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1. Introduction

The word “biocompatibility” has two roots: bio-, “a word-forming element meaning life...”
and compatibility, “capable of existing in harmony” (from the Latin, compatibilis).l!] Life
implies “alive” and harmony implies a mutually beneficial co-existence. If you enter this
word, “biocompatibility,” in Google Scholar, you will get 689,000 citation results. The vast
majority of the millions of medical implants in humans today, presumably “biocompatible,”
are walled off by a dense, avascular, crosslinked collagen capsule, effectively similar to
leather and hardly suggestive of life or compatibility. In contrast, we are now seeing
examples of implant biomaterials that lead to a vascularized reconstruction of localized
tissue, a biological reaction different from traditional biocompatible materials that generate a
foreign body capsule. Both the encapsulated biomaterials and the reconstructive biomaterials
qualify as “biocompatible” by present day measurements of biocompatibility. Yet, this new
generation of materials would seem to heal “compatibly” with the living organism, whereas
older biomaterials are isolated from the living organism by the dense capsule. This review/
perspective article will explore this biocompatibility etymological conundrum by reviewing
the history of the concepts around biocompatibility, today’s standard methods for assessing
biocompatibility, a contemporary view of the foreign body reaction and finally, a
compendium of new biomaterials that heal without the foreign body capsule and the clinical
translation of some of these newer materials.

2. History of Biocompatibility Leading to Contemporary Standards for
Biocompatibility
- The Era of Phenomenology (the Pre-history)

In 1996, a reasonably complete skeleton of an individual, judged to have been vigorous and
healthy, was found on the banks of the Columbia River near the town of Kennewick, WA
dated to about 9000 years ago.[?] There was a spear point in the hip that was apparently
present during much of the adult life of the individual, presumably without impacting his
normal activities. This would be an early example of an “implant” that was, at some level,
healed into a person.

The use of implanted materials for medical/dental applications can be traced back thousands
of years before the common era (sutures and teeth, in particular). An 1891 paper described
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the repair of cranial defects with celluloid (cellulose nitrate). In 1930, the use of glass balls
for augmentation mammaplasty was introduced. Other materials used in early surgical
implants include wood, leather, gold, rubber, magnesium, zinc, wax, aluminum and
cellulose.

In the late 1930’s, the first commercial, synthetic plastics were manufactured. Polyethylene
and poly(methyl methacrylate) (PMMA) were first used in surgery in that time period. The
use of PMMA in cranioplasty was discussed in a few papers in the 1930’s and 1940°s. A
review article by J. Bing described the reaction of PMMA used in cranioplasty as “a
moderate tissue reaction with fibroblasts and macrophages, which surrounded the plate with
a connective tissue capsule ... after it has been inserted in the tissues of animals and man, it
has been found that a thin membrane of connective tissue may be formed around it, but that
no foreign body reaction is produced.”[31 As will be elaborated upon shortly, this disclaimer
about the foreign body reaction would seem almost opposite of how we today describe the
FBR.

One of the earliest observations about the biological fate of implanted objects in living, soft
tissue was made by Ilya Ilyich (Elie) Metchnikoff, the scientist to whom we attribute the
discovery of the macrophage, in 1884.[41 To quote Professor Metchnikoff,

“I hypothesized that if my presumption was correct, a thorn introduced into the
body of a starfish larva, devoid of blood vessels and nervous system, would have to
be rapidly encircled by the motile cells, similarly to what happens to a human
finger with a splinter.”[4]

Metchnikoff’s observations using starfish larva supported his hypothesis of phagocytic cells’
attack of foreign bodies and, in 1887, he named these cells (in German) “macrophagen,” or,
in English, macrophages. His observations of phagocytosis remain accurate and relevant for
the reaction of the body to implanted solids we observe today. He received the Nobel prize
in Physiology or Medicine in 1908 “in recognition of his work on immunity.”

- Contemporary Thoughts on the FBR and Biocompatibility — 1970 to Today

By the 1960’s, the encapsulation of implanted synthetic materials, and the involvement of
macrophages, was well-known. Aberrant inflammatory reactions and extreme fibrotic
reactions with implants were also observed in that time period — 7.e., not all implanted
materials behaved the same /n vivo. The reasons for these differences were not clear in this
early era of materials implantation.

In the early 1960’s the words “biomaterial” and “biocompatibility” were not found in the
scientific literature and only began to appear by the late 1960°s. One of the earliest uses of
the word “biocompatibility” was in papers by Charles Homsy.[>¢] Homsy described
experiments in which a range of materials were extracted with solvents to remove
“migratable” components. These extracts were assessed by infrared spectrometry and
applied to cells in culture. Higher levels of organic material in the extracts (suggested by C-
H infrared absorbances) correlated with more cell damage and death in culture (interestingly,
the cell line used was not specified). These experiments are the root of today’s technologies
for assessing the biocompatibility of materials. Most of the International Organization for
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Standardization (ISO)-defined tests for biocompatibility (1ISO10993), widely accepted now
by regulatory agencies, involve extracting “migratable chemical moieties”[®] from materials
and assessing their effects on cells in culture and on living research animals. Typically, a
material with no measurable extractables will be classified as biocompatible. Note that this
concept had precedents even before the work of Homsy. As pointed out by Bing in 1950,
earlier papers emphasized that “it is important that the plastics used in medicine are pure,
and contain no admixtures of tissue irritants.”[3]

Another important event in the history of biocompatibility is the contemporary appreciation
of the role of the macrophage cell. The writings of James Andersonl’] alerted the
biomaterials community to the significance of these cells. Their role in contemporary
thinking on biocompatibility is elaborated upon in sections 3. and 4. of this article.

The first widely accepted definition of the word “biocompatibility” was ratified at a
biomaterials consensus conference held in Chester, England in 1986 and subsequently
published in 1987.[€]

“the ability of a material to perform with an appropriate host response in a specific
application”

Though accurate, the definition did not suggest ways to assess biocompatibility, nor did it
offer insights as to how to improve or enhance biocompatibility. In spite of these short-
comings, the definition was reaffirmed in a recent conference on biomaterial definitions.[°]

Today, biocompatibility of implant devices and materials is assessed using 1SO-defined tests
for extractable components and also tests for local and systemic effects in vivo.l1%] For
example, if a material (or medical device) is (1) found to pass ISO tests that suggest little or
no biological reaction from extractable components, then, (2) upon one month implantation
in soft tissue is found to have a thin, fibrous capsule (typically in the range 50-200 microns
in thickness) with little evidence of acute on-going inflammatory reaction (/.e., the reaction
site is quiescent as suggested in ISO 10993-6), that implant might be considered
“biocompatible.” This assessment scheme has led to the regulatory agency approval for
human implantation of thousands of medical devices implanted in millions of humans,
largely with acceptable outcomes.

The most recent updates to the ISO10993 standards also emphasize the risk to the patient
that a device might present. Biological risk is defined in 1IS010993-1 as “combination of the
probability of harm to health occurring as a result of adverse reactions associated with
medical device or material interactions, and the severity of that harm.” Though materials
used in medical devices might pass the specific “biocompatibility” tests in ISO10993, the
response observed might still increase the risk to the patient, particularly associated with
device failure and the potential risks associated with re-operation. These points are
emphasized in the next paragraph and in the section of this review titled “Device Failure
Induced by the Foreign Body Reaction.” A broad consideration of risk and ISO standards is
presented in a review article.[11]

Given the overall success of medical devices assessed with these I1SO tests and approved by
the U.S. FDA, it is interesting to consider the limitations for device performance using
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today’s “biocompatibility” definition. For implanted electrodes, the fibrotic scar inhibits
electrical communication between electrode and body. For implanted drug delivery systems,
the fibrotic scar slows transport of drugs to the body. For implanted sensors, the scar
impedes diffusion of the analyte being measured to the sensor. For breast implants, the scar
can be painful and deforming. For heart pacemaker implants, the scar complicates revision
surgery. For vascular prostheses, the scar capsule inhibits the mechanical compliance of the
vascular conduit. The high rates of infection of implanted devices may be associated with
inhibition of vascularity by the traditionally biocompatible implant, thus preventing
phagocytic cells from reaching the site of infection. Many other examples can be given
where the scar and low vascularity associated with FBR has deleterious effects on device
performance, efficacy and safety (this is elaborated upon in section 3. of this article).

It might seem that, since all solid implants made from biocompatible biomaterials lead to
this classic FBR, we are constrained to deal with this reaction. This article will demonstrate
that the classic FBR is not inevitable. We now have strategies and novel biomaterials to
construct implants that heal in a facile manner into the body with good vascularity,
regeneration of local tissue, and little or no fibrosis. Furthermore, refinements in the
understanding of the biology of the reaction to implanted foreign materials provide us with
insights into the mechanism of the FBR and strategies to address this reaction.

In the next sections of this article, we describe in detail the FBR, and particularly the role of
leukocyte cells in this reaction*. We focus primarily on polymeric biomaterials, though our
comments are equally relevant to metals and ceramics, especially where corrosion products
and solubilized components are present. We then show that materials and strategies exist that
can diminish or eliminate the scar capsule and lead to vascularized, reconstructive healing.
Such pro-healing biomaterials will ultimately lead to a redefinition of the term
“biocompatibility.”

In this perspective article we often use the terms, healing, integration and regeneration. We
define them in this article as follows. Healing is the process of the repair of living tissue(s),
organs and the biological system as a whole and resumption of (normal) functioning
(Wikipedia). In the context of this article, we are particularly focused on a “scar-free,”
vascularized healing necessary for normal functioning. Integration, in the context of this
article, will, after healing, leave an implant in intimate contact with vascularized tissue
without a barrier (scar, foreign body capsule) separating implant and body. Regeneration is
defined, for this article, as the process of creating new, vascularized, physiologically normal
tissue, particularly at the site of implantation where tissue has been destroyed or damaged by
the surgical procedure.

*note that this review does not address blood compatibility or implants in non-vascularized tissues. The subject of blood compatibility
is outside the scope of this review and has many other considerations not relevant to soft tissue reaction to implants. Also, this article
is particularly focused on vascularized tissues that permit the egress of inflammatory cells to the site of injury (the implantation).
Reactions in cartilage or other tissues with low vascularity can be different.

Adv Healthc Mater. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crawford et al.

Page 5

3. The Foreign Body Reaction: A Contemporary View

The implantation of biomaterials causes injury to the body’s tissues which initiates a
nonspecific host immune response known as the foreign body reaction (FBR).[X2] The acute
phase of the FBR is similar to natural wound healing, however the characteristics of
biomaterials, even those considered biocompatible, often lead to chronic inflammation
which is a hallmark of the FBR. In response to vascular injury, increases are observed in the
permeability of local blood vessels, and platelets accumulate and aggregate at the injury site.
The aggregation of platelets is coupled with the release of cytokines and other factors that
attract neutrophils to the site in the acute inflammation phase.[13:14] Next, mononuclear cells
migrate to the site and remain at the biomaterial-tissue interface during the chronic
inflammation phase.[*3:14] The persistent inflammatory stimulus that is the implanted
biomaterial causes these interfacial mononuclear cells to eventually fuse into multinucleated
foreign body giant cells (FBGCs). Finally, fibrosis occurs as granulation tissue forms around
the implant.[13-16] The FBR can lead to poor implant outcomes and, in some cases, failure of
implanted biomedical devices.[13.15.17.18]

- Phases of the Foreign Body Reaction

The FBR can be broken down into 5 sequential phases: (i) protein adsorption, (ii) acute
inflammation, (iii) chronic inflammation, (iv) foreign body giant cell formation, and (v)
fibrous encapsulation. These phases are summarized in Figure 1. The FBR is initiated within
seconds of biomaterial implantation as blood-[ISP]and interstitium-derived proteins with
high surface affinity adsorb to the biomaterial, forming a surface-localized protein matrix.
The types of proteins that initially adsorb are dependent on the surface characteristics of the
biomaterial.[13-15.19.20] protein adsorption is a critical component of the FBR as host cells
have been shown to interact with the protein matrix rather than directly with the surface of
the biomaterial.[20-221 However, the initial adsorption of proteins often does not reflect the
composition of the long-term protein matrix as surface proteins are replaced with other
proteins over time in what is known as the \Vroman effect.[23] Of particular importance in
this context is the binding of blood-derived fibrinogen and complement proteins to the
biomaterial surface. The hydrolysis of fibrinogen to fibrin on a biomaterial surface releases
factors that promote inflammation and leukocyte adhesion.[1422] Complement proteins are a
part of the host immune system that play a role in detecting foreign substances and labeling
them for removal from the body.[24] Activation of complement proteins on the biomaterial
surface increases inflammation through the attraction of phagocytes and degranulation of

neutrophils. As a result, complement activation is indicated in the failure of blood-contacting
devices.[13.17,25]

Following protein adsorption, neutrophils infiltrate the implantation site.l2] This acute
inflammation phase only lasts a few days and is triggered by tissue damage, cellular
interaction with the adsorbed protein matrix, and the presence of bacteria.[12.14.22] Activated
neutrophils degranulate at the biomaterials surface, releasing inflammatory mediators that
recruit more leukocytes and monocytes to the site. They also engage in “frustrated”
phagocytosis as they attempt to degrade and resorb the biomaterial and, as a result, can
damage the surrounding tissue.[2226.27] There is also evidence that neutrophils form
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extracellular traps (NETS) on the surface of biomaterials.[!8] NETs can lead to complications
from increased inflammation.[19]

In the chronic inflammation stage of the FBR, monocytes infiltrate the biomaterial site.
Chemoattractants released by neutrophils and platelets recruit circulating monocytes and
macrophages. At the implant site, macrophages primarily adhere to fibrinogen, fibronectin
and complement fragments [13] which activates them. Activated macrophages exist on a
spectrum from M1, classically activated, to M2, alternatively activated. See section 4. of this
article for more details and references on the role of the macrophage and its phenotypes.

Macrophage fusion into FBGCs is another hallmark of the FBR. Most FBGCs are formed
from some type of myeloid cell, although there is evidence of FBGCs formed from other cell
types in exotic pathologies. Most evidence suggests that monocytes do not directly form
FBCGs but rather have to differentiate into macrophages, osteoclasts, Touton giant cells, and
Langhans giant cells. With regard to the FBR to biomaterials, FBGCs are large,
multinucleated cells formed by fusion of macrophages after frustrated phagocytosis of an
implant[13.28.291 FBGCs are found at the implant surface and can mediate device degradation
and failure over time.[3%] FBGCs are metabolically active to varying degrees depending on
the cell’s origin and local pathology. The microenvironment created at the site of FBGC
adhesion to the biomaterial surface enhances the activity of reactive oxygen species, acid
and degradation enzymes released by FBGCs which accelerates implant degradation.[13.22]

The final phase of the FBR is fibrous encapsulation of the biomaterial. Production of TGF-p,
other pro-fibrotic factors, and matrix metalloproteinases by macrophages attracts fibroblasts
and endothelial cells to the implant surface.[14:16.22.31] These cells deposit collagen bundles
that are cross linked into a matrix. Eventually this matrix matures into an acellular, fibrotic
capsule composed predominantly of collagen 114321 that has several deleterious implant
outcomes including: deformation and mechanical stress of the biomaterial via fibrotic
contraction;[22] separation from the surrounding tissues which can lead to failure of devices
dependent on tissue interaction; 15181 poor vascularization of the capsule and surrounding
tissue and increased infection risk.[14:33]

- Device Failure Induced by the Foreign Body Reaction

The FBR can cause suboptimal performance, malfunction or failure of biomaterials and
devices through degradation, occlusion, mechanical distortion, extrusion, and infection.
[13,14,33,34] Bjomaterial and device performance is jeopardized by all phases of the foreign
body reaction: protein adsorption, acute inflammation, chronic inflammation, FBGC
formation, and fibrous encapsulation. The FBR continues for as long as the biomaterial
implant remains in the body, impeding proper healing and tissue integration.

The protein and cell adhesion components of the FBR can impact the performance of
biomedical devices that rely on sensor elements or porous filters to function. Implantable
glucose sensors are an example of one such device. FBR and occlusion of fibrotic material
decrease the stability of glucose readings and limit the lifetime of percutaneous sensor
elements to 3-7 days.[3538] Adsorption of blood-activating proteins leads to thrombotic
failure of blood contacting medical devices. For example, adsorption of fibrinogen onto
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biomaterials can lead to platelet adherence and thrombosis.[37] Additionally, conformational
changes to proteins such as FXII, FXI, and high-molecular weight kininogen during the
process of surface adsorption can lead to thrombus formation.[38] Thrombus formation is a
major cause of failure for central venous catheters, stents, ventricular assist devices, heart
valves, extracorporeal membrane oxygenation devices and vascular grafts.[39401s porous
filters or membranes within devices can also foul and fail due to accumulation of aggregated
protein and cellular elements.

The acute, chronic, and FBGC phases of the FBR can cause device failure over time through
the release of degradation mediators that break down the biomaterial. During the acute phase
of the FBR, activated neutrophils undergo respiratory burst and degranulation that releases
degradation mediators.[26] Labow, et al. demonstrated that certain polyurethane formulations
are sensitive to neutrophil-mediated breakdown.[#1] In the chronic and FBGC phases of the
FBR, macrophages and FBGCs adhere to the biomaterial surface and release reactive
oxygen species which degrade the biomaterial.[*3] This process has been demonstrated to
cause failure of multiple clinical devices such as the pacemaker leads and
temporomandibular joint implants. [1342] The release of reactive oxygen species by
macrophages also poses a problem for implanted sensors as they can alter sensor responses
to stimuli.[36]

As a consequence of fibrous capsule formation during the FBR, biomaterials do not
effectively integrate with the body’s tissues. This can cause secondary problems like
infection and extrusion,[18:42] which are particularly problematic for percutaneous devices.
[43] The fibrotic capsule is also problematic for drug-releasing biomaterials as it can inhibit
drug release and dispersion into surrounding tissues,[44] thereby limiting drug efficacy.
[18,45.46] The contraction of fibrotic tissue surrounding an implant can cause distortion of the
implant and pain for the patient. This failure mode is commonly observed in silicone breast
implants.[47:48]

- Exploiting the Foreign Body Reaction: Osseointegration

While most advances in biomaterials aim to minimize the impact of the foreign body
reaction, other bioengineering applications use it to their engineering advantage. For
example, the mild, controlled encapsulation of implants in mineralized tissue, known as
osseointegration, is considered a successful outcome.[49:501 The foreign body capsule that
surrounds a titanium implant in vascularized bone is predominately collagen I which
nucleates bone formation. Thus, in the bony environment, the foreign body capsule may
mineralize leading to the close apposition of bone to titanium.[5] FBGCs are found on the
surface of osseointegrated titanium implants years after implantation, highlighting the
connection between the FBR and osseointegration.[52] However, if the capsule becomes too
thick (7.e, from a persistent inflammatory reaction), it may not fully mineralize, which can
lead to implant loosening. Titanium and Ti-6Al-4V are most prominently used for
osseointegrative materials because of their extreme inertness (lack of leachables), though
zirconium also shows promise.[33:54] It is not fully understood why certain materials are
better at promoting osseointegration while others promote soft tissue capsule formation.
There is evidence of prolonged presence of neutrophils at the implant surface and the
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upregulation of M2 type macrophages at the site of titanium implants, indicating that the
modulation of these cells by the biomaterial during the chronic phase of the FBR plays a
role in successful osseointegration.[5°]

4. Leukocytic Cells Response to Implant Materials

Implantation of a biomedical device, in the presence or absence of trauma, will initiate
recruitment of immune cells.[13:56] The “biocompatibility” of implants, the primary theme of
this article, is dictated by the response of immune cells to the implant (and the proteins that
have adsorbed to it). For decades, this immune response was viewed as a destructive
phenomenon that ultimately ended in either fibrous capsule formation (/.e., the FBR, see
section 3.) or chronic inflammation and scaffold degradation.[57-601 More contemporary
thinking also notes that the immune cells contribute to healing and regeneration.

Medical implants composed of so-called biocompatible biomaterials are constantly at odds
with the host’s FBR.I81] While progress has been made in mitigating the FBR (see Section
5.), many critically important biomaterials are still compromised by the FBR upon
implantation.[82] Subsequent chronic inflammation, loss of tissue function, collagenous
encapsulation, and inadequate vascularization can seriously affect implant efficacy and
patient health.[62.63]

- The Usual Suspects: Leukocytic Cells Important to Implant Healing and

Biocompatibility
Inflammation is a complex and essential homeostatic response to extrinsic and intrinsic
tissue damage. Host defenses mobilize immune cells and molecules to vascularized tissues
to eliminate the source of cell injury and prepare for tissue regeneration. The main cellular
participants in acute and chronic inflammatory responses to biomaterial implantation are
leukocytic cells that comprise myeloid cells (mast cells, neutrophils, monocytes/
macrophages, and dendritic cells) and lymphoid cells (T cells, B cells, and innate lymphoid
cells - ILCs) (Figure 2 A-C).

O Mast Cells—Mast cells (MCs) are tissue resident granulocytes classically associated
in host defense, proinflammatory responses, and various immune disorders. MCs affect
wound healing by recognizing antigens through pattern recognition receptors and the
immunoglobulin E receptor (FceRI) and by releasing contents of their numerous granules
that affect cell recruitment, fibrosis, extracellular matrix deposition, angiogenesis, and
vasculogenesis. MCs participate in all three stages of wound healing: inflammation,
proliferation, and remodeling.[84] MCs are activated by antigens and pathogens through
FceRI1.[85] MCs migrate to the site of injury and mature by way of mediators released by
keratinocytes, platelets, and macrophages during the initial inflammatory response.[66-691 |n
turn, MCs release signals to further recruit neutrophils, monocytes, and other immune cell
types. Cell access to the wound site is facilitated by MC released histamine and tryptase that
dilate vasculature and increase capillary permeability.[70.71IMCs proliferation begins by
continuing to release mediators that influence fibrosis, angiogenesis, and neovascularization.
MCs release products that not only lead to the development of fibrosis but recruit and
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activate monocytes.[’21 MCs also participate in the remodeling phase, as MCs are present
and accumulate in fibrotic capsules and during scar formation.[73-76]

While most studies evaluating tissue response to implanted biomaterials has focused on the
role of macrophage and T cell populations (see below), the contribution of mast cells in an
immune response to biomaterials has been understudied. Most studies have mainly
quantified just shifts in mast cell numbers associated with biomaterial implantation, the
results of which are suspect given the general low numbers of mast cells in tissue.l””] The
reader is directed to an excellent review by Ozpinar et a/,[78] on the influence of various
biomedical implant design factors (/.e., natural versus synthetic material of construction,
topography/porosity, biologically activated or decorated) on MC responses.

O Neutrophils—Neutrophils are the dominant immune cell in human blood. During
infection, neutrophils are mostly viewed as playing a beneficial role to the host. In cases
where the inflammatory process is generated by injury itself or device implantation, it
becomes more controversial as to whether neutrophils themselves play any beneficial role.

Neutrophils develop from bone marrow hematopoietic stem cells. Neutrophils circulate
within the blood stream until they encounter inflammatory signals released from damaged
and necraotic cells after tissue injury or device implantation. These soluble molecules are
likely to exhibit damage-associated molecular patterns (DAMPs).[7] DAMP molecules
comprise: DNA, histones, high mobility group protein B1 (HMGBL1), N-formyl peptides,
ATP, interleukin-1a (IL-1a) and many others.[89] Various DAMPs are chemoattractants
detected by neutrophils G-protein coupled receptors (GPCRs). Alternatively, damaged tissue
cells can release DAMPs that activate surrounding tissues inducing the secretion of
chemokines and lipid mediators (e.g., leukotriene B4 and C-X-C motif chemokine ligand 8),
[81,82] hoth strong inducers of neutrophil chemotaxis. Once released, C-X-C motif
chemokine ligand 8 can bind to glycosaminoglycans present on cell walls and in the
extracellular matrix, thus creating immobilized chemokine gradients along which
neutrophils navigate.[83]

There are three possible strategies neutrophils adopt to repair a damaged tissue. First, as
professional phagocytes, neutrophils can remove necrotic tissue debris at the site of injury.
Second, mature neutrophils can rapidly release upon activation up to 700 unique proteins
stored in their segmented nucleus and granules.[84] Release of these compounds (e.g.,
growth factors or pro-angiogenic factors) directly contributes to regeneration and
revascularization. Vascular endothelial growth factor (VEGF), angiopoietin, fibroblast
growth factor (FGF) and TGFp are among the most potent angiogenic cytokines. Both
human and murine neutrophils have been demonstrated to be a source of VEGF.[85:8¢]
Matrix metalloproteinases instigate the degradation of ECM components and the release of
various growth factors bound to the ECM. Neutrophils are uniquely capable of releasing
MMP-9 free of its endogenous inhibitor to angiogenic sites.[87] The third most studied role
in neutrophil healing involves neutrophil apoptosis and subsequent clearance by
macrophages,[88] a process that initiates a feed-forward, pro-resolution program
characterized by the release of TGF-p and IL-10. However, recent evidence suggests that
some neutrophils accumulating at inflamed sites may not undergo apoptosis followed by
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phagocytosis. In a rat model of glomerular capillary injury, the majority of radiolabeled
neutrophils attracted to the inflamed site returned to circulation versus becoming apoptotic.
[89] Recent literature reports that neutrophils can leave damaged tissue in a process termed
neutrophil reverse migration.[90.911

O Macrophages—Macrophages are a ubiquitous cellular component present in all
tissues and body compartments under homeostatic physiological conditions.[92-94] The
eponymous function of the macrophage lineage is phagocytosis. Macrophages express a
myriad of pattern recognition receptors, including Toll-like receptors (TLRs),
inflammasomes, and lectin-like receptors, located on the cell membrane, in the cytoplasm,
and endosomal compartment. Macrophages exert an effector function on other cells of the
innate immune system, including: neutrophils, ILCs, and natural killer (NK) cells.[9°]
Macrophages are thus the main constituent of humoral innate immunity, secreting
complement and fluid-phase pattern recognition molecules (PRMs).[%! In turn, humoral
immunity components collaborate with macrophages in effector functions and regulate the
activity of mononuclear phagocytes. Classic adaptive responses of macrophages include
tolerance, priming, and a wide spectrum of activation states. Moreover, macrophages, once
activated, have the ability to mount a stronger transcriptional response that is qualitatively
and quantitatively different from that mounted by untrained macrophages. (/.e., trained
innate immunity).

It is now clear that macrophages can display a plethora of activation/differentiation
phenotypes,[97] in addition to fusing to form foreign body giant cells. This heterogeneity is
arises during differentiation of macrophages from circulating monocytes in response to
ambient signals.[%8] “Classically” activated macrophage cells, (i.e.,, M1 macrophages), arise
in response to molecules released by Ty, cells or NK cells, (e.g., IFN-y), either alone or in
combination with microbial PRMs (e.g., lipopolysaccharide, LPS). The M1 phenotype
(Figure 2B) is characterized by 1L-12 and 1L-23 production, elevated levels of reactive
nitrogen and oxygen species (NO, superoxides, hydrogen peroxide) and secretion of pro-
inflammatory cytokines (TNF, IL-1, 1L-6).[98-100] M1 macrophages are associated with
strong Ty cell responses along with causing anti-proliferation and cytotoxic behavior. In
their attack on invading pathogens, M1 cells can also destroy local tissue. Without
resolution, M1 activation can lead to chronic inflammation, autoimmune diseases, and other
pathologies.[101]

“Alternatively” activated macrophages (M2 macrophages) are considered “anti-
inflammatory” because they release high levels of the passivating cytokine IL-10 and
transforming growth factor-p (TGF-B) and low amounts of inflammatory cytokines. Signal
transducer and activator of transcription (STAT3) is activated by I1L-10, thereby inhibiting
pro-inflammatory cytokine secretion and nitric oxide release.[192:1021 M2 polarized cells
induce arginase activity in mice, which acts upon nitric oxide synthase-2. M2 macrophages
also aid in tissue remodeling by secreting components of the ECM, including: fibronectin,
osteopontin, and fibrin crosslinker, transglutaminase.[193.104] M2 macrophages therefore are
generally associated with anti-inflammatory, immunosuppressive, and protective properties.
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In reality the didactic classification of macrophages as either M1 or M2 are only absolutes
created artificially under controlled /n7 vitro conditions. /n vivo, the phenotypes of
macrophages are regulated by complex, dynamic tissue environments, making it unlikely
that a limited number of markers and cytokine expression patterns can define myeloid cell
heterogeneity. Indeed, it is generally accepted that the utility of widely used myeloid
markers such as F4/80, CD11b, and CD11c is highly tissue dependent. Rather, macrophages
possess a continuum of phenotypes for distinct biological functions.[19] Literature suggests
that a broad spectrum of macrophage phenotypes exists based on three homeostatic
activities: host defense, wound healing, and immune regulation.

Finally, evidence for monocyte/macrophage plasticity is growing. Peripheral blood
monocytes have been reported to give rise to endothelial(106.197] and myofibroblast lineages.
[108] Fyrthermore, peritoneal macrophages, elicited by foreign body implantation, exhibited
evidence of transdifferentiation to mesenchymal phenotypes. The most convincing /n vivo
data supporting a transdifferentiation hypothesis were reported in a series of papers by the
Badylak group.[19%-1111 Brown er a/,[119.111] examined the role of M@ in the remodeling
process following implantation of 14 different biologically-derived de-cellularized surgical
mesh materials in the rat abdominal wall. Their results showed increased numbers of M2-
M@ and these higher ratios of M2-to-M1 M@ within the site of remodeling at 14 days were
associated with more positive remodeling outcomes. Further, their results suggest the
constructive remodeling may be due to the M2-Md@ preferential recruitment and survival of
different progenitor-like cell populations.

Tissue engineering and regenerative medicine are strongly associated with the controlled
application of cell therapy, often in combination with biocompatible materials. Such
methodologies have myopically emphasized the role of stem cells as the active biological
ingredient. However, recent reports show that the actual structural contribution of implanted
stem cells to regenerated tissues is very limited and that stimulating factors exchanged
between tissue and stem-or progenitor cells, including growth factors, cytokines, and
extracellular vesicles (EVs) maybe the more important driving mechanism.[212] EVs are
lipid membrane vesicles, containing a variety of RNA species (including mRNAs, miRNAS),
transcription factors, soluble (cytosolic) proteins, and trans-membrane proteins presented in
their appropriate functional orientation.[113] EVs play a role in many processes, including
intercellular communication, recycling of membrane proteins and lipids, immune
modulation, senescence, angiogenesis, cellular proliferation, and differentiation.[114.115]
Cells release several types of EVs with different physiological properties, content, and
function, as a result of their different mechanisms of generation, including: exosomes,
microvesicles, and apoptotic bodies.[116] Exosomes are ~40-150nm in size with a density
ranging 1.09-1.18 gm/mL; their most common markers are tetraspanins (CD9, CD63, CD81,
and CD82).[113.117] Microvesicles are shed directly from the plasma membrane and can be
larger than exosomes (50-1000 nm).[118] |_ike exosomes, micro-vesicles are able to transfer
functional genomic and proteomic content to target cells.[119]

The Badylak group recently examined(2%] both laboratory-produced and commercially
available de-cellularized biologic scaffolds demonstrating that EV's were present on the
scaffolds and could be released upon enzymatic digestion, similar to /7 vivo implantation
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conditions. These recovered EVs contained miRNAs capable of exerting phenotypical and
functional effects on macrophage activation and cell differentiation,[220] suggesting a
possible mechanism behind the inductive properties of ECM bioscaffolds. Growing evidence
suggests that transcriptional regulators and miRNA molecules encapsulated within
membrane vesicles (/.e., exosomes, microvesicles) that are released by a parent cell can
modify the phenotype of recipient cells. EVs can present on their surfaces host membrane
cell markers and can internally carry proteins (e.g., transcription factors), bioactive lipids,
and nucleic acids (MRNAs, miRNASs). Somatic cells can be reprogrammed to reach an
embryonic stem cell-like state by overexpression of certain factors, such as miRNAs.[121]

Eto et a/,[122] reports on a novel subpopulation of CD34+/CD206 + Adipose Tissue
macrophages - (ATMs) (11.1% of CD206+ ATMs) that share characteristics with adipose
stem/stromal cells (ASCs) and circulating monocytes, in that they exhibited adherent cell
growth and differentiated into multiple mesenchymal (adipogenic, osteogenic, and
chondrogenic) lineages, similar to adipose stem cells. This novel ATM subpopulation (CD45
+/CD14+/CD34 +/CD206 +) showed biological properties distinct from other ATMs and
circulating monocytes/macrophages, including: adherence, localization, morphology, and
mesenchymal multipotency suggesting a role in tissue maintenance and regeneration.

Kouri and Ancheta (1972),[123] first proposed that macrophages have the capacity to trans-
differentiate by demonstrating existence of cells with intermediate morphologies (between
macrophages and fibroblasts) within tissue capsules that formed around implanted polymer
discs. The Campbell lab also identified these macrophage-fibroblast intermediary cells in the
tissue capsule around intraperitoneal blood clots, further supporting the possibility of
macrophage trans-differentiation.[124] More recently, peripheral blood monocytes have been
reported to give rise /n7 vivoto endothelial cells[296:107] and myofibroblast lineages!1%8] jn
vitro. Qu et al.12%] demonstrated that a committed macrophage cell line, RAW 264.7 cells,
could de- and re-differentiate into mesenchymal-like cells (osteoblasts) upon exposure to a
purine analog that acts through the MyD88 pathway. Cooke and coworkers[12¢] found /n
vivo that activation of the inflammatory pathway in macrophages is required for efficient
nuclear re-programming for induction of pluripotency. Similarly, human peripheral blood
monocytes cultured /n vitro on stainless steel stents were shown to undergo transition into
myo-fibroblasts-like cells.[127] Medina and Ghahary[128] quantified cell transdifferentiation
of circulating CD14(+) monocytes into keratinocyte-like cells, which not only exhibited an
anti-fibrotic profile, but also released EVs that induced MMP-1 up-regulation in dermal
fibroblasts, thus aiding wound healing. Mooney et al. provides evidence for myeloid trans-
differentiation using transgenic MacGreen mice to quantify the accumulation of monocyte
and neutrophilic granulocytes in the infiltrate and the tissue surrounding a foreign implant.
[129] They reported the differential expression of the (@) tcsf1r-EGFP transgene, (b) F4/80
(pan macrophage marker), and (¢) Ly6C. As the tissue capsule developed, GFP-positive cells
changed from rounded to spindle-shaped morphology and co-expressed myofibroblast a.-
smooth muscle actin. Flow cytometry analysis of cells isolated from tissue capsules around
the implants showed a steady increase in myofibroblast marker a-SM actin, with >80% of
these cells also co-expressing GFP. Immunohistochemical assays at Day 14 and 28 also
confirmed co-expression of GFP and a-SM actin confirming established monocyte-to-
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macrophage differentiation, but also the possibility of maturation from granulocyte through
monocyte/macrophage to myofibroblast.

O Dendritic cells—Dendritic cell (DC) response to biomaterials has grown in
importance due to the emergence of a large number of tissue engineering products that
combine synthetic or natural polymeric biomaterials with biologics (/.e., cells, nucleic acids,
and/or proteins). While the synthetic biomaterial may elicit a non-specific inflammatory
response involving platelets, polymorphonuclear cells, and macrophages, the cellular or
biological component may induce an antigen specific immune response.[130 Since DCs are
central in inducing regulatory T cells (Tregs), their ability to induce tolerance is emerging as
a significant area for research for tissue regeneration applications.

Babensee’s group,[*31] incorporated the antigen ovalbumin (OVA) into two different PLGA
biomaterial constructs: either in PLGA microparticles or in PLGA porous scaffolds.
Constructs with antigen were then injected (microparticles, MPs) or implanted (scaffolds)
into mice and the subsequent immune response quantified. The amount of polymer and
antigen delivered was maintained constant. OVA-specific 1gGs were significantly higher and
persisted longer for antigen released from implanted scaffolds versus when polymer/antigen
was delivered by injected particles. Ali et a/,[132] reports similar results for PLG scaffolds
versus PLG microparticles, both containing tumor extracted antigens.

Exposure of human derive DCs with PLGA microparticles versus solid films induced
increased expression levels of costimulatory molecules (CD40, CD80, and CD86), MHC
Class 1l molecules (HLA-DQ and HLA-DR) and the DC maturation marker (CD83) versus
untreated immature DC controls. PLGA-treated DCs exhibited responses resembling those
in mature DCs and an enhanced capability to stimulate T-cell proliferation.[*33] Similarly,
different synthetic materials can exert different effects on DC maturation. For example,
PLGA or chitosan films induced DC maturation, whereas alginate and agarose did not;
hyaluronic acid (HA) films elicited suppressed DC maturation.[!34] Compared to immature
DCs, DCs treated with PLGA or chitosan films supported higher levels of T-cell
proliferation; DCs treated with hyaluronic acid films induced lower levels of T-cell
proliferation; and DCs treated with agarose and alginate films did not differ in response from
iDCs.[135]

Exact mechanisms by which DCs recognize biomaterials remain to be identified. This
probably occurs via adsorption of complement factors, plasma proteins (with associated
carbohydrate modifications), and other danger signals to the biomaterials, which are then
recognized by the pattern recognition receptors (PRRs).[136] Use of MyD88 and TLR
knocked out mice demonstrated that DCs employ TLR2, TLR4, and TLR6 to sense
chemically and physically diverse biomaterials. Mice lacking TLRs or MyD88 exhibited
reduced expression of both activation markers and proinflammatory cytokines versus wild-
type controls.[137] Receptors such as FcR, complement receptors, and integrins may also
influence biomaterial induced DC phenotype.
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- Other Cells Implicated in Biocompatibility: “The New Kids on the Block”

The limited success achieved in regenerating tissues is due in part to the tendency of
therapeutic approaches to target late-stage processes in healing and regeneration.
Conversely, the immune system is a highly complex network that orchestrates tissue
integrity and immediately adapts to features of the local microenvironment throughout the
healing process. While previous studies have investigated the host immune response to
biomaterials within the context of the foreign body response (FBR), various leukocytes (T
cells, B cells, and ILCs) have been identified as important mediators of scaffold-driven
tissue remodeling.[111.138,139]

O T cells—Differential T cell subtypes significantly affect wound healing outcomes.[140]
CDA4+ T cell populations are particularly important due to their presence within porous
scaffolds and influential role in deciding implant fate through phenotypically determined key
cell signaling modalities.[141] 7 Helper 1 (Ty, indicated by TNFa, TBX21, and IFN-7)
cells inhibit collagen deposition and traditionally pro-reparative effects by increasing local
inflammatory signaling, while regulatory T cells (Tregs indicated by FoxP3 and IL-10) are
instrumental in initiating and maintaining pro-regenerative responses.[141-143],

Analysis of the cytokine profile of T cells extracted from injured or infected tissues
demonstrates that Ty, cytokines predominate in moderately inflammatory conditions
compared with Ty cytokines in aggressive inflammation.[244] In addition to the T; and
Tho cell subsets, there are two closely related T-helper cell subsets with opposing functions
namely, regulatory T cells (Tregs) and Tpy_17 cells.[145-147]

TH17 cells are an independent T-helper cell subset that plays a critical role in the
development of autoimmunity, allergic reactions and host defense.[148] T,,17 cells were
named after their production of the signature cytokine IL-17. IL-17 alone or in synergy with
either IL1pB, tumor necrosis factor (TNFa.), interferon-y, or Toll-like receptor (TLR) ligands
can stimulate human fibroblasts, epithelial cells and macrophages to produce various pro-
inflammatory mediators.[249-153] Evidence from these studies suggests that IL17 secreted by
TH17 cells, may play a role in the breakdown of infected or injured tissues.

Conversely, Tregs - a specialized subset of T-helper cells - express the transcription factor
Forkhead box P3 (FoxP3). Tregs participate in inducing effector T cells, therefore
controlling elevated immune responses and the initiation of autoimmunity.[153.154] Tregs use
cell contact dependent (mediated by surface molecules; glucocorticoid-induced tumor
necrosis factor receptor [GITR], cytotoxic T-lymphocyte-associated antigen [CTLA]-4 and
membrane-bound TGF) and contact independent mechanisms (sensing cytokines such as
TGFp and IL10) to suppress the effector T cells (Ty1/Ty2 and possibly Ty17) and antigen-
presenting cells.['33] Unresolved inflammation during tissue injury can impair healing and
tissue remodeling. In many tissues, Tregs are attracted to the damaged site to facilitate
inflammation resolution and regulate immunity. Tregs can indirectly modulate regeneration
by controlling neutrophils,[*5-1571 inducing macrophage polarization,[158:15%] and
regulating helper T-cells.[157.160] Moreover, Tregs have been shown to directly facilitate
regeneration by activating progenitor cells locally.l161.162] Tregs can actively release
immunosuppressive exosomes that inhibit IFN-y secretion and growth of Th1 effector cells.
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[163] Treg-derived exosomes can also induce the differentiation of other T cells to the Treg
phenotype.[164]

Similar to findings for decellularized biological scaffolds by the Badylak group,[129] Hady et
al., [165] reports for poly(HEMA) porous precision templated scaffolds PTS (where all pores
are approximately the same size throughout the scaffold) that PTS pore size (40- vs. 100 um)
did not affect scaffold resident immune cell population ratios or the proportion of myeloid
EVs generated from explanted PTS. However, quantitative transcriptomic assessment
indicated cell and EV phenotype were pore size dependent. /7 vitro experiments
demonstrated the ability of PTS cell derived EVs to stimulate T cells transcriptionally and
proliferatively. Specifically, EVs isolated from cells inhabiting explanted 100um PTS
significantly upregulated Ty, inflammatory gene expression in immortalized T cells. EVs
generated from cells inhabiting both 40um and 100um PTS upregulated essential Tyeg
transcriptional markers in both primary and immortalized T cells. Finally, the effects of Tyeq
depletion on explanted PTS resident cells were quantified. FoxP3+ cell depletion suggests
Tregs Play a unique role in balancing T cell subset ratios, thus driving host response in 40um
PTS. These results indicate that predominantly 40um PTS myeloid cell-derived EVs affect T
cells through a distinct, pore size mediated modality.

Particularly, Tregs both influence T cell subtype and modulate neutrophil, macrophage, and
local progenitor cell activation.[156.157,161,162] Recent evidence suggests that Th2 cells
(indicated by GATA3), which modulate classical Th1 driven inflammation while enhancing
fibrosis, eosinophil activation, and IgE mediated responses, are required to elicit the pro-
healing response intrinsic to certain biomaterial scaffolds.[166.1671 Th3 and Th17 cells
(indicated by TGF-B1 and RORy, respectively) are traditionally ambiguous in wound
healing: Th3 cells can release varying amounts of IL-10 and TGF-B1 depending on external
stimuli, and Th17 cells can release both classically pro-inflammatory and anti-inflammatory
cytokines.[168.169] Despite this ambiguity, recent evidence suggests that IL-17 released by
Th17 cells is instrumental in enabling the inflammatory FBR.[170]

O B cells—There is extensive literature linking B cells to chronic inflammation a swell
as bone destruction.[*71] Following biomaterial implantation coupled with bacterial infection
or the presence of antigenic materials within scaffolds, B cells are thought to infiltrate and
dominate the site.[172173] Considering their chief role in innate-like and adaptive immune
responses, B cells do provide residual protection against infections. In most cases, the
bacteria-specific antibody response is generally unable to halt disease progression (e.g.,
periodontal disease) suggesting that the antibodies produced exhibit low anti-bacterial
blocking functions or opsonophagocytic potential, and/or unfavorable effects. Further,
endogenous antigens associated with cell-seeded scaffolds may also contribute to chronic
inflammation. Scant evidence on the role of B cells in tissue healing seems to suggest that
their depletion also represents a promising strategy to augment bone regeneration, since
adaptive immune system deficient mice exhibit faster bone healing.[174] However, much is
still to be discovered on the role of B cells in the repair and regeneration of various tissues.

O Innate lymphoid cells—Innate lymphoid cells (ILCs) are a recently recognized
subgroup of immune cells that mimic the phenotypes and functions of T cells. ILCs, defined
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by the lack of expression of T or B cell receptors, have been divided into three classes
(ILC1, 2, 3), denoted by their canonical transcription factors and cytokine expression.[173]
These ILC subsets mimic the expression of Thi, Th2, and Th17, respectively. ILC2s, similar
to Th2 cells, produce IL-4, IL-5, and IL-13, are anti-inflammatory and secrete cell signals,
mediators and metabolites associated with wound healing. ILC2s also promote CD4 T cell
differentiation to Th2 cells via direct inhibition of Th1 cells.l176-178] |_Cs are activated by
stress signals, microbial compounds, and the cytokines, rather than by antigens: similar to
the activation of memory or “innate” T cells, such as invariant NKT cells and subsets of gdT
cells. This mode of activation makes ILCs highly reactive and early effectors during the
immune response. Since ILCs are activated early in response to infection or injury,
producing type 1, type 2, and type 3 cytokines, it is expected that ILCs regulate the
developing adaptive immune response.[17%1 |LCs do this in two ways: directly by expressing
MHC Class Il molecules (MHC I1), and indirectly by regulating DCs. ILC2s orchestrate
tissue-repair responses by producing amphiregulin (a ligand of the epidermal growth factor
receptor) and IL-13. By producing LTalb2 and IL-22, ILC3s can promote tissue protective
and repair responses. In a model of graft-versus-host disease (GvHD), ILC3s protect
intestinal epithelial stem cells from GvHD-induced cell death.[180] Since the development of
a pro-regenerative response to biomaterials may require type 2 cell populations(!3%] and that
the interaction between Th2/ILC2 is central to tissue pro-regenerative responses, ILC2
activity may be a potential target for new biomaterial designs.

5. Contemporary Approaches to Mitigating the Foreign Body Response

The unification of an ever-expanding insight into human biology and physiology coupled
with the rich, state-of-the-art toolbox of sophisticated and broadly applicable methods for
material design, synthesis, and modification have paved the way for the modern age of
biomaterials. A contemporary approach to biomaterials design is aimed at actively
modulating the host response toward tissue reconstruction and integration as opposed to
mere fibrotic-encapsulated coexistence. In this way, the field has made strides in actively
reimagining and restructuring the definition of “biocompatibility.” Still, the path toward this
more integrative and regenerative form of biocompatibility has elucidated the major causes
of less-than-optimal, though still traditionally “biocompatible”, outcomes of implanted
biomaterials:

. Chronic tissue damage due to the inappropriate physical properties (e.g.,
mechanical) of the biomaterial within the body.

. Implant-induced bacterial colonization, particularly with percutaneous
biomaterials.
. An immune attack (/.e., the classical foreign body reaction) which can disrupt

adjacent tissue due to the persistence and hyperinflammatory nature of the cell
types involved.

. Immune separation from the tissues of the body in the formation of a densely
crosslinked fibrotic capsule, which can significantly impair biomaterial
functionality.
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In recognition of these sub-optimal modes of biomaterials healing, the field has pursued
contemporary solutions involving specific and engineered control along three major design
axes: 1) control over the physicochemical biomaterial properties, 2) control over bioactive
molecular release into the host tissue environment, and 3) control over surface-mediated
interactions at the tissue-material interface. Themes relevant to this modern conception of
biocompatibility include: the phenotypic polarization and distribution of key cell types that
drive the tissue response;[105.111,139,167,181,182] the incorporation of a wide range of
components from both natural and synthetic origins;[183.184] 3 keen awareness of
microbiological processes;[185.186] and, perhaps most significantly, those approaches that
integrate multiple solutions in the creation of multifunctional materials that address these
various issues in a simultaneous or sequential fashion.[187-189]

The contemporary approach to the design of biocompatible biomaterials, then, begins with
an understanding, from first principles, of the physiological requirements (/.¢., mechanical,
electrochemical, structural, etc.) of the target tissue and proceeds with the design, selection,
and integration of materials along the three design axes. Ultimately, to maximize successful
biological outcomes, the final design of the biomaterial must address these physiological
requirements with careful consideration of the engineering trade-offs inherent to the
material/synthesis choices made and their effect on biomaterial function.

Itis in consideration of this contemporary approach and its underlying themes that we will
present a curated set of recently published articles that demonstrate this active redefining of
the term “biocompatible.” As a testament to the expansive research effort underway in the
field of biomaterials, numerous review papers have been published focusing on virtually
every topic covered here that the reader is encouraged to explore to deepen their
understanding of these new biocompatibility strategies. The reader is also directed to the
emerging space of biomaterial-assisted methods for immune engineering that are designed to
induce immune tolerance as opposed to specifically limit foreign body reactivity.[190-192]

- Control Over the Physical Properties of Biomaterials

O Mechanical—The mechanical properties of human tissues range over several orders of
magnitudel193-195] and individual cells have shown sensitivity to substrate stiffness, altering
their phenotypic activation or differentiation profiles in response.[196:197] Mechanical
mismatch at the tissue-device interface can induce chronic tissue damage as a result of
persistent tissue strain in both softl198] and hard tissues.[1%°] Matching mechanical properties
with the target tissue is thus crucially important to provide appropriate cellular mechanical
cues to promote functional regeneration of tissues and for minimizing tissue damage which
can exacerbate fibrotic encapsulation. Modern approaches include materials with adaptive
mechanical compliance for brain implants, which are initially stiff to aid implantation but
then soften within the tissue,[209] and new fabrication techniques to tune the mechanical
stiffness of porous metals to match the mechanical properties of specific bone defects.[201]

O Porosity—An interconnected porous network provides a supportive, three-dimensional

structure for the infiltration of cells, organization and deposition of functional extracellular
matrix, and growth of new blood vessels and other tissue-specific structures.[202] This 3D
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network also promotes a heterogeneous spatial distribution of cellular phenotypes (7.¢.,
macrophage M1 vs M2) to promote vascularization and remodeling across the material-
tissue boundary as opposed to unresolved inflammation localized at the interface.[63]
Porosity has been seen to impact biomaterials healing since at least the 1970s.[203] More
recently, Bartneck et a/.,[51] compared macrophage responses to flat 2-D PLGA films versus
3-D electrospun PLGA nanofiber meshes of three different average pore sizes (230, 100, 30
um). Flat 2-D films lead to an increased number of M1 macrophages that released large
amounts of pro-inflammatory cytokines. In contrast, 3D nanofibers with identical surface
chemistry yielded varying macrophage phenotype, depending on pore size; 230um exhibited
M1 response, 100um a mixed M1/M2 phenotype, and 30um exhibited M2 responses. Taking
this one step further, porous networks with precise, highly uniform spherical pores on the
order of 40um in diameter have shown extensive vascularization in the adjacent tissue and
throughout the porous network along with a reduction in foreign body capsule thickness and
density.[62.63] Consistent with with Bartneck er a/,’s findings, larger and smaller pore sizes
show a response more akin to the classic FBR with low vascularity, cellularity and more
fibrosis (Figure 3).

Spatial confinement has been shown to directly impact macrophage phenotypic polarization
by limiting actin polymerization, thus reducing the expression of inflammatory genes
regulated by downstream actin-dependent transcription factors.[293] Pore size has also
demonstrated an impact on the composition of EVs released from macrophages and their
capacity to modulate T cell phenotype.[165] More generally, the generation of a
microenvironment that resembles native tissue architecture to support and regulate cellular
behavior and function serves as a central design feature for engineering the regeneration of
native tissue in and around the implanted material. One final item worth mentioning on the
topic of porosity involves the generation of a porous cytokine sink/trap whereby the porosity
of the material is specifically targeted at sequestering inflammatory cytokines upon
implantation to limit inflammatory reactivity of immune cells.[206]

O Geometry—Device geometry (size, shape, presence of sharp edges, etc.) has also been
shown to have a direct impact on the foreign body response.[207:208] For example, it was
demonstrated that fibers less than 5 pum in diameter gave almost no FBR while larger fibers
showed collagenous encapsulation.[209 This is also exemplified with the implantation of
probes into highly delicate nervous tissue where both an increase in implant diameter and
stiffness results in greater degrees of vascular and parenchymal tissue damage, blood-brain
barrier permeability, microglia (tissue-resident macrophages) activation, neuronal cell death,
and fibrotic scar formation.[210] Soft hydrogel coatings on traditional devices limit
mechanically induced tissue strain but also increase device footprint, a clear example of
engineering design tradeoffs. However, modern nanofabrication techniques have enabled the
development neural probes with sub-cellular dimensions composed of flexible materials.[21]
These devices, coupled with new automated precision implantation techniques, have
demonstrated efficacy in long-term neural recording applications with little to no foreign
body capsule formation.

Interestingly, Veiseh et al., have demonstrated that small spheres (300um diameter) produce
an increase in fibrotic tissue formation as compared to larger spheres (1500um diameter),
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regardless of material type, stiffness, surface roughness, or exposed surface area.[1°]
Although the complete mechanism for these observations is still unknown, the authors
consistently found fewer macrophage cells around the larger spheres and hypothesized this
reduced population size produced a limited overall inflammatory response. Pancreatic islet
cells were encapsulated in 1500um diameter alginate spheres and implanted
intraperitoneally in a mouse model of diabetes, demonstrating a prolonged return to
normoglycemia compared to other groups. Further elucidation of this strategy for
biomaterials design will need to be established since it is well known that larger objects (a
pacemaker with a rounded-edge geometry, for example) would be completely fibrotically-
encapsulated upon soft tissue implantation.

O Electroactivity—Electroactivity is a core functional aspect of several tissues, most
notably muscle and nervous tissue, but many respond to electrical stimuli. The incorporation
of electroactive components into biomaterial scaffolds has demonstrated a significant impact
in their functional integration with these target tissues.[212] Electroactive nanomaterials like
metal nanoparticles, graphene, carbon nanotubes, and conductive polymers have been
employed owing to their high conductivity and ease of incorporation.[223] Low levels of
electrical current have been shown to increase progenitor cell recruitment and
differentiation,[224] axonal growth, 2131 and may modulate the phenotypic polarization of
immune cells.[216] He et a/,, have developed an injectable material composed of the natural
polymer chitosan and synthetic conductive polymer poly(pyrrole) that promoted remodeling
of myocardial infarct-induced fibrotic scar tissue and rescued conduction pathways, thereby
improving ventricular ejection volume and other functional cardiac metrics.[217]

O Degradation—While the persistence of a device/material within the tissue is often
necessary (é.g., sensors, stimulators, prostheses), controlled degradation is a powerful
method for promoting tissue regeneration and remodeling. Depending on the intended
application of the biomaterial/device and the degree to which it must persist within the
tissue, degradable materials may be incorporated to target tissue ingrowth/integration to
improve device function, or replace the device completely with regenerated, scar free tissue.
Factors impacting degradation include the mechanism (hydrolytic, enzymatic) and material
physicochemistry (porous/monolithic, hydrophobic/hydrophilic, molecular weight,
crosslinking density etc.).[218] An extensive array of organic and inorganic degradable
materials with control over these factors has been developed.[21%] Degradation rate and
products are crucially important to control to match tissue reconstruction, ensure appropriate
load transfer from material to tissue, and promote beneficial physiochemical cellular
signaling.

- Molecular Release to Control Biological Reactions

The toolbox of bioactive molecules continues to grow as basic science research elucidates
key players in various endogenous signaling pathways and new anti-inflammatory drugs are
developed. These molecules can be loaded into the biomaterial bulk or bound to their surface
(physically adsorbed,[229] entrapped in nanotopology,[221] etc.). Controlled release is an
important factor as release rate has been shown to impact degree of angiogenesis and fibrotic
encapsulation.[222] It should be noted that delivery of bioactive molecules to the local tissue
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environment in conjunction with an implanted biomaterial to reduce foreign body reactivity
is limited as the molecules are typically consumed, degraded, or diffuse away within acute
time periods. However, when integrated with other biomaterial design strategies, bioactive
molecules may provide a powerful immunomodulatory signal early during the FBR to
promote better chronic outcomes.

O Single, Multipotent Bioactive Molecular Release—Several naturally derived
small molecules and soluble factors have evolved to affect multi-potent bioactivity. For
example, nitric oxide (NO) is a free radical naturally released by macrophages and
endothelial cells and has been implicated in resolution of inflammation, inhibition of platelet
adhesion and activation, stimulation of angiogenesis, and as a powerful antimicrobial agent.
[223] polymeric coatings composed of NO-bound carriers such as diazeniumdiolates or S-
nitrosothiols that enable sustained release of NO have shown improvements in biomedical
device performance (e.g. glucose sensors, vascular grafts, etc.) over clinically relevant time
scales.[224.225] Another interesting molecule that has been integrated to biomaterials with
controlled release dynamics is itaconate (ITA), a powerful modulator of macrophage
inflammatory reactivity.[226] Recently, Huyer et a/,, developed a synthesis scheme to
incorporate ITA into the backbone of polyester-based biomaterials to enable sustained,
hydrolytic release of ITA and observed improved resolution of inflammation compared to
silicone controls in a mouse intraperitoneal injection model.[227]

O Sequential Molecular Release—The sequential or multi-modal delivery of multiple
immunomodulatory cytokines has been shown to augment the response of macrophages.
[220.228] gpiller et al., physically adsorbed interferon-gamma (IFN+) for rapid release
coupled with tighter biotin-streptavidin binding and slow release of interleukin-4 (IL4) to
stimulate an early M1 macrophage response followed by a switch to M2.[220] This
sequential presentation caused an increase in M2 expression over those initially stimulated
toward M2 or switched from M2 to M1, which correlated with greater degrees of
vascularization. The incorporation of tissue specific cells or stem cells into scaffolds is
another powerful method for making use of endogenous release of immunomodulatory and
regenerative bioactive molecules.[229.230] Another example involves the timed, sequential
delivery of VEGF and PDGF growth factors, which generated robust blood vessel networks,
whereas release of single components was not as effective in stimulating healthy blood
vessels formation.[231]

O Stimulus Responsive Release—Stimulus-responsive release of bioactive
molecules enables a degree ‘programable’ biomaterial functionality.[232-234] For example,
Boehler et al., electrodeposited the conductive polymer PEDOT loaded with the anti-
inflammatory drug dexamethasone onto electrodes implanted into rat brains.[23%] Release of
dexamethasone was controlled via cyclic voltammetry and inhibited neuronal death around
the electrode to improve long-term recording capabilities.

- Control Over Surface Mediated Interactions

Surface-mediated interactions are also crucially important to consider as the possibility for
frustrated phagocytosis at the tissue-device interface is ever present. Fortunately, the toolbox
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of easily addressable and broadly applicable surface modification techniques is also
continually increasing.

O Surface Topography—The surface topology of materials in the form of nano- or
microscale surface roughness and patterning has been shown to have a direct impact on the
adhesion and activation of cells(236.237] For example, Luu et a/,, have shown that
macrophages cultured on linear micropatterned surfaces adopt an elongated morphology
serving as a driving stimulus for the release of pro-regenerative cytokines.[238] Similarly,
Raw 264.7 macrophages, seeded on rough epoxy exhibited cell surface markers and secreted
cytokine profiles of M2 macrophage phenotype as compared to those seeded on polished
smooth resin surfaces.[23%] Padmanabhan et a/,, have also demonstrated the impact of precise
nanotopography, in the form of nanorod arrays, serves as a primary signal in modulating
macrophage fusion via attenuation of cytoskeletal remodeling.[240]

O Stealth Materials—Stealth surfaces incorporate materials that are essentially invisible
or present a ‘self’ signal to cells. Super-hydrophilic, non-fouling synthetic zwitterionic
materials have demonstrated extreme resistance to adsorption of proteins, thereby limiting
the presentation of a “foreign’ signal to cells at the material surface and effectively
eliminating the initial steps of the foreign body response.[241.242] The tissue response to
these materials has demonstrated low macrophage cell count and inflammatory cytokine
release, little to no fibrotic encapsulation, and is instead dominated by growth of healthy,
vascularized tissue. Though much has been written about poly(ethylene glycol) (PEG) as a
non-fouling surface, PEG surfaces are relatively poor at inhibiting the FBR, probably due to
their activation of the complement system.[243.244] Recent work from the Stachelek lab has
also demonstrated that the immobilization of CD47, a universal cell-surface marker
designating ‘self’, was able to inhibit cellular attachment and inflammatory reactivity of
macrophages when immobilized on surfaces [245] and to limit fibrin, platelet, and THP-1
macrophage adhesion when immobilized onto cardiovascular stents[246],

O Bioactive Coatings—Surface coatings with targeted bioactivity modulate the local
population of immune cells at a material surface, thereby curtailing the severity of the
foreign body reaction.[247] Hsieh er al,, reports that a surface coating of a layer by layer film
of hyaluronic acid (HA) and type 1 collagen on PDMS reduced FBGC formation and
reduced fibrous encapsulation after 3 weeks of implantation in a rat subcutaneous implant
model compared to uncoated PDMS samples.[248] Similarly, Wu et a/,, reports that a HA and
polydopamine (PDA) surface coating limits macrophage adhesion and activation while also
stimulating endothelialization in a manner dependent on HA content when cultured /n vitro
and limited adhesion and activation of platelets when tested in a flow chamber with whole
blood.[24%1 Wu et af,, documents implanting optimized HA/PDA coated stainless steel discs
into the femoral artery of pigs for 1 month; they observed reductions in coagulation and an
increase in surface endothelialization compared to samples with excess HA and bare
stainless steel. Qian et al., coated PCL fiber scaffolds with silk-fibroin and heparin-
disaccharide and IL4, drastically reducing protein adsorption, FBGC formation, and fibrotic
encapsulation with an increase in pro-regenerative macrophage phenotypes and growth of
new vasculature.[250] From a synthetic standpoint, Coindre et a/,, coated a cell pouch device

Adv Healthc Mater. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crawford et al.

Page 22

with poly(methacrylic acid-co-isodecyl acrylate), which increased vascularization and
reduced the inflammatory macrophage population number by modulating an insulin growth
factor signaling pathway.[251] This highly vascularized coated cell pouch supported
therapeutic transplantation of islet cells in a diabetic mouse model and rescued
normoglycemia.

O High Throughput Biomaterial Design and Novel Chemical Structures—The
advent of high-throughput biomaterial design endeavors has sped discovery of unique
chemical structures that modulate the bioreaction to implants.[19.252] For example, Vegas er
al., reports on identifying an optimal set of chemical modifications to alginate that could
limit fibrotic encapsulation.[252] Their approach began with a large array of alginate
analogues with various chemical modifications. This set was narrowed down through a rapid
subcutaneous mouse implant model to measure levels of acute inflammation with a non-
invasive fluorescent marker for immune cell activation. The top performers were then
recombined with another set of structurally diverse alginates to produce microspheres for
implantation with a more detailed post-mortem histological evaluation of fibrosis. The result
of this process yielded a small set of triazole-modified alginates that demonstrated little to
no fibrotic deposition or cellular adherence after 6 months of implantation. The authors
concluded that the chemical modification presented at the surface of the material was the
driving force behind the findings given the uniform mechanical properties, surface
roughness, and protein adsorption across the materials tested.

- Exemplary Multifunctional Biomaterials

As another testament to the progress in the field, many biomaterials designed today employ
a multifunctional approach by thoughtfully integrating design features from the 3 design
axes. Tian et al., engineered a HA-based biomaterial crosslinked with iron(l11) ions and
EDTA, with the ratios of each tuned precisely to match the mechanical properties of skin.
[253] The physical crosslinking enabled release of Fe3* ions upon bacterial-induced
degradation which, once labile, could act as a potent antimicrobial and/or re-crosslink the
material to maintain its integrity. Loading with PDGF also improved neovascularization and
downregulation of pro-inflammatory activation of material-adjacent cells as the material
degraded.

Qu et al., designed a hybrid scaffold for connective tissue regeneration by electrospinning
fibers of PCL, poly(ethylene oxide) (PEO) infused with collagenase, and HA infused with
PDGF.[254] The slow, hydrolytic degradation and mechanical properties of PCL were
matched to that of connective tissue, providing the primary structural support. Rapid
dissolution of PEO post-implantation imparted porosity and released collagenase to loosen
the dense, implant-adjacent connective tissue to promote cellular infiltration. Enzymatic
degradation of HA sustained over a 5-week period, enabling controlled release of PDGF to
recruit stem cells, resulting in an increase in functional deposition and integration of
collagen.

Bakhsheshi-Rad et al., engineered a biomaterial for regeneration of cortical bone by coating
degradable magnesium substrates with electrospun PCL nanofibers infused with the mineral
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akermanite and antibiotic doxycycline.[255] The magnesium substrate served as the primary
mechanical support, matching that of bone, while the polymeric coating provided control
over magnesium degradation and deleterious elution of H,. The addition of dkermanite
particles enabled controlled release of silicon, calcium, phosphorous, and magnesium ions to
facilitate the formation of bioactive apatite, a mineral central to bone regrowth, on the
material surface. Akermanite was also able to promote the proliferation and osteogenic
differentiation of infiltrating adipose and mesenchymal stem cells to further improve bone
regeneration. Lastly, the extended release of doxycycline as the PCL degraded enabled a
sustained bacterial inhibition zone.

The decellularization of tissues has produced extracellular matrix (ECM) materials from a
wide array of tissues.[256-258] The ECM scaffold provides an enzymatically degradable,
porous, 3D scaffold comprised of natural polymers which contain binding domains for
cellular adhesion and migration. Perhaps most strikingly, their degradation also incurs the
release of small peptides, termed matricryptic peptides, and EVs containing a plethora of
pro-regenerative nucleic acids and proteins. Brown et a/,[111] recently examined the role of
macrophages in the remodeling process following implantation of 14 different biologically
derived decellularized surgical mesh materials in the rat abdominal wall. Their results
showed increased numbers of M2 macrophages and these higher ratios of M2-to-M1
macrophages within the site of remodeling at 14 days were associated with more positive
remodeling outcomes. Further, their results suggest the constructive remodeling may be due
to the M2 macrophage preferential recruitment and survival of different progenitor-like cell
populations. These ECM materials have also demonstrated remarkable success in functional
regeneration of human tissues.[138:259]

As a concluding remark to this section, it should be noted that the expansion of the
biomaterials design toolbox and its application in the development of multifunctional
biomaterials present an increased need for multivariate analysis techniques to elucidate
correlations between material properties and biological outcomes. One example worth
highlighting here is the application of multivariate statistical techniques, such as principal
component analysis, to the analysis of time-of-flight secondary ion mass spectrometry (ToF-

SIMS) data to determine the impact of various biomaterial properties on protein adsorption.
[260-262]

6. Translation of New Biocompatibility Concepts from Lab to Clinic

Though most of the concepts for biomaterials that heal in a non-fibrotic, integrative manner,
presented in section 5 of this article, are being explored in laboratory settings or pre-clinical
models, there are some examples of strategies to ameliorate the FBR that have translated
from bench to clinic. Possibly the earliest example of a biomaterial to reduce fibrosis upon
implantation was the steroid-releasing pacemaker lead.[263] Decellularized extracellular
matrix (ECM) biomaterials heal without fibrosis and with restoration of new tissue and
vasculature. Millions of such ECM-based biomaterials have been used in surgical
procedures.[264.265] precision porous polymers with pores in 30-40 um range have been used
for a number of years as glaucoma draining devices to reduce intraocular pressure.[266]1 A
vascular prosthesis that heals without the fibrotic sheath that impedes graft mechanical
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compliance is now in clinical trials (Evaluation of STARgraft AV for Hemodialysis Access,
ClinicalTrials.gov Identifier: NCT03916731). Implanted glucose sensors fail in providing
accurate, long-term glucose measurements, probably due to fibrotic blockage of the sensing
element. A clinical trial is in progress to assess implanted sensor longevity. The sensor,
described in a published article describes their electrode protection as “a thin electrolyte
layer” without further elaboration. The clinical trial is described in the clinicaltrials.gov web
site (PROMISE Study: An Evaluation of an Implantable Continuous Glucose Sensor up to
180 Days, ClinicalTrials.gov Identifier: NCT03808376).[267] Another concept addressing
insulin production for diabetics, a protected implant for a cell therapy, is undergoing clinical
trials, The device is protected by some combination of non-fouling zwitterionic polymers
and small molecules found to inhibit the fibrotic response.[268] This clinical trial is described
in the clinicaltrials.gov web site (Clinical Trials.gov Study Number: NCT04541628).

7. Conclusions

The concept of biocompatibility started with simple toxicology and evolved to standardized
ISO tests and histological examination. It is now time to further advance the ideas of
biocompatibility beyond their historical roots and beyond the present definition dating from
1986 which, though accurate, offers no insights to testing and advancing biocompatibility.
The biology of 1986 knew no vesicular communication (exosome communication), toll-like
receptors were just discovered and there was only one “flavor” of macrophage (ho
knowledge of the macrophage polarizations), as just a few examples. How can we integrate
encyclopedias of new discoveries and understanding into our understanding and application
biocompatibility? For example, consider crosslinked poly(hydroxyethyl methacrylate)
(pPHEMA) hydrogels cast a solid slab or fabricated into a porous structure with
interconnected 40 pm diameter pores. Though the chemistry of both specimens is identical,
and though both will pass all 1SO tests appropriate for regulatory clearance, the porous
specimen will heal in many tissues in the body with good vascularity, tissue reconstruction,
and little fibrosis while the slab will be surrounded by a dense, avascular fibrotic capsule
(the classic FBR).I83] How can we call both these reactions “biocompatible?” The authors of
this paper here offer up for consideration a new definition of biocompatibility, reflecting the
advances in biomaterials and biology that have taken place in the past 34 years.

“BIOCOMPATIBILITY: the ability of a material to locally trigger and guide the
proteins and cells of the host toward a non-fibrotic, vascularized reconstruction and
functional tissue integration”

In fact, the potential exists today to even develop a quantitative measure of just how
biocompatible an implant material might be. A scheme for such quantitative assessment has
been presented.[33]
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Figure 1.
Phases of the foreign body reaction. Proteins (including fibrinogen, albumin and

complement proteins) adsorb to the biomaterial upon implantation. During acute
inflammation neutrophils, shown in yellow, accumulate at the implantation site. In chronic
inflammation macrophages, shown in pink, are attracted to the implantation site.
Macrophages fuse into foreign body giant cells following frustrated phagocytosis. Finally,
the biomaterial is encapsulated by fibrous tissue, shown in blue.
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Figure 2.
A. Genesis and differentiation of leukocytes. B. Inducers (blue font) and responses (orange

font) of various polarized macrophage populations. Exposure to IFN-y and LPS drives
macrophages to a M1 phenotype, exhibiting cytotoxic and antitumoral traits. M2a- (IL-4 and
IL-13 induced) and M2b-macrophages (TLR or IL-1R agonist induced) exert
immunoregulatory functions and drive type Il T cell responses. Induced by 1L-10, M2c
macrophages suppress certain immune responses and aid in tissue remodeling.
Abbreviations: IL- = interleukin; IFN-y = interferon-y; LPS =lipopolysaccharide; RNi
=reactive nitrogen intermediates; ROi =reactive oxygen intermediates; TLR = Toll-like
receptors. C. Different subsets of monocyte-derived dendritic cells (DC), their inducers (in
blue font), phenotype, and interactions and influences on both T cells and B cells.
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Vessel density as a function of pore size
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Figure 3:
Pore size impacts vascularity and healing of implanted structures with uniform, interconnect

pore sizes after one month implantation.[204]
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