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Abstract
The biological response to implanted biomaterials in mammals is a complex series of events that involves many 
biochemical pathways. Shortly after implantation, fibrinogen and other proteins bind to the device surface, 
a process known as biofouling. Macrophages then bind to receptors on the proteins, join into multinucleated 
giant cells, and release transforming growth factor β and other inflammatory cytokines. In response to these 
signals, quiescent fibroblasts are transformed into myofibroblasts, which synthesize procollagen via activation 
of Smad mediators. The procollagen becomes crosslinked after secretion into the extracellular space. Mature 
crosslinked collagen and other extracellular matrix proteins gradually contribute to formation of a hypocellular 
dense fibrous capsule that becomes impermeable or hypopermeable to many compounds. Porous substrates 
and angiogenic growth factors can stimulate formation of microvessels, which to some extent can maintain 
analyte delivery to implanted sensors. However, stimulation by vascular endothelial growth factor alone may 
lead to formation of leaky, thin-walled, immature vessels. Other growth factors are most probably needed to 
act upon these immature structures to create more robust vessels.

During implantation of foreign bodies, the foreign-body response is difficult to overcome, and thousands of 
biomaterials have been tested. Biomimicry (i.e., creating membranes whose chemical structure mimics natural 
cellular compounds) may diminish the response, but as of this writing, it has not been possible to create a 
stealth material that circumvents the ability of the mammalian surveillance systems to distinguish foreign 
from self.
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Introduction

Over the millennia, mammals have evolved a robust 
mechanism for dealing with foreign bodies. Thanks in 
part to the journals of war surgeons, it has been known 
for over one hundred years that retention of foreign 
bodies leads to the formation of a dense, hypocellular, 
collagen-rich capsule. This foreign-body capsule (FBC) 
is advantageous to the patient in many cases. For 
example, in a study of patients who retained lead bullet 
fragments, plumbism (clinical lead poisoning) was very 
rarely found.1 The development of a capsule that is 
impermeable to many compounds likely provided an 
evolutionary advantage. Mutations of wound healing that 
favored formation of an impermeable capsule would tend 
to increase the probability of survival after penetrating 
injuries, by minimizing exposure to toxic compounds, 
bacterial toxins, or allergenic compounds.

In recent decades, there has been an explosion of 
bioengineered implantable devices such as joints, blood 
vessel substitutes, sensors, hernia mesh materials, heart 
valves, cosmetic and reconstructive implants, and 
artificial organs. For some of these devices, excessive 
ingrowth of collagen around the device is a liability. 
One example is excessive fibrotic scar growth around 
a cosmetic or reconstructive breast implant. Another 
example is the biosensor, which typically requires 
diffusion of an analyte into the sensing membranes for 
proper function. Sensors are quite sensitive to the effects 
of an FBC. Although a thin collagen sheath of 60–90 μm 
surrounding a breast implant would not be clinically 
discernible, such a structure that developed around a 
biosensor would retard inward diffusion of key analytes. 
For details of how an FBC retards entry of key analytes 
such as glucose, refer to the three-part publication by 
Sharkawy et al., in which transfer kinetics of compounds 
through an FBC are carefully quantified.2-4

Although there are a few biosensors that have been 
approved for short-term use, there remains a scarcity 
of accurate biosensors, in part because the foreign-body 
response creates signal drift. If the foreign-body response 
to implanted sensors could be avoided, many conditions 
could be better managed. One of the best examples 
is diabetes mellitus, whose prevalence, according 
to international monitoring agencies, is rising at an 
exponential rate. Diabetes is the most common cause of 
non-traumatic limb amputation, blindness in young and 
middle-aged adults, and end-stage kidney disease leading 
to the need for chronic dialysis or kidney transplantation. 

Several studies have shown that well-controlled blood 
glucose levels (which very likely will be easier to achieve 
with continuous glucose sensors) markedly reduce the 
rate of these long-term complications in persons with 
types 1 and 2 diabetes.

Sensors might also be helpful to monitor drug levels, 
especially in view of the fact that adverse drug reactions 
are a common cause of morbidity and mortality.
Some drugs, such as anticonvulsants and anti-cancer 
chemotherapeutic agents, have a narrow therapeutic 
window, i.e., a small increase in concentrations above 
the therapeutic range leads to toxicity. Other pertinent 
medications with narrow therapeutic windows include 
immunosuppressive drugs used for autoimmune 
conditions and for avoidance of organ rejection. One can 
imagine a scenario wherein a subcutaneous tacrolimus 
sensor could be used for the first 3–4 weeks after 
beginning this medication for a kidney transplant. A 
tacrolimus data stream during this period would greatly 
simplify dosing adjustment and enhance patient safety. 
One might also imagine the situation in which a severely 
injured person is brought to the emergency department 
and a combined lactic acid, oxygen, and pH sensor is 
inserted into the subcutaneous tissue or a vein to monitor 
whole-body tissue perfusion and oxygenation. If the 
alarms for rising lactic acid and falling pH are activated, 
the medical team would know immediately if there is 
a large drop in tissue perfusion most likely caused by 
blood loss.

Understanding the biological nature of the foreign-body 
response is necessary for development of longer-term and 
more accurate biosensing devices. I believe that solving 
the riddle of these biological questions will prove to be 
more difficult than designing and fabricating the sensor 
per se. This review (which also includes new data) will 
focus on the foreign-body response to subcutaneously-
implanted devices.

Biofouling: the Early Foreign Body 
Response
Approximately 15 years ago, Tang and Eaton studied 
the early foreign-body response in mice that could 
not synthesize complement and mice that could not 
synthesize immunoglobulin G. They found that such 
animals nonetheless retained the ability to surround 
the implanted material with a layer of phagocytes 
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(neutrophils and macrophages). In contrast, they found 
that animals with very low levels of fibrinogen were 
unable to mount an inflammatory response to the 
implanted material unless they were injected with 
fibrinogen or the material was coated with fibrinogen. 
Similarly, implants coated with hypofibrinogenemic 
plasma attracted very few phagocytes. The authors thus 
concluded that the acute inflammatory response to an 
implanted polymer was largely triggered by fibrinogen.5 
They also provided some data suggesting that other 
proteins, such as albumin, could “passivate” this foreign-
body response by impairing the ability of fibrinogen to 
bind to the material. The same group later reported that 
a specific peptide region of fibrinogen, the gamma 190-
202 region, was responsible for binding to macrophages 
via the integrin Mac-1.6 Another group (Kvist et al.) 
verified that fibrinogen and fibrinogen fragments played 
an important role in recruiting inflammatory cells to the 
site of a foreign-body implant. This group also obtained 
evidence to suggest that tumor necrosis factor α (TNFα) 
played a role in this early protein fouling.7

The Tang/Eaton group also found that histamine release 
by mast cells is important to this early-phase foreign-
body reaction. Thus, when the mast cell is inhibited in 
animals and humans by common histamine blockers 
used for treating gastrointestinal acid disorders, the 
degree of phagocyte recruitment is decreased.8,9

The concept of passivating the surface of implanted 
surfaces was also explored by Yung et al. They found 
that adhesion of neutrophils could be largely blocked by 
high molecular weight kininogen, whether the substrate 
was glass10 or polyurethane.11 A group from University 
of Washington led by Thomas Horbett, working with 
our research group, also addressed this issue. This 
team found that retention of the passivating protein 
was a crucial element in terms of robustly blocking 
fibrinogen adsorption. For example, blood plasma is 
capable of displacing many proteins that may initially 
be capable of preventing the binding of fibrinogen and 
macrophages to implanted surfaces. Of many potentially 
passivating proteins tested, hemoglobin had the greatest 
retention to the polyurethane before and after exposure 
to blood plasma. However, there were several interesting 
findings that make the situation less straightforward 
than originally thought. First, when surfaces exposed 
to hemoglobin were incubated with human monocytes, 
rather than with plasma alone, more of the hemoglobin 
was displaced. This finding suggests that there is an 
active method (e.g., release of proteases) by which 
monocytes (which become tissue macrophages) remove 

potentially passivating proteins. In view of this effect of 
monocytes, it was not surprising that when our group 
implanted the hemoglobin-coated materials in rats, the 
hemoglobin, as measured by radioiodine binding, was 
rapidly displaced.12 The concept of passivating proteins 
continues to hold promise, but only if the protein can 
avoid being displaced or degraded.

There are several caveats that complicate the fibrinogen-
macrophage hypothesis of early protein fouling. For 
example, Horbett and Shen obtained evidence that when 
it comes to monocyte binding to artificial surfaces, not 
all surfaces are created equal. For example, monocyte 
activation (the tendency to form giant cells) was lower 
upon exposure to tissue-culture polystyrene than to 
untreated polystyrene.13 There have also been a series 
of studies using polyethylene oxide-like compounds 
that are known to be hydrophilic and can be deposited 
by plasma deposition. These compounds are known to 
be ultra-low fouling, which means, among other effects, 
they markedly inhibit the binding of fibrinogen to the 
implant.14 We and others have shown that when studied 
in vivo, the presence of PEO-type coatings do in fact 
reduce the density of the FBC; however, such coatings 
are not capable of blocking foreign capsule formation 
altogether.15 It is clear that the biology of the foreign-body 
response is very complex and that blockade of a single 
step will probably not be sufficient to block foreign-body 
encapsulation.

Macrophages, Cytokines, and Fibrosis

In terms of the foreign-body response, the key role of 
the macrophage is undisputed. Macrophages originate 
from circulating monocytes, which in turn derive from 
stem cells in the bone marrow. Current belief suggests 
that tissue macrophages are on constant surveillance 
duty to detect foreign materials and foreign invaders.  
In vitro, macrophages can be observed to engulf microbes 
and foreign particles. They also have powerful lysosomes 
that are capable of attacking the engulfed compounds 
by release of reactive oxygen species, enzymes, and 
compounds similar to household bleach (hypochlorite).

The macrophage is a complex cell and can secrete a large 
number of cytokines, which are small protein molecules 
that mediate immunity, inflammation, and other actions. 
Macrophages, when activated in the tissue, undergo 
fusion and form multinucleated giant cells, a process now 
known to be stimulated by the expression of vitronectin.16 
Generally, cytokines act over short distances and short 
time spans. Specific cytokines include monokines 
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(cytokines made by monocytes), chemokines (cytokines 
with chemotactic activities), and interleukins (cytokines 
made by one leukocyte that act on other leukocytes). 
Other cytokines include interferons, which inhibit viral 
replication in infected cells.

Over many years, the Anderson group at Case Western 
Reserve University has performed a series of elegant 
investigations on the role of the macrophage and its 
expressed products that pertain to the foreign-body 
response. They have found that proteomics and protein 
arrays are helpful in their studies of macrophage 
products. This group published a study in which the 
time course of macrophage function after exposure 
to biomaterials was investigated. Initially, the cells 
secreted pro-inflammatory interleukin 1 beta (IL-1β) 
and IL-6, but as time progressed, they expressed 
more of the anti-inflammatory IL-10. Furthermore, as 
the inflammatory response diminished, there was 
a decline in the chemoattractant compound IL-8.17 

Transforming growth factor β (TGFβ), especially isoform 1, 
is expressed by macrophages and many other cells. The 
fact that macrophages and giant cells are a source of  
TGFβ was demonstrated convincingly by Hernandez-
Pando et al. This group found that injected nitrocellulose 
particles initially caused the giant cells to express IL-1α, 
TNFα, and TGFβ. Of these, TGFβ was the most persistently 
expressed cytokine over time and its expression was 
associated with extensive chronic fibrosis.18 TGFβ is 
known to promote fibrosis in many cells and organs, 
including the lungs,19,20 kidneys,21 liver (cirrhosis),22,23 
heart,24 and skin and subcutaneous structures.25

TGFβ is a cytokine that is generated from activation of a 
latent form of TGF. Once activated, it has a great many 
effects, including immunologic functions. Many of its 
effects are mediated by activation (phosphorylation) of 
the Smad series of intracellular proteins. Smad2 and 
Smad3 are thought to mediate many of TGFβ’s profibrotic 
effects,19 including those in the skin. For example, 
Smad3-deficient knockout mice have diminished lung 
fibrosis after exposure to bleomycin, a toxic compound 
known to stimulate fibrosis via a TGFβ pathway.20 There 
are two receptors for TGFβ: the TGFβ receptor II, a 
transmembrane ligand receptor with serine and threonine 
phosphorylative activity, and the TGFβ receptor I. The 
latter receptor is only activated after receptor II is activated.

The key cell that responds to TGFβ and the profibrotic 
Smads is the myofibroblast. The myofibroblast is an 
activated fibroblast whose endogenous actin renders 

it contractile. There are many signals including other 
growth factors and angiogenic factors that activate 
myofibroblasts, as reviewed in an excellent article by 
Wynn.26 Myofibroblasts, which synthesize procollagen, 
can be identified in tissue by actin staining. The 
procollagen molecules are formed into a helical structure 
within the cell, then become crosslinked, to increase 
strength, after secretion into the extracellular space.

After observing fibrotic encapsulation of subcutaneously-
implanted glucose sensors, our group collaborated 
with Drs. Allen G. Li and Xiao-Jing Wang to explore 
the role of TGFβ and other cytokines during foreign-
body encapsulation. We implanted mock sensors (with 
polyurethane coats) in rats and excised surrounding 
tissue samples on day 7, 21, and 48-55 after implantation. 
The most abundant TGFβ isoform in foreign-body tissue 
samples was TGFβ1, which was expressed minimally 
in control tissue. The expression of both TGFβ1 RNA 
and protein was significantly increased in FBC tissues 
at all time points, with the highest level on day 7. We 
also found a very high number of cells that stained for 
phosphorylated Smad2, an indication of activated TGFβ 
signaling that paralleled the expression of TGFβ. Type I 
collagen, which is the most prominent downstream target 
of TGFβ in fibrotic conditions, was found in abundance 
in the FBC by Masson’s trichrome staining, especially at 
the later time points. These results strongly suggested 
that TGFβ plays an important role in the formation of 
FBCs around subcutaneously implanted devices.27 In 
a study with results similar to ours, TGFβ1 and TGFβ2 
were found in high concentrations in FBCs that surround 
breast implants, though not in normal breast tissue.28 
For a photomicrograph of intense TGFβ1 staining in 
rat subcutaneous foreign-body capsular tissue using 
immunohistochemistry, see Figure 1.

Figure 1. Immunohistochemistry of TGFβ-1 on day 21 of subcutaneous 
control tissue (left) vs. the foreign-body capsule (right) in a  
Sprague-Dawley rat. The final stain in the immunochistochemical 
technique is diaminobenzidine (brown). Hematoxylin was used as a 
counterstain. Note the much greater presence of the brown TGFβ stain 
in the foreign capsule tissue. The top margin of the tissue shown in the 
right panel bordered the implant. The bar in the first panel represents 
100 μm for both sections.
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It is important to note that many of TGFβ’s effects may 
be mediated by other downstream factors, for example, 
connective tissue growth factor (CTGF). CTGF is a 
cysteine-rich, heparin-binding protein that is stimulated 
by TGFβ. It has been hypothesized that CTGF may be 
more specific to a profibrotic action as compared to TGFβ, 
which controls a multitude of biological processes. A 
strong role of CTGF in foreign-body fibrosis around breast 
implants in rats was recently suggested by the finding of 
reduced fibrosis in animals that had been treated with a 
single injection of a CTGF antisense oligonucleotide or a 
TGF antisense oligonucleotide.29

Knowing that TGFβ was highly expressed in FBC tissue, 
our group also became interested in the role of CTGF. 
Because IL-13, a product of Th2 cells, had been found 
to stimulate collagen formation in skin fibroblasts30,31 
and because its effect can be independent of a TGFβ’s 
effect,32 we also examined IL-13 expression in FBC tissue. 
As before, we evaluated different stages of the foreign-
body response. Using quantitative real-time PCR and 
immunofluorescence, we found that IL-13 was highly 
expressed at all time points, with the greatest expression 
at day 21. The IL-13 expression was accompanied by an 
increased presence of T cells at all time points. CTGF was 
also found to be much more highly expressed in foreign-
body tissue than in controls. Two extracellular matrix 
proteins, collagen and decorin, were highly expressed at 
the middle (3-week) and later (7-week) stages. Given the 
increased expression of IL-13 and CTGF in foreign-body 
tissue, and their roles in other fibrotic disorders, we 
concluded that these cytokines may well contribute to 
the formation of the FBC.33

Recent Data on the Use of a Neutralizing 
Antibody to Transforming Growth Factor β
In a previously-unpublished study, we explored the 
possibility of inhibiting the effect of TGFβ with a 
neutralizing antibody. Using Yucatan mini pigs, 1 mg 
of TGFβ neutralizing antibody (AB-101-NA, R&D Systems, 
Minneapolis, MN) was delivered subcutaneously onto 
the surface of a planar biosensor over the course of 28 
days with the use of miniature osmotic pumps (Alzet, 
Durect Corp., Cupertino, CA). On day 28, the sensor and 
surrounding capsule tissue were removed from the animal. 
Tissue samples were taken near the antibody release 
point (0 cm), at an intermediate distance (1 cm) and 
from a distant point (1.7 cm) (positions termed “near”, 

“intermediate”, and “far”), and fixed in 10% zinc formalin.

Immunohistochemical staining for phosphorylated  
Smad2 (pSmad2) was conducted on sections of each 

sample. The number of cells staining for active pSmad2 
in an 80 x 80 μm area was counted. Each 80 x 80 μm 
area was adjacent to the surface of the tissue contacting 
the biosensor. We hypothesized that the antibody-treated 
sites would demonstrate a suppression of pSmad2 
staining, especially in the “near” tissue samples.

The findings suggested that despite a substantial release 
rate of the TGF-neutralizing antibody, pSmad2 was not 
inhibited. The number of cells stained for active pSmad2  
in near tissue treated with TGFβ neutralizing antibody 
did not differ from near tissue treated with saline. 
Significantly fewer cells with active pSmad2 staining 
were found in antibody treated tissue from intermediate 
sensor locations as compared to tissue treated with 
saline from intermediate locations (20.4 ± 2.6 vs. 34.0 ± 4.1  
[mean ± standard error of the mean]; p < .05). This 
finding is consistent with the TGFβ antibody reducing 
the effect of the cytokine. However, a greater amount of 
active pSmad staining was observed in antibody-treated 
far-tissue samples (26.4 ± 4.2) vs. saline (14.8 ± 4.8; p < .05), 
and this finding creates some uncertainty in interpreting 
the data.

These results indicate that treatment with TGFβ 
neutralizing antibody over 28 days did not have a 
consistent effect on pSmad2 production in the foreign-
body response to a subcutaneously implanted biosensor. 
Despite the relatively large dose of the neutralizing 
antibody, these results suggest that the antibody was 
unable to block the major intracellular effector of TGFβ’s 
action. In such a study, there is always a chance that the 
antibody is proteolyzed or, because of spatial geometry, 
does not stay at the intended site long enough to carry 
out its intended action. Since TGFβ’s action was not 
consistently blocked, we cannot conclude whether 
blockade of TGFβ can inhibit foreign-body encapsulation. 
Studies are also underway to use corticosteroids (which 
have been shown to block the effect of TGFβ34) in an 
attempt to block foreign-body fibrosis. An alternative 
method of blocking fibrosis would be to inhibit the more 
specific growth factor, CTGF.

Angiogenic Growth Factors and Porous 
Materials

Working in the field of surgical oncology, Judah Folkman 
pioneered the field of angiogenesis research in the 
early 1970s.35 Some years later, Brauker and colleagues 
quantified the microvessels in foreign-capsule tissue 
surrounding many types of biomaterials implanted in 
animals. These investigators hypothesized that formation 
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of new capillaries in the region immediately adjacent 
to biomaterial implants might well be able to sustain 
the delivery of analytes to the implanted device. More 
specifically, they found that certain types of porous 
materials, such as expanded polytetrafluoroethylene, 
when fabricated with a specific pore size, caused a prolific 
growth of new vessels into the region adjacent to the 
implant.36 Sharkawy and colleagues also addressed the 
relationship of pore structure to angiogenesis and came 
to a different conclusion: the optimal pore diameter was 
60 μm, substantially larger than the optimal pore size 
according to Brauker et al.3 Using immunohistochemical 
and standard techniques, our group found that 
subcutaneously implanted porous membranes of various 
pore sizes (polyvinyl alcohol sponge and expanded 
polytetrafluoroethylene) led to increased angiogenesis, as 
compared to solid, smooth membranes.15

There has been a plethora of studies that have addressed 
the microgeometry of materials and its effect on the 
foreign-body response. Though the variety of such 
studies is great, one can safely draw several conclusions, 
(1) many cells bind better to porous surfaces than to 
smooth ones and (2) the number of newly-formed 
capillaries is greater on most porous or textured surfaces 
as compared to smooth surfaces. It is difficult to conclude 
that such effects promote “biocompatibility”, since 
the meaning of this word is so broad (and is defined 
differently, depending on one’s goals). Nonetheless, one 
can conclude that cellular and tissue ingrowth tends 
to be more prolific on porous surfaces. This finding 
has found its way into the daily practice of clinical 
medicine. For example, there is a wide usage of porous 
mesh to close tissue defects, such as those encountered 
during hernia repairs. These materials facilitate tissue 
ingrowth into the implanted material. Porous polymer 
implants are also used to close defects in the head and 
neck region.37 Recent data suggest that the outcome is 
best when large pores with sparse lightweight material 
are used.38 In addition, it now appears that a negative 
electrical charge facilitates vessel ingrowth into fibro-
porous meshes.39 Porous vascular grafts are widely used 
to create high-flow fistulas required for repeated venous 
access (e.g., hemodialysis). Over time, such grafts become 
endothelialized with endogenous endothelial cells.

Stimulated in part by the fields of oncology and cardiology, 
there has also been a tremendous interest in the use of 
angiogenic growth factors to maintain communication 
between implanted devices and the analytes they purport 
to measure. While most of the interest has centered 
around vascular endothelial growth factor (VEGF) and 
other known growth factors, some compounds not 

previously thought to be angiogenic (e.g., calcitonin) are 
also now known to stimulate angiogenesis.40 There has 
been an explosion of research in methods of delivering 
angiogenic growth factors, which can be accomplished 
successfully in vivo in several ways, including the use of 
biodegradable polymer such as poly lactide-glycolic acid 
(PLGA)41 or related elastomeric compounds.42 In such 
research, it is critical to minimize release into systemic 
circulation and to quantify the kinetics of growth factor 
release, as performed successfully by Ennett et al.43

Our group studied the effect of VEGF release via 
miniature osmotic pumps in animals with functioning 
subcutaneously implanted glucose sensor arrays. The 
fact that different sensing units of the sensing array 
were different distances from the source of the VEGF 
allowed us to ascertain the spatial effects of local VEGF 
release. We found that VEGF caused a definite increase 
in capillary formation in sensing units that were within 
15 mm of the release site; however for units further away, 
there was no discernible increase in capillaries in the 
FBC.44 In a separate study, we found that VEGF-induced 
angiogenesis had beneficial effects on sensor function 
but that after approximately 6–8 weeks, the sensors 
eventually failed due to fibrosis.45 Thus, our belief is that 
though VEGF temporarily improves sensor function, its 
effect is unlikely to last more than two months.

The role of VEGF in mammalian wound-healing appears 
to be stimulation of vascular tube formation soon after 
injury. Other growth factors, such as basic fibroblast 
growth factor (FGF) and platelet-derived growth factor 
(PDGF), appear to exert their major effects several days 
later, and these factors mature the early vascular tubes 
into more robust vessels. In view of these normal 
physiologic effects, there has been an interest in releasing 
combinations of growth factors, such as VEGF and FGF-2.46  
In a very compelling study, Mooney and others 
achieved the initial delivery of a fast-acting angiogenic 
factor followed by delivery of a vessel-maturation 
factor in animals who had myocardial infarctions 
created intentionally.47 The investigators were able to 
initially release VEGF followed by PDGF from alginate 
hydrogel drug delivery systems. They found that the 
sequential release of the factors led to better healing of 
the myocardial injury, and better preservation of cardiac 
function than either compound alone.47 A group at 
University of Connecticut also examined the effects of 
administering two compounds on wound healing and 
fibrosis; they found that administration of dexamethasone 
and VEGF from a composite of polyvinyl alcohol and 
PLGA was successful in reducing fibrosis and enhancing 
angiogenesis in rats.48
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There are some recent reports in which mimics of VEGF 
have been found or developed. These compounds can 
either simulate the effect of VEGF to cause angiogenesis49 
or, in the study of Goncalves, can bind to the VEGF 
receptor and inhibit formation of capillary tubes.50

Not surprisingly, since porous materials and angiogenic 
growth factors both promote tissue vascularization, 
some investigators have attempted to combine the two 
approaches. Elcin and Elcin impregnated biodegradable 
PLGA sponges with VEGF and observed the angiogenic 
response to such implants in rats. They found that the 
VEGF/sponge approach was much more effective than 
control sponges or VEGF injections alone in creating new 
vessel formation. They also found a modest increase in 
vessel formation during week one and a marked increase 
in formation during weeks two and three.51

Inhibiting the Foreign-body Response with 
Corticosteroids
It has been known since the 1950’s that corticosteroids 
have a potent effect in blocking immune function and 
fibrosis. More recently, their specific anti-inflammatory 
mechanisms have been investigated. Miller et al. found 
that levels of lung TGFβ-1 were significantly reduced in 
asthmatic mice treated with systemic corticosteroids, and 
this finding was associated with a significant decrease 
in the number of myofibroblasts.34 In view of the fact 
that myofibroblasts are the cells that synthesize collagen, 
this finding suggests a mechanism for the well-known 
effect of corticosteroids to impair collagen formation in 
postoperative wounds.

Several groups, including ours, have investigated the 
effect of corticosteroids on prolonging the functional life 
of implanted biosensors. During release of dexamethasone 
from a silicone gel in dogs implanted with glucose 
sensors, we found that there was a strong trend (though 
not quite statistically significant) for sensors in treated 
animals to function longer.52 Patil et al. found that 
PLGA microspheres loaded with dexamethasone were 
successful in inhibiting the negative tissue reaction at 
the sensor-tissue interface.53 The groups from Duke 
University54 and University of South Florida55 also found 
promising, though not definitive, results suggesting a 
possible role for corticosteroids to improve the functional 
life of implanted biosensors.

One caveat to be aware of is the tendency of corticosteroids 
to inhibit angiogenesis, a finding consistent among 
several different tissues.56-58 Given the multiple ill effects 
of systemic corticosteroids, our group’s belief is that 

these compounds hold great promise, though the dosing 
regimen (and avoidance of systemic spillover) will be 
extremely important. Given that corticosteroids appear to 
suppress the effect of TGFβ and the synthesis of collagen 
by myofibroblasts, this class of hormones holds promise 
for inhibiting the fibrotic FBC.

Creation of Engineered Biomaterials by 
Mimicking Nature
Final mention should be made of the use of biomimicry 
in this field of biomaterials. For example, there has been 
tremendous interest in the placement of a phospholipid 
membrane over implanted devices. Such a concept is 
designed to mimic the mammalian phospholipid cell 
membrane with the philosophy that mammals will 
not fight a compound that they “see” continuously in 
themselves. Most of the work in this area has been with 
a phospholipid known as phosphorylcholine (PC). This 
compound has shown some promise in several areas. 
First, PC-coated vascular devices, in addition to reducing 
neutrophil binding,59 appear to show less platelet 
activation and reduced thrombin formation in vitro.60 
An in vivo study of the intramuscular implantation of 
PC-coated polymers in rabbits found a lower degree 
of fibrosis at 13 weeks, though there was very little 
difference from controls at 4 weeks.61 A method in 
which the PC coating is bonded to a device surface using 
UV-crosslinking appeared to show more robust adhesion 
than simple physical coating.62 And finally, though 
sensor response data were not given, a PC-coated glucose 
sensor was found to be safe in terms of cytotoxicity and 
biocompatibility tests.63

Other biomimicry concepts include the use of dopamine-
like materials that simulate the powerful mussel 
adhesive.64,65 Such materials appear to be capable of 
adherently coating many diverse substrates, including 
polymers and metals, in a conformal fashion. In addition, 
chitosan, the predominant material from crustacean 
shells, appears to have many favorable characteristics, 
including hemostasis,66 antibacterial activity,67 and the 
ability to serve as a drug delivery material.68

Conclusions
The foreign-body response to implanted biomaterials is a 
very complex series of biochemical events. Initially, there 
is biofouling of the implant, characterized by protein 
sheathing, probably initiated by fibrinogen binding. 
Macrophages bind to specific sites on the protein coat 
and initiate a series of steps, including formation of 
multinucleated giant cells. Macrophages also release 
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TGFβ and other inflammatory cytokines. These cytokines 
transform quiescent fibroblasts into myofibroblasts, which 
synthesize procollagen via activation of Smad mediators. 
After crosslinking, the mature collagen and other 
extracellular matrix proteins contribute to formation of a 
hypocellular dense fibrous capsule that is hypopermeable 
to many compounds. Porous substrates and angiogenic 
growth factors can stimulate formation of microvessels, 
which, to some extent, can maintain analyte delivery to 
implanted sensors. It is probably also necessary for other 
growth factors to act upon immature vessels to mature 
the fragile microvessels into more robust vessels.

During implantation of foreign bodies, the foreign-body 
response is difficult to overcome, and thousands of 
biomaterials have been tested without discovery of a true 
stealth material. Biomimicry (e.g., coating a material with 
phospholipids that mimic cell membranes) may diminish 
the intensity of the reaction.
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