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Abstract—The foreign body reaction (FBR) to implanted
materials is of critical importance when medical devices
require biological integration and vascularization to support
their proper function (e.g., transcutaneous devices, implanted
drug delivery systems, tissue replacements, and sensors). One
class of materials that improves FBR outcomes is made by
sphere-templating, resulting in porous structures with uni-
form, interconnected 34 lm pores. With these materials we
observe reduced fibrosis and increased vascularization. We
hypothesized that improved healing is a result of a shift in
macrophage polarization, often measured as the ratio of M1
pro-inflammatory cells to M2 pro-healing cells. In this study,
macrophage polarity of 34 lm porous implants was com-
pared to non-porous and 160 lm porous implants in
subcutaneous mouse tissue. Immunohistochemistry revealed
that macrophages in implant pores displayed a shift towards
an M1 phenotype compared to externalized cells. Macro-
phages in 34 lm porous implants had up to 63% greater
expression of M1 markers and up to 85% reduction in M2
marker expression (p< 0.05). Macrophages immediately
outside the porous structure, in contrast, showed a significant
enrichment in M2 phenotypic cells. This study supports a
role for macrophage polarization in driving the FBR to
implanted materials.

Keywords—M1, M2, Vascularization, Foreign body capsule,

Sphere-templated porous scaffolds.

INTRODUCTION

The foreign body reaction (FBR) is the biological
response to implanted materials.5,25,55 It is character-

ized by a sequence of events that begin when the
implantation takes place. These events include the
recruitment of multiple cell types including macro-
phages, fibroblasts, myofibroblasts, and others that are
involved in a complex process resulting in encapsula-
tion of the implant with a collagenous avascular ‘‘scar’’
known as the foreign body capsule (FBC). The FBC
can negatively impact the function of medical devices,
by inhibiting integration, reducing blood supply,
causing contraction and pain, and blocking long-term
drug release. Thus, much effort has focused on devel-
oping a better understanding of the FBR so that
therapies can be designed to eliminate it.

Many have speculated that the presence and type of
macrophage has a key role in coordinating the FBR.55

Indeed, in the absence of macrophages the histological
hallmarks of the FBR are absent.35 Macrophages are
present at the implant site in large numbers within days
and some will reside at the implant surface for the life
of the implant. The macrophage attempts to phago-
cytose foreign materials and is also known to release a
multitude of signaling molecules including growth
factors, cytokines, and chemokines that impact the
behavior of other cells. The cumulative effect of the
macrophage’s influence is thought to determine the
long-term outcome of the FBR. Many studies have
been performed to understand the relationship
between device design and macrophage activa-
tion.15,39,46,51 The goal of those studies was generally to
reduce the number of macrophages or degree of
inflammatory marker expression within those cells.
However, such research, though providing useful in-
sights into the FBR, has for the most part not led to
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the development of principles that guide device design
through altering macrophage behavior.

Macrophages are activated while they are partici-
pating in local tissue responses including the FBR,
wound healing, and certain diseases. Activation char-
acteristics are not uniform, however, and therefore
they have been categorized according to a scale known
as macrophage polarization.30,36 M1-polarized mac-
rophages are generated in vitro using lipopolysaccha-
rides and interferon-gamma (IFN-gamma) and are
considered a pro-inflammatory phenotype.30 M1
macrophages are commonly detected in vivo using
markers including inducible nitric oxide synthase
(iNOS/NOS2)33 and interleukin-1 receptor 1 (IL-
1R1),30 among others. M2-polarized macrophages are
typically generated in vitro using IL-4 or IL-13 and are
considered a pro-healing phenotype. M2 macrophages
are commonly detected in vivo using the markers
macrophage mannose receptor (MMR)45 and scaven-
ger receptor B I/II (SR-B1/II),30,31 among others.

In multiple disease models, it has been shown that
the polarity of macrophages influences the severity of
the disease.6,22,48,56 The specific macrophage polariza-
tion needed to improve health is disease-dependent.
For example, in injured spinal cord M1 macrophages
may cause neurotoxicity,22 while in cancer M2 mac-
rophages may favor tumor progression.44 Significant
research effort has also focused on understanding the
nature of the innate immune response in the
FBR.4,8,15,24,41 However, there is still only limited evi-
dence to suggest that improved healing can be achieved
through a shift in macrophage behavior (Mokarram
et al.34 and Badylak et al.6 for example).

In the present study, we describe the quantification
of macrophage polarity at the sites of subcutaneously-
implanted hydrogels with well-defined porosity in
mice. These hydrogels are engineered through their
porosity (or lack thereof) to elicit different FBRs, and
we provide evidence that improved FBRs (less fibrosis,
more vascularization) are associated with an
implant-localized macrophage polarization shift from
M2 to M1.

MATERIALS AND METHODS

Implant Material Preparation

Sphere-templated pHEMA scaffolds for implanta-
tion with nominal pore sizes of 34 or 160 lm ± 12%
were prepared using previously-published techniques.38

Poly(methyl methacrylate) (PMMA) beads were
obtained from Microbeads AS (Skedsmokorset, Nor-
way, 34 lm) and Polysciences, Inc. (Warrington,
PA, 160 lm) and sorted using an ATM Sonic Sifter

(Milwaukee, WI) to obtain a particle size distribution
reflecting the sieve mesh size required for each range.
These sifted beadswere poured into a 75 9 25 9 1 mm3

rectangular mold comprised of glass slides separated by
a spacer and held together withmetal binder clips. Filled
molds were placed inside a glass beaker and sonicated
for 30 min in a water bath to close-pack the spherical
beads, then sintered at 140 �C for 26 h (160 lm) or
177 �C for 28 h (34 lm) to obtain fused bead cakes in
which the diameter of the fusion interfaces were 30% of
the bead diameter. The interstices of these bead cakes
were then filled with pHEMA precursor solutions and
polymerized under broad-spectrum UV light from a
high-intensity mercury lamp. Non-porous scaffolds
were fabricated by pouring the HEMA monomer solu-
tion precursor into molds without PMMA beads. The
HEMA monomer solution consisted of 5 mL ophthal-
mic grade 2-hydroxyethyl methacrylate (Polysciences),
0.23 mL tetraethyleneglycoldimethacrylate (Poly-
sciences), 2.0 mL deionized water. 1.5 mL ethylene
glycol, and 76 mg Irgacure 651 (BASF, Freeport, LA).
After UV polymerization, the scaffolds were removed
from the mold and scraped with a razor blade to remove
the non-porous surrounding skin that is sometimes no-
ted. Soxhlet extraction was next performed in dichlo-
romethane and then acetone for 24 h each in order to
remove the PMMA. Scaffolds were cut to 3 mm discs
using biopsy punches and placed in 70% ethanol
(3 9 1 h) for sterilization. Ethanol was slowly ex-
changed for sterile PBS and samples were stored at 4 �C
until implantation. Scanning electron microscopy was
performed on lyophilized samples to confirm that the
dimensions of the scaffolds adhered to specifications.

Cytotoxicity and Endotoxin Testing

Samples from each batch were removed for cyto-
toxicity and endotoxin testing. Cytotoxicity testing was
performed according to ISO standards 10993-5 and
10993-12. Scaffolds were extracted for 24 h in DMEM
culture media followed by exposing live 3T3 cells to
this conditioned media for 48 h. Visual microscopic
inspection and grading did not reveal a cytotoxic
response due to material extracts compared to con-
trols. Endotoxin testing was performed according to
the manufacturer’s protocol (Lonza). Three scaffolds
from each batch were extracted into 500 lL endotoxin-
free water. All scaffold extracts were negative for
endotoxin (<0.6 EU/mL).

Surgical Procedure

All animal experiments adhered to federal guide-
lines and were approved by the University of Wash-
ington Animal Care and Use Committee. Mouse
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implantations were performed in seven to nine-month
old BAT-gal mice, a transgenic reporter line for WNT
signaling built on the B6D2F1 background. Mice were
anesthetized with a ketamine/xylazine cocktail. The
backs were shaved and sterilized and a midline incision
was made. Subcutaneous pockets were formed on both
sides of the incision down to the underside of the mice.
On each side, one implant was placed with a total of 10
implants of each type (non-porous, 34 and 160 lm)
implanted into 15 mice. The incision was closed with
surgical staples and mice were monitored during
recovery until fully active.

Explant Procedure

Explantation was performed 21 days after implan-
tation. Mice were euthanized by asphyxiation with
carbon dioxide. Two midline incisions were made
parallel to the original incision on both sides. The
incision was performed through the muscle layer and
continued forward and backwards down to the base of
the limbs, allowing the entire side wall to be exposed.
The implant was located and dissected out. Samples
were fixed in zinc fixative for 2 h followed by storage in
70% ethanol and paraffin wax embedding. Slides were
prepared from paraffin blocks cut with 5 lm sections.

FBC Thickness Measurement

Masson’s trichrome staining was performed on tis-
sue sections from all explants. We observed that a
substantial number of explants were encased in large
amounts of adipose tissue, and that the presence of this
fat correlated with obvious reductions in cell infiltra-
tion and collagen deposition. It was therefore neces-
sary to eliminate variability in the results by choosing
to analyze implants with minimal to zero adipose
encasement. This resulted in a final sample set of three
explanted scaffolds of each pore size. Sudan-black
stained sections were used to assess capsule thickness.
A minimum of six high magnification fields per im-
plant were employed and a rectangular region was
drawn over the capsule using ImageJ image analysis
software (National Institute of Health, USA). The
areas of these regions were divided by their lengths to
obtain the average thickness per image, and the
thicknesses were averaged for each explant.

Vessel Density Measurements

Immunohistochemistry was performed for the
endothelial cell marker CD31 (BD Pharmingen) in
order to visualize blood vessels in explanted tissue.
Alexa Fluor Donkey anti-rat 594 was used as the

secondary detection agent and sections were counter-
stained with DAPI and 0.3% sudan black. Images
were collected using a Nikon TE-200 inverted micro-
scope. A blinded observer then counted the number of
vessel profiles within each of two regions of each
image: 68 lm outside of the scaffold from its edge, and
68 lm inside of the scaffold from its edge. From here
on, these regions will be referred to as ‘‘inside’’ and
‘‘outside’’ the scaffold. They were chosen based on
being the thickness of two full pores of a 34 lm porous
scaffold and are of a scale on par with cellular inte-
gration and FBC thicknesses. The total number of
vessels for each implant region were added and divided
by the total area of tissue analyzed. The data is
reported as average number of blood vessel profiles per
square mm per implant type.

Fluorescence Immunohistochemistry
for Macrophage Markers

Standard methods were used for performing fluo-
rescence immunohistochemistry on sections of explant
tissue. Antigen retrieval was conducted as necessary by
placing slides in microwave-boiled pH 6.0 citrate buffer
and allowing them to cool to room temperature (RT).
Blocking solutions consisted of 5% normal donkey
serum (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA), 1% IHC-grade bovine serum albu-
min (Vector Laboratories, Inc., Burlingame, CA), and
0.05% Tween-20 in pH 7.6 Tris-buffered saline.
Blocking solution was applied for 30 min at RT and all
further antibody incubations were performed in
blocking solution. Primary antibodies rat anti-F4/80
clone BM8 (BMA Biomedicals, Augst, Switzerland),
rabbit anti-nitric oxide synthase 2 (NOS2), rabbit anti-
interleukin 1 receptor 1 (IL-1R1), rabbit anti-scavenger
receptor B I/II (SRBI/II) (Thermo Fisher Scientific
Inc., Rockford, IL), and goat anti-MMR (R&D Sys-
tems, Minneapolis, MN) were applied overnight at
4 �C. For negative controls, isotype-matched IgG was
applied to control sections at the same concentration
as the corresponding primary antibody. These sections
did not reveal staining.

The secondary antibody cocktail consisted of Alexa
Fluor 350 donkey anti-goat (1:100, Invitrogen), Alexa
Fluor 488 donkey anti-rabbit (1:200, Invitrogen), and
Alexa Fluor 594 donkey anti-rat, incubated at RT for
1 h. For each implant, at least five fields containing
macrophages were imaged at 409. Only macrophages
(F4/80+) located within 68 lm of the edge of the
implanted scaffolds were included in the count. Cells
were categorized according to the presence of the
marker being studied and the average percentage of
each macrophage type was determined.
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Statistics

At least six high-powered fields were analyzed per
implant per marker of interest. The cell counts for all
images of a particular implant were added and then
divided by the total area measured across the images.
The measurements were then averaged across implants
of like pore size. All averages are described along with
the 95% confidence interval of the measurement based
on a normal data distribution.

RESULTS

The differences in the FBRs for non-porous, 34 lm
porous, and 160 lm porous implants were clearly
evident. Thus, we could relate FBRs with different
histological features to measured macrophage pheno-
types. Inspection of Masson’s trichrome-stained sec-
tions reveals easily-distinguished pore structure-
specific morphological features of tissue within pores
and within the surrounding FBC (Fig. 1). Non-porous
implants (Fig. 1a) undergo a prototypical FBR, con-
sisting of a fibrous collagen capsule aligned with the
implant surface and containing a heavy cell infiltrate,
especially at the implant surface. The 34 lm pore im-
plants (Fig. 1b) are also surrounded by a fibrous cap-
sule, though thinner and less dense than the capsule
surrounding the non-porous implant and with the
additional feature that the pores are infiltrated with a
mostly cellular and slightly fibrous tissue substance.
Finally, the 160 lm pore materials (Fig. 1c) are visibly
distinguished from the 34 lm porous materials because
the pores contain a greater fraction of fibrous tissue.
Neither the 34 nor 160 lm pore materials had as large
a cell infiltrate at the implant interfaces as the non-
porous implants. Thus, each implant type elicited a
unique tissue response, and it was the goal of this study

to explore the mechanism for those observed differ-
ences.

Analysis of CD31-stained sections of implant tissue
was used to quantify differences in vascularization of
the three scaffold types (Fig. 2a). A statistically sig-
nificant increase (p< 0.05) in the blood vessel density
is observed inside 34 lm pore scaffolds (90 ± 19 ves-
sels/mm2) vs. 160 lm pore scaffolds (51 ± 10 vessels/
mm2). A similar trend is observed in tissue adjacent to
implanted scaffolds, however without statistical sig-
nificance. Thus, improved vascularization is observed
for 34 lm pore scaffolds compared to the other scaf-
fold morphologies tested.

FBC thickness measurements were performed to
make additional quantitative comparisons of healing
based on pore size. The average thicknesses of the
FBCs surrounding implants are 43 ± 19, 62 ± 16, and
87 ± 44 lm, for non-porous, 34 lm pore and 160 lm
pore materials, respectively. It is noted that although a
statistical difference is not found between these mea-
surements (p> 0.05), that the upper limit of the con-
fidence interval for 160 lm pore implants is much
greater than the other two implant types. Based on the
intensity of the trichrome stain blue color, the capsule
surrounding the solid implant would appear to be
comprised of higher density (more fibrous) collagen
compared to the two porous specimens. Additionally,
reduced fibrosis is observed at the implant interface
and inside the pores of 34 lm pore scaffolds (Fig. 1),
indicating improved healing.

Macrophage density was examined as an explana-
tion for histological differences observed. The total
number of macrophages was counted and is shown in
Fig. 2b. There is no statistical difference in macro-
phage density in pores or in the FBC based on implant
type. Thus, macrophage density does not provide a
direct explanation for histological differences.

FIGURE 1. The cellular and collagen composition of the foreign body reaction to solid and porous implants is pore-size
dependent. Representative Masson’s trichrome photomicrographs show histological responses based on pore size. Collagen is
shown in blue, cellular cytoplasm in red, and cell nuclei in black. (a) Non-porous implants have a dense FBC at the implant edge, (b)
34 lm porous scaffolds have a highly cellular infiltrate, and (c) 160 lm porous scaffolds have a cellular infiltrate that is much richer
in collagen than in 34 lm scaffolds.
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Since macrophage density did not correlate with
histological differences caused by pore morphology,
macrophage polarization was next examined using
fluorescence immunohistochemistry to determine if cell
phenotype could be tied to the healing response (Fig. 3).
Cells were stained with three markers: DAPI for nuclei,
F4/80 for macrophage identification, and one of four
M1andM2polarizationmarkers. In general, expression
of M1 markers NOS-2 and IL-1R1 is observed inside
scaffold pores (Figs. 3e, 3f, 3i, and 3j) and on scaffold
outer surfaces (Figs. 3a and 3b). Conversely, expression
of M2 markers MMR and SR-BI/II is generally
observed in the FBC (Figs. 3c–3e, 3h, 3k, and 3l) and in
the central region of 160 lmpores (Figs. 3kand3l). This
location-specific marker expression is most apparent for
34 lm pore implants (Figs. 3e and 3g, for example), in
which the pores are filled with a nearly-exclusive popu-
lation of M1+M22 cells,

The quantification of polarity marker expression is
presented in Fig. 4. To ensure that only macrophages
would be considered, all cells counted as either M1+
or M2+ were double positive for F4/80. M1 expres-
sion is up to 63% greater in pores compared to in FBC.

NOS2+ percentages increase from 18 ± 5 to 81 ± 2%
and from 24 ± 9 to 64 ± 15% for 34 and 160 lm
porous scaffolds, respectively, when comparing the
implant pores to the FBC (p< 0.05 for both). Simi-
larly, IL-1R1+ percentages increase from 42 ± 4 to
86 ± 13% and from 50 ± 6 to 81 ± 3% for 34 and
160 lm porous scaffolds (p< 0.05 for both). No sta-
tistical differences are observed for M1+ percentages
outside non-porous implants compared to porous im-
plants (p> 0.05), indicating that M1 expression in the
FBC is not greatly influenced by the adjacent implant
pore structure.

M2 expression is up to 85% less in pores compared
to in FBC. MMR+ percentages decrease from 88 ± 1
to 3 ± 5% and from 85 ± 12 to 44 ± 9% for 34 and
160 lm porous scaffolds, respectively, when compar-
ing implant pores to the FBC (p< 0.05 for both). SR-
BI/II+ percentages decrease from 50 ± 7 to 21 ± 2%
(p< 0.05) and increase from 36 ± 9 to 42 ± 15%
(p> 0.05) for 34 and 160 lm porous scaffolds. M2+
percentages appear lower (p< 0.05 for MMR but not
for SR-BI/II) in the FBC surrounding non-porous
implants compared to porous implants, indicating that
pores do have the ability to influence M2 expression in
the adjacent FBC.

Finally, the major findings of this study are sum-
marized in Fig. 4c, in which the ratio of polarity
markers are compared between the FBC and within
scaffold pores. As indicated above, macrophage
polarization was greatest (highest and lowest fold dif-
ferences when comparing implant pores to FBC) for
34 lm pore implants. The trends were similar, however
not as large in the 160 lm pore implants.

DISCUSSION

The present study is a comparison of the FBR to
hydrogel scaffolds of differently defined pore struc-
tures. In a previous report,28 we showed that sphere
templated materials with a pore diameter of about
34 lm and with interconnected pore throats of about
29% enhance angiogenesis and reduce fibrosis at
muscular implant sites. Here we sought to compare
these 34 lm pore optimized materials to larger, non-
optimal 160 lm pore and standard non-porous mate-
rials in search of a mechanism for the pro-healing ef-
fects of 34 lm pores. In the present study, the vascular
density of subcutaneously-implanted scaffolds was
significantly greater in 34 lm pores compared to
160 lm pores (Fig. 2a), thus supporting the previous
findings and demonstrating the pro-healing effect in
subcutaneous tissue. Since macrophage infiltrates were
largely similar in number between scaffold types
(Fig. 2b), we turned to differences in macrophage

FIGURE 2. Implants with 34 lm pores elicit greater numbers
of blood vessels but have the same number of macrophages
as non-porous and 160 lm porous implants. (a) A statistically
significant increase blood vessel density is observed inside
pores (* p < 0.05), while in the FBC the same trend is also
observed but not statistical (p > 0.05). (b) No statistically sig-
nificant difference in macrophage density is observed when
comparing implant types either in pores or in the FBC
(p > 0.05).
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phenotype (polarization) as the driving force for en-
hanced healing.

Distinctive macrophage polarization patterns were
observed based on implant type and macrophage

localization—the percentage of M1+ macrophages was
enhanced in the pores and on the outer surfaces of
implants compared to within the FBC. This observation
agrees with previous work,29,47 in which macrophages

FIGURE 3. Distinct, location-specific macrophage populations in the FBR are visualized using M1 and M2 markers. Images are of
the implant–FBC interface with the implant in the upper-left and adjacent tissue in the lower-right. Colors are blue 5 nuclei (DAPI),
red 5 macrophages (F4/80), and green 5 polarity marker (varies). M1 markers are iNOS (a, e, i) and IL-1R1 (b, f, j) and M2 markers
are MMR (c, g, k) and SR-BI/II (d, h, l). Images are representative of the response to non-porous (a–d), 34 lm porous (e–h), and
160 lm porous 3-week implants (i–l). Up-regulation (u) and down-regulation (d) of the polarity marker under examination within a
particular frame are indicated. Particularly noteworthy is high M1 marker expression in 34 lm pores (e) and low in adjacent FBC,
and vice versa for M2 markers (g).

FIGURE 4. Macrophage localization to pores promotes M1 marker expression while macrophage localization to FBC promotes M2
marker expression. (a) M1 marker expression is high (>50%) and M2 marker expression is low (<50%) inside porous implants, and
this observation is exaggerated 34 lm implants compared to 160 lm porous implants. (b) In the FBC, a reduction in M1 marker
expression and increase in M2 marker expression is observed, with little observed correlation with the pore size of the material. (c)
The ratio of marker expression inside pores to within the FBC is >1 for M1 markers and generally <1 for M2 markers, with an
increase in this trend observed for 34 lm porous implants.
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adherent to implanted materials displayed increased
inflammatory characteristics compared to their neigh-
bors in the FBC. In fact, numerous previous studies
have shown that cells in the FBR produce markers
consistent with M1 activation8,41,42,52; however few have
delineated the specific location of these cells as we do
here.

M2+ macrophages were found in areas distinct
from M1+ macrophages, namely away from implant
surfaces and in the FBC. Finding these markers
indicative of pro-healing M2 macrophages was not
unexpected given that previous studies have demon-
strated active IL-4 in implant exudate18,20 and IL-4 is a
typical cytokine used to elicit M2-polarized macro-
phages in vitro and in vivo.34 M2+ macrophages were
nearly eliminated within 34 lm pore scaffolds but only
somewhat reduced within the pores of 160 lm im-
plants. Cell interaction directly with the scaffold pore
walls appeared to be the greatest inhibitor of M2
markers, as M2+ cells resided in close quarters,
encircled by M22 cells within the large 160 lm pores
(Fig. 3k). At the surface of non-porous implants, a
noticeably thick layer of M22 cells was present
(Fig. 3c). These observations suggest that M2 down-
regulation is determined by adhesion to surfaces and
pore walls, since M2+ and M22 are otherwise
observed adjacent to each other. At this 3-week time
point, the default polarity for a macrophage in the
FBR appears to be M2+, unless it is adherent to the
surface of the implant pores.

Consideration for co-expression of M1 and M2
markers must also be made. While M1 and M2 cells
are often thought to be different phenotypes, simulta-
neous M1 and M2 marker expression might occur due
to the local milieu and has been previously
reported.6,28 In fact, based on the population per-
centages we report above, many macrophages in the
FBR are M1+M2+. Significantly, the area in which
we observed the greatest polarization (almost exclu-
sively M1+M22) was within 34 lm pores, stimulating
new ideas about a mechanism for enhanced vascular-
ization and reduced fibrosis of those scaffolds. Inter-
estingly, while the M1 phenotype is most often
associated with increased fibrosis,40 there are sugges-
tions that M2 macrophages can lead to fibrosis and
that there may even be a specific fibrotic phenotype of
the macrophage.2

Two distinct populations of activated macrophages
are identified in the FBR. We observed a strong in-
crease in M1+ cells proximal to the implant and a
strong decrease in M2+ cells directly adherent to the
implant. Many studies have attempted to correlate
macrophage polarization with FBR out-
come.8,17,19,26,32,41,42,52 In particular, work by Badylak
and coworkers6,9 has demonstrated a correlation

between M2 macrophages and improved integration of
implanted biological scaffolds. The present study sug-
gests that M1+M22 cells are not necessarily associ-
ated with a decrease in implant integration and
vascularization. One major difference between the two
studies is the use of biological scaffolds vs. synthetic
ones here. We did notice a large M2+ cell population
in the FBC. It is possible that under conditions of poor
biocompatibility, the polarization of macrophages in
the FBC could be shifted, although that was predom-
inantly not observed here. Further work is required to
understand specifically how cell phenotype might
influence implant healing outcomes.

Porous materials for implants have been of signifi-
cant historical interest due to their ability to integrate
with surrounding tissue and heal with reduced
FBRs.23,50 Numerous accounts describe thinner FBCs
and increased vascularization of porous materials.10,53

In studies in which the effect of pore size is investi-
gated, pore sizes in the range of 34 lm often are shown
to increase vascularization and reduce FBC.7,43 This
study reveals that the mechanism behind which porous
materials have improved healing might involve a shift
in the polarity of macrophages at the implant site.
Other researchers have reported decreases in M1 and
increases in M2 gene expression in the FBR with
time.14,16,41 Such plasticity in macrophage phenotype is
found in other disease models as well.37 The role of
pore-bound macrophages may be to alter the timeline
of cytokine expression in the FBR and tip the balance
towards better healing.

This study was performed at 3 weeks post-implan-
tation and thus only provides a snapshot of the FBR.
It is well known that the FBR is a dynamic series of
events,3 and macrophage polarization earlier and later
in the FBR may play an important role. Future studies
of the time course of macrophage polarity in response
to porous implants are suggested.

Many studies explore the role of macrophage phe-
notype in inflammation-associated conditions such as
injury, cancer, and auto-inflammatory disease.11,22,49,56

While M1 and M2 polarizations have generally been
classified as pro-inflammatory and pro-healing,
respectively, exceptions exist.56 For example, pore-
bound M1 macrophages, being pro-inflammatory, are
not expected to support significant fibrosis.54 Further,
M2 macrophages, close to pores but without a thick
cellular barrier seen on non-porous implants, could
release, and transport pro-angiogenic cytokines.21

In this study, cells were classified according to their
expression of markers thought to be indicative of
macrophage phenotype. IL-1R1, MMR, and SR-BI/II
are plasma membrane-bound receptor proteins and
iNOS is a cytoplasmic protein responsible for nitric
oxide production.1,12,13,27 It is recognized that the
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detection of these markers does not imply the overall
behavior of the cells including growth factor, cytokine
and chemokine expression, and reactive oxygen species
release. These specific behaviors are what are thought
to ultimately coordinate the FBR. Simplified, we have
further distinguished the phenotype between pore-
adherent and non-adherent macrophages. For 34 lm
porous implants, there is little available space for a
macrophage to reside without touching a pore surface.
Clearly, porous materials increase the size of the
adherent macrophage population and that could be the
cause of improved healing. Further work to identify
the functional differences of adherent- and non-
adherent macrophages is needed to elucidate the role
of polarization in improved healing.
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