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The foreign body response is an immunological process that leads to the rejection of implanted devices and
presents a fundamental challenge to their performance, durability, and therapeutic utility. Recent advances in
materials development and device design are now providing strategies to overcome this immune-mediated re-
action. Here,we briefly reviewour currentmechanistic understanding of the foreign body response and highlight
new anti-FBR technologies from this decade that have been applied successfully in biomedical applications rele-
vant to implants, devices, and cell-based therapies. Further development of these important technologies prom-
ises to enable new therapies, diagnostics, and revolutionize themanagement of patient care formany intractable
diseases.
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1. Introduction

The foreign body response (FBR) is an immune-mediated reaction to
implanted materials where a cascade of inflammatory events and
wound-healing processes result in fibrosis, or the cellular and
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collagenous deposition that encapsulates implants [1–3]. These events
can compromise the performance and durability of implantable devices
that require use over extended periods. Implant isolation by fibrosis
often interferes with function, as a thick fibrotic layer can disrupt bio-
sensing functions, cause pain, cut off the nourishment for cell-based im-
plants, and ultimately lead to device failure [1,4].

Overcoming the FBR could pave the way for implementing new
therapeutic modalities, such as cell-based therapies, and improving
the performance and durability of medical devices. A wide range of ma-
terials from naturally occurring polymers to synthetic materials [4–6]
have been described as generating fibrotic responses, and there is a crit-
ical need for materials and formulations that possess both anti-
inflammatory and anti-fibrotic properties [1,7,8]. Recent approaches
have adopted novel strategies and materials that can successfully
mitigate the FBR in a variety of animal models, including non-human
primates (Fig. 1). Combining newmaterials with low-fouling or immu-
nomodulatory properties with optimized physical parameters for anti-
fibrotic device design of drug-eluting formulations can be an effective
strategy to achieve long-term mitigation of the FBR.

There are a number of review articles which provide a comprehen-
sive account of the FBR and biomaterials development [1,9–15]. Rather
than reiterate the content of these reviews, our aim is to highlight the
new anti-FBR technologies from this decade that have been applied suc-
cessfully in biomedical applications relevant to implants, devices, and
cell-based therapies. In this perspective, we will briefly summarize our
current understanding of the underlying biological mechanisms of the
FBR, the recent advances that have beenmade tomitigate these fibrotic
responses, and the future implications for the application of these new
technologies for therapies and diagnostic devices.

2. Review of the foreign body response (FBR)

The FBR is a complicated interplay between the innate and adaptive
immune system that is not yet fully understood [1]. Improved immuno-
logical models of this response are helping guide improved design
criteria for implantable materials. Here, we will briefly summarize the
current understanding of the complex orchestration of immune events
that directs the FBR (Fig. 2).
Fig. 1. An overview of the approaches taken to mitigate the immunolo
Non-specific protein adsorption on the surface of implanted devices
is an early-stage event that is associated with subsequent inflammation
and wound healing processes [16]. A number of proteins that adsorb to
biomaterial surfaces have been identified, and their relative adsorption
ratio is dependent on the properties of the biomaterial itself. The com-
position and structure of the absorbed proteins can direct immune cell
recognition and activation [17,18]. Since the composition of adsorbed
proteins depends on the properties of the implanted material, the pro-
file of these proteins might initiate immune-mediated processes that
promote the FBR [16]. For example fibrinogen, a prominent adsorbed
protein, has been shown to promote inflammation after surface deposi-
tion by interactionwith integrinMac-1 [19]. Pioneeringwork by Ratner,
Horbett, and colleagues decades ago have highlighted the critical influ-
ence of the composition and unfolding pattern of absorbed proteins on
biomaterials surfaces and foreign body response [9,20]. Following this
early-stage protein adsorption, neutrophils begin to appear within a
few hours at the implantation site and are the primary cell type for
the first 2 days after implantation, at which pointmacrophages that dif-
ferentiated from infiltrating monocytes become predominant [21]. The
onset of inflammation triggers neutrophil degranulation, leading to
the secretion of proteolytic enzymes and reactive oxygen species
aimed at killing any pathogen infiltration but also damage the biomed-
ical implant itself. This response can cause corrosion of certainmaterials
susceptible to damage under oxidative environments such a polyure-
thane implants [22]. Materials are also susceptible to fouling by neutro-
phils by their secretion of extracellular fibers called as Neutrophil
Extracellular Traps (NETs) [23].

Monocytic infiltration into the implant site leads to the secretion of
cytokines, Interleukin-1 (IL-1), IL-8, and chemokines,monocyte chemo-
tactic protein-1 (MCP-1), CXCL13, and macrophage inflammatory pro-
tein (MIP) [26]. These chemokines attract and stimulate more
monocytic infiltration and macrophage activation. The infiltrating
monocytes can differentiate into macrophages with varied polarization
states and phenotypes [24,27]. The activated macrophages stay at the
implantation site for multiple days and attempt to phagocytose the for-
eign material. The continuous presence of the implant leads to further
macrophage differentiation and eventually to the fusion into foreign
body giant cells (FBGC), containing up to 100 nuclei. Transforming
gical processes responsible for the foreign body response (FBR).



Fig. 2. Kinetic profile of host immune response to implanted biomaterials based on interpretation of data presented references [24, 25].
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Growth factor β (TGF-β), IL-1, and TNF-α seems to be important factors
in the formation of FBGC and can be found in high concentrations
around biomedical implants [28,29]. TGF-β has been shown to enhance
the transformation of fibroblasts to myofibroblasts, promote the forma-
tion of extracellular matrix, and activate the contractile state of fibro-
blasts [30]. Fibroblasts appear in relevant numbers around day 7 after
implantation and increase to until they represent the majority of cells
in the fibrotic capsule on day 28 [31]. In addition, macrophages within
the tissue capsule can begin to transdifferentiate into myofibroblasts
[32–34]. The percentage of α-smooth muscle actin (α-SM) positive
cells, a fibroblast marker, increases over time and their numbers peak
on day 28. In the latter stages of the encapsulation, the formation of
new blood vessels is induced by VEGF secretion from myeloid and
giant cells [35]. However, there are not only myeloid cells found in the
forming capsule, but other cells including lymphocytes and B cells
have been shown to be involved in the FBR [29,36]. CXCL13 is produced
by macrophages that attract B cells around day 7. The B cells have been
shown to assist in the formation of the foreign body capsule [24].

Valuable knowledge about the mechanism and hints on how to pre-
vent or reduce the FBR can be gained from systematic profiling of mice
with varying degrees of immune perturbations (i.e. genetic knockouts,
chemical and/or antibody guided immune cell depletions) [24,31,37].
The most dramatic effect comes from the deletion of macrophages
that eliminates the formation of an FBR completely. Campbell and co-
workers showed that clodronate liposome-induced macrophage dele-
tion prevents the FBR. Clodronate-induced deletion of phagocytes
blocked monocyte infiltration, FBGC formation, neovascularization,
andfibrosis [31,37]. In a systematic investigation,we looked at the effect
of deleting different immune cell populations on the FBR (Fig. 3) [24]. In
accordance to the published literature, deletion of macrophages
prevented fibrosis to subcutaneous and intraperitoneal alginate sphere
implants (0.5 mm in diameter) in immune competent C57BL/6 mice
after one month. B cell deletion resulted in a thinner capsule while the
deletion of T cells did not affect the capsule thickness, and neutrophil
deletion even lead to increased fibrosis of the alginate spheres. This in-
creased response may result from the loss of the Ly6g-granulocyte
myeloid-derived suppressor cell subset that prevents excessive im-
mune responses [38].

Considering the important role that macrophages play in the FBR, it
doesn't come as a surprise that macrophage receptors that sample their
environment also play an important role in the FBR. Integrins are a cell
surface receptor family that facilitates the initial adhesion of the cell to
the extracellular matrix. Fibrinogen is a main component of plasma
and is well known protein found adsorbed to implanted biomaterials.
Fibronectin and vitronectin, among others, are also important proteins
commonly found on implanted biomaterials that share a high abun-
dance in the tri-peptide sequence Arg-Gly-ASP (RGD) that is recognized
by several integrins, known as RGD-binding integrins [39]. Macro-
phages bind and adhere to the RGD domain of these adsorbed proteins
via the αMβ2 integrin, the Mac-1 receptor (CD11b/CD18) [40]. Mac-1
knock-out mice develop a 27% thinner fibrotic capsule around polyeth-
ylene terephthalate disks (PET) 14 days after subcutaneous implanta-
tion while blocking RGD ligands resulted in a 45% thinner capsule
[41]. Selectins are a group of cell adhesion molecules that are activated
by cytokines and play an important role in inflammation, and feature a
carbohydrate recognition domain that is expressed by lymphocytes (L-
selectin) and endothelial cells (E-selectin and P-selectin) [42]. C57BL/6
mice deficient in both P- and E-selectin have a reduced fibrotic response
to implanted PET disks after two weeks [43], consistent with the ob-
served reduction ofmacrophages around the implants 16 h after the im-
plantation. Toll-like receptors (TLR) also play an essential role in
inflammation by recognition of exogenous and endogenous structures



Fig. 3. Systems profiling of immune cell perturbations and its influence on Foreign Body Reactions andfibrosis. Using a combination of genetic knockouts and targeted immune depletions,
macrophages were the only immune cell population required for fibrotic encapsulation of implanted alginate spheres. Right column: representative summary responses based on phase
contrast images showing fibrosis levels on 500 μmalginate spheres retrieved fromwild type C57BL/6mice (n=5/group), after 14-day intraperitoneal implantations. *= as reported. N/A
= while available, not tested due to not being essential players. Figure adapted with permission from reference [24].
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released from damaged tissue. TLR4 deletion showed a significant
(N90%) reduction in both numbers of blood vessels, polynuclear cells,
and a 50% reduction in fibrotic capsule thickness to subcutaneously im-
planted silicon disks 14 days after the implantation [44].

Matricellular proteins such as SPARC (secreted protein, acidic and
rich in cysteine), hevin, thrombospondins 1 and 2, osteopontin, and
tenascin-C are part of the extracellular matrix. These proteins are in-
volved in the modulation of cell-matrix interactions and cell prolifera-
tion and apoptosis and also play roles in propagating the FBR
[42,45–47]. SPARC, also known as osteonectin, is a secreted calcium-
binding glycoprotein that controls the production of numerous ECM
proteins [48]. SPARC-null mice produce a significantly thinner fibrotic
capsule to subcutaneously implanted polydimethylsiloxane disks and
cellulose Millipore filters after 4 weeks [49]. Hevin, a homologue from
the SPARC family, has no effect on the FBR when deleted [50], however,
a double null variant of SPARC and hevin decreased capsule thickness
more than just deletion of SPARC alone. Furthermore, the vasculariza-
tion of the capsule is also increased in the double null variant, highlight-
ing the importance for matricellular proteins for the regulation of
angiogenesis and collagen deposition. Deletion of thrombospondin 2
(TSP2), an angiogenesis inhibitor, in TSP2-null mice yielded polydi-
methylsiloxane (PDMS) diskswith a thicker but highly vascularized col-
lagen capsule after a 4-week implantation period [51]. While this result
lacked successful FBR reduction, the vascularized structure might allow
the exchange with body fluids and still be enabling for biosensor appli-
cations. This findingwas later confirmedwhen plasmids encoding TSP2
were co-delivered with implants to TSP2-null mice and resulted in a re-
duction of implant vascularization [52]. There has been much discourse
about the role of neovascularization in the FBR and whether it contrib-
utes to the FBR or helps mitigate it [4,53]. In an interesting experiment
Dondossola et al. showed FBR reduction using a VEGF trap in a
subcutaneous implant model in C57BL/6 mice [37]. The VEGF block re-
duced collagen deposition, the number of giant cells around the im-
plant, and stopped blood vessel formation. In this study inhibition of
VEGF positively impacted the foreign body response, however, for
many applications where live cells are combined with biomaterials
the optimum design would produce minimal FBR but is supportive of
vascularization [54]. This goal remains a major quest for current re-
search efforts by the bioengineering community.

3. Optimizing physical properties and formulation approaches

3.1. Surface topography: size, shape, and texture

Physical parameters such as the shape, size, and texture of the bio-
medical implant are intrinsic properties that are also important factors
that modulate the FBR [1,4,9,13,15]. The surface of a biomedical implant
profoundly affects the behavior of macrophages and other immune
cells, with implants lacking sharp edges and a smooth surface generally
being more biocompatible and inducing less inflammation [13,55,56].
Indeed, even changes in surface roughness at the nanoscale have been
associated with increased protein adsorption [57–61], and different
nanostructured topographies can affect cellular interactions [62,63].
Varied immunological responses have also been characterized against
a wide range of different biomaterial shapes [25,56,64–71]. A key
study byWard et al. implanted cylinders,made fromdifferentmaterials,
subcutaneously in Sprague-Dawley rat for seven weeks and compared
the capsule thickness of different cylinder diameters, materials. They
found that the FBR capsule thickness depends on the material and that
a porous surface results in a reduced capsule thickness. Thin cylinders
(0.3 mm) compared to thick cylinders (2.0 mm) elicited a thinner cap-
sule [72].
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In a systematic study, we looked at the effect of the size of spherical
implants by comparing alginate sphereswith diameters around0.3mm,
0.4 mm, 0.5 mm, 0.7 mm, 1 mm, 1.5 mm, and 1.9 mm that were im-
planted into the peritoneal cavity of C57BL/6 mice [25]. The spheres
were retrieved after two weeks and showed a significant decrease in
the level of cellular overgrowths with increased sphere diameter. This
effect was repeated with other materials, including stainless steel,
glass, polycaprolactone, and polystyrene. This size-dependent fibrotic
effect also translated to larger rodent models: 0.5 mm and 2.0 mm
glass spheres were transplanted into the peritoneal cavity of Sprague-
Dawley rats for two weeks. The larger glass spheres came out clean
while the smaller clumped together and were embedded in a thick fi-
brotic capsule. The same result was obtained with SLG20 alginate hy-
drogel spheres that were subcutaneously implanted in non-human
primates.

We further performed a functional test of encapsulated pancreatic
islet cells in diabetic mice. The transplantation of free islets to diabetic
patients started in 1989 [73]. These patients need lifelong immunosup-
pression to prevent immediate rejection by the host immune system.
Various immune isolation strategies have been designed and utilized
since, without yielding a clinical product [74]. The size hypothesis was
further tested by encapsulating islets in alginate sphereswith diameters
of 0.5 mm and 1.5 mm and were implanted in STZ-treated diabetic
C57BL/6mice. Allmice receiving 0.5mmspheres lost blood glucose con-
trol after 30 days while the mice implanted with 1.5 mm spheres con-
trolled the blood glucose for N180 days [25]. We are still exploring the
underlyingmechanismbehind these observations, andwe currently hy-
pothesize that increased sphere size reduces imbeddingof implants into
microgrooves of peripheral tissue. This effect creates additional barriers
to the kinetics of immune cell extravasation out of peripheral tissue and
on to the implant surface (Fig. 4).

Macrophages are essential for capsule formation in the foreign body
reaction and are therefore an important target for FBR prevention. They
constantly attach, probe, and respond to cues of their environment.
Based on cues from their environment they polarize into different sub-
types: proinflammatory M1, or anti-inflammatory M2a, immune-
regulating M2b, or tissue remodeling M2c [75]. Increasing the ratio of
M2 to M1 macrophages is one strategy to improve tissue remodeling
outcomes [76]. Ratner and coworkers showed that porous pHEMA-co-
MAA scaffolds with a defined pore size, around 30 μm diameter that
mimick decellularized extracellular matrices, polarized more macro-
phages to a M2 phenotype and resulted in reduced capsule thickness
and enhanced neovascularization after 4 weeks [77].
Fig. 4. Extravasation of macrophage cells from peripheral tissue on to spherical materials of 0.5
peripheral adjacent tissue cervices compared to larger spheres and this influence on the ability o
macrophage behavior and accumulation at 7 days post-implantation on to (b) 0.5 mm and (c) 1
peripheral tissue in white and implanted spheres in magenta). Figure and caption adapted wit
Recent studies have investigated the association of reduced capsule
thickness with the M2:M1macrophage polarization ratio. pHEMA scaf-
folds with no pores, 34 μm, and 160 μmpores were implanted into sub-
cutaneous mouse tissue [78], and the results indicated a more
complicated relationship than just theM2:M1polarization ratio.Macro-
phages in the 34 μm pores displayed increased M1 markers and de-
creased M2 markers, and macrophages right next to the implant
possessed increased M2 markers. This effect has also been observed in
other materials, including a silicone elastomer and polyurethane [79].

The hierarchal architecture and surface roughness of implanted de-
vices can influence foreign body reactions [80]. Clinical data with breast
prosthetic implants has shown varying foreign body responses based on
implant surface architectures. Microsized textures have been intro-
duced on the surface of silicone breast implants, and the textured breast
implants produced lowered rates of capsule formation in short-term
clinical follow-up compared non textured implants [81]. However, the
long-term effects are not fully understood and careful investigation is
needed to better elucidate the mechanisms responsible for altered im-
mune responses through surface texturing. Importantly, the United
States FDA recently warned that patients with textured silicone breast
implantsmay have a higher risk of developing anaplastic large-cell lym-
phoma (ALCL) compared to smooth ones. These cases of ALCL appear to
be linked to aggressively textured surfaces with roughness of N300 μm
[82]. Researchers have proposed and explored tuned biomimetic de-
signs of nano/micro architectures to produce desired biocompatibility
and safety. [83]. Human clinical data from breast implants suggest that
surface topography can affect host immune reactions, however more
studies are needed to identify the most impactful and safe design for
chronic implants.

An interesting approach is to “hide” the biomedical implant in the
extracellular matrix as a form of immune isolation [27,84]. Sandor
et al. coated tissue expanders with decellularized extracellular matrices
and implant them in SC space for nine weeks into non-human primate
model [85]. They reported minimal capsule formation implants coated
with non-irradiated freeze-dried human matrix, while gamma-
irradiated matrix coated expanders where mostly encapsulated, like
non-encapsulated expanders. While an interesting approach the har-
vesting of a human extracellular matrix is currently difficult and
expensive.

3.2. Drug-based approaches

Suppression of the inflammatory response was tried to with the co-
delivery of nonsteroidal anti-inflammatory drugs (NSAIDs) with the
mm and 1.5 mm spheres. (a) schematic describing how smaller spheres better conform to
f immune cells to extravasate on to implants from vasculature. In vivo intravital imaging of
.5mm diameter sized Ba+ crosslinked alginate spheres. (macrophages depicted in green,
h permission from reference [25].
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implants. These strategies proved effective in inhibiting the early stages
of the FBR but could not provide durable, long-term protection [53,86].
Corticosteroids and tyrosine kinase inhibitors have had some effect on
the lifetime of implanted biosensors [4,87]. This anti-fibrotic effect is
supported by the finding that corticosteroids reduce the levels of TGF-
β and hence reduce the number of myofibroblasts and inhibits angio-
genesis [88]. Dexamethasone, a potent anti-inflammatory, has been
used in drug-releasing devices engineered to release over extended pe-
riods of time (3 months) and reduce device fibrosis [89,90]. However,
when the release stopped in these devices an inflammatory response
could be observed and the devices were encapsulated. Anti-
inflammatory drug-eluting devices for preventing the FBR have also
been reviewed elsewhere [91].

Anti-fibrotic agents used to treat fibrosis of lung, liver, and kidney
have been used to reduce the FBR as there are many mechanistic simi-
larities between the FBR and the fibrosis of vital organs [92].
Submammary implantation of silicone gel implantswith Pirfenidone re-
sulted in a 50% reduction of collagen content around the implants
(Fig. 5) [93]. Pirfenidone is an approved drug for curing the idiopathic
pulmonary fibrosis by downregulating growth factors and procollagens
I and II. An alternative approach utilizing RNA interference technology
(RNAi) has also been reported [94]. Small-interfering RNA (siRNA)
targeting collagen type I (COL1A1), the major component of fibrous
Fig. 5. Silicone breast implant embedded with Pirfenidone. (a) Both smooth and textured impl
staining of immunohistological sections. Drug-treatedmice showed reduced fibrosis to control i
textured implants. Figure and caption adapted with permission from reference [93].
tissue, was delivered from electrospun nanofibers. Reduced collagen
production and consequently a reduced capsule thickness around the
subcutaneously implanted nanofibers was observed in Sprague-
Dawley rats after 2 and 4 weeks. However, this approach is not always
successful as a previous attempt delivering siRNA targeting mTOR,
which in vitro significantly inhibited fibroblast proliferation and type I
collagen expression, from PEG based hydrogels coating subcutaneous
implants in C57BL/6 mice proved ineffective in reducing the thickness
of the fibrous surrounding the capsules in vivo [95].

The elution of chemokines is another attractive strategy for modu-
lating the immune responses to implants. In a study aimed at improving
outcomes for islet transplantation, alginate microspheres formulated
with sufficient amounts of the chemokine CXCL12 have resisted fibrosis
and promoted the survival of the encapsulated islets [96]. The chemo-
kine is proposed to recruit Treg cells, reduce the number of Teff cells to
the site of implantation, and reduce inflammatory signaling. More re-
cently, the authors demonstrated the value of this approach in
supporting the long-term survival of human stem cell-derived SC-β
cells in an immunocompetent diabetic mouse model [97]. These results
further highlight the utility of promoting an anti-inflammatory environ-
ment at the implantation site to mitigate the FBR.

Formany applications it will be necessary to combine various design
elements to develop macro-scaled devices that can provide
ants were tested in rats. (b) Fibrosis analysis of the implants based on Masson's trichrome
mplants. Images of (c) smooth, (d) textured, (e) drug-treated smooth, and (f) drug-treated
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spatiotemporal control over delivery of a wide range of bioactive mole-
cules [74]. For example, in thefield of encapsulated cell therapies for the
treatment of type 1 diabetes combinations of drug elution and im-
proved materials designs have yielded improved performance of
transplanted grafts [98]. Anderson and colleagues demonstrated that
formulations of anti-inflammatory drug crystals prepared as compact
lattice structures combined with larger alginate spheres loaded with
insulin-producing cells could achieve extended durable cures in rodent
and non-human primates [99]. Additionally, Stabler and coworkers
demonstrated the utility of crystallization as an approach to improve
oxygen delivery to the encapsulated cells by incorporating calcium
oxide crystals within encapsulated cell constructs [100].

3.3. Bioresorbable device formulations

Real-time in vivo monitoring is an attractive capability for under-
standing dynamic changes in physiological states. While there are nu-
merous techniques for monitoring physiological processes, such as
functional magnetic resonance imaging, near-infrared spectroscopy,
magnetoencephalography and positron emission tomography, these
methods do not provide continuous measurements over timeframes
(days to months) that enable dynamic physiological monitoring. Im-
plantable electronic implants are an attractive solution, but traditional
non-degradable devices suffer from limitations to their utility and dura-
bility due to increased infection risk, immunological processes such as
Fig. 6.A bioresorbable fibre optic probe formaking physiological measurements. (a) The Si nano
tomography imaging in mice showing the gradual resorption of the probe over a period of 7 w
measurement of brain temperature during food intake tests. Figure and caption adapted with
the FBR, and the need for subsequent surgical extraction to reduce asso-
ciated health risks to the patient [101–103]. Bioresorbable device tech-
nologies, or implants that fully degrade after a defined period, is a way
to avoid the FBR to implantable devices by providing an alternative
pathway for immune processes to resolve inflammatory responses,
and offer unique opportunities where diagnosis and therapy can occur
at specific sites inside the body.

Complete bioresorption leads to benign end products that are
cleared naturally and eliminate the hardware without the need for im-
plant extraction. Recently there have been numerous studies that have
successfully developed these degradable sensors and evaluated their
in vivo utility. Common to many of these remotely-controlled devices
are their meso-scaled dimensions (mm) andmicron thickness, with ac-
tive elements fabricated from inorganic materials (silicon, zinc, magne-
sium, etc.) encapsulated in a biodegradable polymeric material. The
degradation rate of these devices can be modulated by adjusting the
thickness of the active element and encapsulating material, making de-
vices that last days, weeks, or months in vivo. Rogers and coworkers
have designed a number of these bioresorbable electronic systems and
have successfully monitored in mice a variety of physiological metrics,
such as: intracranial pressure, spatiotemporally mapping of electrical
activity from the cerebral cortex and cardiacmuscle tissue, and cerebral
temperature and oxygenation (Fig. 6) [104–106]. Analogously, Son et al.
fabricated larger resorbable electronic stents that can apply controlled
therapy for endovascular diseases [107]. Tao et al. encapsulated their
membrane photodetector is encapsulated in a PLGA-based fibre optic fibre. (b) Computed
eeks. (c) In vivo function of the bioresorbable spectrometer implanted in mice, showing

permission from reference [106].
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active elements in silk tomake implantable devices that can affect infec-
tion abatement [108]. In addition to electronic sensing modalities, re-
sorbable devices that facilitate spectroscopic measurements in the
visible and near-infrared wavelengths have also been applied in mice,
thereby providing a complementary strategy for monitoring and sens-
ing key physiological parameters [109,110].

The recent emergence of these bioresorbable implant technologies
offer an attractive approach to avoid the FBR altogether. These
approaches are well suited for biomedical applications where implant
functions are only necessary for a limited period and where physiolog-
icalmonitoring is key.While other biomedical applications, such as cell-
based therapy, may be more difficult to envision benefitting from this
approach it nonetheless is a viable strategy for implant technologies
where function is only required transiently after implantation.

4. Newmaterials that mitigate the FBR

4.1. Zwitterionic materials

Jiang and colleagues investigated if the ultra-low fouling properties
that have been described for zwitterionic materials would be a viable
strategy to mitigate foreign body responses to implants in mice
[5,111–113]. The investigators focused their efforts specifically on
carboxybetaine chemotype due to its low protein absorption, its biomi-
metic nature, and the ease with which these moieties can be incorpo-
rated into implantable materials. Previously the authors had
demonstrated that methacrylate analogs of this zwitterionic moiety
could be polymerized to form hydrogels with superior anti-fouling
properties when compared to pHEMA. To evaluate the ability of these
zwitterionic materials to resist fibrosis, PCBMA hydrogels were im-
planted subcutaneously in the C57BL/6 mice and then characterized
for their inflammatory and fibrotic responses at 1 week, 4 weeks, and
3 months. By immunohistochemistry, the PCBMA gels showed few in-
flammatory cells at the hydrogel-tissue interface compared to pHEMA,
and minimal collagen encapsulation of the implant even 3 months
post-implantation. The authors also noted the formation of blood ves-
sels adjacent to PCBMAhydrogels, supporting the notion of amore “nor-
mal” extracellular matrix rather than the collagenous deposition
resulting from a foreign body response. In contrast, pHEMA gels were
markedly encapsulated by 4 weeks. Since the measured mechanical
properties of the gels were comparable, the authors conclude that the
low-fouling property of the PCBMA hydrogel must be responsible for
the anti-fibrotic effect. To investigate a plausible mechanism for this ef-
fect, the authors characterized the macrophages found at the hydrogel-
tissue interface. By triple-label immunofluorescence a larger number of
macrophages expressing anti-inflammatory markers were measured at
the interface with PCBMA gels when compared to pHEMA. Taken to-
gether with increased angiogenesis at the implantation site, this data
lead the authors to conclude that polarization of macrophages at the
hydrogel-tissue interface to an anti-inflammatory/wound-healing phe-
notype enabled the zwitterionic gel to resist fibrosis.

Seeking to incorporate the low-fouling and anti-fibrotic properties
of zwitterionic materials into a platform suitable for cell encapsulation,
the Anderson lab coated alginate microspheres with a zwitterionic poly
(methacryloyloxyethyl) phosphorylcholine (pMPC) containing copoly-
mer [114]. A dopamine-based conjugation strategy was implemented,
where oxidative self-polymerization of dopamine to an alginate micro-
capsule surface is followed by attachment to the thiol-containing zwit-
terionic copolymers. Implantation of these coated microcapsules into
the IP space of C57BL/6 mice showed lower levels of fibrotic deposition
after 14 days in vivo complemented by lower levels of macrophages and
neutrophils from the retrieved capsules. Further demonstrating the util-
ity of the dopamine conjugation strategy for biomedical devices, Ander-
son and coworkers applied this strategy to improve the function of
continuous blood glucose monitors (CGM) (Fig. 7) [115]. Traditional
CGMs suffer from reliability and short-term noise issues that have
limited their use for only 6 days post-implantation of the sensor and re-
quire constant recalibration [116]. The authors hypothesized that FBRs
against the implanted sensorwere responsible for the observed reliabil-
ity and noise issues. To test if FBR mitigation could improve the CGM
function and signal noise, sensors were coated with zwitterionic PEG
polymers using the dopamine conjugation strategy discussed above.
To determine which zwitterionic moiety produced the lowest inflam-
mation subcutaneously, the researchers measured the inflammatory
levels of a library of 64 zwitterionic hydrogels 7 days post-
implantation. Poly(MPC) yielded the lowest levels of inflammation,
and the CGM sensor electrodes were coated utilizing the same dopa-
mine conjugation strategy reported earlier. The performance of these
sensors was not disrupted by the coating process, and their in vivo per-
formancewasmeasured by utilizing glucose challenges over a three day
period. Uncoated sensors showed deviations in their signal calibrations
within this period, while the coated sensors maintained their linear cal-
ibrations and displayed significantly higher accuracy levels without any
need for recalibration. The improved performance of the coated sensors
was justified by the lower inflammatory and foreign-body response as-
sociated processes that were measured relative to uncoated electrodes.
The improved performance and accuracy of the coated CGM electrodes
even extended into diabetic NHPs, further supporting the translational
potential of this approach.
4.2. Modified alginates

A separate strategy we undertook was a chemical modification ap-
proach to optimize the biological performance of alginate (Fig. 8)
[117]. Rather than alter the bulk properties of the polymer which are al-
ready quite effective for a cell-encapsulatingmaterial, we hypothesized
that making alginate analogs with sufficient small molecule modifica-
tion of the polymer backbone could modulate immune-recognition
events that trigger the foreign body response. Since understanding the
molecular nature of these recognition events is still an active area of re-
search, we made a diverse set of 774 alginate analogs bearing drug-like
structures in a combinatorial manner. To evaluate this collection, we
monitored early inflammation in vivo as a general indicator of immune
recognition by injecting the hydrogels subcutaneously and measuring
cathepsin activity (a marker for degranulation) at the injection sites
seven days later. This inflammatory screening narrowed our focus to
200 alginate analogs that showed a significantly reduced cathepsin ac-
tivity (20–80%) compared to unmodified alginate. Wewere able to nar-
row this down further by selecting a 69 lead analogs from this pool of
200 and retested them in the subcutaneous inflammation assay formu-
lated asmicrocapsules to control for implant geometry, and selected our
lead analogs as the top ten polymers with the lowest inflammation
levels. Since the intraperitoneal (IP) space is a leading implantation
site for cell-based implants, microcapsules fabricated from these lead
materials were then implanted IP and the level of fibrosis on the cap-
sules were characterized upon removal after 14 days. Phase contrast
and immunofluorescence staining for cellular, macrophage, and
myofibroblast deposition supported three lead materials with minimal
collagenous and cellular deposition. These observationswere supported
by significant reductions in quantified levels of α-smooth muscle actin,
collagen, macrophages, and neutrophils extracted from the explanted
capsules. Intra vital imaging inmice offluorescentmicrocapsules further
corroborated these results, with a marked decrease of macrophages in
the IP space of a live anesthesized animal and no macrophage aggrega-
tion observed at the implant surface. To further establish the transla-
tional potential of these materials into higher-order animal species,
1.5 mm spheres of the three lead materials and an unmodified alginate
control were implanted into the IP space of non-human primates (NHP,
cynomolgus macaques). Retrieval of the spheres 4 weeks after implan-
tation mirrored the rodent results, and even after a six-month period
spheres could be retrieved with minimal fibrotic deposition.



Fig. 7. Low-fouling polymeric coatings improve CGM performance. (a) Zwitterionic Poly(MPC) polymers were copolymerized with thiol-containing monomers. (b) A dopamine-based
strategy was used to coat CGM electrodes. Glucose-sensing performance of the coated electrodes was superior in both (c) murine and (d) NHP models of diabetes. Figure and caption
adapted with permission from reference [115].

156 O. Veiseh, A.J. Vegas / Advanced Drug Delivery Reviews 144 (2019) 148–161
Interestingly, themechanism bywhich these leadmaterials resist fi-
brosis is still to be determined. All three lead materials contained
triazole-containing scaffolds for their chemical modifications, consis-
tent with a common mechanism of action [117]. Measurements taken
of the mechanical strength, surface roughness, and protein adsorption
of the modified, lead alginate spheres revealed comparable values
to that of unmodified alginate spheres and unable to account for
the biological performance. The lead alginate spheres also displayed
distinct surface topographies from each other (and control spheres)
by cryo-SEM, precluding any justification based on surface features.
Confocal raman spectroscopy of the microcapsules showed that
two of the three modified alginate spheres showed a concentrated
localization of their chemical modifications at the surface of the mi-
crocapsule, while the third showed a more uniform distribution. In-
terestingly, these same two lead materials performed better
compared than the third, more uniformly distributed, alginate modi-
fication in NHPs. Taken together, these results lead us to conclude
that the chemical modifications themselves were modulating macro-
phage behavior at the molecular level to inhibit macrophage activa-
tion and disrupt fibrotic processes, as opposed to an optimization
of the bulk properties of the material as a whole. Related studies ex-
amining the effect of chemically-modified alginates on macrophages
have reached similar conclusions [118]. In summary, taking a combi-
natorial approach to material development combined with an in vivo
focused evaluation strategy enabled the discovery of alginates capa-
ble of resisting the foreign body response, even in translationally rel-
evant NHP models.

We then investigatedwhether anti-fibrotic materials had the poten-
tial to improve the functional, therapeutic performance of cell-based
implants (Fig. 9) [119]. Melton and coworkers had previously
established a differentiation protocol to generate human stem cell-
derived β cells (SC-β) at Harvard, and we encapsulated these SC-β
cells in one of our lead materials and evaluated their ability to restore
normoglycemia in an immunocompetent diabetic mouse model of
type 1 diabetes [119]. Utilizing a human-derived cell transplant in a
mouse recipient model provided a high-bar for success, since immune
processes for tissue rejection are aggressive in xenogeneic settings.
Over the course of three months, only diabetic mice implanted with
SC-β cells encapsulated in our lead alginate formulated as large spheres
(N1.5mmdiameter)were able tomaintain normoglycemia over the en-
tire study period. Unencapsulated cells were rejected quickly, and cells
encapsulated in control, unmodified alginate spheres were only able
to maintain normoglycemia for 15–30 days. As anticipated, lower levels
of cellular, collagenous, and macrophage deposition were measured on
retrieved capsules of the lead formulation compared to the controls. Im-
munostaining of the cells before implantation and after retrieval
showed that the SC-β cells retained their differentiation state through-
out the study. Mirroring the fibrosis results from our early studies, the



Fig. 8. Small-moleculemodifications of the alginate backbone canmitigate the FBR. (a) The lead small-moleculemodifications that were identified from a combinatorialmodified alginate
library. These leadmodified alginates successfullymitigatedfibrosis in the IP space of both immunocompetentmurine and NHP animalmodels. (b) Representative phase contrast imaging
of retrieved capsules for the control (SLG20) andmodified alginate formulations after 4weeks inNHP are shown. (c) Immunofluorescence imaging of the retrieved capsules in (b) showed
reduced markers of general cellular material (DAPI), myofibroblasts (α-SMA), and macrophages (CD11b). Figure and caption adapted with permission from reference [117].
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encapsulated SC-β implants were able to maintain normoglycemia as
far out as six months with their function intact. C-peptide levels
throughout the six-month period were comparable to wild-type mice,
and an intravenous glucose-tolerance test at the end of the study period
showed dynamic glucose correction comparable to that of a healthy
mouse. The capability of these modified alginate materials to resist for-
eign body responses successfully translated to the improved perfor-
mance of a therapeutic cell therapy in an immunocompetent disease
model of diabetes. Finally, these results also extended into an allogeneic
islet transplantation in cynomolgus macaques, where encapsulated
donor islets from were implanted into recipient NHPs [120]. Islets en-
capsulated in a leading chemically-modified alginate (Z1-Y15) as
1.5mmspheres successfully protected viable and glucose-responsive is-
lets for 4 months in the bursa omentalis of the NHP recipients, further
establishing the long-term transplantation potential of this technology
for cell-based therapies.

5. Conclusion and future perspective

The FBR is a fundamental obstacle to the performance and durability
ofmany implantation technologies.Major advances in the development
of new anti-fibrotic materials, optimal physical device parameters, for-
mulations, and in our understanding of this complex immunological
process have enabled solutions to this long-standing biomedical chal-
lenge. From both the literature and our own experience, choosing the
right animal models to study the FBR is key for developing technologies
that translate into higher-order species. For example, not all murine
strains display robust FBRs and an implant optimized in the wrong
strain may fail when tested in NHPs and even humans. Implants in
Balb/c versus C57BL/6 mice are representative of these strain-
dependent effects, where C57BL/6 mice have responses in line with
FBR observed in NHPs and humans [73,120–123]. As our understanding
of the underlying immunology has advanced there are new drug-based
approaches for modulating the FBR, and understandably there is a focus
to make these formulation-based approaches achieve long-term dura-
bility by extending the drug-release period. Fully bioresorbable and
functional devices have now been described owing to more advanced
fabrication methods and offer a new way to avoid the complications of
the FBR altogether when function is only required for short periods.
The development of new materials and optimal physical parameters
that mitigate the FBR provide both a new starting point for creating im-
plants with inherent anti-fibrotic properties and also a useful tool to
uncovering new mechanistic targets for future design.

In this perspective, we have highlighted biomedical modalities that
can immediately benefit from these advances, from existing CGM de-
vices, bioresorbable functional implants, to emerging cell-based thera-
pies. The application of anti-fibrotic technologies to cell-based
therapeutics is particularly important, since this new modality has po-
tential to revolutionize themanagement of patient care formany intrac-
table diseases. The unique ability of cells to precisely sense their
environment, process signals, and biologically respond enables new
therapeutic opportunities, and the field of synthetic biology is enabling
the design of engineered cell lines that can deliver a wide range of bio-
logic therapies. These new cell products still require immunoprotective



Fig. 9.Modified alginates enable successful long-term transplantation of human-derived SC-β cells in diabetic, immunocompetent mice. (a) Encapsulated SC- β cells in TMTD-alginate
spheres with 1.5 mm diameters. (b) The modified alginate spheres supported long-term (6 month) glycemic correction. The encapsulated cells showed signs of reduced fibrosis even
at the end of the 6-month period. (c) Brightfield imaging of a retrieved sphere with encapsulated SC-β cell cluster seen inside. (d) Immunofluorescence straining, (e) Masson's
trichrome, and (f) H&E histology of the retrieved spheres. Figure and caption adapted with permission from reference [119].

Fig. 10. Schematic of amacroscaled device design that combines various approaches to addressing foreign body response to achieve improved in vivo performance for cell-based therapies.
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technologies that shield them from transplant rejection, and the innova-
tions outlined here that mitigate the FBR will play a role in producing
high-performing and durable clinical products. To this end, it is likely
that durability will require a combination of the innovations in new
anti-fibrotic materials, optimal physical parameters of the implant,
and anti-inflammatory/anti-fibrotic drug-eluting capability (Fig. 10).
Finally, the insights from these advances will catalyze next generation
technologies and provide tools for deeper probing of FBR mechanisms,
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furthering the development of truly biocompatible and immunologi-
cally tolerated biomedical devices.
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