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Abstract: The healing process after implantation of biomateri-
als involves the interaction of many contributing factors.
Besides their in vivo functionality, biomaterials also require
characteristics that allow their integration into the designated
tissue without eliciting an overshooting foreign body reaction
(FBR). The targeted design of biomaterials with these fea-
tures, thus, needs understanding of the molecular mecha-
nisms of the FBR. Much effort has been put into research on
the interaction of engineered materials and the host tissue.
This elucidated many aspects of the five FBR phases, that is
protein adsorption, acute inflammation, chronic inflamma-
tion, foreign body giant cell formation, and fibrous capsule
formation. However, in practice, it is still difficult to predict
the response against a newly designed biomaterial purely

based on the knowledge of its physical-chemical surface fea-
tures. This insufficient knowledge leads to a high number of
factors potentially influencing the FBR, which have to be ana-
lyzed in complex animal experiments including appropriate
data-based sample sizes. This review is focused on the cur-
rent knowledge on the general mechanisms of the FBR
against biomaterials and the influence of biomaterial surface
topography and chemical and physical features on the quality
and quantity of the reaction. © 2016 Wiley Periodicals, Inc. J
Biomed Mater Res Part A: 105A: 927-940, 2017.
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pathology of the foreign body reaction against biomaterials.

INTRODUCTION

Detection and elimination of intruding infectious agents is
the main task of the mammalian immune system. These
potential threads to the well-being of the organism are ini-
tially recognized by the innate immune system. It detects
nonself molecular surfaces or patterns and induces an
immune reaction that eliminates the agent or the infected
cell. Elimination is mainly based on the phagocytosis and
phagolysosomal digestion of the intruder into nondanger-
ous, reusable, or excretable subunits. These mechanisms
works usually well with bacterial, viral, and protozoal
organisms or cells infected with them. However, quick elimi-
nation by phagocytosis fails when phagolysosomal-resistant
mycobacteria or large metazoan organisms or foreign bodies
are the target. In these cases, macrophages, giant cells accu-
mulate around the infected tissue or ate the surface of the
foreign body and a fibrous capsule is formed to isolate and
prevent the outspread to other body regions. Most of the
knowledge on the mechanisms of granuloma formation,
which is an aggregate of macrophages transformed into

epithelium-like cells and giant cells, surrounded by a collar
of lymphocytes and plasma cells.

Recently, biomaterial science has, however, tremendously
contributed to the progress in the understanding of the
nature of foreign body reaction (FBR). A biomaterial is
defined as a substance that has been engineered to take a
form, which is used to direct the course of any therapeutic
or diagnostic procedure by interactions with the living orga-
nism.? Biomaterial engineering, therefore, aims at materials
that integrate well into the designated tissue without elicit-
ing a FBR. Therefore, biomaterial science put much effort in
the understanding of the molecular interaction between the
surface of engineered materials and the host response. The
current concept of the FBR against biomaterials divides it
into five phases: (i) protein adsorption, (ii) acute inflamma-
tion, (iii) chronic inflammation, (iv) foreign body giant cell
formation, and (v) fibrosis or fibrous capsule formation.??
Many general mechanisms of the host response against non-
self, nonliving materials have been elucidated. It is, however,
obvious that the specific response to a transplanted
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FIGURE 1. Phase 1 of the foreign body reaction—formation of a provisional matrix around implanted biomaterials.

biomaterial very much depends on its physical and chemical
characteristics especially of its surface. One of the major
current goals of biomaterial research is therefore to under-
stand, predict and intentionally influence the reaction to a
biomaterial. This review gives a summary on the current
state of knowledge on the general mechanisms of FBR
against biomaterials and puts a focus on how the topogra-
phy as well as chemical and physical features of biomaterial
surfaces influence the quality and quantity of the reaction,
which occurs along a continuum from which some discrete
intervals are described as typical phases.

PHASE 1: FORMATION OF A PROVISIONAL MATRIX AT THE
BIOMATERIAL SURFACE
The implantation of a biomaterial into the body includes
injury and blood material interactions. Within seconds, pro-
teins of the blood plasma—with high affinity to surfaces®—
adsorb to the biomaterial to form a very sparse provisional
(protein) matrix of 2-5 nm (Fig. 1).* This matrix finally
develops into a fibrin-dominated thrombus® with region
specific differences. Since all involved cells interact with the
provisional matrix rather than the foreign body surface, its
composition is assumed to be of major relevance for all sub-
sequent events during the FBR in vivo.®

The composition of the early provisional matrix and the
final thrombus depends on several features including the
physico-chemical properties of the biomaterial surface and
the blood plasma composition. The early phase of the pro-
tein adsorption is usually described by the Vroman effect.”
This effect is characterized by a continuous adsorption and
desorption of proteins. While high mobility proteins like
albumin are adsorbed first, they are increasingly replaced
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by less motile proteins with higher affinity for the specific
surface like fibrinogen, high molecular weight kininogen
(HMWEK), fibronectin, and vitronectin.f'° The Vroman effect
is most prominent on hydrophilic surfaces where proteins
are less tightly bound than on hydrophobic surfaces.!* The
final composition is, however, dependent on the serum pro-
tein concentration and the surface characteristics® fibrino-
gen and albumin usually adsorb to polymers in relative
quantities equal to those in the serum while vitronectin
seems to have a higher affinity and accumulates over time
in the provisional matrix."**® The amount of adsorbed
vitronectin, and also fibronectin, on the biomaterial surface
is of major importance for monocyte adhesion and giant cell
formation via their integrin-mediated interaction with these
proteins.“‘15 McNally In addition, the provisional matrix
contains and releases several other chemoattractants, cyto-
kines, and growth factors of diverse nature, which influence
the FBR by modulating attraction and activity macrophages
and other immune cells. Anderson et al., therefore describe
the provisional matrix as “a naturally derived, biodegradable
sustained release system in which bioactive agents are
released to control subsequent phases of wound healing.”®
The final matrix around a foreign material is mainly
composed of fibrin and, thus, constitutes a fibrin clot. There
are several hypotheses how fibrinogen is converted to fibrin
on the surface of a transplanted biomaterial. First, the
intrinsic coagulation system is initiated by biomaterial
surface-promoted autocatalytic activation of FXII on nega-
tively charged, anionic surfaces.’®'®'” Recent findings how-
ever challenge the negative charged surface paradigm of
FXII activation and propose a complex protein-adsorption-
competition effect in the fluid phase on the biomaterial

FOREIGN BODY REACTION TO BIOMATERIALS
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TABLE I. Examples of Biomaterial Features with Influence on Protein Adsorption and Complement Activation

Biomaterial Feature Influence on FBR References
Poly(ethylene glycol) (PEG)/chain density 1 Protein adsorption | 30,31
Poly(2-hydroxyethyl methacrylate), PHEMA Protein adsorption | 3
Oligoethylene glycol Protein adsorption | 32,33
Poly-(carboxybetaine acrylamide) (poly(CBAA)) Protein adsorption | 34
Poly(acrylamide) Protein adsorption | 35
Peptoids Protein adsorption | 36
Poly(carboxybetaine methacrylate) (PCBMA) Protein adsorption | 37
Carboxybetaine-containing polymer brushes Protein adsorption | 38
Hydrophobic surfaces including —CH3 groups Albumin/Fibrinogen binding 1, conformational 39,40
changes in fibrinogen 71
Negatively charged carboxyl/sulfate groups, Alternative pathway of complement activation | 9
sialic acid, heparin
Hydrophobic surfaces Complement activation | 28
Nucleophiles like hydroxyl/amino groups, Alternative pathway of complement activation | 9
polyacrylonitrile
Surface roughness Protein adsorption | 41-43
Wettability (hydrophobia vs. hydrophilia) Protein adsorption | 8
Surfaces with extreme wettability Protein adsorption | 44
Surface charge Protein adsorption |1 36,37,41

surface as the cause of FXII activation.’® Contact activation
of FXII alone is, however, not sufficient to induce a sufficient
thrombus formation on biomaterials.'® Platelet adhesion
and activation by FXII-activated thrombin seems to be a
necessary amplifier to induce fibrin deposition.’”?* Throm-
bin then cleaves fibrinogen to fibrin, which leads to the typ-
ical fibrillary mesh-like fibrin coat on the surface of
transplanted biomaterials. However, not all of the fibrinogen
spontaneously attached to the initial provisional matrix is
transformed into fibrin. The nontransformed fibrinogen
seems to undergo an adhesion-mediated conformational
change associated with the display of functional epitopes??
that can interact with mainly a-integrins on platelet mem-
branes leading to platelet adhesion, activation, and subse-
quent aggregation of further platelets.>**** In addition,
adherent fibrinogen and von Willebrandt factor are also a
potential adhesion matrix for macrophages.”®> The comple-
ment system is another system of major importance to the
fate of biomaterials in the organism. Complement activation
and the subsequent boost of the immune reaction and the
plasmatic coagulation are also involved in the failure of
implanted biomaterials.?® The activation of the classical
complement system pathway is thought to be induced by
unspecifically bound immunoglobulins (IgG) in the provi-
sional matrix, which bind the C1 subunits and activate the
C3 convertase.'®?” However, a direct binding of C1q to the
biomaterial surface has also been proposed. Several surface
characteristics of biomaterials like carboxyl, sulfate,
hydroxyl, and amino groups seem to bind C3b and activate
the alternative pathway. Here, bound C3b activates the C3
convertase, which induces a positive amplification loop and
finally activates the downstream C5 convertase. 62829
However, other biomaterials without the mentioned surface
characteristics also seem to induce complement activation,
which indicates that the process of complement activation is
not fully understood yet.!® Activation of the complement
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system results in the generation of high amounts of C3a
and C5a, which are strong chemoattractants for phagocytes
and also stimulate the degranulation of mast cells and neu-
trophils. In contrast, the majority of C3b is present on the
provisional matrix and acts as a ligand for leukocyte adhe-
sion via integrin receptors.”’ Depending on the leukocyte
subsets that become activated, an arsenal of cytokines is
generated and released that will determine the consequen-
ces of the material-blood interaction. Activation of the
complement system is a driving force in incompatibility
reactions of differing severity, such as thrombotic complica-
tions, acute or chronic inflammation, as well as encapsula-
tion with a possible subsequent loss of function of a
device.>'°

Influence of biomaterial surface characteristics on
protein adsorption

Protein adsorption is a very complex process that depends
on numerous variables of the surface like wettability, topog-
raphy, elasticity, chemical composition and charge but also
on characteristics of the proteins like structure, isoelectric
point and relative concentration in the plasma and protein-
surface affinity (Table I). It requires dehydration of the pro-
tein and the surface, redistribution of charged groups in the
interface and is often associated with conformational
changes in the protein molecule.” Because of the complex
interaction of these parameters in the respective setting, a
safe prediction of the composition of the provisional matrix
on a specific surface is not possible without empirical data
up to now. However, numerous studies focused on the ques-
tion how the composition of the provisional matrix can be
influenced and found some general rules (reviewed in Refs.
9,15,23,29). So far, several materials have been described to
have reduced protein adsorption, due to their inherent
physicochemical properties like wettability, roughness/
topography, elasticity, and surface charge (Table I).
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Surface wettability, that is hydrophobicity or hydrophilic-
ity is an important characteristic for protein adsorption on
biomaterial surfaces.” Since hydrophilic surfaces more
tightly bind water molecules, a stable water layer on a sur-
face represents a barrier for surface-protein as well as cellu-
lar interactions on hydrophilic surfaces.*>*® Hydrophobic
surfaces, therefore, usually adsorb more proteins than
hydrophilic, maybe due to a more easy replacement of
water molecules from their surface.*’

Other studies however showed that hydrophilic and
hydrophobic surfaces can have a similar adsorption
capacity. 263739414849 gurface charge and protein conforma-
tion have been identified as additional factors that may be
more relevant than wettability at least for some proteins on
certain surfaces.>* For instance, both fibrinogen and vitro-
nectin have a higher affinity for positively or negatively
charged hydrophobic surfaces as compared to uncharged
hydrophobic surfaces.***”*! To make matters more compli-
cated, pH and small ions in the aqueous solution are also
influencing the surface charge.”® In addition, the alternative
complement activation pathway seems to be more readily to
activated surfaces containing negatively charged groups
such as carboxyl and sulfate, sialic acid and bound heparin
but may also be activated by other charge-independent
mechanisms of factor H-binding.'*>?

Surface topography, including general roughness, is
another feature that often is associated with an increased
protein adsorption, cell adhesion, and differentiation.”*%-52
Besenbachers group reported that nano-rough surfaces (sur-
face features smaller than 100 nm) change protein confor-
mations.*? Proteins with dimensions of the same order as
the surface are not conformationally altered, while proteins
with dimensions much smaller or larger than the surface
roughness are conformationally altered upon adsorption.
These changes are hypothesized to be caused by roughness-
mediated confined spaces that interfere with the wettability
of the surface or may increase the surface energy to adsorb
proteins.***3 For instance, parallel grooves on silicone sub-
strates lead to a more even orientation of fibronectin, vitro-
nectin, and dermal fibroblasts.>* In addition, rough and
hydrophobic surfaces are prone to the formation of stable
gas nucleoli, even in the smallest micropores. Such
entrapped air nuclei—not successfully removed from the
surface—may also account for thrombogenicity.*>*%5%5°

Shear stress and strain is elicited at the implant inter-
face by body movements. Mechanical stress is a well-
recognized stimulator of different cells. Griendling &
FitzGerald reported that all cell types tested to date
responded to shear stress®® At higher strain levels
responses include the production of pro-inflammatory sig-
nals that recruit immune cells and can cause a FBR. %
When the implant exhibits a higher elastic modulus than
the surrounding tissue, movement of the tissue will result
in stresses at the interface between the implant and tissue.
This can lead to a pro-inflammatory signal, ending up in the
formation of a fibrotic capsule, or what is often termed
“poor biocompatibility” of the material.>® Hilborn and Bjurs-
ten, therefore, proposed that biomaterial design should be
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focused on reducing unfavorable mechanical stresses around
the implant by adapting the elastic modulus to the elasticity
of the tissues.>

PHASE 2: ACUTE INFLAMMATION (MAST CELLS AND
GRANULOCYTES)

Acute inflammation characterized by the infiltration of poly-
morphnuclear leukocytes (PMN) and mast cells is consid-
ered the second phase in the FBR against biomaterials (Fig.
2)2 It is a short-lived, hours-to-few days-long, reaction that
usually resolves within a week and can pass into chronic
inflammation. Most of the currently used biomaterials like
hydrogels and polymers are reported to be inert and non-
toxic the presence of this acute reaction and even more the
continuous chronic infiltration by macrophages at later time
points is intriguing and not yet fully understood (reviewed
in Ref. 30). Three mechanisms of leukocyte migration, adhe-
sion, and activation in acute inflammation are currently
considered:

1. Tissue damage during implantation.
2. Recognition and interaction with the provisional matrix.
3. Direct recognition of the biomaterial.

Tissue damage during the implantation process seems
to be the main trigger for infiltration of the first PMN dur-
ing acute inflammation. Diverse endogenous damage-
associated molecular patterns (DAMP, syn. Alarmins) like
ATP, uric acid, bioactive lipids, and heat shock proteins are
freed after cell membrane disruption.>® DAMP are then rec-
ognized by the PMN and mast cells and lead to migration
toward the implantation site. Typical pattern recognition
receptors (PRR) for these danger signals are Toll-like recep-
tors (TLR), which are able to initiate the innate immune
response.?’ In addition to DAMP, chemoattractants like coag-
ulation factor VII, XI, von Willebrand factor (vVWF), platelet
factor 4 (PF4) or P-selectin are released by activated plate-
lets, endothelial cells, and the complement system and
attract PMN and later macrophages to the site of implanta-
tion.?>3! In addition, the interaction of endothelial cells with
leukocytes and the mechanisms of vascular permeability may
also have an effect on the progress of the FBR.3%3%38

Upon arrival and adhesion of the PMN at the implantation
site, PMN and neutrophils are activated and degranulate. Mast
cell-derived histamine, IL-4, IL-13, and PMN-derived IL-8,
MCP-1, and MIP1@B are subsequently attracting more leuko-
cytes including macrophages to establish the chronic inflam-
mation phase3**®** [n addition, frustrated phagocytosis of
the neutrophils and oxygenic burst initiates a highly pro-
inflammatory milieu and progressive tissue degeneration,
which perpetuates and boosts the attraction of more PMN
and initiates chronic inflammation.®

Implantation of the biomaterial in the surgical wound
leads to the development of a provisional matrix.> There is
convincing evidence that the proteins on and in the provi-
sional matrix are recognized as a danger signal itself. For
instance, fibronectin and vitronectin adsorbed to the surface
are recognized by several a-integrins and TLR on leukocytes
(reviewed in Ref. 29). Furthermore, biomaterial-adsorbed

FOREIGN BODY REACTION TO BIOMATERIALS



_Histamin

IL-4

REVIEW ARTICLE

Tissue

Fibrin

( ' Fibrinogen

[BGEY Vitronectin
(V) PN

|‘ ‘ Macrophage

Mastcell

Platelet

FIGURE 2. Phase 2 of the foreign body reaction—Acute inflammation with dominance of polymorphnuclear leukocytes (PMN, neutrophils), mast
cell degranulation, and arrival of first monocytes/macrophages at the implantation site. FVII, XlI: coagulation factor VII, XI, vVWF: von Willebrand

factor, PF4: platelet factor 4.

fibrinogen and HMWK undergo conformational changes that
free aMP2-integrin binding sites for PMN and macro-
phages.>®®! The interaction of PMN and macrophages with
the provisional matrix is described to constitute the major
factor during inflammation.” The inflammatory response
and capsule formation seem also to depend on the shape of
the implant. Capsule thickness and inflammatory infiltration
cells significantly decreased for scaffolds during days 7-28,
while remaining unchanged for films produced from the
same polymer.®? In addition, experimental prevention of
integrin binding of PMN and incubation of PMN with hydro-
phobic polymers in a protein-free setting is not completely
abolishing acute inflammation.®® It is therefore assumed
that many biomaterials are less inert and nonimmunogenic
than expected and are recognized directly by TLR or via
identification of hydrophobic portions of biomolecules (see
next paragraph).®*

Taken together, acute inflammation, although short lived,
is the first step in the events that leads to a FBR and even-
tually device failure. Its severity is usually dependent on the
extent of the tissue injury during implantation. Cytokine
mediators released by PMN in this phase often influence the
character and degree of subsequent inflammatory cell
recruitment and activation as well as the phenotypes of
monocytes/macrophages during chronic inflammation. The
direct mechanisms of this influence, meaning understanding
how this acute inflammation can be modeled to achieve the
desired outcome, are minimal. Especially mast cells may be
of relevance in this phase due to their IL-4 and IL-13
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release, while the quantity of infiltrating PMN may even be
inversely correlated with the amount of the subsequent
FBR.°

Influence of the biomaterial surface on acute
inflammation

There is considerably less research on the influence of bio-
material properties on the acute phase of inflammation than
on their influence on protein adsorption or macrophage
behavior and fibrosis. Quality and quantity of protein
adsorption, the amount of tissue damage during implanta-
tion and contamination of the implant clearly have a domi-
nant influence on the development of the following
inflammation including the acute phase. Most notably, the
provisional matrix is assumed to impair direct contact
between infiltrating early leukocytes and the biomaterial.
However, as mentioned above, biomaterials in a protein-free
setting may induce similar inflammation as protein-covered
biofilms.?>¢3¢* This observation indicates that biomaterial
surfaces may be directly recognized by PMN and macro-
phages in the early phase of inflammation, for instance by
recognition of hydrophobic micro- or nanoareas of the bio-
material by TLR or activation of scavenger receptors.®*

TLR mostly recognize molecules in the provisional
matrix. However, few studies found that cationic polymers
like polyethyleneimine, polylysine, cationic dextran, and cati-
onic gelatin are stimulating TLR4 directly.®® Activation of
TLR by identifying hydrophobic portions (hyppos) of bioma-
terials seems to be another mechanism of biomaterial
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recognition.®® TLR2 and TLR4 seem to bind and be acti-
vated by relatively unspecific hydrophobic interactions,
which allow the detection of a wide range of substances
like of alarmins attached to the biomaterial. However, few
studies indicate that biomaterial structures, like hydropho-
bic polypropylene oxide, hydrophilic polyethylene oxide
regions, oxidized alkane polymers and polystyrene directly
activate  TLR1,2,4,6 in a protein-free setting *3*%636768
Hyppos may therefore be the cause of tissue damage- and
provisional = matrix-independent  biomaterial-associated
inflammation. Information on the direct influence of the sur-
face topography like roughness on acute inflammation is
not available.

PHASE 3: CHRONIC INFLAMMATION (MACROPHAGES,
LYMPHOCYTES AND GIANT CELLS)
In biomaterial science, the term chronic inflammation
usually describes a rather short period of 2-3 weeks (weeks
2-5 after implantation), which is characterized by the infil-
tration with lymphocytes and monocytes (Figs. 3 and 4)
and does not include the formation of foreign body giant
cells (FBGC) and a fibrous capsule at later time points.®”
This is in contrast to the common pathologic nomenclature,
which uses chronic inflammation as the term for everything
that is postacute. During the chronic phase, but also earlier
and in parallel to neutrophil recruitment, circulating mono-
cytes and lymphocytes respond to platelet-, PMN-, and mast
cell-derived chemoattractants at the implantation site.’
Monocytes/macrophages are considered the central cells
in the initiation, duration and outcome of the host response
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against implanted biomaterials.?* They are attracted to the
implantation site by complement factors, transforming
growth factor (TGF-B), platelet-derived growth factor
(PDGF), platelet Factor 4 (PF4), macrophage chemoattrac-
tant protein 1-4 (MCP-1,2,3,4), RANTES, macrophage
inflammatory protein 1o (MIP-1c), and MIP-18.”%"" In addi-
tion, they are also directly recognizing biomaterials or

biomaterial-associated proteins by TLR and scavenger
receptors.29
my W % S aks e, A
w - —-—'; "(- : . =
%f - x: ‘ R p -
E'- 8 o~ -
| .-‘& . FC r o -
- - 9
. 2 ~™ » - - - -
T B N L -
= - F S -
- e ap e e - ..‘ "
Pt o ‘ T
Rl e it =

FIGURE 4. Phase 3 and 4 of the foreign body reaction—Poly(vinyli-
dene fluoride-co-hexafluoropropene) (BM) 28 days after implantation
into rat subcutis surrounded by macrophages (arrows) and a fibrous
capsule (FC). HE-stain, Bar =50 pm.
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TABLE Il. Biomaterial Features with Influence on Cell Adhesion and Quantity of Inflammation

Biomaterial Feature Influence on FBR References
Hydrophilic, anionic/nonionic (polyacrylamide/polyacrylic acid) Macrophage adhesion | 66
Hydrophobic/hydrophilic, cationic surfaces Macrophage adhesion | 66

Nickel Inflammation 83

Wear (debris) rate, corroding metals, magnesium Inflammation 7 83,84
Amino (—NH2) and hydroxyl (—OH groups Inflammation 77

—OH >—NH2 = —COOH >—CH3 surfaces Infiltration and cell adhesion | 85,86
Uniform 30-40 pum pores Macrophage infiltration | 30,81,87,88

Portion of M2 macrophages |

50 um nanodots Cell adhesion and density at maximum 82

Silica particle size <1000 pm Inflammation 7 80

Smaller PLGA microspheres Macrophage influx 89
Triangular > pentagon > circular shaped polymers Inflammation 7 90
Mismatch of stiffness of tissue and biomaterial Inflammation | 80

PLGA, poly(lactic-co-glycolic acid).

After arrival, macrophages mainly adhere to fibrinogen,
complement fragments, fibronectin, and vitronectin of the
provisional matrix via B1-, B2-, and P3-integrin recep-
tors.*72 This binding at the site of injury leads to activation
of these monocytes. Several subtypes of activated macro-
phages can be differentiated (review in Liu et al.”?). Classi-
cally activated, pro-inflammatory M1 macrophages are
characterized by the synthesis of interleukin-1 (IL-1), IL-6,
IL-8, and tumor necrosis factor o (TNF-a).”*7® M1 boost
inflammation and try to degrade the biomaterial by phagocy-
tosis and by the release of ROS and lysosomal enzymes. As
opposed to this, alternatively activated, anti-inflammatory M2
macrophages are induced by IL-4 and IL-13 from mast cells or
TH2-lymphocytes.*>>* M2 secrete the anti-inflammatory cyto-
kines IL-10 and transforming growth factor-f (TGF-B) and
induce tissue remodeling by matrix-metalloproteinases.>>”” It
is reported that the switch from M1 to M2 phenotype is asso-
ciated with the fusion of macrophages into a foreign body
giant cell (FBGC), which may be an attempt to increase their
phagocytic functionality and avoid anoikis and apoptosis.”®”?
Recent studies, however, challenged the dichotomy of macro-
phage polarization and showed that there might be variable
activation states in a continuum between M1 and M2.2°%° This
also seems to be the case in the FBR. Studies found that mac-
rophages in the FBR have variable phenotypes with features
of both, M1 and M2 polarization.* Nevertheless, other studies
found a higher percentage of M2 at the implantation site to be
associated with decreased scar tissue formation, tissue integra-
tion, and increased neovascularization,3%4%0

Lymphocytes are also found in the vicinity of implanted
biomaterials during the chronic FBR phase. They are usually
attracted by cytokines secreted by macrophages and FBGC
at the implantation site, adherent to macrophages at the site
and seem to participate in the inflammation process by the
secretion of several cytokines.® The lymphocytes at the
implantation site are mainly CD4+ T-lymphocytes and are
mainly secreting IL4 and IL13, which are able to induce a
M2 phenotype switch and FBGC formation. It has, therefore,
been suggested that initial monocyte adhesion at biomateri-
als may be transient until lymphocytes are attracted, secrete
cytokines and induce firm adherence and differentiation
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into macrophages and FBGC.”>®' However, implantation of
biomaterials into T-lymphocyte-deficient mice is also induc-
ing a FBR similar to that of wild-type mice.® The role of
lymphocytes in the FBR is therefore unclear at present.®*

Taken together, independent from their phenotype, mac-
rophages are the central cells for the fate of the implant
during this phase of the FBR. They phagocytose the dam-
aged tissue as well as degradation products of the implant
and secrete cytokines and growth factors that facilitate
inflammation and finally activate fibroblasts, tissue regener-
ation, and capsule formation. Lymphocytes are commonly
present during the chronic phase of the FBR but their role
is controversially discussed.

Influence of the biomaterial surface on chronic
inflammation

There is a multitude of studies on the effects of biomaterial
surface chemistry and topography on macrophage infiltra-
tion, adhesion, activation and the general quantity of inflam-
mation on biomaterials (Table II). For instance, hydrophobic
and cationic surfaces seem to promote macrophage adhe-
sion over hydrophilic, anionic surfaces.®’ In addition, nickel,
magnesium, corroding metals in general as well as hydroxyl
and amino groups stimulate a more intense inflammation
with higher numbers of infiltrating macrophages and lym-
phocytes (Table II).

Moreover, three-dimensional surface topography is also
significantly influencing chronic inflammation. Biomaterials
with pore sizes around 30-40 um were associated with the
highest number of infiltrating macrophages but also a higher
portion of M2 macrophages and the highest vascularization
and best healing success (Table 11).°*%% Similarly, 50 nm
nanodots on an aluminum oxide based array increased IL-6
secretion, adhesion, density, and spread of macrophages as
compared to flat surfaces or very large dots but their influ-
ence on the final outcome of the reaction, that is FBGC and
capsule formation has not been elucidated.®* Finally, a mis-
match of a stiff material and a low tissue stiffness as well as
sharper edges on triangular shaped biomaterials are increas-
ing inflammation most probably due to higher mechanical
irritation (Table 11).>°
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FIGURE 5. Phase 4 of the foreign body reaction—Foreign body giant
cell formation (surrounded by a black line) is seen around poly(vinyli-
dene fluoride-co-hexafluoropropene) (BM) 28 days after implantation
into rat subcutis. HE-stain, Bar =50 pm.

PHASE 4: FOREIGN BODY GIANT CELL (FBGC) FORMATION
Foreign body giant cell (FBGC) formation is considered the
hallmark of the FBR, which separates it from typical chronic
inflammation (Fig. 5). FBGC formation is the process of mac-
rophage fusion, which leads to large, up to several hundred
pm large, multinucleated giant cells with several to dozens
of nuclei.®>* These cells are usually persistently present as
long as the biomaterial is detected in the subcutaneous tis-
sue.’” The evolutionary advantage of FBGC is still not fully
understood. FBGC are usually present if persistent and non-
digestable microorganisms or foreign bodies are present.
After failed/“frustrated phagocytosis” macrophages fuse into
body giant cells seemingly to improve their effectiveness or
in an attempt to avoid apoptosis.®®

IL-4 and IL-13 have been identified as the most impor-
tant environmental signals for “frustrated” macrophages to
fuse.3*363747 T Jymphocytes but also the permanently pres-
ent but few mast cells have been identified as the sources
of both interleukins. Adhesion to the biomaterial via B
integrin receptors and the influence of IL-4 and IL-13 leads
to the up-regulation of fusogenic molecules like mannose
receptors DC-stamp, CD44, CD47, and E-cadherin at the
fusion interfaces of both macrophage fusion partners.>89-%3
The resulting FBGC are characterized by the expression of
several membrane proteins including CD11, CD45, and

CD31 and expression of receptors for IL-1 IL-2, IL-4, and IL-
8 (reviewed in Ref. 3). Of note, IL-4 and IL-13 are consid-
ered the main factors involved in the phenotype switch to
anti-inflammatory and pro-fibrotic M2. It has, therefore,
been hypothesized that FBGC are derived from or closely
related to M2 macrophage. In terms of cytokine synthesis,
they secrete IL-1a; IL6, IL8, and TNF-a during the first
month of the FBR, while at later time points IL-10 and
transforming growth factor-B (TGF-B8) but also MCP-1 are
expressed. FBGC are, thus, not unequivocally attributable to
one of the two main macrophage categories but may rather
be a distinct cell type.”>?*

FBGC formation at the biomaterial surface is considered
to be undesired since in the long term they are the main
source of bioreactive agents like reactive oxygen species
(ROS), degradative enzymes and acids, which lead to biode-
gradation of the implanted material and, thus, device fail-
ure.>*! Depending on the chemical surface properties of the
biomaterial, this leads to a variably fast degradation. For
materials like resorbable sutures or hydrogels this degrada-
tion is desired.®**>°® For medical devices for which degra-
dation is not desired, antioxidants are included in the
material or at least its surface to moderate the oxidation.*’

Influence of the biomaterial surface on foreign body
giant cell formation
Macrophage fusion is not only dependent on the environ-
mental signals and the presence of the fusiogenic molecules
on their surface. The quantity and quality of the adsorbed
proteins in the provisional matrix on the biomaterial (see
paragraph on provisional matrix), the surface itself and
topographic features also influence the severity of the FBR
and FBGC formation. Of the abundant proteins of the provi-
sional matrix with general influence on the FBR, adsorbed
vitronectin, and to a lesser extent fibronectin seem to be
most important but not essential for macrophages fusion
(Table 111).>°7 There are few reports on the direct effects of
the biomaterial surface on FBGC formation. Hydrophilic, ani-
onic, and nonionic polyacrylamide/polyacrylic acid surfaces
have decreased monocyte adhesion and FBGC formation com-
pared to hydrophilic and hydrophobic, cationic surfaces.®’
Surface topography has also been analyzed for its effect
on macrophage fusion. Smooth, flat surfaces induce consid-
erably more FBGC formation than rough surfaces.® The rele-
vance of the size of spheres on FBGC is less consistent.
Larger PLGA microspheres of ~30 um have been found to

TABLE lll. Biomaterial Features with Influence on Macrophage Fusion and General FBR

Biomaterial Feature Influence on FBR References
RGD-, vitronectin, chitosan-adsorbed surfaces Macrophage fusion (IL-4-mediated) 1 66
Hydrophilic, polyacrylamide (nonionic)/hydrophilic, Macrophage fusion | 66
polyacrylic acid (anionic)

Carboxylated/unmodified polystyrene Macrophage fusion (IL-4-mediated) | 66

Larger (~30 um) PLGA microspheres Macrophage fusion | 89
Smooth, flat implants FBR 1 5

Larger spheres (1.5 mm, diverse materials) FBR | 98

PLGA, poly(lactic-co-glycolic acid); FBR, foreign body reaction.
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FIGURE 6. Phase 5 of the foreign body reaction—Fibrosis and capsule formation with few remaining macrophages, foreign body giant cells
(FBGC), lymphocytes, and reduced number of vessels in the fibrotic scar tissue.

induce more FBGC than smaller ~6 pm microspheres.”® In
contrast, spheres larger than 1.5 mm made of diverse mate-
rials including hydrogels, ceramics, metals, and plastics
induced less fibrosis as compared to spheres of various
smaller sizes.'*°

PHASE 5: FIBROUS CAPSULE FORMATION

Integration of the implanted biomaterial into the surround-
ing tissue with full regeneration after slow degradation of
the implant is the desired outcome in most cases. However,
establishment of a chronic inflammation and FBGC

FIGURE 7. Phase 5 of the foreign body reaction—A fibrous capsule (*)

surrounding implanted poly(p-dioxanone) (PPDO) 28 days after
implantation. Only singe macrophages are detectable (arrow).
Trichrome-stain, Bar =50 pm.
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formation may finally lead to the formation of a fibrotic, col-
lagenous capsule around the biomaterial (Figs. 6 and 7).
Capsule formation is influenced by a variety of pro-fibrotic
and -angiogenic growth factors like PDGF, VEGF, and TGF-j3,
which are secreted by M2 macrophages but also by several
other cell types including other immune cells, keratinocytes,
fibroblasts, endothelial cells, thrombocytes, and adipo-
cytes.”®98101 Eyrthermore, proteolytic enzymes such as
matrix metalloproteinases (MMP) secreted by macrophages
and/or endothelial cells are also involved in the ECM
remodeling around implanted biomaterials. For instance,
inhibition of MMP-2 has been shown to decrease FBR
against polyvinylidenfluoride meshes in mice.*%?

Besides other effects, these factors activate and attract
fibroblasts and endothelial cells to the surface of the bioma-
terial, which deposit collagen and other extracellular matrix
proteins to form granulation tissue, which is composed of a
loose net of collagen fibers, proliferating capillary sprouts,
collagen secreting fibroblasts and phagocytosing macro-
phages.’®® This granulation tissue then matures into a less
cellular and more collagenous, peripheral fibrous capsule,
which can lead to mechanical impairment or failure of
interaction of the biomaterial with the surrounding tis-
sue303110% This process is reflected in a gradual replace-
ment of type III collagen by type I collagen. In addition,
during capsule formation some of the fibroblasts differenti-
ate into myofibroblasts under the influence of TGF-$, which
can contract the capsule and thus lead to deformation,
mechanical stress, and aesthetic problems.>®3° In common
wound healing, this process ends with the resolution phase,
which is characterized by apoptosis and senescence of myo-
and fibroblasts, regression of the neovasculature and



TABLE IV. Biomaterial Features with Influence on Vascularization, Fibrosis, and Encapsulation

Biomaterial Feature Influence on FBR References
Polyurethane > Polyurethane with silicone and polyethylene oxide Encapsulation | 110

Amino (—NH2) and hydroxyl (—OH groups on hydrophilic surfaces Fibrosis 1 85

—COOH groups on hydrophobic surfaces Fibrosis 1 112
Poly(2-hydroxyethyl methacrylate), PHEMA Encapsulation | 3
Poly-(carboxybetaine acrylamide) (poly(CBAA) Encapsulation 1 3

Gelatin hydrogels containing lysine diisocyanate ethyl ester Encapsulation | 115

Surface cover of carboxymethylcellulose, hyaluronic acid, antiadhesive Encapsulation delayed 113,114

barrier solution, oxidized regenerated cellulose
Porosity/roughness of the surface |
4,4 um intranodal distance in porous material
Uniform 30-40 um pores
5 um pores in polytetrafluoroethylene (PTFE) membranes
Polypropylene fibers <6 um
Acute angels, rectangular > pentagonal > circular, increased
height (perpendicular to skin)
2000 pm (thick) > 300 pm (thin) polyurethane
Spheres >1.5 mm in diameter

Fibrosis | 53,77,80,83,110
Encapsulation | 87
Encapsulation | 53,81
Vascularization 1 90
Encapsulation | 116
Encapsulation 1 80,89,90
Encapsulation | 110

Fibrosis | 98

decrease in the collagen by a unique population of fibrino-
Iytic macrophages.’>~*%7 During FBR, this resolution phase
is, however, missing, most probably because of the persist-
ence of the initiating agent, the biomaterial, and the con-
tinuing pro-inflammatory or pro-fibrotic stimulation of cells
near the biomaterial.

So far, four general approaches are currently considered
to reduce capsule formation or fibrosis, respectively: (1) phys-
ical, chemical and topographical biomaterial surface modifica-
tion (see next paragraph), (2) alteration of the systemic
immune reaction, and (3) alteration of the local immune reac-
tion. DiEgidio et al. summarized that so far no study con-
firmed the efficiency of a systemic treatment to eliminate
fibrous capsule formation. Only few studies found a mild
decrease in capsule thickness, which was usually not consid-
ered sufficient to compensate for the induced systemic side
effects.'®* Alternatively, local treatment by molecular coatings
or the inclusion of modifying agents in the biomaterial or the
local application of drugs into the implantation site seem to
be more efficient.!°® Both approaches can influence inflamma-
tion and reduce capsule formation although complete capsule
formation also has not been achieved. Usually, these locally
released or administered steroids or TGF-$ inhibitors have an
initial impact on FBR and capsule formation. However, in
most cases the long term kinetics have not been analyzed or
a decline of the drug due to dilution and metabolization has
been observed. In addition, these anti-inflammatory effects
also impair wound healing and proper integration of the
device into the tissue.'®* Recently, therapeutic interventions
to increase the portion of M2 remodeling subtype macro-
phages in the lesion by targeting CCR1 and CCR2 on M1
inflammatory macrophages or the transfer of autologs M2
macrophages into the lesion have been proposed.*?”*%°

Influence of the biomaterial surface properties on
capsule formation and fibrosis

There are numerous studies on the biocompatibility of bio-
materials, which confirmed an influence of the surface

936 KLOPFLEISCH AND JUNG

properties on the late stage of the FBR, that is capsule for-
mation and fibrosis (Table IV). Studies with confirmed influ-
ence of the biomaterial chemistry on capsule formation are
rather rare. Polyurethane including silicone and polyethyl-
ene oxide moieties showed a decreased encapsulation when
compared to pure polyurethane material.''® Furthermore,
gelatin-based hydrogels or hydrogels containing poly(car-
boxybetaine methacrylate) (PCBMA) induce only minimal
fibrous reactions when compared to for instance poly-2-
hydroxyethyl methacrylate (PHEMA) (Table IV). In addition,
amino and hydroxyl groups on hydrophilic surfaces have been
reported to induce the thickest capsules as compared to other
groups.'**'1? In contrast, on hydrophobic surfaces, carboxyl
groups seem to induce the thickest fibrous capsule.!*®

Another approach to reduce capsule formation is to
cover the surface with anti-inflammatory materials.’®* Car-
boxymethylcellulose, hyaluronic acid (HA), antiadhesive bar-
rier solution, and oxidized regenerated cellulose slow down
the capsule formation but once the surface is degraded and
metabolized, normal capsule formation is observed around
the implant.}1%11°

The influence of surface topography and especially sur-
face porosity on capsule formation has been most intensely
studied. Numerous studies came to the conclusion that
increased porosity is associated with better healing and
decreased fibrosis and encapsulation (Table 1V). Pores with
intranodal distances of 4.4 um and a general pore size of
30-40 pm diameter in diverse tissues or 5 pum in polytetra-
fluoroethylene (PTFE) membranes are associated with thin-
ner fibrous capsules, higher vascularization, and better
wound healing.5*#*'16117 Furthermore, thin planar or circu-
lar shaped implants with wide angles and their implantation
with their longer sides parallel to the skin and microspheres
with a diameter larger than 1.5 mm or polyethylene fibers
with diameters smaller than 6 pum induce less fibrous cap-
sule formation (Table IV).

Besides the surface characteristics it is not really clear
which role the chemical composition of the implant plays.

FOREIGN BODY REACTION TO BIOMATERIALS



Andrade reported that, particularly for soft tissues, planar
substrates of completely different chemical composition
(polymers, ceramics, metals) elicited marked and
composition-independent host foreign body responses.''®
All classes of materials induced a similar inflammatory reac-
tion indicating that the material chemistry is of secondary
importance.”® Furthermore, if the factor material composi-
tion is the principal mechanism for the foreign body
response, a more severe reaction would be expected with
rough materials because the material’s surface is much
larger compared to a planar surface. The opposite has been
shown. Changing from a planar surface to a microstructured
surface for the same material reduced the foreign body
response in experimental as well as clinical studies.*?~%2

OVERLAPPS OF FBR WITH THE COMMON WOUND HEALING
Until phase 3, the FBR has therefore many overlaps with
the common wound healing process. Wound healing is also
a well-orchestrated, highly efficient process that comprises
the interaction of various cell types, soluble cyto- and che-
mokines, and an appropriate extracellular milieu during the
wound healing cascade: inflammation, re-epithelialization,
angiogenesis, granulation tissue formation, wound contrac-
tion, and lastly tissue regeneration.2>%® Similar to the situa-
tion in the foreing body reaction, in the wounded area
platelets adhere become activated and release growth fac-
tors and pro-inflammatory chemokines to recruit neutro-
phils and macrophages to the local wound site. These
inflammatory cells phagocytose debris and bacteria and
secrete mediators stimulating the chemotaxis of cell types
necessary for the proliferative phase. During the prolifera-
tive phase, fibroblasts, endothelial and smooth muscle cells
migrate through the wound, and proliferate to synthesize
and deposit a provisional extracellular matrix (ECM) and to
re-epithelialize the denuded surface, form new blood ves-
sels, and contract the wound size. The ECM can directly
bind to and also release certain growth factors (e.g., hepa-
ran sulfate binding to fibroblast growth factor-2), which
may serve to sequester and protect growth factors from
degradation, and/or enhance their activity. Also, indirect
interactions occur which include binding of cells to the ECM
via integrins, enabling cells to respond to growth factors
(e.g., integrin binding is necessary for vascular endothelial
growth factor-induced angiogenesis) and can induce growth
factor expression (adherence of monocytes to ECM stimu-
lates the synthesis of platelet-derived growth factor). Addi-
tionally, subcomponents of ECM molecules, can bind to cell
surface receptors in the cytokine, chemokine, or growth fac-
tor families and stimulate cellular activities (e.g., tenascin-C
and laminin bind to epidermal growth factor receptors,
which enhances fibroblast migration). Growth factors such
as transforming growth factor-beta also regulate the ECM
by increasing the production of ECM components or enhanc-
ing synthesis of matrix degrading enzymes (Schultz, 2009).
During the final stage, the newly formed granulation tissue
is remodeled by the activity of matrix metalloproteinases
(MMPs) balanced with tissue inhibitors of metalloproteinases
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(TIMPs), rearranging the loose, repaired tissue (Gurtner et al.
2008).

In the absence of a foreign body, wound healing is
resolving and leads to full restitution of the damaged tissue
or replacement by enduring scar tissue. The most promi-
nent difference between common wound healing and an
FBR is therefore the major influence of the surface of the
foreign body on the adsorbed matrix with all consequences
on the further progress of the inflammation and the chronic
stimulus of the immune system by the foreign body, which
is indigestible and stimulates macrophages to develop into
FBGC. The research in both fields is therefore overlapping;
however, especially the late phase of the FBR needs special
attention and is not covered by the progress in the under-
standing of the mechanisms of wound healing in general.

CONCLUSION AND OUTLOOK

The successful regeneration of dysfunctional or missing tis-
sue depends on the processes appearing in the interface
between the implanted biomaterial and its surrounding tis-
sue. Basic understanding of the mechanisms eliciting these
processes is still limited but has started to evolve. However,
we are far away from the point to orchestrate the interac-
tion of the individual processes described to reach the
appropriate milieu for the optimal regeneration of func-
tional tissue. Because of their surface properties (e.g., micro-
structure or topography, ability to absorb plasma proteins,
their degradability, mechanical properties, and overall
porosity) biomaterials can directly influence the adhesion,
activation, and differentiation processes and, thus, the fol-
lowing foreign body response. Additionally, the tissue
response might be influenced by many other factors like
implant design, implant localization, state of the host bed,
surgical technique, and mechanical loading.

This complex and interrelated scenario makes it difficult
to understand the complete foreign body response. Besides
the vast knowledge gained through molecular biology meth-
ods, statistical principles are also of central importance in
order to evaluate the importance of various influencing fac-
tors. In a first step, the study design has to be thoroughly
planned. This includes the selection of an appropriate model
that has to describe the processes, which should be eval-
uated with all influencing factors. In case important factors
are missing, the interpretation of the results cannot be in
accordance with the processes how they are in vivo. Another
big challenge represents the appropriate sample size for a
safe interpretation of the results. As an example for the
comparative assessment of influencing factors a multivariate
regression analysis can be carried out. For such an analysis,
at least 10 experiments per influencing factor are needed.
As the foreign body response is dominated by a lot of differ-
ent influencing factors very high sample sizes result. In case
of 10 different influencing factors, which seems to be a min-
imum in the complex process of FBR, 100 animals have to
be included per time point. Not taken into account in this
rough estimation is the variability of further concomitant
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factors as well as of the individuals included in the study
according to the probabilistic nature of biology.

This simple analysis shows why it is so difficult to

understand the foreign body response and where the short-
comings are. This can only be overcome by joint efforts of
the scientific community; single labs cannot shoulder this
task. Good examples how such shortcomings can be over-
come are epidemiologic studies with stringent study design
performed in several countries or even continents. Perform-
ing such multicenter studies allows the inclusion of a suffi-
cient number of animals/patients to achieve for a safe and
validated assessment of the underlying material-induced
processes.

This is the way we should precede and—in our opinion—

the only possibility to understand the interaction and espe-
cially the weight of the different influencing factors, which are
discussed to play a role in the foreign body response.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

938

Kumar V, Abbas AK, Fausto NF. Acute and chronic inflammation.
In: Kumar V, Abbas AK, Fausto NF, editors. Pathologic Basis of
Disease. Philadelphia: Saunders; 2004.

. Williams DF. On the nature of biomaterials. Biomaterials 2009;

30:5897-5909.

. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to

biomaterials. Semin Immunol 2008;20:86-100.

. Zhang L, Cao Z, Bai T, Carr L, Ella-Menye JR, Irvin C, Ratner BD,

Jiang S. Zwitterionic hydrogels implanted in mice resist the
foreign-body reaction. Nat Biotechnol 2013;31:553-556.

. Rivera-Chacon DM, Alvarado-Velez M, Acevedo-Morantes CY,

Singh SP, Gultepe E, Nagesha D, Sridhar S, Ramirez-Vick JE.
Fibronectin and vitronectin promote human fetal osteoblast cell
attachment and proliferation on nanoporous titanium surfaces.
J Biomed Nanotechnol 2013;9:1092-1097.

. Anderson J, McNally A. Biocompatibility of implants: lympho-

cyte/macrophage interactions. Semin 2011;33:

221-233.

Immunopathol

. Vroman L, Adams AL, Fischer GC, Munoz PC. Interaction of high

molecular-weight kininogen, factor-Xii, and fibrinogen in plasma
at interfaces. Blood 1980;55:156-159.

. Anderson JM. Biological responses to materials. Ann Rev Mater

Res 2001;31:81-110.

. Wilson CJ, Clegg RE, Leavesley DI, Pearcy MJ. Mediation of

biomaterial-cell interactions by adsorbed proteins: A review. Tis-
sue Eng 2005;11:1-18.

Gorbet MB, Sefton MV. Biomaterial-associated thrombosis:
Roles of coagulation factors, complement, platelets and leuko-
cytes. Biomaterials 2004;25:5681-5703.

Arai T, Norde W. The behavior of some model proteins at solid
liquid interfaces. 2. Sequential and competitive adsorption. Col-
loid Surf 1990;51:17-28.

Bale MD, Wohlfahrt LA, Mosher DF, Tomasini B, Sutton RC.
Identification of vitronectin as a major plasma-protein adsorbed
on polymer surfaces of different copolymer composition. Blood
1989;74:2698-2706.

Fabriziushoman DJ, Cooper SL. A comparison of the adsorption
of 3 adhesive proteins to biomaterial surfaces. J Biomat Sci:
Polym E 1991;3:27-47.

McNally AK, Jones JA, MacEwan SR, Colton E, Anderson JM.
Vitronectin is a critical protein adhesion substrate for IL-4-
induced foreign body giant cell formation. J Biomed Mater Res
A 2008;86A:535-543.

Jenney CR, Anderson JM. Adsorbed serum proteins responsible
for surface dependent human macrophage behavior. J Biomed
Mater Res 2000;49:435-447.

Zhuo R, Siedlecki CA, Vogler EA. Autoactivation of blood factor
XIl at hydrophilic and hydrophobic surfaces. Biomaterials 2006;
27:4325-4332.

KLOPFLEISCH AND JUNG

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chen XY, Wang J, Paszti Z, Wang FL, Schrauben JN, Tarabara
VV, Schmaier AH, Chen Z. Ordered adsorption of coagulation
factor XlIl on negatively charged polymer surfaces probed by
sum frequency generation vibrational spectroscopy. Anal Bioa-
nal Chem 2007;388:65-72.

Vogler EA, Siedlecki CA. Contact activation of blood-plasma
coagulation. Biomaterials 2009;30:1857-1869.

Sperling C, Fischer M, Maitz MF, Werner C. Blood coagulation
on biomaterials requires the combination of distinct activation
processes. Biomaterials 2009;30:4447-4456.

Fischer M, Sperling C, Werner C. Synergistic effect of hydropho-
bic and anionic surface groups triggers blood coagulation in
vitro. J Mater Sci: Mater M 2010;21:931-937.

Major TC, Handa H, Annich GM, Bartlett RH. Development and
hemocompatibility testing of nitric oxide releasing polymers
using a rabbit model of thrombogenicity. J Biomater Appl 2014;
29:479-501.

Sivaraman B, Latour RA. Time-dependent conformational
changes in adsorbed albumin and its effect on platelet adhesion.
Langmuir 2012;28:2745-2752.

Horbett TA. Principles underlying the role of adsorbed plasma-
proteins in blood interactions with foreign materials. Cardiovasc
Pathol 1993;2:5137-S148.

Jung F, Braune S, Lendlein A. Haemocompatibility testing of bio-
materials using human platelets. Clin Hemorheol Microcirc 2013;
53:97-115.

Braune S, Grunze M, Straub A, Jung F. Are there sufficient
standards for the in vitro hemocompatibility testing of biomateri-
als? Biointerphases 2013;8:33.

Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD. The role of com-
plement in biomaterial-induced inflammation. Mol Immunol
2007;44:82-94.

Tengvall P, Askendal A, Lundstrom I. Ellipsometric in vitro stud-
ies on the activation of complement by human immunoglobulins
M and G after adsorption to methylated silicon. Colloid Surf B
2001;20:51-62.

Andersson J, Ekdahl KN, Larsson R, Nilsson UR, Nilsson B. C3
adsorbed to a polymer surface can form an initiating alternative
pathway convertase. J Immunol 2002;168:5786-5791.

Love RJ, Jones KS. The recognition of biomaterials: Pattern rec-
ognition of medical polymers and their adsorbed biomolecules.
J Biomed Mater Res A 2013;101:2740-2752.

Kono H, Rock KL. How dying cells alert the immune system to
danger. Nat Rev Immunol 2008;8:279-289.

Zarbock A, Polanowska-Grabowska RK, Ley K. Platelet-neutro-
phil-interactions: Linking hemostasis and inflammation. Blood
Rev 2007;21:99-111.

Kazatchkine MD, Carreno MP. Activation of the complement-
system at the interface between blood and artificial surfaces.
Biomaterials 1988;9:30-35.

Chavez A, Smith M, Mehta D. New insights into the regulation
of vascular permeability. Int Rev Cell Mol Biol 2011;290:205-
248.

Lin S, Zhang B, Skoumal MJ, Ramunno B, Li X, Wesdemiotis C,
Liu L, Jia L. Antifouling poly(beta-peptoid)s. Biomacromolecules
2011;12:2573-2582.

Kreuger J, Phillipson M. Targeting vascular and leukocyte com-
munication in angiogenesis, inflammation and fibrosis. Nat Rev
Drug Discov 2016;15:125-142.

Cheng G, Li GZ, Xue H, Chen SF, Bryers JD, Jiang SY. Zwitter-
ionic carboxybetaine polymer surfaces and their resistance to
long-term biofilm formation. Biomaterials 2009;30:5234-5240.
dos Santos EA, Farina M, Soares GA, Anselme K. Surface energy
of hydroxyapatite and beta-tricalcium phosphate ceramics driv-
ing serum protein adsorption and osteoblast adhesion. J Mater
Sci Mater Med 2008;19:2307-2316.

Sukriti S, Tauseef M, Yazbeck P, Mehta D. Mechanisms regulat-
ing endothelial permeability. Pulm Circ 2014;4:535-551.

Scapini P, Lapinet-Vera JA, Gasperini S, Calzetti F, Bazzoni F,
Cassatella MA. The neutrophil as a cellular source of chemo-
kines. Immunol Rev 2000;177:195-203.

Kobayashi SD, Voyich JM, Whitney AR, DeLeo FR. Spontaneous
neutrophil apoptosis and regulation of cell survival by

FOREIGN BODY REACTION TO BIOMATERIALS



41.

42.

43.

44,

45,
46.

47.

48.

49,

50.

51.

52.

53.

54,

55,

56.

57.

58.

59.
60.

61.

62.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | MAR 2017 VOL 105A, ISSUE 3

granulocyte macrophage-colony stimulating factor. J Leukoc Biol
2005;78:1408-1418.

Sheng N, Fairbanks MB, Heinrikson RL, Canziani G, Chaiken IM,
Mosser DM, Zhang H, Colman RW. Cleaved high molecular
weight kininogen binds directly to the integrin CD11b/CD18
(Mac-1) and blocks adhesion to fibrinogen and ICAM-1. Blood
2000;95:3788-3795.

Lord M,S, Foss M, Besenbacher F. Influence of nanoscale surface
topography on protein adsorption and cellular response. Nano-
Today 2010;5:66-78.

Kalman PG, McCullough DA, Ward CA. Evacuation of micro-
scopic air bubbles from Dacron reduces complement activation
and platelet aggregation. J Vasc Surg 1990;11:591-598.

Al-Saffar N, lwaki H, Revell PA. Direct activation of mast cells by
prosthetic biomaterial particles. J Mater Sci: Mater Med 1998;9:
849-853.

Vogler EA. Structure and reactivity of water at biomaterial surfa-
ces. Adv Colloid Interface Sci 1998;74:69-117.

Chinn J, Slack SM. Biomedical Engineering Handbook. Boca
Raton: CRC Press LLC; 2000.

Yang W, Xue H, Li W, Zhang J, Jiang S. Pursuing “zero” protein
adsorption of poly(carboxybetaine) from undiluted blood serum
and plasma. Langmuir 2009;25:11911-11916.

Ward CA, Ruegsegger B, Stanga D, Zingg W. Reduction in plate-
let adhesion to biomaterials by removal of gas nuclei. Trans Am
Soc Artif Intern Organs 1974;20A:77-84.

Hunter RL, Bennett B. The adjuvant activity of nonionic block
polymer surfactants. Ill. Characterization of selected biologically
active surfaces. Scand J Immunol 1986;23:287-300.

Broughton G, 2nd, Janis JE, Attinger CE. Wound healing: An
overview. Plast Reconstr Surg 2006;117:1e-S-32e-S.

Kyriakides TR, Foster MJ, Keeney GE, Tsai A, Giachelli CM,
Clark-Lewis I, Rollins BJ, Bornstein P. The CC chemokine ligand,
CCL2/MCP1, participates in macrophage fusion and foreign body
giant cell formation. Am J Pathol 2004;165:2157-2166.

Braune S, Lange M, Richau K, Lutzow K, Weigel T, Jung F,
Lendlein A. Interaction of thrombocytes with poly(ether imide):
The influence of processing. Clin Hemorheol Microcirc 2010;46:
239-250.

MacDonald DE, Markovic B, Allen M, Somasundaran P, Boskey
AL. Surface analysis of human plasma fibronectin adsorbed to
commercially pure titanium materials. J Biomed Mater Res 1998;
41:120-130.

Mooney JE, Summers KM, Gongora M, Grimmond SM,
Campbell JH, Hume DA, Rolfe BE. Transcriptional switching in
macrophages associated with the peritoneal foreign body
response. Immunol Cell Biol 2014;92:518-526.

Ward CA, Forest TW. On the relation between platelet adhesion
and the roughness of a synthetic biomaterial. Ann Biomed Eng
1976,4:184-207.

Griendling KK, FitzGerald GA. Oxidative stress and cardiovascu-
lar injury: Part Il: animal and human studies. Circulation 2003;
108:2034-2040.

Bao X, Lu C, Frangos JA. Temporal gradient in shear but not
steady shear stress induces PDGF-A and MCP-1 expression in
endothelial cells: Role of NO, NF kappa B, and egr-1. Arterioscler
Thromb Vasc Biol 1999;19:996-1003.

Griendling KK, FitzGerald GA. Oxidative stress and cardiovascu-
lar injury: Part I: basic mechanisms and in vivo monitoring of
ROS. Circulation 2003;108:1912-1916.

Hilborn J, Bjursten LM. A new and evolving paradigm for bio-
compatibility. J Tissue Eng Regener Med 2007;1:110-119.

Labow RS, Meek E, Santerre JP. Neutrophil-mediated biodegrada-
tion of medical implant materials. J Cell Physiol 2001;186:95-103.

Ugarova TP, Solovjov DA, Zhang L, Loukinov DI, Yee VC,
Medved LV, Plow EF. Identification of a novel recognition
sequence for integrin alphaM beta2 within the gamma-chain of
fibrinogen. J Biol Chem 1998;273:22519-22527.

Haase T, Krost A, Sauter T, Kratz K, Peter J, Kamann S, Jung F,
Lendlein A, Zohlnhofer D, Ruder C. In vivo biocompatibility
assessment of poly(ether imide) electrospun scaffolds. J Tissue
Eng Regener Med 2015. DOI: 10.1002/term.2002 [Epub ahead of
print].

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

REVIEW ARTICLE

Volle JM, Tolleshaug H, Berg T. Phagocytosis and chemilumi-
nescence response of granulocytes to monodisperse latex par-
ticles of varying sizes and surface coats. Inflammation 2000;24:
571-582.

Bryers JD, Giachelli CM, Ratner BD. Engineering biomaterials to
integrate and heal: the biocompatibility paradigm shifts. Biotech-
nol Bioeng 2012;109:1898-1911.

Chen H, Li P, Yin Y, Cai X, Huang Z, Chen J, Dong L, Zhang J.
The promotion of type 1 T helper cell responses to cationic poly-
mers in vivo via toll-like receptor-4 mediated IL-12 secretion. Bio-
materials 2010,31:8172-8180.

Seong SY, Matzinger P. Hydrophobicity: An ancient damage-
associated molecular pattern that initiates innate immune
responses. Nat Rev Immunol 2004;4:469-478.

Shokouhi B, Coban C, Hasirci V, Aydin E, Dhanasingh A, Shi N,
Koyama S, Akira S, Zenke M, Sechi AS. The role of multiple toll-
like receptor signalling cascades on interactions between biomed-
ical polymers and dendritic cells. Biomaterials 2010;31:5759-5771.
Rogers TH, Babensee JE. Altered adherent leukocyte profile on
biomaterials in Toll-like receptor 4 deficient mice. Biomaterials
2010;31:594-601.

Anderson JM. Exploiting the inflammatory response on biomateri-
als research and development. J Mater Sci: Mater Med 2015;26:121.
Zhao QH, Anderson JM, Hiltner A, Lodoen GA, Payet CR. Theo-
retical-analysis on cell-size distribution and kinetics of foreign-
body giant-cell formation invivo on polyurethane elastomers.
J Biomed Mater Res 1992;26:1019-1038.

McNally AK, Anderson JM. Interleukin-4 induces foreign body
giant cells from human monocytes/macrophages. Differential
lymphokine regulation of macrophage fusion leads to morpho-
logical variants of multinucleated giant cells. Am J Pathol 1995;
147:1487-1499.

Berton G, Lowell CA. Integrin signalling in neutrophils and mac-
rophages. Cell Signal 1999;11:621-635.

Liu YC, Zou XB, Chai YF, Yao YM. Macrophage polarization in
inflammatory diseases. Int J Biol Sci 2014;10:520-529.

DeFife KM, Jenney CR, McNally AK, Colton E, Anderson JM.
Interleukin-13 induces human monocyte/macrophage fusion and
macrophage mannose receptor expression. J Immunol 1997;158:
3385-3390.

Helming L, Gordon S. Molecular mediators of macrophage
fusion. Trends Cell Biol 2009;19:514-522.

Bao P, Kodra A, Tomic-Canic M, Golinko MS, Ehrlich HP, Brem
H. The role of vascular endothelial growth factor in wound heal-
ing. J Surg Res 2009;153:347-358.

Mayer A, Roch T, Kratz K, Lendlein A, Jung F. Pro-angiogenic
CD14(++) CD16(+) CD163(+) monocytes accelerate the in vitro
endothelialization of soft hydrophobic poly (n-butyl acrylate) net-
works. Acta Biomater 2012;8:4253-4259.

Sun M, Deng J, Tang Z, Wu J, Li D, Chen H, Gao C. A correlation
study of protein adsorption and cell behaviors on substrates
with different densities of PEG chains. Colloids Surf B: Biointer-
faces 2014;122:134-142.

Christo SN, Diener KR, Bachhuka A, Vasilev K, Hayball JD. Innate
Immunity and Biomaterials at the Nexus: Friends or Foes.
Biomed Res Int 2015;2015:342304.

Szott LM, Horbett TA. Protein interactions with surfaces: cellular
responses, complement activation, and newer methods. Curr
Opin Chem Biol 2011;15:677-682.

Brodbeck WG, Macewan M, Colton E, Meyerson H, Anderson
JM. Lymphocytes and the foreign body response: Lymphocyte
enhancement of macrophage adhesion and fusion. J Biomed
Mater Res A 2005;74:222-229.

Kusaka T, Nakayama M, Nakamura K, Ishimiya M, Furusawa E,
Ogasawara K. Effect of silica particle size on macrophage inflam-
matory responses. PloS One 2014;9:€92634.

Madden LR, Mortisen DJ, Sussman EM, Dupras SK, Fugate JA,
Cuy JL, Hauch KD, Laflamme MA, Murry CE, Ratner BD. Proan-
giogenic scaffolds as functional templates for cardiac tissue
engineering. Proc Natl Acad Sci U S A 2010;107:15211-15216.
Mohiuddin M, Pan HA, Hung YC, Huang GS. Control of growth
and inflammatory response of macrophages and foam cells with
nanotopography. Nanoscale Res Lett 2012;7:394.

939


info:doi/10.1002/term.2002

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

102.

103.

940

Singer AJ, Clark RA. Cutaneous wound healing. N Engl J Med
1999;341:738-746.

Blakytny R, Jude E. The molecular biology of chronic wounds
and delayed healing in diabetes. Diabet Med 2006;23:594-608.
Haynes CA, Sliwinsky E, Norde W. Structural and electrostatic
properties of globular-proteins at a polystyrene water interface.
J Colloid Interf Sci 1994;164:394-409.

Brodbeck WG, Shive MS, Colton E, Nakayama Y, Matsuda T,
Anderson JM. Influence of biomaterial surface chemistry on the
apoptosis of adherent cells. J Biomed Mater Res 2001;55:661-
668.

McNally AK, DeFife KM, Anderson JM. Interleukin-4-induced
macrophage fusion is prevented by inhibitors of mannose recep-
tor activity. Am J Pathol 1996;149:975-985.

Cui W, Ke JZ, Zhang Q, Ke HZ, Chalouni C, Vignery A. The intra-
cellular domain of CD44 promotes the fusion of macrophages.
Blood 2006;107:796-805.

Han X, Sterling H, Chen Y, Saginario C, Brown EJ, Frazier WA,
Lindberg FP, Vignery A. CD47, a ligand for the macrophage
fusion receptor, participates in macrophage multinucleation.
J Biol Chem 2000;275:37984-37992.

Yagi M, Miyamoto T, Sawatani Y, Ilwamoto K, Hosogane N,
Fujita N, Morita K, Ninomiya K, Suzuki T, Miyamoto K, Oike Y,
Takeya M, Toyama Y, Suda T. DC-STAMP is essential for cell-cell
fusion in osteoclasts and foreign body giant cells. J Exp Med
2005;202:345-351.

Moreno JL, Mikhailenko |, Tondravi MM, Keegan AD. IL-4 pro-
motes the formation of multinucleated giant cells from macro-
phage precursors by a STAT6-dependent, homotypic
mechanism: contribution of E-cadherin. J Leukoc Biol 2007;82:
1542-1553.

Rodriguez A, Meyerson H, Anderson JM. Quantitative in vivo
cytokine analysis at synthetic biomaterial implant sites.
J Biomed Mater Res A 2009;89:152-159.

Rizik DG, Hermiller JB, Kereiakes DJ. The ABSORB bioresorbable
vascular scaffold: A novel, fully resorbable drug-eluting stent:
Current concepts and overview of clinical evidence. Catheter Car-
diovasc Interv 2015;86:664-677.

Amecke B, Bendix D, Entenmann G. Resorbable polyesters:
Composition, properties, applications. Clin Mater 1992;10:47-50.
Helming L, Gordon S. Macrophage fusion induced by IL-4 alter-
native activation is a multistage process involving multiple tar-
get molecules. Eur J Immunol 2007;37:33-42.

Kanagaraja S, Lundstrom |, Nygren H, Tengvall P. Platelet bind-
ing and protein adsorption to titanium and gold after short time
exposure to heparinized plasma and whole blood. Biomaterials
1996;17:2225-2232.

Zandstra J, Hiemstra C, Petersen AH, Zuidema J, van Beuge
MM, Rodriguez S, Lathuile AA, Veldhuis GJ, Steendam R, Bank
RA, Popa ER. Microsphere size influences the foreign body reac-
tion. Eur Cells Mater 2014;28:335-347.

Veiseh O, Doloff JC, Ma M, Vegas AJ, Tam HH, Bader AR, Li J,
Langan E, Wyckoff J, Loo WS, Jhunjhunwala S, Chiu A, Siebert
S, Tang K, Hollister-Lock J, Aresta-Dasilva S, Bochenek M,
Mendoza-Elias J, Wang Y, Qi M, Lavin DM, Chen M, Dholakia N,
Thakrar R, Lacik I, Weir GC, Oberholzer J, Greiner DL, Langer R,
Anderson DG. Size- and shape-dependent foreign body immune
response to materials implanted in rodents and non-human pri-
mates. Nat Mater 2015;14:643-651.

. Koh TJ, DiPietro LA. Inflammation and wound healing: The role

of the macrophage. Expert Rev Mol Med 2011;13:e23.
Binnebosel M, von Trotha KT, Ricken C, Klink CD, Junge K,
Conze J, Jansen M, Neumann UP, Lynen Jansen P. Gentamicin
supplemented polyvinylidenfluoride mesh materials enhance tis-
sue integration due to a transcriptionally reduced MMP-2 protein
expression. BMC Surg 2012;12.

Kumar V, Abbas AK, Fausto NF. Tissue renewal and repair:
Regeneration, healing and fibrosis. In: Kumar V, Abbas AK,

KLOPFLEISCH AND JUNG

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Fausto NF, editors. Pathologic Basis of Disease. Philadelphia:
Saunders; 2004.

DiEgidio P, Friedman HI, Gourdie RG, Riley AE, Yost MJ,
Goodwin RL. Biomedical implant capsule formation: Lessons
learned and the road ahead. Ann Plast Surg 2014;73:451-460.
Jun JI, Lau LF. Cellular senescence controls fibrosis in wound
healing. Aging (Albany NY) 2010;2:627-631.

Ramachandran P, Pellicoro A, Vernon MA, Boulter L, Aucott RL,
Ali A, Hartland SN, Snowdon VK, Cappon A, Gordon-Walker TT,
Williams MJ, Dunbar DR, Manning JR, van Rooijen N,
Fallowfield JA, Forbes SJ, Iredale JP. Differential Ly-6C expres-
sion identifies the recruited macrophage phenotype, which
orchestrates the regression of murine liver fibrosis. Proc Natl
Acad Sci U S A 2012;109:E3186-E3195.

Wermuth PJ, Jimenez SA. The significance of macrophage
polarization subtypes for animal models of tissue fibrosis and
human fibrotic diseases. Clin Transl Med 2015;4:2.

Piterina AV, Cloonan AJ, Meaney CL, Davis LM, Callanan A,
Walsh MT, McGloughlin TM. ECM-based materials in cardiovas-
cular applications: Inherent healing potential and augmentation of
native regenerative processes. Int J Mol Sci 2009;10:4375-4417.
Ben-Mordechai T, Holbova R, Landa-Rouben N, Harel-Adar T,
Feinberg MS, Abd Elrahman |, Blum G, Epstein FH, Silman Z,
Cohen S, Leor J. Macrophage subpopulations are essential for
infarct repair with and without stem cell therapy. J Am Coll Car-
diol 2013;62:1890-1901.

Ward WK, Slobodzian EP, Tiekotter KL, Wood MD. The effect of
microgeometry, implant thickness and polyurethane chemistry
on the foreign body response to subcutaneous implants. Bioma-
terials 2002;23:4185-4192.

Kamath S, Bhattacharyya D, Padukudru C, Timmons RB, Tang L.
Surface chemistry influences implant-mediated host tissue
responses. J Biomed Mater Res A 2008;86:617-626.

Tang L, Wu Y, Timmons RB. Fibrinogen adsorption and host tis-
sue responses to plasma functionalized surfaces. J Biomed
Mater Res 1998;42:156-163.

Barbosa JN, Madureira P, Barbosa MA, Aguas AP. The influence
of functional groups of self-assembled monolayers on fibrous
capsule formation and cell recruitment. J Biomed Mater Res A
2006;76:737-743.

Friedman H, Stonerock C, Lefaivre J, Yost M. The effect of sepra-
film and interceed on capsule formation around silicone discs in
a rat model. J Invest Surg 2004;17:271-281.

Lew DH, Yoon JH, Hong JW, Tark KC. Efficacy of antiadhesion
barrier solution on periimplant capsule formation in a white rat
model. Ann Plast Surg 2010;65:254-258.

Bota PC, Collie AM, Puolakkainen P, Vernon RB, Sage EH, Ratner
BD, Stayton PS. Biomaterial topography alters healing in vivo
and monocyte/macrophage activation in vitro. J Biomed Mater
Res A 2010;95:649-657.

Matlaga BF, Yasenchak LP, Salthouse TN. Tissue response to
implanted polymers: The significance of sample shape.
J Biomed Mater Res 1976;10:391-397.

Andrade JD. Interfacial phenomena and biomaterials. Med Ins-
trum 1973;7:110-119.

Hakelius L, Ohlsen L. Tendency to capsular contracture around
smooth and textured gel-filled silicone mammary implants: A
five-year follow-up. Plast Reconstr Surg 1997;100:1566-1569.
Hammerstad M, Dahl BH, Rindal R, Kveim MR, Roald HE. Quality
of the capsule in reconstructions with textured or smooth sili-
cone implants after mastectomy. Scand J Plast Reconstr Surg
Hand Surg/Nordisk Plastikkirurgisk Forening [and] Nordisk Klubb
for Handkirurgi 1996;30:33-36.

Picha GJ, Drake RF. Pillared-surface microstructure and soft-
tissue implants: Effect of implant site and fixation. J Biomed
Mater Res 1996;30:305-312.

Rosengren A, Bjursten LM, Danielsen N, Persson H, Kober M.
Tissue reactions to polyethylene implants with different surface
topography. J Mater Sci: Mater Med 1999;10:75-82.

FOREIGN BODY REACTION TO BIOMATERIALS



