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Abstract

The present study tests the hypothesis that transient, early-stage shifts in macrophage polarization 

at the tissue-implant interface from a pro-inflammatory (M1) to an anti-inflammatory/regulatory 

(M2) phenotype mitigates the host inflammatory reaction against a non-degradable polypropylene 

mesh material and improves implant integration downstream. To address this hypothesis, a 

nanometer-thickness coating capable of releasing IL-4 (an M2 polarizing cytokine) from an 

implant surface at early stages of the host response has been developed. Results of XPS, ATR-

FTIR and Alcian blue staining confirmed the presence of a uniform, conformal coating consisting 

of chitosan and dermatan sulfate. Immunolabeling showed uniform loading of IL-4 throughout the 

surface of the implant. ELISA assays revealed that the amount and release time of IL-4 from 

coated implants were tunable based upon the number of coating bilayers and that release followed 

a power law dependence profile. In-vitro macrophage culture assays showed that implants coated 

with IL-4 promoted polarization to an M2 phenotype, demonstrating maintenance of IL-4 

bioactivity following processing and sterilization. Finally, in-vivo studies showed that mice with 

IL-4 coated implants had increased percentages of M2 macrophages and decreased percentages of 

M1 macrophages at the tissue-implant interface during early stages of the host response. These 

changes were correlated with diminished formation of fibrotic capsule surrounding the implant 

and improved tissue integration downstream. The results of this study demonstrate a versatile 

cytokine delivery system for shifting early-stage macrophage polarization at the tissue-implant 
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interface of a non-degradable material and suggest that modulation of the innate immune reaction 

at early stages of the host response may represent a preferred strategy for promoting biomaterial 

integration and success.
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Introduction

The host response to implanted materials begins immediately upon introduction of the 

material into the host tissue and encompasses multiple overlapping phases including injury, 

protein adsorption, acute inflammation, chronic inflammation, foreign body reaction, 

granulation tissue formation and eventual encapsulation [1]. It is well recognized that the 

early interactions which occur at the material-tissue interface represent the initiating events 

which drive subsequent paracrine and autocrine processes of the host response and 

subsequent tissue remodeling with significant implications for downstream performance. 

Recently, macrophage-implant interactions in particular have received considerable attention 

as a primary determinant of the outcome of biomaterials placement [2-7]. A spectrum of 

macrophage phenotypes contained between two extremes has been identified, ranging from 

pro-inflammatory (M1) to anti-inflammatory/regulatory (M2) phenotypes, with significant 

implications in disease, tissue remodeling following injury, and biomaterial performance [3, 

8-12].

The findings of studies in multiple tissue and organ systems have now demonstrated that 

materials which elicit improved or regenerative remodeling outcomes are often associated 

with a shift from an initially M1 to a more M2-like profile during the early stages of the 

inflammatory response which follows implantation [13-18]. However, many of these studies 

have been performed as retrospective analyses of macrophage phenotypes associated with 

successful biomaterials. As a consequence, recent studies have now begun to evaluate 

improvements in regenerative outcomes following purposeful modulation of macrophage 

polarization induced by cytokine delivery from degradable materials [19-21]. These studies 

have demonstrated that outcomes are improved when M2-polarizing cytokines (IL-4, IL-10) 

are delivered and that, conversely, outcomes are negatively affected by the delivery of M1-

polarizing cytokines (IFN-γ) [19, 21, 22]. A recent study, however, showed that sequential 

delivery of an M1 (IFN-γ) and then an M2 (IL-4) polarizing cytokine enhanced the 

vascularity and subsequent healing response associated with the implantation of degradable 

bone scaffolds [21], demonstrating the importance of both the M1 and M2 responses in the 

remodeling process. Others have demonstrated that the host macrophage response is also 

important to the performance of permanent implants. For example, it has been demonstrated 

that wear particle-induced polarization of macrophages towards an M1 phenotype is 

associated with periprosthetic osteolysis, possibly resulting in the need for surgical revision 

following total joint replacement [23-26]. Subsequent studies demonstrated that methods 

including the delivery of inhibitors of macrophage recruitment, inhibitors of M1 

polarization, and promoters of M2 polarization have the ability to mitigate wear particle 
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induced osteolysis, potentially improving the long-term performance of total joint 

replacements [22, 27-29].

The present study sought to examine the effects of surface-localized cytokine delivery in the 

early macrophage response upon the integration of a non-degradable polypropylene mesh 

material commonly utilized in the repair of pelvic organ prolapse. These materials have 

recently been shown to elicit a predominantly M1 type response which is associated with the 

potential for tissue degradation and downstream complications when unresolved [30, 31]. 

Macrophage modulation only in early-stages of the host response, but also localized to the 

tissue-implant interface was sought in the present study, representing an advantage over 

strategies promoting non-local and/or extended shifts in the host response as it limits the 

potential for adverse long-term interactions and exacerbation of conditions which may exist 

at distant sites. Also, nanometer thickness of this coating was desired to preserve the 

architecture and pore space of the mesh, which is commonly thought to be important for 

adequate tissue ingrowth and mechanical performance in clinical settings [32, 33].

To accomplish these goals, a nanometer thickness multilayered coating able to control the 

release of IL-4 from polypropylene mesh in a localized and temporal manner was developed. 

This coating is based on the layer by layer (LbL) technique [34, 35], consisting of an 

alternate cyclic deposition of multiple polyelectrolyte layers mediated by opposite 

electrostatic charges on the surface of a charged substrate. This method has previously been 

shown to produce a tunable, uniform and conformal coating of nanometer thickness for 

controlled release of proteins [27, 34-40]. Therefore, the number and sequence of layers can 

be easily modified in order to provide the desired amount and release time of IL-4.

Methods

Materials

A polypropylene mesh, Gynemesh® PS (Ethicon, Somerville, NJ) was used. Maleic 

anhydride, chondroitin sulfate B, chitosan (low molecular weight, deacetylation degree 

85%), chondroitinase ABC, chitosanase, bovine serum albumin (BSA) and histologic 

staining materials were purchased from Sigma Aldrich (St. Louis, MO). Murine IL-4, anti-

murine IL-4 antibody, murine IL-4 ELISA detection kit were purchased from Peprotech 

(Rocky Hill, NJ). Mouse arginase-1 antibody (rabbit), anti-rabbit Alexa-fluor 488 (donkey) 

and anti-rabbit Alexa-fluor 594 (donkey) were purchased from Abcam (Cambridge, MA). 

Mouse iNOS antibody (rabbit) was purchased from Santa Cruz (Dallas, TX). Mouse F4/80 

antibody (rat) was purchased from AbD Serotec/Bio Rad (Raleigh, NC). Anti-rat Alexa-

fluor 488 (donkey) and anti-rabbit Alexa-fluor 546 (donkey) were purchased from Thermo 

Fisher (Pittsburgh, PA).

Plasma treatment of polypropylene meshes

Polypropylene (PP) meshes were cleaned using a 1:1 acetone:isopropanol mixture and then 

air dried prior to irradiation with 15 seconds of argon plasma at 600W, an argon gas flow of 

35 mL/min and a steady state pressure of 250 mTorr (50 mTorr initial pressure) using an Ion 

40 Gas Plasma System (PVA Tepla America, Inc).
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An adapted radio frequency glow discharge (RFGD) based on a previously developed 

microwave plasma procedure was used to obtain a negatively charged surface [41]. Briefly, 

maleic anhydride powder (1.5 gr) was placed into a glass plate inside of the machine 

chamber. 1 cm2 pieces of PP mesh were then placed around the plate to a distance of 8.5 cm. 

After an initial pressure of 50 mTorr was reached, 30 seconds of maleic anhydride plasma 

treatment was performed at 600W, an argon gas flow of 35 mL/min and a steady state 

pressure of 250 mTorr. Finally, in order to remove the physisorbed maleic anhydride and to 

hydrolyze the anhydrides and produce carboxylic acid groups (negatively charged at 

physiological pH), PP meshes were rinsed for 30 minutes with milli-Q water and then boiled 

for 20 minutes in fresh milli-Q water.

Layer by Layer coating of charged polypropylene meshes

In order to deposit a conformal coating of nanometer thickness onto the surface of negatively 

charged PP meshes, a Layer by Layer (LbL) procedure was performed (Figure 1). Chitosan 

was chosen as polycation and dermatan sulfate (chondroitin sulfate B) as polyanion. 

Chitosan was dissolved in 0.5 % acetic acid and dermatan sulfate in milli-Q water. Both 

polyelectrolites were prepared at a concentration of 2 mg/mL. First, meshes were dipped in 

chitosan for 10 minutes at room temperature, then meshes were washed 3 times (10, 20 and 

30 seconds) in milli-Q water and air dried (pressurized clean air). Next, meshes were dipped 

in a dermatan sulfate solution for 10 minutes at room temperature. Meshes were washed 

again in milli-Q water and air-dried. This cycle was repeated until a core coating of 10 

bilayers (PP−[CH/DS]10) was achieved. After coating, meshes were lyophilized and stored at 

4°C.

IL-4 Loading of Coated PP Meshes

Prior to IL-4 loading onto the meshes, an IL-4 (1.5 μg/mL) - dermatan sulfate (2 mg/mL) 

mixture was made and incubated overnight at 4°C in order to complex IL-4 into the 

polyanion. Then, polypropylene meshes with a 10-bilayer core coating were further coated 

with 20, 40 and 60 bilayers containing IL-4 (PP−[CH/DS]10[CH/DSIL-4]x, where x stands 

for number of bilayers, and DSIL-4 stands for dermatan sulfate bound IL-4). After coating, 

IL-4 loaded meshes were lyophilized and stored at −20°C. Coated (no IL-4) meshes were 

used as controls, using the same numbers of bilayers used for IL-4 loaded meshes. All mesh 

materials were then terminally sterilized using ethylene oxide.

Coating characterization

An Alcian blue staining was performed on whole samples to stain the GAG components and 

reveal the coating. A 1% Alcian blue solution was made in 3% acetic acid and adjusted to 

pH 2.5. Coated meshes and controls were re-hydrated in distilled water and then immersed 

into the Alcian blue solution for 30 minutes at RT. Then meshes were washed in running tap 

water for 5 minutes and rinsed 5 minutes in distilled water. Images were taken using a 

standard optical camera.

Additionally, elemental composition of the coated meshes was performed using an X-ray 

photoelectron spectroscopy (XPS), using an ESCALAB 250Xi, Thermo Scientific 

(Pittsburgh, PA). To identify the elements in the coating/surface of the meshes, an initial 
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survey of 10 scans was obtained and for detailed elemental information, spectra of 25 scans 

were obtained for Carbon, Oxygen, Nitrogen and Sulfur. Spectra data was analyzed using 

Avantage software, Thermo Scientific.

Finally, meshes were analyzed under Fourier transform infrared spectroscopy with 

attenuated total reflectance (ATR-FTIR) using a Bruker Vertex 70 (Billerica, MA) equipped 

with a germanium ATR crystal at a resolution of 1 cm−1, 2 mm of aperture, 32 scans and 

processed by OPUS software to adjust the baseline, to smooth spectra and to remove H2O 

and CO2 peaks due to environmental noise.

IL-4 loading and release assays

Immunolabeling was used to qualitatively demonstrate the loading and distribution of IL-4 

throughout the coating. IL-4 loaded, coated (no IL-4) and pristine meshes were immersed in 

a 1% BSA solution to block non-specific adsorption of antibodies (1h, RT). Washing was 

performed in between each step by dipping the meshes 4 times in 0.05% Tween 20. Then 

meshes were immersed and incubated in a solution of anti-murine IL-4 (from rabbit) as 

primary antibody (1:100 in 0.1% BSA, 2 hours, RT). Meshes were then immersed in a 

solution of anti-rabbit-Alexa Fluor 546 as a secondary antibody (1:100 in 0.1% BSA, 30 

min, RT). Mesh fluorescence was observed under confocal microscopy (Leica DMI4000 B, 

Buffalo Grove, IL), in which an excitation/emission of 480/520 nm was used to observe the 

mesh autofluorescence (green) and 561/572 nm to observe the specific fluorescence due to 

the loaded IL-4 (red).

Loading efficiency and release assays were performed following manufacturer instructions 

of the Peprotech IL-4 ELISA kit. First, 1 cm2 pieces of IL-4 loaded (20, 40 and 60 bilayers) 

and coated (no IL-4) meshes were immersed into 400 μL of a solution 0.05 units/mL 

chondroitinase ABC and 0.05 units/mL chitosanase in 1X PBS. Incubation was performed to 

multiple time points at 37°C, after which 400 μL of solution were aliquoted and stored at 

−80°C until the end of the experiment. After collection, replacement with fresh solution was 

performed to continue the release assay. To perform the ELISA assays, 100 μL aliquots were 

used from each sample (N = 9) at each time point.

To determine release profile kinetics; correlation and curve fitting analyses were performed 

using the data from cumulative release versus time, until the first time point where the 

release reaches a plateau, which corresponds to the total release. To corroborate power law 

dependence, besides direct curve fitting tests, a linear trend was corroborated using a LOG 

(cumulative release) versus LOG (time) curve.

In-vitro macrophage culture assay

An in-vitro macrophage culture assay was performed in order to demonstrate preservation of 

bioactivity of IL-4 released from the coated meshes. Bone-marrow mononuclear cells were 

obtained from murine bone marrow as previously described [42], then these cells were 

seeded in plates and differentiated to macrophages with DMEM, 10% FBS, 10% L929 

supernatant, 1% HEPES, 2% MEM NEAA, 0.1% β-2-mercaptoethanol (Sigma Aldrich, St. 

Louis, MO) for 7 days. 5 × 105 cells were plated into 24-well plates with α-MEM, 10% 

FBS, 0.05 units/mL of both chondroitinase ABC and chitosanase. Macrophages were 
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exposed to 1 cm2 pieces of pristine, coated (no IL-4) and IL-4 loaded (40 bilayers) meshes. 

Immunolabeling isotype (rabbit IgG) and soluble IL-4 (20 ng/mL) were used as negative and 

positive controls, respectively. Cells were incubated at 37°C and 5% CO2 for 72 hours. After 

incubation, cells were fixed with 2% PFA and then blocked with 2 % horse serum, 1% BSA, 

0.1% triton X-100, 0.1% tween-20 for 1 hour at RT. Immunolabeling was performed using 

anti arginase-1 as primary antibody (1:200, overnight at 4°C) and Alexa Fluor-488 (1:300, 1 

hour at RT) as secondary. A 500 nM DAPI solution was used stain nuclei. Images were 

taken in an array of 3 × 3 images per each well using a Carl Zeiss Observer.Z1 microscope 

and then the intensity of arginase-1 staining was analyzed using Cell Profiler Image Analysis 

Software (Broad Institute, Cambridge, MA) using the same number of cells for all tested 

conditions.

In-vivo mouse mesh implantation

An implantation model using C57BL/6J female mice, 8 – 10 weeks old was used, following 

proper housing and treatment procedures approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Pittsburgh and the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals. A power analysis was performed to 

determine that 7 animals per group was required to maintain a statistical power of 80 %.

Briefly, a midline incision was made and a subcutaneous pocket was created in the abdomen 

of each mouse in order to implant a 1 cm2 piece of pristine, coated (no IL-4) and IL-4 loaded 

(40 bilayers) meshes. PCL sutures were used to close the incision, then 0.5 mg/kg of Baytril 

and 0.2 mg/kg of Buprenex were administered for 3 days as antibiotic and analgesic, 

respectively. Buprenorphine (Buprenex), an opioid analgesic, has been studied and shown 

not to exert any effects nor alterations in the immunological response, both acutely and 

chronically administered [43, 44]. After 7, 14 or 90 days, mice were euthanized and skin/

mesh/muscle tissue complex were harvested and fixed for 72 hours in neutral buffered 

formalin. Finally, fixed tissues were paraffin embedded and cross-sections of 7 μm were 

used for histological studies.

Immunolabeling of histological sections

Paraffin embedded tissue sections were deparaffinized and hydrated in a series of xylene/

alcohol/water. Incubation with proteinase K (1X) for 10 minutes at 37°C was performed to 

retrieve antigens. After 3 washes in water, samples were incubated at 37°C in 50 mM of 

CuSO4 in 10 mM NH4Ac buffer pH = 5, to reduce tissue background fluorescence. Slides 

were washed twice in TBST (25 mM Tris buffer + 0.1% tween 20). Then, a 5% donkey 

serum + 2% BSA + 0.1% tween 20 + 0.1% triton X-100 solution was used as blocking agent 

(2 hours, RT). To immunolabel M2 macrophages, arginase-1 (1:100) and F4/80 (1:50) 

primary antibodies were used (overnight at 4°C), followed by anti-rabbit Alexa Fluor 594 

(1:200) and anti-rat Alexa Fluor 488 (1:100) secondary antibodies (40 min at RT) in 

blocking buffer. To immunolabel M1 macrophages, iNOS (1:100) and F4/80 (1:50) primary 

antibodies were used (overnight at 4°C), followed by anti-rabbit Alexa Fluor 594 (1:100) 

and anti-rat Alexa Fluor 488 (1:100) secondary antibodies (40 min at RT) in blocking buffer. 

Vectashield with DAPI mounting media (Vector laboratories, Burlingame, CA) was used to 

stain nuclei and mount. Images of centered single fibers (3 different single fibers per sample, 
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N = 8 each group) were taken on a Nikon Eclipse E600 microscope equipped with epi-

fluorescence at 40X and cell counts were analyzed using ImageJ (version 1.51a, NIH).

Image analysis algorithms were used to quantify the results obtained by imaging of 

histological tissue sections. First, a custom-designed algorithm (Wolfram Mathematica, 

version 10.0. Champaign, IL) was used to quantify both arginase-1 and iNOS expression at 7 

and 14 days by means of arginase-1/DAPI and iNOS/DAPI pixel ratio versus the distance 

from the surface of single centered mesh fiber (3 different single fibers, N = 8 each group) 

images taken from histological tissue sections per sample. Next image analysis was 

performed using ImageJ (version 1.51a, NIH) in order to quantify the number of pro-

inflammatory (iNOS, M1) and regulatory (arginase-1, M2) macrophages (F4/80) 

surrounding single mesh fibers in each group.

Histological stainings

Paraffin embedded tissue cross-sections were used for H&E, Masson's trichrome and Picro 

Sirius Red staining. H&E and Masson's trichrome stained tissue sections were imaged on a 

Nikon Eclipse E600 microscope (Tokyo, Japan) at 10X and 20X, respectively. Picro Sirius 

Red stained tissue sections were imaged at 20X on a Nikon Eclipse TE2000-E (Tokyo, 

Japan), equipped with circularly polarized light.

ImageJ (version 1.51a, NIH) equipped with a color deconvolution plug-in (version 1.5) was 

used to quantify the area and mean thickness (calculated as the mean of apical, basal, and 

lateral measurements taken perpendicular to the surface of the mesh fiber, Figure S1) of 

capsule surrounding mesh fibers at 90 days (3 different single fibers per sample, N = 8 each 

group) in images taken from histological tissue sections stained with Masson's Trichrome.

A custom-designed algorithm (Mathworks MathLab, version R2015a. Natick, MA) was 

used to evaluate quantitatively the distribution of collagen fiber sizes surrounding mesh 

fibers at 90 days (3 different single fibers per sample, N = 8 each group) in images taken 

from histological tissue sections stained with Picro Sirius Red.

Statistical Analysis

Comparisons of means were performed by either one-way or two-way analysis of variance 

(ANOVA), using at least p < 0.05 as statistical significance criteria followed by Tukey's test 

to compare groups and Sidak's test to compare time points. Shapiro-Wilk was used to test 

normality. All statistical tests were performed on GraphPad Prism V7 (La Jolla California, 

USA).

Results and Discussion

Surgical mesh plasma irradiation, LbL coating and characterization

An adapted radio frequency glow discharge (RFGD) method [41] was used to form a 

consistent and durable negative charge on the surface of polypropylene (PP) mesh in order to 

facilitate the desired LbL coating. The presence of a negatively charged surface was 

confirmed by the appearance of two peaks at 284 eV (C-C) and 288 eV (O-C=O) on the 

carbon spectrum and a peak at 532 eV on the oxygen spectrum, while pristine mesh only had 
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a peak at 284 eV (C-C) when evaluated by X-ray photoelectron spectroscopy (XPS) (Figure 

2a). RFGD treated meshes were then LbL coated using chitosan as a polycation and 

dermatan sulfate as a polyanion. Chitosan was chosen for its known biocompatibility, 

antimicrobial activity, and as activated macrophages highly express chitinase-like proteins 

(chitin and chitosan degrading enzymes) [45-47]. Dermatan sulfate (also known as 

chondroitin sulfate B) was chosen for its key role in extracellular matrix (ECM) regulation 

and its described ability to enhance IL-4 bioactivity in-vivo [48]. Thus, a chitosan-dermatan 

sulfate LbL complex has the potential to provide enhanced release and bioactivity of IL-4 in 

the context of macrophage mediated host-implant interactions.

A coating of 10 bilayers was performed as core coating prior to IL-4 loading. Alcian blue 

staining was used to visualize the chitosan and dermatan sulfate components of the coating. 

Blue coloration and absence of precipitates along the mesh surface suggested the presence of 

a conformal and uniform coating on LbL coated meshes (Figure 2b). Electron microscopy 

(Figure 3) was used to confirm the conformal nature of the coating and showed no apparent 

changes in surface topography, porosity and thickness between LbL coated, RFGD treated 

and pristine meshes. The presence of chitosan in the LbL coating was corroborated by the 

appearance of two peaks at 399 eV (C-N) and 401 eV (O-C-N) in the nitrogen spectrum and 

the presence of dermatan sulfate by the appearance of a peak at 168 eV (C-S-O) in the sulfur 

spectrum when evaluated by XPS (Figure 2a), in addition to the presence of peaks at 288 eV 

(O-C=O) and 286 eV (C-O) in the carbon spectrum, confirming the presence of both 

polyelectrolyte chains. These measurements were performed at different points on the 

surface of the PP mesh and spectra were identical throughout the mesh surface. These 

findings were consistent with ATR-FTIR measurements (Figure S2).

IL-4 loading, release and bioactivity assessments

Mesh coated with a 10-bilayer core coating was then coated with 20, 40 and 60 additional 

bilayers containing IL-4. IL-4 was pre-incubated with dermatan sulfate prior to LbL coating, 

promoting the loading of the cytokine due to the high affinity of IL-4 (net positive charge, 

given its isoelectric point of 9.17) for sulfated glycosaminoglycans (negatively charged). 

Confocal microscopy demonstrated positive IL-4 labeling distributed throughout the entire 

surface of IL-4 loaded meshes in contrast to the absence of positive labeling on coated (no 

IL-4) mesh and pristine mesh (Figure 4a). ELISA assays were performed to quantify IL-4 

release over time. Results showed that both the amount of IL-4 and the length of release are 

dependent on the number of bilayers containing IL-4 in the LbL coating (Figure 4b). In 

particular, the in vitro release of IL-4 was observed up to 14, 22 and 30 days for coatings of 

20, 40 and 60 bilayers, respectively. The release profile for all IL-4 loaded meshes followed 

a power law dependence, regardless of the number of coating bilayers (Figure 4c). These 

findings are consistent with other studies done on LbL films as a platform to study protein 

release [36, 37, 40]. Based upon these results, meshes coated with 40 bilayers containing 

IL-4 were selected for further in-vitro and in-vivo assays, since the coating released about 

90% of IL-4 only at early stages of the host response (up to 14 days). All further assays 

included coated (40 additional bilayers with no IL-4) and pristine mesh groups as control 

groups.
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In order to show that IL-4 bioactivity remained after the coating procedure and terminal 

sterilization by ethylene oxide, an in-vitro macrophage polarization assay was performed 

using mouse bone marrow-derived macrophages. Macrophages exposed to IL-4 loaded 

meshes for 72 hours were fixed and immunolabeled against arginase-1, an M2 macrophage 

specific marker. Image analysis (CellProfiler, Broad Institute, Cambridge, MA) of arginase-1 

positive cells revealed that the IL-4 released from the IL-4 loaded mesh remained bioactive 

and able to polarize macrophages towards an M2 phenotype (Figure 5). No significant 

increase of arginase-1 was observed for coated mesh compared to pristine mesh. Of note, the 

pattern of arginase-1 expression following exposure to IL-4 coated meshes was similar to the 

IL-4 positive control (20 ng/mL) despite the lower levels of IL-4 (2.25 ng/mL) released from 

the mesh surface at 72h (Figure 5d), suggesting that the coating components may enhance 

IL-4 bioactivity or that IL-4 is protected by the coating and released gradually.

Studies on macrophage polarization and the early-stage host response against implanted 
mesh

A mouse implantation model was used to test the ability of IL-4 loaded mesh to promote an 

early shift (7 and 14 days) in the polarization of macrophages towards an M2 phenotype in-
vivo and to examine the effects of such shifts in macrophage polarization upon downstream 

tissue remodeling (90 days). 1 cm2 of pristine mesh, coated (no IL-4) mesh and IL-4 loaded 

mesh (40B) were implanted into a subcutaneous pocket in the abdomen of 8-10 week old 

female C57BL/6J mice. Mesh and surrounding tissue (muscle and skin) were then harvested 

at 7 and 14 days post-implantation and used to study macrophage polarization. Sham 

surgeries (no mesh implantation) were also performed. In sham animals, a normal wound 

healing process observed (Figure 6, top panel) and was characterized by a transient 

inflammatory response including significant immune cell infiltration at 7 days which was 

largely resolved by 14 days post-inflammation with restoration of normal tissue architecture 

resembling healthy tissue controls. The histologic appearance in mice implanted with mesh 

was also characterized by the presence of inflammatory cell infiltration in the surgical site at 

7 days; however, this reaction was not resolved at 14 days and was largely localized to the 

area surrounding mesh fibers, regardless of mesh type (Figure 6, bottom panel), thereafter. 

The presence of foreign body giant cells was noted beginning at 14 days post implantation 

and at the 90 day time point, regardless of mesh type. While the number and distribution of 

foreign body giant cells was qualitatively similar across all groups, no attempt was made in 

the present study to quantify the number of foreign body giant cells.

Immunolabeling of F4/80 (pan macrophage marker), arginase-1 (an M2 marker) and 

inducible nitric oxide synthase (iNOS, an M1 marker) was performed to assess the number, 

location, and phenotypic profiles of the macrophages within the site of implantation at 7 and 

14 days (Figure 7 a, c). In all mesh groups, the number of both arginase-1 and iNOS positive 

cells was observed to peak within the first 50 μm from the mesh surface (Figure 7 b, d). 

Therefore, this distance was considered as the tissue-biomaterial interface, where the most 

important interactions of the biomaterial with the surrounding tissue occur and determine the 

implant success in the long term.
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Total cell infiltration around single mesh fibers was assessed by DAPI staining, revealing no 

differences between groups at 7 or 14 days (Figure 8a). However, the small increases in the 

number of cells within the remodeling site were observed from 7 to 14 days in the pristine 

and IL-4 loaded mesh implantation groups. Analysis of F4/80+ macrophage populations 

revealed a significantly higher presence of F4/80+ cells as a percentage of the total cell 

population in mice implanted with pristine mesh, compared to both coated (no IL-4) and 

IL-4 loaded mesh groups at 7 days (Figure 8b). At 14 days, the percentage of F4/80+ cells in 

the pristine mesh group was significantly reduced and was similar to levels similar to those 

found in both coated (no IL-4) and IL-4 loaded meshes. The percentage of F4/80+ cells in 

the implantation site of IL-4 loaded meshes were also significantly decreased compared to 7 

days, but these decreases were smaller than those observed for the pristine mesh group. 

There were no differences in the percentage of F4/80+ cells between coated (no IL-4) and 

IL-4 loaded mesh groups at 7 or 14 days. These results suggest that the coating may have 

had an inhibitory effect upon the recruitment of macrophages into the implantation site at 

early time points.

Additional co-labeling was performed for arginase-1 and iNOS to assess the M1/M2 

polarization profile of the cells within the implantation site. Results at 7 days post-

implantation revealed that mice implanted with IL-4 loaded mesh were associated with an 

increased percentage of Arg-1+ macrophages (F4/80+) as compared to both coated mesh and 

pristine mesh groups (Figure 8c). The difference in arginase-1 labeling in the IL-4 loaded 

mesh group was greatest in the first 40 to 50 μm from the mesh surface (Figure 7b) as 

compared to both coated and pristine mesh, suggesting that the effects of IL-4 released from 

the LbL coating are limited to distances up to 50 μm from the surface of the implanted mesh. 

Coated mesh did not elicit an increase in Arg-1+ macrophages as compared to pristine mesh 

(Figure 8c). These results are consistent with the in-vitro findings showing significant 

increases in M2 macrophage polarization only in the IL-4 loaded mesh group (Figure 5). 

Results at 7 days post-implantation also showed a reduction of iNOS+ macrophages in mice 

implanted with IL-4 loaded meshes compared to mice implanted with pristine meshes 

(Figure 8d). Mice implanted with coated mesh also showed a reduction in iNOS+ 

macrophages compared to the pristine mesh implanted group; however, no significant 

differences were observed between the coated mesh and IL-4 loaded groups (Figure 8d). 

These results suggest that the coating material may have impacted the polarization of 

macrophages towards an M1 profile. Differences in iNOS labeling were observed to peak at 

25 μm from the mesh surface of the pristine mesh implanted group at 7 days (Figure 7d), 

again suggesting that the effects of the coating were limited to the first 50 μm from the mesh 

surface.

Results at 14 days post-implantation revealed a decrease in Arg-1+ macrophages in mice 

implanted with IL-4 mesh as compared to the 7 day time point; however, the percentage of 

Arg-1+ macrophages was still higher than both coated (no IL-4) and pristine mesh groups 

(Figure 8c). The percentage of iNOS+ macrophages at 14 days was found to decline in mice 

implanted with pristine mesh as compared to 7 days; however, there were no significant 

differences observed between any groups at the 14 day time point (Figure 8d). When the 

effects of IL-4 coating upon the percentage of Arg-1+ macrophages at 7 and 14 days were 

compared (Figure 8c) it can be appreciated that arginase-1 expression in the IL-4 coated 
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group at 14 days returned to levels similar to those observed for pristine mesh at both 7 and 

14 days. This suggests that the length of IL-4 release from the LbL coated meshes occurs 

mostly at early stages of the host response (< 14 days) and that its effects on macrophage 

polarization in-vivo are declining by 14 days.

While increases in the M2 macrophage population can likely be attributed to the release of 

IL-4 from loaded mesh as demonstrated in vitro, there are two potential rationales for the 

observed reduction in the number of iNOS+ macrophages in the IL-4 loaded mesh group. 

First, iNOS expression may be reduced as a consequence of the polarization of the 

macrophages at the tissue implant interface towards an M2 phenotype, given the known 

competitive nature of pathways leading to iNOS and arginase-1 expression in mice [49-51]. 

Second, decreased percentage of iNOS+ macrophages may be due to the effects of the 

coating components and/or surface plasma treatment upon macrophage polarization. This 

second mechanism is supported by the significant reduction in the percentage of iNOS+ 

macrophages (Figure 8d) but also a reduction in F4/80+ cells (Figure 8b) observed in the 

coated mesh group at 7 days. Therefore, the coating components and/or modified mesh 

surface themselves appear to have effects in the reduction of M1 macrophages but not in 

promoting M2 macrophage polarization. Thus, the observed results are likely a combination 

of mechanisms driving the reduction of M1 macrophages with IL-4 mediated increases in 

the M2 population.

We noted that some Arg-1+ and iNOS+ cells did not express F4/80. This suggests cells other 

than macrophages may produce Arg-1 and iNOS in the area of implantation, or that a 

population of macrophages which express other markers such as CD11b or CD68 but not 

F4/80 are present within the remodeling site. Supplemental Figure 3 shows the percentage of 

total cells expressing Arg-1 and iNOS co-labeled with F4/80, and Supplemental Figure 4 

shows the percentage of total cells expressing only Arg-1 or iNOS.

Downstream effects in the host response upon macrophage polarization promoted by 
implanted meshes

Mesh and the surrounding tissue complex were harvested at 90 days post-implantation to 

evaluate the effects of mesh coating and IL-4 loading upon long-term tissue remodeling 

outcomes. Image analysis of Masson's trichrome stained histological sections was performed 

to identify and quantify capsule formation. Results revealed capsule formation around mesh 

fibers for all groups (Figure 9a); however, IL-4 loaded mesh elicited reduced capsule area 

and thickness compared to the prominent and dense capsules surrounding fibers of both 

coated and pristine meshes (Figure 9 b, c). Subsequent analysis of collagen fiber distribution 

in picrosirius red stained sections was performed using a custom-designed algorithm 

(Mathworks MatLab R2015a). Circularly polarized light microscopy was able to reveal the 

relative thickness of the collagen fibers as a function of the color hue from thin green fibers 

to increasingly thick yellow, orange and red fibers [52]. Results revealed that mice implanted 

with IL-4 loaded meshes had reduced content of both thick orange and thicker red collagen 

fibers, compared to both pristine and coated meshes (Figure 10). A concurrent increase in 

thin yellow and thinner green collagen fibers was found for IL-4 loaded mesh compared to 

both pristine and coated mesh. While we note that the tissue remodeling process is 
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incomplete at the 90 day time point, these outcomes indicate a change in the quantity and 

type of the collagen fibers composing the fibrotic capsule. These findings may be relevant to 

potential improvements in mechanical performance of the implanted mesh in-vivo, and are 

the subject of future studies.

The results of the present study demonstrate that the release of IL-4 from LbL coated mesh 

promotes shifts in early-stage macrophage polarization that are associated with positive 

long-term effects such as minimized capsule formation and improved tissue quality and 

composition compared to coated and pristine meshes. These results also suggest that long-

term positive outcomes are due to an early-stage increase in the proportion of M2 

macrophages, rather than a decrease in the presence of M1 macrophages or total F4/80+ 

macrophages, given that coated meshes were also capable of significantly decreasing the 

proportion of M1 macrophages and F4/80+ macrophages (Figure 7, 8) as compared with 

pristine mesh, but were not associated with improved tissue remodeling outcomes (Figure 9, 

10). The present study also clearly demonstrates that it is possible to transiently shift the 

early phases of the host response to implants which otherwise elicit a chronic pro-

inflammatory response with significant impact upon the tissue remodeling outcome 

downstream while leaving key implant characteristics such as material properties and 

porosity intact.

It has been previously suggested that excessive long-term polarization towards either an M1 

or an M2 phenotypes may have negative effects on remodeling outcomes [3, 13, 53]. 

Additionally, an increasing number studies have described pathologies associated with an 

imbalance and long-term presence of M1 or M2 macrophages, including but not limited to 

cancer, diabetes and atherosclerosis [12, 54, 55]. Therefore, localized and temporal delivery 

of bioactive agents represents an advantage over strategies promoting systemic and or 

permanent shifts in the host response as it limits the potential for adverse long-term 

interactions and exacerbation of conditions which may exist at distant sites. Similarly, 

promoting transient shifts in macrophage polarization in the early host response represents 

an improved approach as compared to strategies which seek to evade the host immune 

response. Previous studies using surface modification of biomaterials and coatings to escape 

the innate immune system have shown only modest improvements at early stages of the host 

response against biomaterials and few improvements in long-term performance [56-60]. 

Finally, the present delivery system represents an advantage over previous delivery 

approaches, given that significant effects on macrophage polarization are observed at lower, 

controllable and safer doses (picograms to nanograms), compared to the high doses 

(nanograms to micrograms) of IL-4 used in previous studies [19, 21, 22]. The systemic 

release of larger amounts IL-4 may lead to effects upon distal tissues and/or exacerbated and 

contradictory outcomes associated with a fibrotic process or potential enhancement of the 

foreign body reaction [61, 62].

At present, the stability of the coating and release profile of IL-4 in vivo is unknown. Alcian 

blue labeling, which as used to identify the coating in vitro, was used to attempt to identify 

the coating in histologic sections. The presence of the coating was indistinguishable at any 

time point which we evaluated in the present study. The lack of Alcian Blue staining around 

the fibers, however, does not necessarily indicate that the coating is degraded. As the coating 
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is on the nanometer scale, it may not be possible to distinguish the staining using routine 

histologic methods. In-vivo, both the chitosan and dermatan sulfate components of the 

coating are mostly degraded by macrophages and other cells participating in the host 

response. Layer by layer films have shown multiple release mechanism, depending the 

nature of the polyelectrolytes composing the films, being surface degradation the most 

predominant mechanism that gradually releases the entrapped bioactive agents by 

degradation of the most external layer films, followed by more internal layers [63, 64]. 

Therefore, IL-4 is most likely released by gradual surface degradation of the coating 

multilayers, mainly triggered by macrophages and other cells of the immune system with 

enzymatic capacity. However, release by diffusion of IL-4 may also occur to a lesser extent. 

Additional follow up studies should be performed to specifically address in-vivo release 

profiles.

There were several limitations to the present study. First, while the present study 

demonstrated positive results from the use of IL-4 as a macrophage polarizing molecule, it 

should be noted that multiple IL-4 isoforms do exist with potentially different functional 

effects [65, 66]. The IL-4δ2 isoform of IL-4, for example, has been shown to promote the 

expression of multiple pro-inflammatory cytokines and the chemotaxis of T and B cells [66]. 

Thus, careful consideration of the exact formulation and potential adverse effects of the IL-4 

containing coating is necessary. Further, it is well known that these pathways and others, 

including IL-4, are regulated differently in humans and mice [65, 67, 68]. Thus, additional 

testing must be performed to demonstrate potential relevance to human conditions. The LbL 

method described in the present manuscript is amenable to the use of other macrophage 

polarization inducing molecules and alternative molecules can likely be substituted for IL-4 

if needed for further development.

Second, the present study the primary metric of macrophage polarization was the Arg/iNOS 

percentage relative to F4/80+ macrophages. While the results of the present study clearly 

demonstrate a shift in macrophage phenotype at the host-material interface, surface marker 

labeling is not sufficient to fully characterize the phenotype of the macrophage population. 

Thus, further investigation is needed to clearly define the resultant phenotype and the 

potential paracrine mechanisms by which the observed shifts in macrophage phenotype 

affect the remodeling process. Increases in total cellularity were observed between the 7 and 

14 day time points. While these increases were moderate, they were often also accompanied 

by a decrease in the F4/80+ cell population, suggesting a replacement of the macrophages by 

other cells. These changes could be associated with recruitment of fibroblasts and other cells 

involved in late phases of the host response.

Studies in both the biomaterials and wound healing literature have shown complex and 

reciprocal cell-cell crosstalk between macrophages and fibroblasts during the processes of 

healing and fibrosis [69-72]. In the context of the foreign body reaction, these interactions 

have been shown to result in increased expression of MCP-1 (a potent recruiter of 

macrophages and a mitogen for fibroblasts), the inhibition of macrophage secretion of 

cytokines, and the promotion of fibroblast production of cytokines, among others [71]. Thus, 

the potential effects of IL-4 upon fibroblasts and subsequent effects upon macrophages and 

other immune cells are important and should also be considered. Further, it has been shown 
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that macrophages can also drive fibroblasts to form multinucleated cells in-vitro, resembling 

some characteristics of the foreign body giant cells [72]. The exact implications of such 

findings and their role in the present study are unknown, but warrant further examination to 

determine the specific effects of IL-4 coatings upon both macrophages and other cells 

participating in the remodeling process.

Third, in the present study, the evaluation of macrophage phenotype was performed in the 

area of single fibers in order to simplify quantification of macrophage numbers as well as 

downstream histologic outcomes around a complex shape. However, we note that recent 

published studies have demonstrated that density of the mesh is a local driver of the host 

macrophage response, where increased local mesh density is associated with an increased 

local pro-inflammatory response [30, 31]. While investigation of the differences in the host 

response between fibers and knots was beyond the scope of the present study, it will be 

important to evaluate the effects of IL-4 coated mesh knots in order to illustrate the effects in 

the host response of the released IL-4 and the coating in the presence of high density and 

complex geometry of the implant.

Fourth, the host inflammatory response is also known to be variable by tissue location and 

context. Of particular relevance to the present study, the host response to polypropylene 

mesh in the vagina has been reported to be significantly different than that in the abdominal 

wall musculature [30, 73]. Thus, testing of the present strategy in more relevant model 

systems must be performed to demonstrate utility in these applications. Additionally, the 

present study used only one concentration of IL-4 and only investigated 40 bilayers of IL-4 

loaded coating. Further studies will be necessary to determine the ideal number of coating 

layers and optimal time of release. Ideally, the smallest dose of IL-4 and shortest time of 

release should be identified to reduce the potential for systemic effects of IL-4 release.

Finally, the mechanism by which shifts in macrophage phenotype drives improved implant 

integration have yet to be identified. While it is logical that the presence of a chronically 

activated M1 macrophage population at the tissue-implant interface would lead to tissue 

degradation or encapsulation in the long term, it is unclear how M2 macrophages affect the 

tissue remodeling process and whether M1 macrophages play any essential role in the early 

remodeling phase (i.e. phagocytosis, activation of local cell populations, production of 

chemotactic signals). It is likely that both M1 and M2 macrophages play important roles in 

tissue remodeling, and that the timing of the phenotypic switch will prove an essential factor 

in determining the degree of success.

Conclusions

The presence of a uniform and conformal coating composed of both chitosan and dermatan 

sulfate is demonstrated. This coating can be loaded with IL-4 in a uniform manner through 

the entire surface of the mesh, and the amount and length of release can be tuned by simply 

changing the number and sequence of coating bilayers. The released IL-4 from LbL coated 

meshes is bioactive and can promote macrophage polarization towards an M2 phenotype 

both in-vitro and in-vivo. In addition, the effects of the local released IL-4 from LbL coated 

meshes on macrophage polarization extend up to 50 μm of distance from the mesh surface 
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only at early stages of the host response against biomaterials. At long term, a decreased 

fibrotic capsule formation surrounding mesh fibers and an improved quality of collagen 

fibers composing the capsule observed only in mice implanted with IL-4 loaded meshes 

indicating improved resolution of the foreign body reaction and subsequent tissue 

remodeling process.

Finally, these results are strong evidence to support our hypothesis that early-stage 

macrophage polarization at the tissue-implant interface towards an M2 phenotype would 

mitigate the foreign body reaction and hence promote better integration of non-degradable 

biomaterials into the host tissue in the long term. While the present study focused only upon 

polypropylene mesh commonly used for soft tissue reconstruction, the methods and findings 

presented can likely be extended to include other material types and applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of layer by layer coating procedure performed on polypropylene surgical meshes.
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Figure 2. 
(a) X-ray photoelectron spectroscopy spectra (XPS) of LbL coated (green), RFGD treated 

(orange) and pristine (blue) mesh. (b) Images of alcian blue stained 1 cm2 pieces of pristine 

(i), RFGD treated (ii) and LbL coated meshes (iii).
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Figure 3. 
Scanning electron microscopy images at 40X (a-d) and 150X (e-h) of pristine (a, e), RFGD 

treated (b, f), LbL coated (c, g) and IL-4 loaded [40B] (d, h) meshes. Scale bars represent 

200 μm.
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Figure 4. 
(a) Confocal microscopy images of IL-4 immunolabeled (red) polypropylene fibers (green) 

of pristine (i), coated [no IL-4] (ii) and IL-4 loaded [40B] (iii) mesh. Scale bars represent 

100 μm. (b) Cumulative release of IL-4 (nanograms) versus time (days) from 1 cm2 pieces 

of IL-4 loaded mesh (20, 40 and 60 bilayers). Coated (no IL-4) mesh was used as a control. 

Power law dependence curves are y = 0.363x0.262 (r2 = 0.995), y = 0.718x0.437 (r2 = 0.997) 

and y = 1.078x0.412 (r2 = 0.983) for 20, 40 and 60 bilayers, respectively. (c) Log - log linear 

fittings of IL-4 cumulative release versus time. Linear equations are y = 0.242x - 0.440 (r2 = 

0.995), y = 0.347x - 0.144 (r2 = 0.997), y = 0.412x + 0.033 (r2 = 0.983) for 20, 40 and 60 

bilayers, respectively. Points represent the mean ± SEM.
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Figure 5. 
(a) CellProfiler image analysis from arginase-1 immunolabeled murine macrophages in an 

in-vitro culture exposed to 1 cm2 pieces of pristine (yellow), coated [no IL-4] (green) and 

IL-4 loaded [40B] (blue) mesh. Isotype (gray) and IL-4 [20 ng/mL] (red) were used as 

negative and positive controls, respectively. (b) Number of arginase-1 positive macrophages 

determined from the CellProfiler analysis. Bars represent the mean ± SEM. Statistical 

significance as (**) p < 0.01 and (***) p < 0.001, using one-way ANOVA with Tukey's test. 

(ns) Non-significant. (c) Arginase-1 immunolabelled bone marrow-derived macrophage 

cultures exposed to 1 cm2 pieces of pristine, coated (no IL-4) and IL-4 loaded (40B) meshes 

for 72 hrs. IL-4 (20 ng/mL) was used as positive control. Scale bars represent 100 μm. (d) 

Concentration of IL-4 released by IL-4 loaded meshes (40 bilayers) for 72 hours. Bar 

represents the mean ± SEM.
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Figure 6. 
H&E stained tissue sections at 10X from mice implanted with a 1 cm2 piece of pristine, 

coated (no IL-4) and IL-4 loaded (40B) mesh at 7 days (top panel) and 14 days (bottom 

panel). Healthy and SHAM (no mesh surgery) were used as controls. Scale bars represent 

200 μm.
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Figure 7. 
Fluorescence microscopy images of (a) Arginase-1 (red) and F4/80 (green) co-

immunolabeling, and (c) iNOS (red) and F4/80 (green) co-immunolabeling at a single mesh 

fiber of tissue cross sections of mice implanted with a 1 cm2 piece of pristine, coated (no 

IL-4) and IL-4 loaded (40B) mesh for 7 days (top panel) and 14 days (bottom panel). DAPI 

was used to stain cell nuclei. Scale bars represent 50 μm. (b) Arginase-1/DAPI pixel ratio 

and (d) iNOS/DAPI pixel ratio versus distance of arginase-1 and iNOS immunolabeled 

tissue sections at 7 days, respectively. Points represent the mean ± SEM (N = 8).
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Figure 8. 
Image analysis of (a) total cells (DAPI) and (b) F4/80+ cells as percentages of total cells 

(DAPI) surrounding single mesh fibers of tissue cross sections of mice implanted with a 1 

cm2 piece of pristine, coated (no IL-4) and IL-4 loaded (40B) mesh for 7 days and 14 days. 

Image analysis of (c) Arg-1+ F4/80+ cells and (d) iNOS+ F4/80+ cells as percentages of total 

F4/80+ cells surrounding single mesh fibers of tissue cross sections of mice implanted with a 

1 cm2 piece of pristine, coated (no IL-4) and IL-4 loaded (40B) mesh for 7 days and 14 

days. Bars and points represent the mean ± SEM (N = 8). Statistical significance as (*) p < 

0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001, using two-way ANOVA with 

Tukey's (groups) and Sidak's (days) tests. All other differences are non-significant.
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Figure 9. 
(a) Masson's Trichrome stained tissue sections of mice implanted with a 1 cm2 piece of 

pristine, coated (no IL-4) and IL-4 loaded (40B) mesh at 90 days. Arrowheads indicate the 

capsule surrounding single mesh fibers. Scale bars represent 200 μm. (b) Image analysis of 

capsule deposition (area %) and (c) Mean thickness surrounding mesh fibers (3 images of a 

single fiber at 20X per sample, N = 8 samples). Bars represent the mean ± SEM. Statistical 

significance as (**) p < 0.01 and (****) p < 0.0001, using two-way ANOVA with Tukey's 

test. All other differences are non-significant.
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Figure 10. 
(a) Picro Sirius Red stained tissue sections (20X) of mice implanted with a 1 cm2 piece of 

pristine, coated (no IL-4) and IL-4 loaded (40B) mesh at 90 days. Arrowheads indicate the 

capsule surrounding single mesh fibers. Scale bars represent 100 μm. (b) Image analysis of 

collagen capsule quality, surrounding mesh fibers (3 images of a single fiber at 20X per 

sample, N = 8). Bars represent the mean ± SEM. Statistical significance as (**) p < 0.01, 

(***) p < 0.001 and (****) p < 0.0001, using two-way ANOVA with Tukey's test. All other 

differences are non-significant.
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