connective tissues and inappropriate biomechanical environments, cause variations in the repair processes, often

leading to recurrence of the hernia.

[122]. It has also become clear that multinucleated giant cells play a role
in bone-related diseases, especially concerning osteoclasts and
macrophage-derived foreign body giant cells [123]. It has been known
for some time that the macrophage dominated the response to wear
debris, of any kind [124], and their fusion into foreign body giant cells is
a major factor in inflammation and bone resorption. The interaction
between osteoclasts and foreign body giant cells in this context [125] is
an intriguing aspect of osteolysis; indeed, this interaction provides an
insight into the plasticity of biocompatibility with respect to joint
replacement biomaterials. However, this is not the focus of this section,
since far greater clinical significance has been attached to an alternative
material combination, involving an interface of two metallic compo-
nents, with quite different wear characteristics and pathological
responses.

Metal-on-metal hip replacements were first used not long after
Charnley’s introduction of the metal-on-plastic device, McKee and
Watson-Farrar describing this alternative system in 1966 [126]. The
device was reported to give excellent results [127], but occasional fail-
ures associated with pain and joint effusions were noted. Willert et al.
carried out a histomorphological study and concluded that this was most
likely a lymphocyte dominated immunological response [128]. These
implants went out of favor as the Charnley-type became very popular.
However, the attraction of the far greater engineering performance of
alloy systems compared to plastics, led to their re-emergence in the first
decade of the 21st century, especially for hip re-surfacing techniques
which involved much less bone sacrifice. Advantages and disadvantages
were described by Jacobs et al. in 2009 [129]. The disadvantages soon
became very obvious, with significant number of early failures [130],
which led to extensive litigation, and the introduction of new termi-
nology, including ALVAL (aseptic lymphocyte-dominated vasculiti-
s-associated lesion, ARMD (adverse reactions to metal debris),
metallosis and pseudotumors.

3.4.2. Mechanisms
Clinical patterns of failures were quite soon established, although
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hypotheses for the exact mechanisms varied. Typically, notable effu-
sions were found at revision surgery, with a ‘creamy, milk-stained fluid’,
usually with apparent tissue necrosis [131]. It was becoming clear that
the host response to metal debris from these prostheses was different to
that from other material combinations, including metal — on - poly-
ethylene, ceramic — on - ceramic and ceramic — on - polyethylene. The
reasons were not definitively obvious, but among the facts were the
following.

e The size of metal debris particles was much lower than that of
polyethylene particles and also varied quite considerably depending
on the precise type of device and the biomechanical circumstances
associated with any one patient [132]; the mean particle size under
‘normal’ wear conditions was 35 nm compared to 95 nm under
edge-loading conditions, so that the latter particles, which were
more elongated, had 630 times more cobalt than the former.

The majority of metal-on-metal devices used cobalt-chromium-
molybdenum alloys. Although intrinsically very corrosion-resistant,
these very small particles, with their enormous surface area/vol-
ume ratio, could release metal ions into their environment. Poly-
ethylene particles are essentially insoluble in aqueous media.
Under certain conditions, these metal ions, especially the cobalt, may
exert direct toxic effects and stimulate hypersensitivity in susceptible
patients.

This combination of factors means that it is possible that different
biological pathways could be superimposed upon those that have been
determined for the metal-on-polyethylene systems. This leads to the
scenario of a combined macrophage/foreign body giant cell driven
innate response and lymphocyte driven adaptive immune response, a
perfect situation in which to witness plasticity in the host response,
especially where it is strongly influenced by idiosyncratic hypersensi-
tivity and, to some extent, by clinical techniques which result in the
disadvantageous edge wear.

Many papers have been published on this scenario, but just a few of
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the most significant will be cited here. First, there is no doubt that co-
balt, as released from prostheses, can exert toxic effects [133], both
locally and systemically; these ions, which are released intracellularly
from internalized particles because of the highly acidic environment
within phagosomes, impair functions of macrophages, fibroblasts and
osteoblasts, the soluble cobalt ions activating extrinsic and intrinsic
apoptotic pathways. This process is entirely consistent with the concept
of DAMPS, (Damage Associated Molecular Pathways) which can be used
to explain non-pathogenic innate immune responses, the central
component of which is the inflammasome, and which involves recog-
nition of danger signals, lysosomal destabilization, an increase in
NADPH and significant generation of reactive oxygen species [134]; the
authors of this paper referred to the substantial plasticity between the
key cell types associated with implant-related osteolysis. In many ways,
this process is qualitatively similar to that associated with any other
wear debris generated by orthopedic devices (Fig. 9), where the mac-
rophages activated in this way secrete chemokines and proinflammatory
cytokines, increasing osteoclastogenesis and suppression of osteoblast
function, essentially a variant of the innate immune response [136].

Landgraeber et al. [134] also state that lymphocytes can also play a
crucial role in the peri-implant debris-reactivity environment, both T
and B lymphocytes frequently being present in the tissue. Interestingly it
is the T-helper, TH1 subtypes that predominate, which are known to
recruit and activate macrophages. Again, it is noted that macrophages
and lymphocytes seem to interact with each other, via lesser-reported
receptors and cytokines, such as IL-15. This is characteristic of a type
IV delayed hypersensitivity response, that is an adaptive slow cell
mediated response. The mutually interactive recruitment of these cells
can lead to runaway inflammation, which is the cause of the effusions
alongside the osteolysis.

A major question arises as to whether the delayed hypersensitivity
responses are seen in patients who are sensitized to one of the metals
involved. This has been difficult to resolve because of uncertainty of the
diagnosis of hypersensitivity, but there is sufficient evidence to show a
strong possibility of such causation [137,138], which would explain the
significant individual variations in responses. This idiosyncratic
response is also a factor that partially explains the frequently observed
poor correlation between whole blood, synovial fluid and periprosthetic
tissue levels of metals and histological findings [139].

The current state of knowledge has been summarized by two recent
papers. Paukkeri et al. [140] found high blood cobalt and chromium
concentrations are associated with ~macrophage dominated

Fig. 9. Histological appearance of tissues around metal-on-metal hip replace-
ment, showing dense aggregates of lymphocytes (arrowed) and acellular zone
(F) of fibrin. After Campbell et al. [135] with permission.
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inflammatory response in tissues around failed implants, with tissue
damage and necrosis. There is an increased production of proin-
flammatory cytokines IL-6 and TNFa, which amplifies the reaction. In
addition, there may be perivascular reaction which is T-cell dominated;
in about half of the cases examined, this response predominated over the
macrophage response. Here the metal ions released from metal-protein
complexes (haptens) that may be recognized by the immune system as
foreign antigens, resulting in the activation of the adaptive immune
system.

Perhaps the best position on this matter, and one that emphasizes the
plasticity nature of the biocompatibility of metal-on-metal hip re-
placements, was that provided by Samelko et al. [141] in 2019. In their
model, the processes of DAMPs/inflammasome activation and delayed
hypersensitivity to metals are inextricably linked. They found that
NLRP3 inflammasome and its main effector caspase 1, along with the
cytokine IL-1p promote adaptive IL-17 production by CD4" T cells,
which  drive  metal-delayed hypersensitivity — responses  to
prostheses-derived metal. The interaction of caspase-1 and NLRP2
inflammasome has very recently been shown to be responsible for bone
resorption under some conditions [142]. The critical point here is that, it
is hypothesized, ‘implant debris induced inflammasome activation tips the
balance toward inflammatory IL-17 A/F producing CD4™" T cells that drive
metal hypersensitivity responses’. In effect, there may be a transition from
metal-delayed hypersensitivity resistance to susceptibility, which is
facilitated by active danger signaling (i.e., inflammasome-caspase-1
signaling) and the resulting production of IL-17; the local release of
various cytokines, together, promote the effector T cell immune reac-
tivity that elicits the delayed hypersensitivity. This transition will be
governed by the characteristics of the implant debris and of the patient.

3.4.3. Plasticity

The driver of biocompatibility pathways for joint replacements is the
release of wear debris. The characteristics of the debris (particle size and
shape, rate of release etc.) depends primarily on the nature of the
articulating surfaces, not just metal-on-polyethylene and metal-on-
metal, but also ceramic-on-ceramic, ceramic-on-polyethylene and
others, but also on the biomechanical environment. The consequences of
this release, and the plasticity of the subsequent biocompatibility
pathways, are controlled by the interactions between the released par-
ticles and the cells that are attracted to, and activated within, the tissue
(Fig. 10). With the micron-sized, biologically inert, polyethylene parti-
cles, the dominant inflammatory cell is the macrophage, often accom-
panied by foreign body giant cells, which respond to the released
cytokines. The consequences vary from patient to patient, and, indeed,
between different regions within the joint capsule, the plasticity being
evident by the transitioning between pro- and anti-inflammatory phe-
notypes [143,144]. With metallic particles, which may be of size below
20 nm and that are both soluble and toxic within cells, although mac-
rophages are involved in the inflammatory response, there is likely to be
a greater polarization towards the pro-inflammatory M1 phenotype,
which will stimulate the involvement of T-lymphocytes. The extent of
cytotoxic and genotoxic responses will vary from one situation to
another, with considerable plasticity in the overall cellular profile. Ge-
netic factors will be partly responsible for the activation of delayed
hypersensitivity in susceptible patients.

3.5. Bone bioactivity

3.5.1. Background

A recent essay written by the present author addressed the contro-
versial topic of bioactive materials [14], which, if used in a medical
technology application, should ‘beneficially and appropriately direct in-
teractions between a device and a host system through the modulation of
biological activity’. It is implicit that this process should be intentional
(that is, by design and not accident) and that there should be satisfactory
empirical evidence of the biocompatibility pathways that are involved.



D.F. Williams Biomaterials 296 (2023) 122077
Internalization of metal
particles and M1 phenotype RANKL growth
their intracellular dominated factor driven
dissolution inflammations and | v _
Release of micron NALP3 osteoc ast.ogenesm.
size PE particles Domination of infl.amlznasome 3”;353PUC loosening
Release of nano- I lymphocytes ; activation
size metal particles I m‘:‘:' "?".t'“d“zed I I
. cytotoxicity an
Implantatlon I Hypersensitivity, I I
Resulting in pain,
I swelling and I I
I necrosis I I
| L
| I /]
Metal-on- | I 1]
Polyethylene * y
} v
Alternative
Biocompatibility
A 4
Pathways \ 4 v
Metal on-
Metal
4

Classical Biocompatibility Pathway leading to Quiescent Acceptance

Fig. 10. Biocompatibility pathways for metal-on-polyethylene and metal-on-metal hip replacements. See text for explanation.

With respect to bone bioactivity, this presents a conundrum since there
are so many materials that have been characterized as having
bone-inducing, or bone-bonding properties, but which have little in
common and, usually, with little connectivity to bone formation
mechanisms. These materials include calcium phosphates, certain
glasses, calcium carbonate systems, graphene and other nanostructured
carbon derivatives, collagen-based materials, chitosan and other
biopolymer-based hydrogels, bisphosphonate-functionalized materials,
magnesium-based alloys, and nanoscale modified titanium. It has
become necessary to rationalize the behavior of these materials if we are
to understand the phenomenon of bone bioactivity, and this has to start
with a discussion of the mechanisms of bone formation.

3.5.2. Mechanisms

It should be noted at the outset that it is insufficient for a material to
solely induce hydroxyapatite deposition on its surface, since that does
not result in functioning bone; functional bone is a mineralized con-
nective tissue, the properties of which critically depend on its cellular
components and the ECM, and the interaction between these [145].
When a biomaterial is placed within a site that has been surgically
prepared, the response to the material must be considered in the context
of bone repair, alongside the normal host response to an implanted
device. As noted previously, this host response involves both inflam-
mation and fibrosis. With non-bioactive materials, the default position is
the formation of an interfacial zone of fibrous tissue: for bioactivity to
become a reality, the bone repair process has to dominate fibrosis.

Throughout human life, there is a constant turnover of bone as it is
resorbed and re-formed. Resorption takes place by the activity of oste-
oclasts, while formation is determined by osteoblasts. There is a wide
range in the kinetics and balance of this remodeling, caused by genetic
variation involving genes that encode regulators of bone homeostasis,
and by diseases such as osteoporosis. During bone remodeling, there is
significant cross-talk between osteoclasts and osteoblasts [146], which
allows bi-directional transduction of activation signals and the regula-
tion and survival of both types of cell. Bone marrow-derived macro-
phages also influence osteoblast activity through cytokines secretion
[147]. The ECM components contribute a network of signaling mecha-
nisms that influence bone metabolism and affect proliferation,
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differentiation and migration of the cells.

Bone formation in normal remodeling is highly regulated [148], with
activation, resorption, reversal, formation and termination phases in the
cycle, the process being orchestrated by osteocytes, which are
long-living cells that are formed when osteoblasts are buried in the
mineralized matrix of bone. They form dendritic processes within the
bone canaliculi, providing networks that are able to sense local and
systemic environmental changes. Local regulation is critical to this
sequence, such regulation being dominated by two signaling pathways,
the RANKL/RANK/OPG and Wnt pathways.

The RANKL/RANK/OPG system is extremely important in bone
physiology [149] and is the basis for several clinical therapies for
osteoporosis and bone cancers. Cytokines and hormones that promote
osteoclast formation first act on the osteoblast lineage, promoting the
regulation of osteoclastogenesis; this regulator is the receptor activator
of the NF-«xB ligand, RANKL, which acts upon its receptor in the he-
matopoietic lineage, giving a dual RANKL-RANK signaling interaction
that influences both osteoclast and osteoblast functions. There have
been suggestions that bioactive materials influence this system by
inhibiting osteoclastogenesis, promoting bone formation rather than
resorption; the role of biomaterial-derived cations may be important
here. Strontium-substituted bioactive glasses appear to inhibit osteo-
clastogenesis by suppression of the RANKL-induced signaling pathway
[150], the strontium ion possibly inhibiting osteoclast differentiation by
disruption of the RANKL activated p38 signaling and NF-xB pathways.

Wnt pathways are also important [151,152]; Wnt proteins transit
across cells through the secretory pathway, associating with several
proteins in the endoplasmic reticulum and the Golgi apparatus, with
prominent glycosylation and acetylation modifications. They act as li-
gands, binding to co-receptors of the LRP family (low density lipoprotein
receptor-related proteins) and to the signaling receptors Frizzleds. When
the heterotrimeric Wnt-LRP-Frizzled complex is activated, Frizzled
signaling takes place in the cell cytosol, activating the protein p-catenin,
which translocates to the nucleus, where it is able to regulate many
cell-cell adhesion and gene expression processes. There is a causal
relationship between Wnt signaling and bone formation, the B-catenin
being involved in the regulation of both osteoblasts and osteoclasts.
There have been several suggestions that bioactive biomaterials
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influence the Wnt pathway, with some evidence to support such effects
with nanostructured titanium [153], lithium-doped surfaces [154] and
some calcium phosphates [155].

When considering how putative bioactive materials can influence
any of these bone formation pathways in clinical practice, it seems clear
that the direct chemical interaction between the biomaterial and any
signaling molecule is, with one exception mentioned below, highly un-
likely; this would have to involve the release of some active entity from
the surface, but the specific targeting of such entities to one, and only
one, part of complex signaling pathways would be a very difficult
challenge. The one exception involves metal ions, it being noted above
that both strontium and lithium can, at least under in vitro conditions,
affect some pathways. There is also some experimental evidence that
Mn, Ca, Zn, Si, Cu and B ions are able to regulate cell function and in-
fluence bone remodeling [156]. Because many so-called bioactive ma-
terials release multiple types of ions, evidence of causation is only
qualitative and phenomenological.

With respect to calcium phosphate — based materials, the mere fact
that the mineral phase of bone is a calcium phosphate does not mean
that these materials are automatically bioactive. It is true that Ca*
transport in the extracellular space is an important regulator of cell
phenotype [157], but this is a complex process that is dependent on ion
concentration in the tissue and the presence of downstream signaling
molecules. It is possible that ions released from a material surface could
activate Ca?* channel transporters and some downstream pathways,
including MAPK and P13K-AKT pathways, causing activation of tran-
scription factors in the nucleus and osteoblast differentiation. Even then,
the bioactivity of calcium phosphate glasses and ceramics is not guar-
anteed since many factors are involved, including those of kinetics,
concentration and equilibrium.

Alternative mechanisms of bone bioactivity involve mechano-
transduction and the role of surface topography; cells are constantly
interacting with their environment such that engagement with other
cells and the ECM involves the formation of dynamic adhesions and the
application of cellularly generated forces by means of these adhesions
[158]. Active materials may be able to recapitulate the dynamic
microenvironment of living tissues at their surface. For example,
microstructured topographies may influence osteogenic differentiation
of mesenchymal stem cells through mechanotransduction induced up-
stream expression of integrin subunits, focal adhesion complexes and
the upregulation of FAK/MAPK and ILK/B-catenin signaling cascades
[159].

Biomaterials 296 (2023) 122077

3.5.3. Plasticity

Possible pathways are shown in Fig. 11. It is not surprising that there
is considerable plasticity in the biological pathways that may be fol-
lowed after contact is made between a biomaterial and bone or perios-
teal tissue. These pathways are controlled by the balance between
osteoblasts and fibroblasts (i.e., bone forming or fibrous tissue forming
cells) and between the osteoblasts and osteoclasts (i.e., bone forming
and bone resorption cells). In the former case, fibrous tissue will natu-
rally develop first unless there is a specific mechanism that favors bone
formation. In relation to osteoblasts and osteoclasts, there is continual
cross-talk between these cells, which can lead to a variable bone-forming
scenario, influenced by local factors, for example mechanotransduction
factors within the changing biomechanical environment. Metal ions are
also a source of variable responses, especially as many biomaterials
contain several metallic components, which may be released at different
rates, and which may have opposite effects on cellular components and
pathways. The main factors that control the ultimate fate of the osteo-
blast/osteoclast balance are the numerous signaling pathways, espe-
cially RANKL/RANK/OPG and Wnt, which can be influenced by the
biomaterial, and push the bone formation-resorption equilibrium in
different directions. The resulting plasticity can produce variable bone
bioactivity profiles with ostensibly very similar biomaterials, for
example within the ranges of ‘bioactive’ glasses and calcium phosphate
materials.

3.6. Imaging contrast agents

3.6.1. Background

Contrast agents have been used for many years to enhance anatom-
ical visualization of tissues during imaging processes, of either func-
tional or molecular variety. In recent years, attention has been focused
on suspensions of nanoparticles that are capable of intravenous injec-
tion. Such nanoparticle-based contrast agents, however, have not been
extensively used clinically because of the potential for adverse effects in
the human body. These adverse events are usually seen within the kid-
neys of some patients, for example the contrast induced nephropathy
following the use of some iodinated agents [160], or the nephrogenic
systemic fibrosis seen with some gadolinium-based MRI agents [161].
Considerations of biocompatibility are complicated by the fact that the
agents are not classical solids, but injectable chelates or particles, where
the host response is better discussed in terms of biodistribution, phar-
macokinetics and toxicity rather than conventional tissue responses
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Fig. 11. Plasticity of biocompatibility pathways in bone bioactivity, see text for explanation.
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[162]. As revealed by a retrospective analysis of over 10,000 MRI cases,
acute adverse reactions are quite rare [163] but there are uncertainties
over long-term immunotoxicity and neurotoxicity, and, therefore, on the
overall biocompatibility of these imaging nanoparticulate or chelated
agents [164].

3.6.2. Mechanisms

There may be some features in common between different forms of
contrast agent, but there are some significant differences in the way they
interact with the human body. It is also relevant to note that there are
several other biomedical applications of nanoparticles, such as in drug
and gene delivery, where the interactions with the body are different,
and have different consequences. In addition, nanoparticles can be
introduced into the body, either intentionally or inadvertently, with a
whole array of potential biological effects. This section is solely con-
cerned with the biological consequences (including biocompatibility) of
contrast agents in imaging applications.

It is appropriate to consider iron oxide and gadolinium systems in
this context. With iron oxide, there are several different forms depend-
ing on particle size [165]; ultrasmall superparamagnetic particles
(USPIOs) are in the range 5-50 nm, superparamagnetic particles (SPIOs)
are 50-150 nm and some are in the microscale rather than nanoscale
regions (MPIOs) at around 1 pm. Both the size and polydispersity affect
in vivo performance, as does the surface charge [166]. Of critical
importance is the fact that most iron oxide nanoparticle formulations
have surface coatings, such as polyethylene glycol (PEG) and poly-
ethylenimine (PEI) or dopamine-based systems [167], which influence
functionality and biocompatibility.

The major factors that determine biocompatibility of these particles
are the following.

e Iron is an element essential for life but can also be hazardous to
tissues under some circumstances. Upon entering the bloodstream,
iron oxide nanoparticles are phagocytosed within the reticuloendo-
thelial system, where macrophages and monocytes internalize them
by receptor-mediated endocytosis and transported to sites such as the
liver, bone marrow and spleen; the blood pool half-life of the parti-
cles is measured in minutes or hours.

Iron oxide nanoparticles are biodegradable, degradation times being
dependent on size and coating. Shapiro [168] discusses elimination
times of around 100 days for PLGA coated particles in vitro, but much
faster when injected intravenously and phagocytosed and trans-
ported to the liver. Within macrophages, the nanoparticles are
degraded, and the iron is ultimately incorporated within the body’s
iron store.

However, as ferrous ions are released, they can generate excessive
amounts of reactive oxide species (ROS), via Fenton and Haber-Weiss
reactions [169], the products of which include the very reactive
hydroxyl radical (OH *). According to Wu et al. [170], USPIOs, of size
<5 nm, can directly penetrate the cell cytoplasm, promoting robust
ROS generation and activation of the NLRP3 inflammasome. There is
increasing evidence that the specific toxicity characteristic associ-
ated with this iron accumulation is ferroptosis, a type of programmed
cell death accompanied by the accumulation of lipid peroxides
[171]. There are also possible genotoxic effects associated with the
over-expression of inflammatory mediators following the endoge-
nous production of ROS [172]. Importantly, these effects are not seen
with larger SPIOs, nor are they seen with most other metal oxide
particles.

The clearance of nanoparticles is also of importance since many
biomedical applications depend on their retention at the site of in-
terest for an appropriate length of time. Iron oxide particles >100 nm
appear to be trapped in the liver and spleen through macrophage
phagocytosis, but those <10 nm are eliminated quickly through
renal clearance [166]. Positively charged nanoparticles tend to be
cleared faster than neutral ones.
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Greater biocompatibility and toxicity concerns have arisen over
gadolinium-based agents [173]. The significance of gadolinium, which
is a rare earth metal, is that the proton relaxation times, which are
critically important in MRI performance, are influenced by para-
magnetic ions, and Gd>" possesses the most unpaired electrons of any
stable ion, creating a high magnetic moment and enhanced proton
relaxation [174]. Because of this, the first specifically designed MRI
contrast agent, introduced into clinical practice in 1988, was a gado-
linium compound, gadopentetate dimeglumine, Magnevist® [175].
However, gadolinium compounds do have some toxicity characteristics,
much depending on the chelation components and routes of adminis-
tration [176]. The gadopentetate dimeglumine has a linear structure in
which a polyamino-carboxylic acid backbone wraps around the Gd>*
ion but does not fully enclose it. This structure can release substantial
amounts of Gd*>* under some conditions [177]. Specifically, it became
apparent that patients with end-stage renal failure could suffer severe
systemic disease, as noted earlier. The nature of the chelate used clini-
cally was changed from a linear to a macrocyclic structure, which much
reduces the gadolinium release. Nevertheless, problems still exist [178],
including immunotoxicity [179] and neurotoxicity [180].

3.6.3. Plasticity

Plasticity is not so obvious with imaging contrast agents, partly due
to the lack of clinical evidence and the narrow range of applications. The
possibilities may be examined with two popular groups of agents, as
outlined above and features in Fig. 12, bearing in mind that the main
application is MRL, where functionality depends on magnetic properties.

The drivers of biocompatibility here (in many situations equated
with toxicity) are the immediate biodistribution of the agent and its
interactions with cellular and non-cellular biological components.
Because of the magnetic property requirements, the critical chemical
components are based on metallic elements which, because of inherent
toxicity, have to be shielded in some way from the in vivo environment,
by polymer coatings or by chelation with non-metallic compounds. The
plasticity represents the balance between agent biodistribution, the
release of metal ions from the agent and their speciation, retention or
excretion and the host susceptibility to the cytotoxic and genotoxic ef-
fects of the ions. Thus, while a macrocyclic gadolinium chelate may
avoid release of Gd3* ions and provide good MRI functionality without
adverse effects, linear chelates may release such ions, which may result
in retention in the kidney and necrosis or apoptosis in renal tubular cells.
Some recent papers on gadolinium toxicity, concerning general mech-
anisms [181], retention [182], nephrotoxicity [183] and effects on as-
trocytes [184] tend to confirm these general principles of plasticity.

3.7. Degradable tissue engineering scaffolds

3.7.1. Background

Specifications for biomaterial scaffolds have been controversial for
many years, and the present author has discussed this matter on several
occasions recently [15,185]. In terms of biocompatibility, there are two
generic requirements, which may seem contradictory. First, the material
itself, including any degradation products, should have no significant
adverse effects on the patient in whom the scaffold is placed. Secondly,
however, since tissue engineering may be defined as ‘the creation of new
tissues for the therapeutic reconstruction of the human body by the deliberate
and controlled stimulation of selected target cells through a systematic
combination of molecular and mechanical signals’ [186], there is an ab-
solute necessity for the biomaterial to pro-actively and selectively in-
fluence the tissue-expressing capacity of those target cells. The first of
these requirements has dominated material selection in tissue engi-
neering for several decades, where those scaffolds intended for com-
mercial products have been largely based on synthetic biodegradable
polymers, or a few degradable natural biopolymers, for which biological
safety has been determined through prior use in implantable medical
devices. It should be of no surprise that scaffold materials based on these
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Fig. 12. Exemplars of biocompatibility/toxicity pathways with contrast agents.

concepts have had little success in facilitating tissue regeneration. The
situation is even more complex when the architecture and microstruc-
ture of scaffolds are taken into account as well as chemistry. Scaffolds
are usually microporous solids (as in Fig. 13) or hydrogels. It is highly
unlikely that a porous polymer will have a structure that resembles the
microenvironment of the target cells of the tissue engineering process.
For such a cell (for example, a stem cell) to optimally perform under the
applied mechanical and molecular signaling, it should occupy the
appropriate space, or niche, and this will not occur in the vast majority
of situations. Thus, conventional scaffolds have neither the desired

chemical nor structural characteristics to effectively facilitate tissue
regeneration.

3.7.2. Mechanisms

It is difficult to describe knowledge of mechanisms of biocompati-
bility, including biocompatibility pathways, in the context of tissue
engineering scaffolds since these are rarely discussed in any meaningful
way in the literature. Certainly there are many papers published,
perhaps thousands per year, which allude to the apparent biocompati-
bility of scaffold materials, but the vast majority of these refer to yet

Fig. 13. Images of 90/10 polycaprolactone-hydroxyapatite scaffolds with (A) 200 pm pores, (B) 300 pm pores, (C) 400 pm pores, (D) 600 pm pores, After Lu et al.

[187] with permission.
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another variation in material composition, structure, fabrication and so
on in relation to so-called innovative scaffolds, and describe a simple in
vitro or in vivo test, usually short-term cytotoxicity, the results of which
are then used to justify a statement that the scaffold is ‘biocompatible’,
without any attempt to define mechanisms.

If we consider the variations in scaffold types and therapeutic pro-
cedures, ranging from 3D-printed hydrogel scaffolds that incorporate
stem cells within a printable gel, along with appropriate growth factors
and nutrients, where the resulting construct is placed at the relevant
tissue site, to the manufactured porous solid that is cultured with rele-
vant cells within a bioreactor before implantation, a number of key
determinants of the resulting biocompatibility can be identified, such as.

scaffold material [188],

scaffold hierarchical architecture [189],

scaffold mechanical characteristics [190],

scaffold surface properties [191],

material degradation rate [192],

material degradation product characteristics [193],

ability to distribute degradation products away from site,

cell adhesion to material surface [194],

mechanical interactions between material and host tissues [195],
effect of material on inflammation and immune responses [196],
ability of scaffold to stimulate tissue matrix expression [197],
ability of scaffold to facilitate innervation and vascularization [198].

These, and other, variables may have synergistic or antagonistic
character, and the interactions will vary with time. This situation is
obviously fertile ground for variability in biocompatibility pathways
and, therefore, for plasticity in biocompatibility mechanisms.

3.7.3. Plasticity

These plasticity factors become obvious when the determinants of
whether a tissue engineering strategy can lead to new tissue regenera-
tion or not (Fig. 14). Those determinants are grouped into six different
categories for an in vitro bioreactor system, and it will be recognized that
in each case, the effect of any characteristics has to be considered
quantitatively. For example, with the first category, that of the stimulus
to inflammation, it may be the extent and biological nature of the
stimulus, that will contribute to the overall chance of success. Each of

Pathway to tissue engineering failure
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these factors is likely to change over time, and indeed with the spatial
position within the scaffold-bioreactor system. The plasticity is also
likely to be predominantly directional. If the early tissue formation is
largely that of functionally irrelevant fibrous scar tissue, it is unlikely to
be reversed by any changes in subsequent characteristics. If, however,
the early tissue formation is of good relevant quality and characteristics,
that could change, for example, if the late stage of scaffold degradation is
pro-inflammatory, replacing the desirable regenerated tissue with
macrophages, or if the angiogenic factors are not maintained such that
vascularization diminishes.

3.8. Degradable intravascular stents

3.8.1. Background

The coronary arteries are derived from the aortic arch and deliver
oxygenated blood to the muscles of the heart. They have a small diam-
eter, around 3 mm, and are tortuous. They are prone to plaque deposi-
tion, risk factors being smoking, high blood pressure and high levels of
fat and/or sugar in the blood. The plaque may be continuous or irregular
and may be susceptible to fragmentation. The plaque can significantly
narrow the arterial lumen or cause blood clots that completely block the
vessel, resulting in a heart attack. This coronary artery disease is the
leading cause of mortality and morbidity in the world [199] so that
methods of prevention and treatment are extremely important. Several
drugs are available to treat the symptoms and reduce the progress of the
disease, but in many patients some form of therapeutic intervention
becomes necessary; the two main forms of treatment are the surgical
implantation of a device to by-pass the blockage and the use of mini-
mally invasive procedures to remove or counteract the plaque deposi-
tion. A series of developments took place over several decades with the
latter possibility, resulting in the introduction of the intravascular stent
[200].

The success of any therapeutic intervention for coronary artery dis-
ease depends (as with many other situations described in this essay) on
the pathophysiological details of the disease itself, in this case being
well-defined in 2005 by Libby and Theroux [201]. The formation of fatty
plaques in arteries, referred to as atherogenesis, involves complex in-
teractions between many features of blood and the vessel wall, the
center of attention being inflammation. When stimulated by one or more
factors, for example pro-inflammatory cytokines derived from excess
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adipose tissue, arterial endothelial cells promote the expression of
adhesion molecules and the consequential sticking of leukocytes to the
inner surface of the vessel wall. There is then communication between
these leucocytes (mainly macrophages and T-lymphocytes) and smooth
muscle cells, the latter migrating from the tunica media into the intima.
The cells proliferate and generate a complex extracellular matrix,
causing a remodeling of the arterial wall (arterial stenosis), with sub-
sequent lipoprotein modification and glycation, often resulting in
calcification, leading to the development of lipid-rich necrotic core of
the atherosclerotic plaque.

The first attempts to address the hemodynamic consequences of this
plaque involved its removal or compression, for example using the
balloon expansion technique of angioplasty, but these usually were
temporary rather than permanent solutions as further plaque accumu-
lation and endothelial remodeling, known as re-stenosis, often occurred
[202]. As described by Udriste et al. [203], the preferred answer was to
use the minimally invasive balloon technology to expand the lumen
diameter and deliver a tubular device, the stent, to maintain that
expanded configuration. These mesh-like metallic structures, were
either expanded by the action of the balloon itself or were made of shape
memory materials such as the nickel-titanium alloy Nitinol and would
expand to a pre-determined diameter upon deployment in the vessel. A
major problem then emerged when the process of stenosis re-emerged in
the months and years that followed, this being referred to as in-stent
restenosis [204].

This restenosis should be considered in the context of stent
biocompatibility. The intervention itself is injurious to the vascular
endothelium, which responds with a profound activation of platelets,
leading to a platelet - fibrin thrombus. An intense cellular infiltration
occurs, involving the subendothelial space, especially with macrophages
and lymphocytes. Smooth muscle cell proliferation and migration into
the thrombus increases neointimal volume and allows progressive
restenosis. This problem was substantially addressed by the introduction
of drug-eluting stents in 2001 [205]; the concept here was to incorporate
a pharmacological agent into the stent (or stent coating) that had potent
antiproliferative effects, while preserving vascular healing. Ideally, such
a drug should contain hydrophobic elements to ensure high local con-
centrations, as well as hydrophilic properties for homogeneous drug
diffusion, having a wide therapeutic to toxic ratio with no
pro-thrombotic or inflammatory effects. Drugs that interfere early in the
cell cycle were preferred to agents that affect the cell cycle in a later
stage. Drug-eluting stents were developed on the basis of immunosup-
pressive, antiproliferative, anti-inflammatory or antithrombotic prop-
erties, some, such as sirolimus, affecting multiple targets in the
restenotic process.

Several drug-eluting stents have been successful clinically, although
not without problems. Arguments have been presented over many years
that the benefit of stents are achieved over the first few months, but later
problems with proliferation, hyperplasia and restenosis arise because of
the chronic irritation associated with the persistence of the stent. If this
were the case, then one solution could lie with degradable/absorbable
stents (Fig. 15).

3.8.2. Mechanisms

Although several biodegradable polymers and metallic systems have
been used, most clinical experience with absorbable stents has been
obtained with a small group of polymers, and only these will be dis-
cussed here. The major example here is the ‘Absorb bioresorbable
vascular scaffold’, (BVS or BRS), of Abbott Vascular. This device has a
150 pm thick poly (i-lactide) scaffold, with a 7 pm thick poly (D,1-lac-
tide) coating which contains the drug everolimus; this is an immuno-
suppressive drug, which blocks growth-driven transduction signals in
the T-cell response to alloantigen [206]. According to Otsuka et al.
[207], the mean cumulative percentage of everolimus released during
the first 28 days was 79%, with 35% being released during the first 24 h;
96% had been released at 90 days. The maximum everolimus
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Fig. 15. The Absorb bioresorbable vascular scaffold system.

concentration in scaffold-contacting arterial segments occurred at 3 h
(16.2 ng/mg), decreasing to 2.3—-4.6 ng/mg at 28 days and 0.6 ng/mg at
90 days. It is important to note that this drug inhibits growth
factor-driven cell proliferation at sub-nanomolar concentrations [208].
Otsuka et al. also reported that the polymer molecular weight decreased
slowly, by about 18% during the first 6 months, with full resorption by
36 months, and that, in a porcine model, inflammation progressively
decreased over this period, the scaffold being replaced by collagen.

First clinical studies of the Absorb stent were carried out in Europe
and New Zealand and results, at 1 year, appeared to be good [209]; no
late thromboses occurred and there was only mild reduction in stent
area. The first large, multicenter randomized trial in the USA, however,
showed that target-lesion failure occurred in 7.8% of patients at 1 year,
compared to 6.1% with a non-absorbable drug-eluting stent [210]; the
performance was described as being within ‘the prespecified margin for
noninferiority with respect to target lesion failure at 1 year’. A couple of
years later, a systematic review and meta-analysis of randomized trials
reported that Absorb had higher 2-year relative risks of the
device-oriented composite endpoint than did a non-absorbable ever-
olimus-eluting device, with increased rates of target vessel related
myocardial infarction (5.8% vs 3.2%) and ischemia driven target lesion
revascularization (5.3% vs 3.9%). There were non-significant differ-
ences in cardiac mortality but the cumulative 2-year incidence of device
thrombosis of 2.3% compared to 0.7% [211].

At three years, Absorb had a higher rate of target lesion failure
compared to the non-absorbable control (11.7% vs 8.1%), mostly driven
by a greater target vessel myocardial infarction rate (7.8% vs 4.2%) and
ischemia-driven target lesion revascularization (6.6% vs 4.4%); device-
related thrombosis rates were also significantly higher [212]. Madanchi
et al. have reported data up to five years post-implantation [213],
showing ‘device-oriented composite endpoint’ of 17% at one year, 27% at
two years and 40% at five years, with an 8.4% incidence of scaffold
thrombosis by 5 years.

Clinical data largely support these observations, and the device is no
longer commercially available. The broad opinion is that the theoretical
advantages of a stent that totally resorbs over a 3-year period (i.e., is no
longer present within the vessel after that time) have not been fulfilled in
practice. The papers referred to above, and others, suggest that the
following factors are collectively responsible; it will be obvious that
these encompass a series of biocompatibility mechanisms.

o The more aggressive vessel preparation required for implantation,
particularly in complex lesions,
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e Sub-optimal scaffold expansion and strut embedding in vessel wall,
with resulting mal-apposition; poor use of post-dilatation techniques
and inadvertent scaffold overlap when multiple devices are used,
The larger footprint of the device, leading to occlusion of small side
branches,

The thicker, wider, scaffold struts that result in non-laminar flow and
altered shear stresses, with enhanced medial layer injury and
inflammation and neo-intimal hyperplasia,

The irregular process of erosion of the polymer, sometimes resulting
in a significant loss of radial strength and vessel recoil, with possible
disintegration rather than dissolution, yielding scaffold
discontinuities,

The dysregulation of macrophage and endothelial cell functions by
the polymer and its degradation products,

The intraluminal presence of the collagen/proteoglycan provisional
matrix may serve as a nidus for thrombus formation,

Insufficient duration of dual antiplatelet therapy,

Possible confounding effects of pharmacokinetic of everolimus
release and early degradation of the polymer; this could also be
affected by surface cracking of the polymer during deployment.

Clearly, multiple biological events take place, both simultaneously
and consecutively, and these are influenced by multiple parameters
associated with the polymer, the drug, the clinical technique and
patient-related idiosyncratic factors. This is a classical scenario for
involvement of the plasticity of biocompatibility.

3.8.3. Plasticity

The recent revelations about the role of smooth muscle cell pheno-
typic plasticity in various vascular diseases [214] provide firm evidence
of the significance of plasticity in the biocompatibility of coronary artery
stents, including the performance of completely degradable stents. The
significant factor here is that vascular smooth muscle cells are different
from skeletal and cardiac myocytes since they do not terminally differ-
entiate, retaining a high degree of cellular plasticity. They are able to
dramatically alter their phenotype in response to extracellular signals
and environmental cues. This allows them to play very significant, and
variable, roles in disease states such as atherosclerosis, calcification and
aneurysms as well as in intimal hyperplasia, stenosis and re-stenosis. The
vascular smooth muscle cell phenotype is influenced by many signals,
including those of contractility and both fluid and structural stresses,
and cytokines, integrins and growth factors. It is no wonder that within
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the complex biomechanical and biochemical milieu of the stent/intimal
tissue, especially with time-dependent drug release kinetics and polymer
degradation profiles, the smooth muscle cells can orchestrate the control
of stenosis and re-stenosis.

There are several players in this orchestrated response, including
those of a biological nature and those that are biomaterial related
(Fig. 16). On the biological side, the endothelial cells are well-known to
exhibit plasticity themselves and can adopt pro- and anti-inflammatory
phenotypes depending on the specific environment. As noted above, the
degradation profile will influence the regulation of both macrophage
and endothelial cell function and the complexity of mechano-
transduction factors contributes to the overall plasticity characteristics.
As with several other examples in this essay, but perhaps seen especially
in the context of coronary arteries, both diet and exercise can act as
fulcrums of plasticity as they influence arterial shear stresses and plaque
build-up.

3.9. Implantable contraceptive devices

3.9.1. Background

This section is concerned with the changing landscape of contra-
ceptive methods at the end of the last century, as discussed by Rowlands
[215], focusing on reversible contraception and permanent birth con-
trol. For many years, the only commonly available method of female
sterilization was laparoscopic tubal ligation, in which the fallopian tubes
were clamped and sealed. This was performed under general anesthesia
and included risks of entering the peritoneal cavity. An alternative
technology was developed that could be delivered hysteroscopically, (i.
e., an endoscopic transcervical approach to the uterine cavity) which
avoided abdominal incisions and the need for general anesthesia [216].
The one device used for this procedure, Essure, was introduced two
decades ago [217]; it is based on the hypothesis that placement of a
flexible tubular shaped device within the proximal lumen of a fallopian
tube could induce, within its structure, new benign fibrous tissue. One
device would have to be placed within each fallopian tube, which would
require a method of expansion once released from the delivery system;
the patient would have to rely on other contraceptive methods during
the period of new tissue growth.

The principal components of the device are an outer and inner coil,
these being soldered together at their ends (Fig. 17). The outer coil is
made of the nickel-titanium alloy Nitinol, and the inner one is stainless
steel The space between these coils contains polyethylene terephthalate

Angioplasty usually results in fibrocellular proliferation, especially smooth muscle cells
migrating from contractile to synthetic phenotype, giving re-stenosis

Mechanical injury to vessel,
endothelial denudation,
inflammation, flow
disturbances, smooth muscle

cell proliferation

Platelet activation

Bare metal . . .
Eventual restenosis Possible throlgbosis
stent -
Coronary artery \ '
intervention o o
Drugs reduce proliferation and But, plasticity of smooth muscle cell
migration of smooth muscle cells phenotype and flow disturbances
Drug eluting may encourage re-stenosis Possible
stent i
x thrombos%
Greater disruption with larger Degrading polymer may dysregulate :Iouple_d w!th coll:fgen
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Fig. 16. Plasticity of biocompatibility pathways with different types of coronary artery stent, compared to angioplasty. See text for explanation.
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Fig. 17. The Essure contraceptive device.

fibers, winding in and around the stainless steel coil. The implant is
intended to span the utero-tubal junction, where the fallopian tube
connects to the uterus; here it is far enough into the tube to resist
expulsion through uterine contractions, but still proximal enough to
allow a portion to trail into the uterus. The shape-memory properties of
the Nitinol allow this coil to instantaneously expand its diameter so that
it anchors itself to the fallopian tube wall.

Several papers in the years following first clinical use, showing good
acceptance of, and confidence in, the Essure device [218]. Over the next
ten or so years, several studies, including single-center series [219] and
systematic reviews [220], continued to show good outcomes. However,
in 2012 Povodano et al. reported on minor complications with the
procedure [221]; during the next few years, several single case studies of
possible hypersensitivity to the nickel in Nitinol were published [e.g.,
222, 223]. The matter became very controversial, and marketing of the
device was discontinued.

3.9.2. Mechanisms

The controversy mentioned above centered around the putative
adverse effects associated with the device and the impression that its
biocompatibility was questionable. Several studies continued to support
the safety and effectiveness of Essure. Franchini et al. reported on an 11-
year survey of patients fitted with Essure, showing significant satisfac-
tion and an absence of long-term complications [224]. Camara et al.
concluded, from a 5-year single-center study [225], that patient satis-
faction was at 98%, with very low failure rates. Questions were still
raised about nickel sensitivity, but Siemons et al. showed that there were
no statistically significant changes in nickel patch tests results and al-
lergy related symptoms after Essure sterilization [226], and
Raison-Peyron et al determined that nickel sensitization via a classical
delayed hypersensitivity pathway did not seem to be responsible for any
adverse events attributed to Essure [227].

On the other hand, the incidence of acute pelvic pain after hystero-
scopic sterilization was reported to be 8.1%, and of persistent pain after
3 months at 4.2% [228]. It was noted that patients with diagnosis of
preexisting chronic pain may be at increased risk of developing pelvic
pain after the procedure. Mao et al. showed great levels of adverse ef-
fects [229]. Patients undergoing hysteroscopic sterilization had a
10-fold higher risk of undergoing reoperation than those treated with
laparoscopic sterilization; the hysteroscopic patients were older and
more likely to have has a history of pelvic inflammatory disease, major
abdominal surgery and cesarian section deliveries. Kamencic et al.
confirmed the existence of both de novo and recurring pain, but at low
rates, it being assumed that some were associated with device migration
[230]. Bouillon et al. showed that among women undergoing first
sterilization, the use of hysteroscopic procedures was significantly
associated with higher risk of gynecological complications up to three
years later than with laparoscopic procedures [231]. The presence of
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pre-existing pain and abnormal uterine bleeding were associated with
higher rates of chronic pelvic pain and post-procedure uterine bleeding
according to Carney et al. [232].

There is no doubt that the reporting of dissatisfaction and ‘negative
experiences’ with Essure increased after 2015. Siemons et al. showed
that after a follow-up of 144 months, approximately 50% of women
reported having symptoms and 16% underwent device removal [233].
Symptoms included menstrual disorders, fatigue, abdominal pain, lower
back pain and amnesia; there was no evidence about the device and
causation. Similar findings were reported by Stirum et al. [234]. Both of
these latter two papers drew attention to the role of social media in the
spreading of ‘information’ about experiences with Essure, and the
increased demand for device removal. This was the subject of the
editorial in 2019 [235].

3.9.3. Plasticity

This is not a straightforward example, partly because of the lack of
significant reliable data, and the multiplicity of so-called adverse
outcomes.

As indicated in Fig. 18, there are several device-related factors, such
as mechanical irritation, corrosion products [236] and the release of
metal ions [237] that could enhance the risks of significant local host
responses, although there is scant evidence that any of these by them-
selves, including the potential of nickel to induce hypersensitivity re-
sponses, are of profound importance; the effects may be accumulative or
synergistic, but that has not been demonstrated. What is more important
is the nature of the host tissues. The female genital tract microbiome is
known to be an important determinant of women’s health and repro-
duction [238]. Of significance is the recently recognized influence of the
immune cell profile on the fallopian tubes themselves on tubal pathol-
ogies and fertility [239]; the lymphocyte and macrophage populations
are susceptible to changes on the concentration of reproductive hor-
mones, for example. Variations in inflammatory cell profiles, including
lymphocytes and plasma cells have been associated with the presence of
pain [240], one of the main ‘adverse effects’ with Essure. Of course, the
possibility of confounding gynecologic conditions makes a rational
assessment of causation quite difficult [241], but the accumulating ev-
idence is suggestive that the plasticity of biocompatibility in this very
sensitive area is driven by host susceptibility rather than device-related
mechanisms.

4. The collective assessment of plasticity in biocompatibility
pathways

Foreign materials and agents have been used within or on human
patients in clinical therapies (and some diagnostic procedures) for a long
time. Many of these perform their tasks with adequate functionality and
‘safety’ in most of these patients, and some of the associated technolo-
gies can be considered as remarkable advances in medical practice.
However, success cannot be guaranteed, nor can performance be reli-
ably predicted in advance of a biomaterial being introduced to a host.
Even if a biomaterial-related procedure gives patient satisfaction in 90%
of cases, the 10% where satisfaction is not obtained (for whatever
reason), can cause that procedure to be withdrawn from clinical prac-
tice, because of litigation, regulatory action or market downturn, often
fueled these days by social media promoted opinion; this means, obvi-
ously, that large numbers of prospective patients will be denied access to
certain technologies.

This essay is intended to address the fundamental problem that lies at
the heart of this conundrum. In each type of technology, there is, or are,
an interface(s) between the biomaterial and the host. On one side of that
interface will be the biomaterial, usually (although not always) thor-
oughly characterized and tested according to government and industry
recognized standards. On the other side of the interface will be the pa-
tient; each patient is unique, there is no such thing as a standard patient
when it comes to the performance of these technologies. The uniqueness
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Synergistic Effects of Device and Host Related Variables
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Fig. 18. Plasticity of biocompatibility pathways in contraceptive device.

is governed by genetic, epigenetic, viral, bacterial, biochemical,
immunological, cellular, anatomical, biomechanical, biophysical, and
other factors. These are compounded by the variable effects of clinical
technique, while co-morbidities, nutrition and lifestyle play their part.

While it has been recognized for some time that different biocom-
patibility pathways operate in different clinical settings, they have
largely been considered as linear sequences of events, as identified in
section I of the essay, (with occasional cascade amplification), the ma-
jority of which are determined by device and biomaterial characteristics.
This cannot possibly reflect the actual situation if the pathways are not
linear but can change direction and character. This can be seen from the
few examples in Fig. 19, involving macrophage phenotype polarization,
genetic, viral and microbiome influences on signaling pathways,
mechanotransduction, epithelial-mesenchymal transitions and material
degradation induced chronic inflammation. The changes in direction are
circles in the diagram, and it should be noted that some changes can be
reversed at a later stage.

It is perhaps serendipitous that my thoughts of comparing biological
to metallurgical plasticity came with examination of the works of

Inflammatory
Milieu:

Variable adverse responses resulting from plasticity

Charles Darwin and Santiago Ramén y Cajal and my own recollections of
training over 50 years ago. It is not intuitively obvious that we can
compare the elastic to plastic transition in a steel rod that is subject to
mechanical stress with the phenotypic transition of inflammatory cells
in host tissues that are subject to biological stress. It is the concept of
reversibility that is at the heart of this comparison.

In considering the steel rod, there are many structural features that
control how the material responds to the stress, including grain
boundaries, precipitates, dislocations and twins, and a plurality of
phases. At a critical value of applied stress, plastic yielding takes place,
leading to deformation. Although there have been irreversible atomic
movements, however, the internal structure can be subsequently altered
to relieve stress fields, by thermal treatments such as annealing and
tempering, causing an effective reverse of structural change. Metallur-
gists refer to the processes as time-temperature-transformations, which
control the properties of these alloys. This emphasizes the reversibility
of plasticity. In biocompatibility processes, there are also features that
control the host response, including those of immunity and cell
signaling, which are influenced by genetic, epigenetic, viral and other
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Fig. 19. Representation of some biocompatibility pathways influenced by plasticity.
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factors, all of these contributing to the overall biocompatibility pathway
that is followed. The reversibility here is produced not by thermally-
induced atomic movements, but by phenotypic changes and cellular
transformations; the effect could be considered as time-cell signaling-
transformations.

Obviously not all the plasticity phenomena discussed in the examples
given in this essay can be included in a diagram such as Fig. 19; this
schematic can be considered as a template for others to populate in the
future. Of generic significance, however, are the following features of
biocompatibility plasticity.

e Signaling pathways are influenced by genetic modifications, which
lead to variations in host responses to biomaterials,

e The polarization of macrophage phenotype is multidirectional and
reversible, being influenced by many factors,

e There is cross-talk between different cellular phenotypes, for
example between macrophages and lymphocytes, and between os-
teoblasts and osteoclasts, which can direct tissue changes,

e There are also transitions from one cell type to another, for example
the epithelial — mesenchymal transition that can profoundly alter
outcomes,

e The quality of tissues that come into contact with biomaterials is

variable, often being determined by genetic factors, which can seri-

ously impact subsequent repair or regeneration,

Stressors experienced through tissue — biomaterial contact can re-

activate viruses, which then impact on subsequent events,

e The biomaterial may affect the tissue by the well-known DAMPS
processes, but these effects have spatio-temporal character, for
example following late-stage material degradation,

e The biomaterial may act as a chronic antigen stimulus, generating
effects in genetically susceptible hosts,

e Since immune surveillance varies between tissues and organs, some

sites (possibly fallopian tubes, for example) may be uniquely sus-

ceptible to unusual innate immune responses,

Unsurprisingly, there may be synergy or antagonism between the

controllers of plasticity; indeed, it may be the intersection of factors

that ultimately decides fate and outcomes.

It should be obvious that there is no intention here to imply that
there is just one uniform set of plasticity mechanisms in biocompati-
bility; there is a general framework into which different mechanisms
may be subsumed. Nor should we believe that this concept of plasticity
implies that there are old, long-established pathways alongside new
pathways. There are both qualitative and quantitative differences be-
tween different pathways and there are likely to be simultaneous or
competing effects. Plasticity represents a continuum, both temporally
and spatially, in the development of a host response.

While this reassessment of biocompatibility pathways should allow a
far better understanding of the phenomena themselves, the implications
of plasticity have some fundamental consequences related to how the
performance and safety of biomaterials and medical technologies are
evaluated and determined. The vast majority of regulatory standards
assume that the material and device characteristics are the main, if not
the sole, drivers of biocompatibility. Test procedures in most jurisdic-
tions now substantially reply on increasingly sophisticated chemical
characterization of the biomaterials coupled with toxicological risk as-
sessments and simple, indeed, trivial, in vitro and small animal proced-
ures, none of which can detect or determine plasticity or the effects of
significant variations in the eventual human patients. The potential for
using alternative methods, for example organoid or other tissue-
engineered constructs, is attractive here, but only if they can replicate
the totality of the biomaterial — host environment, which seems unlikely
at this point in their development.

Biocompatibility phenomena are classic examples of metastability; if
we do not understand the significance of the conditions which evoke
plasticity and directional changes in the host response, we will never
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improve upon that 10% failure rate. We cannot assume that all patients
are the same, or indeed that all clinicians have the same skills and it is
becoming necessary to develop algorithms that allow better matching of
patients to the technologies. That this can be done is evidenced by those
few cases where simple algorithms exist, for example deciding which
heart valve replacement to use based on patient age and susceptibility to
calcification and thrombosis.

Perhaps of equal significance is the possibility of developing thera-
peutic strategies that could be used alongside biomaterials applications
to minimize undesirable response changes related to the plasticity. In
the heart valve situation mentioned above, this can be partly achieved
by the use of certain anti-platelet therapies; it may be envisaged that
immunomodulatory agents could be used to avoid some excesses of
immunological responses, or some agents to modulate unwanted
signaling pathways in repair or regenerative processes.

It is a fascinating observation that, after surveying the spectrum of
biocompatibility phenomena seen with these clinical scenarios, the
plasticity is far more obvious on the patient side of the interface than the
material side. That does not mean, however, that biomaterials do not
influence, or more importantly are not influenced by, the biological
plasticity. If we consider the degradation profile of intentionally
degradable polymeric biomaterials, the changes that are observed, for
example in molecular weight, polydispersity and oligomer generation,
are very much dependent on water diffusion, the activity of phagocytic
cells at the interface, the pH in the microenvironment, the generation of
reactive oxygen species and so on. These factors have to be taken into
account is assessing the overall biocompatibility phenomena.

As noted earlier, it is extremely important to avoid the connotation
that biomaterials can be ‘biocompatible’; this concept is clearly
nonsense, and we have known that for some time. This should now be
taken a step further to avoid the concept that a biomaterial can be
considered ‘biocompatible’ as long as the application is specified. If the
determinants of biocompatibility, and to most in this industry this is
equated with safety, are patient driven, we cannot contemplate the
outcome in any individual patient solely on the basis of the materials-
oriented database of biocompatibility properties.
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