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Abstract

Background—Implanted biomaterials are subject to a significant reaction from the host, known 

as the foreign body response (FBR). We quantified the FBR to five materials following 

subcutaneous implantation in mice.

Materials and methods—Polyvinyl alcohol (PVA) and silicone sheets are considered highly 

biocompatible biomaterials and were cut into 8mm-diameter disks. Expanded PTFE (ePTFE)and 

polypropylene are also widely used biocompatible biomaterials and were cut into 2cm-long 

cylinders. Cotton was selected as a negative control material that would invoke an intense FBR, 

was cut into disks and implanted. The implants were inserted subcutaneously into female C57BL/6 

mice. On post-implantation days 14, 30, 60, 90 and 180, implants were retrieved. Cellularity was 

assessed with DAPI stain, collagen with Masson’s trichrome stain. mast cells with toluidine-blue, 

macrophages with F4/80 immunohistochemical-stain, and capsular thickness and foreign body 

giant cells with hematoxylin & eosin.

Results—DAPI revealed a significantly increased cellularity in both PVA andsilicone, and 

ePTFE had the lowest cell density. Silicone showed the lowest cellularity at d14 and d90 whereas 

ePTFE showed the lowest cellularity at days 30, 60, and 180. Masson’s trichrome staining 

demonstrated no apparent difference in collagen. Toluidine blue showed no differences in mast 

cells. There were, however, fewer macrophages associated with ePTFE. On d14, PVA had highest 
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number of macrophages, whereas polypropylene had the highest number at all time points after 

d14. Giant cells increased earlier and gradually decreased later. On d90, PVA exhibited a 

significantly increased number of giant cells compared to polypropylene and silicone. Silicone 

consistently formed the thinnest capsule throughout all time points. On d14, cotton had formed the 

thickest capsule. On d30 polypropylenehas formed thickest capsule and on days 60, 90 and 180, 

PVA had formed thickest capsule.

Conclusion—These data reveal differences in capsule thickness and cellular response in an 

implant-related manor, indicating that fibrotic reactions to biomaterials are implant specific and 

should be carefully considered when performing studies on fibrosis when biomaterials are being 

used.
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Introduction

Implanted biomaterials elicit a significant reaction from the host, known as the foreign body 

response (FBR). The FBR is initiated by the innate immune response prompted by adhesion 

of proteins and other biomolecules to the surface of the implant1 followed by macrophage 

recruitment and tissue inflammation. Dissolution, degradation, or even complete 

phagocytosis of foreign objects resolves the FBR and normal wound healing is restored.2 

Implants with prolonged tissue residence develop a relatively avascular collagen-rich capsule 

around the implant, which sequesters it from the surrounding tissue.3 The intensity and 

impact of the FBR depends upon recruitment and reactivity of several cell mediators. This 

intensity of the inflammatory response is mainly determined by the characteristics and 

composition of the implanted material.

The cells involved in the FBR have a specific role in modulating the local tissue response, 

thus affecting subsequent healing, including chronic inflammation and the FBR.2 Early in 

the inflammatory process, mast cells (MC) are recruited through chemotactic inflammatory 

signaling to wound sites where they mature and activate. Activated MC secrete mediators 

such as IL-4 and IL-13, which provide chemotactic signals that recruit macrophages. MC 

also secrete histamine and serotonin causing vasodilation which facilitates greater access to 

the inflammatory cells arriving at the wound site.1

Macrophages ef ciently clean the wound site of microscopic particles, bacteria and dead 

cells through phagocytosis, however; they are unable to digest macroscopic implants, 

leading to chronic in ammation. To increase their effectiveness, macrophages undergo fusion 

to form foreign body giant cells (FBGC) that can perpetually remain at the tissue/implant 

interface.4 Still unsuccessful in their attempt to digest the implant, FBGCs secrete cytokines 

that trigger broblasts to deposit a collagen capsule around the implant to permanently 

sequester it from the surrounding tissue.2

Biomaterials have been created for varying medical applications. Whether biologic or 

synthetic, the material’s physical and chemical properties govern its use and application. 
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PVA sponges have several applications, one of which is in wound healing. Due to its 

topography and porous composition it can be used in chronic wound care. Serving as a 

bacteriostatic dressing it functions as a drug delivery vehicle, tool for debridement and a 

sponge for excess fluid in the wound bed.5 As a research tool, the polyvinyl alcohol sponge 

(PVA) is useful for analyzing granulation tissue formation, collagen deposition, wound fluid 

composition, and the effects of substances on the healing process.6 In addition to its use in 

studying a wide array of attributes of wound healing, it has also been utilized to investigate 

tumor angiogenesis, drug delivery and stem cell survival. 1,7,8

Expanded polytetrafluoroethylene (ePTFE), is particularly attractive for human use and has 

become one of the most frequently used because it is safe. Clinically, ePTFE is being used in 

vascular grafts.9 Capable in aiding measurement of inflammation, fibroplasia, and matrix 

deposition, it is employed as a research tool. Because small vessels also penetrate its 

interstices, it is potentially capable of measuring angiogenesis. It can also be used to sample 

live tissue for measurement under culture conditions.10,11 This model has been extensively 

and successfully used by us and others in human and animal studies.12

Polypropylene (Prolene) mesh is routinely used for hernia repair, resistant to mechanical 

stress, relatively inert, and well-tolerated by patients.13 It induces chronic inflammation and 

fibrosis which are the therapeutic strategy of this material.14 Subcutaneous cotton has been 

used as an irritant to induce granulomas and chronic inflammation in several animal 

models.15 Polydimethylsiloxane (silicone) has been considered to be an immunologically 

inert material,16 it is widely used for many surgical interventions e.g. breast implants and 

maxillofacial prosthetic materials.17,18 Here, we evaluate the FBR to different biomedical 

implants and the possible utilization of these materials to be used as fibrosis models to 

further study diagnostic and therapeutic applications.

Materials and Methods

All animal procedures were performed in accordance with an Institutional Animal Care and 

Use Committee (IACUC) protocol approved by the Duke University.

Mice

Female C57BL/6 mice, 10–12 weeks-old, weighing 18 to 23 g (Jackson Laboratories, Bar 

Harbor, ME), were used throughout the study. Three mice were used for each type of 

implant evaluated, for each time point. All mice were monitored for signs of toxicity 

including significant weight change, grooming, irritability and respiratory rate. The mice 

were housed under protocols approved by the Institutional Animal Care and Use Committee 

(IACUC) of Duke University.

Implanted materials

Five materials of subcutaneous implants were used: 1) PVA sponge (PVA Unlimited, 

Warsaw, IN), 2) polypropylene nonabsorbable synthetic surgical mesh (Ethicon, Cornelia, 

GA), 3) expanded polytetrafluoroethylene (ePTFE) tubes (International Polymer 

Engineering, Tempe, AZ), 4) cotton sheets (Target, Minneapolis, MN), and 5) silicone sheets 

(Invotec International, Jacksonville, FL). The synthetic PVA, cotton and silicone sheets were 
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cut into 8mm diameter disks. ePTFE and polypropylene were cut into 2cm-long tubes. All 

materials were sterilized by autoclaving. (Figure 1)

Surgical procedures

All procedures were performed in accordance with a protocol approved by the Duke 

University IACUC. Mice were anesthetized using gas anesthesia (O2, 2L/min, isoflurane, 

2%). After induction of anesthesia, the surgical site was shaved and sterilized. An incision 

was created in the skin described: PVA, cotton and silicone implants: an 8mm incision was 

made and a subcutaneous pocket was created at incision by blunt dissection. For Prolene, 

and ePTFE, a 3mm long incision was made and a subcutaneous pocket was created at 

incision by blunt dissection. Each implant was inserted into each pocket. The incision was 

closed with 5-0 silk sutures. The mice were monitored until fully recovered from anesthesia. 

(Figure 1)

Tissue collection

On days 14, 30, 60, 90 and 180 the implants were retrieved with the surrounding capsule and 

tissue. The retrieved tissue samples were fixed in 10% buffered formalin, embedded in 

paraffin, and sectioned for histology (5μm thick). After implants retrieval, the mice were 

euthanized by intraperitoneal injection of EUTHASOL® (Virbac, Fort Worth, TX) solution.

Hematoxylin and eosin staining

Tissue sections were deparaf nized in the oven at 65°C overnight, immersed in xylene for 

15-min, dehydrated with decreasing concentrations of absolute alcohol, and then hydrated 

with distilled water. They were then immersed in Mayer’s hematoxylin solution for 5min 

and then washed with tap water for 20min; the sections were then counterstained with eosin 

for 35s. Finally, sections were dehydrated with increasing concentrations of absolute 

alcohol, cleared in xylene, and mounted in Richard-Allan Scientific Cytoseal™ 60 mounting 

medium. Images were captured using a Nikon eclipse E600 microscope.

Masson’s trichrome staining

The sections were placed in Biebrich scarlet-acid Fuchsin solution for 5min, washed with 

distilled water, and placed in Phosphomolybdic-Phosphotungstic acid solution for 5min. The 

sections were placed in Aniline Blue solution for 5min after which they were placed in 1% 

acetic acid solution for 2min before they were washed with distilled water. Finally, sections 

were dehydrated with increasing concentrations of absolute alcohol, cleared in xylene, and 

mounted in Richard-Allan Scientific Cytoseal™ 60 mounting medium. Images were 

captured using a Nikon eclipse E600 microscope. The color information from each HPF 

image was quantified using colorimetric analysis. The collagen index value was calculated 

as collagen index = (B + G)/(2R + B + G) for each pixel within the image (where R, G, and 

B represent the red, blue, and green pixel values, respectively).19 The value of the collagen 

index ranged from 0 for extremely red objects to 1 for completely blue-green objects. The 

average collagen index of 3 high power field (HPF) images for each time point was graphed.
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DAPI staining

DAPI (4′, 6-diamidino-2-phenylindole) is a fluorescent nuclear counterstain. The sections 

were mounted in Vectashield ® mounting medium with DAPI. Stained nuclei were 

visualized by use of a Nikon eclipse E600 microscope and images were captured with a 

Nikon DXM 1200 digital camera under the same settings. Five HPF images were analyzed 

from each tissue section and the average number of cells was assayed.

Toluidine blue staining

Toluidine blue stock solution composed of 1g of Toluidine blue O (Sigma-Aldrich) mixed in 

100 ml of 70% alcohol. Finally, sections were dehydrated with increasing concentrations of 

absolute alcohol, cleared in xylene, and mounted in Richard-Allan Scientific Cytoseal™ 60 

mounting medium. Labeled mast cells were visualized by use of a Nikon eclipse E600 

microscope and images were captured with a Nikon DXM 1200 digital camera under the 

same settings. Five HPF images were analyzed from each tissue section and the average 

number of mast cells was assayed.

Macrophage F4/80 staining

Sections immersed in 3% hydrogen peroxide (H2O2) for 10min to inhibit endogenous 

peroxidase. Slides were placed into citrate pH 6 antigen retrieval solution (Target Retrieval 

Solution, Dako North America Inc. Carpinteria, CA, USA) and brought to >85°C in a water 

bath for 20min, followed by 30min cool down. After rinsing sections with deionized water 

and 1X Tris-buffered saline (TBS, TBS Automation Washing Buffer, Biocare Medical, 

Concord, CA, USA), sections were treated with 10% goat serum (Normal Goat Serum, 

Vector Laboratories, Burlingame, CA, USA) for 1h at room temperature to block non-

specific antibody binding. F4/80 (at a 1:1500 dilution, eBioscience, San Diego, CA, USA) 

was incubated for 1h at room temperature. After washing with TBS, the slides were 

incubated with biotinylated rabbit anti rat (1:200 dilution, Vector Laboratories, Burlingame, 

CA, USA) for 30min at room temperature. The sections were then incubated with avidin-

biotin complex reaction (Vector Laboratories, Burlingame, CA, USA) for 30min. The slides 

were incubated with DAB substrate solution for 3min after rinsing with 1X TBS. The slides 

were quickly dipped in hematoxylin solution for counter stain solution, and then were rinsed 

in running tap water for 20min. After dehydration, labeled cells were visualized by use of a 

Nikon eclipse E600 microscope and images were captured with a Nikon DXM 1200 digital 

camera under the same settings. Five HPF images were analyzed from each tissue section 

and the average number of cells was assayed.

Capsular thickness and FBGC

Quantitative measurements were provided examining the width of each capsule on the 

superficial and deep sides of the graft. Three to 4 measurements were taken from each side 

of the implant per slide. These measurements were averaged to create a mean thickness of 

each implant from 8 to 12 measurements. The thickness of the fibrous capsule was measured 

in mm using ImageJ software (National Institutes of Health, Bethesda, MD, USA). FBGCs 

were quantified by examining five HPF images from each tissue section and the average 

number of cells was assayed.
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Statistical analysis

Data were analyzed using Microsoft® Excel software. The statistical signi cance of values 

among groups was evaluated by the analysis of variance (ANOVA), followed by least signi 

cant difference t-test. All values used in figures and text are expressed as mean +/− standard 

error of the mean (SEM). The difference was considered signi cant when the p-value was 

0.05 or less.

Results

Gross Analysis

Neither tissue necrosis nor abscess formation was observed around the implanted materials 

on gross examination. All implanted materials remained in the original implantation site 

without signs of infection or rejection. All materials were grossly intact and the surrounding 

connective tissue showed no calcifications. Table 1 summarizes the histological findings.

Cellularity

DAPI-stained sections of implants and surrounding tissue revealed significant increases in 

cellular infiltration in PVA at all time points compared to other implanted materials 

(p<0.05). Silicone showed the least cellularity at days 14 and 90 whereas ePTFE showed the 

least cellularity in days 30, 60, and 180. Other implanted materials showed varying degrees 

of cellularity at different time points (Figure 2).

Collagen Index

Histological analysis of Masson’s trichrome-stained sections demonstrated no statistically 

significant change between the implants in different time points, however; PVA and cotton 

have demonstrated a relative increase in collagen index compared to other implants. ePTFE 

and silicone had relatively lower collagen index. (Figure 3)

Mast Cells

Histological analysis of Toluidine blue-stained sections showed varying increases in mast 

cell numbers between different implants at different time points, however; none of these 

increases were statistically significant. On day 14, ePTFE showed the highest number of 

mast cells whereas cotton showed the least. On day 30, ePTFE also showed the highest 

number of mast cells whereas PVA showed the least. On day 60, cotton showed the highest 

number of mast cells whereas silicone showed the least. On day 90, ePTFE demonstrated the 

highest number of mast cells whereas silicone was still the least. On day 180, PVA showed 

the highest number of mast cells whereas cotton showed the least (Figure 4).

Macrophages

Immunohistochemistry using F4/80 as a marker, demonstrated cells of positive macrophage 

staining in the implants and the surrounding capsules. ePTFE has demonstrated significantly 

decreased number of macrophages in all time points compared to the other implanted 

materials. In day 14, PVA has demonstrated the highest number of macrophages compared 
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to other implants, whereas Prolene demonstrated the highest number of macrophages at all 

time points after day 14. (Figure 5)

Giant cells

Giant cells increased at earlier time points and gradually decreased at later time points in all 

groups. There was no statistically significant difference in the numbers of giant cells 

between different implants at all time points except in day 90, where PVA has shown 

significantly increased number of giant cells compared to Prolene and silicone. (Figure 6)

Capsular thickness

All materials were surrounded by capsules, which were measured as previously described. 

Silicone consistently formed the thinnest capsule throughout all the time points. On day 14, 

cotton formed the thickest capsule, on day 30 Prolene formed the thickest capsule, whereas 

on days 60, 90 and 180, PVA formed the thickest capsule (Figure 7).

Discussion

Surgical implantation of biomaterials triggers a series of host reactions at the implantation 

site that include interactions material/tissue, inflammation, granulation tissue development, 

foreign body reaction, and fibrosis and fibrous capsule formation.20 The normal 

physiological response to implanted biomaterials is the FBR.21 Implanted materials produce 

an initial acute inflammatory response followed by a chronic fibro-proliferative response.22 

Biocompatibility of implanted materials is determined by the intensity of these responses 

and the ability to resolve injury to the tissues during implantation. Overall, this study 

demonstrated that PVA and Prolene elicited a more robust inflammatory response and FBR, 

than cotton, silicone and ePTFE.

In the present study, all implanted biomaterials elicited an inflammatory response and FBR 

with varying degrees of severity. DAPI is a non-specific global marker that stains all nuclei, 

although it cannot differentiate types of cells, it is still helpful in providing an overall 

indicator of the cellular infiltration to the implants, thus, we have further supported the 

analysis through using specific inflammatory cells markers. Our DAPI analysis 

demonstrated that all biomaterials have promoted cellular infiltration with PVA 

demonstrating the most cellular infiltration at all time points (Figure 2), indicating an overall 

increased FBR to PVA compared to other implanted biomaterials. The increased cellular 

infiltration could be explained by the histaminic responses elicited through the biomaterials 

in the surrounding tissue, and histamine is known to increase capillary permeability and 

promote rapid diapedesis of inflammatory cells into target tissue.23 Our evaluation of the 

presence of mast cells in the biomaterial implants revealed that all biomaterials exhibit 

persistently elevated numbers of mast cells at all time points. However, none of the implants 

showed significant differences when compared to each other (Figure 4). Mast cell 

degranulation mediates acute inflammatory responses to implanted biomaterials and plays a 

significant role in macrophage recruitment and degree of subsequent FBR.24

The FBR impacts biomaterials by altering their biocompatibility.1 The FBR is composed of 

many other inflammatory cells, including macrophages and is the end-stage response of 
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inflammatory and wound healing responses.1 Our study has demonstrated the presence of 

macrophages in all biomaterial implants at all time points. PVA and prolene demonstrated a 

significantly increased number of macrophages compared to other implanted biomaterials 

reflecting a more robust FBR (Figure 5). Failure of the macrophages to engulf the implanted 

biomaterials resulted in the formation of multinucleated giant cells that surround the 

material.25 In indigestible materials, multinucleated giant cells promote the formation of a 

thick fibrous capsule which minimizes further reactivity. The extent of capsule formation is 

related to implant surface chemistry and surface area.26 Not surprisingly, in this study, 

silicone consistently formed the thinnest capsule throughout all the time points, whereas 

PVA and Prolene formed the thickest capsule, as described in the results. This study has also 

demonstrated the presence of multinucleated giant cells in all implanted materials at all time 

points. Multinucleated giant cells numbers progressively decrease over time so that day 180 

showed the least number of multinucleated giant cells in all implanted materials (Figure 6).

To understand the difference in the FBR between different implants, it is important to realize 

that the reaction of cells and tissues to implanted foreign bodies depends on the material’s 

properties and its behavior upon contact with the host tissue.27 Surface topography and 

texture of the implanted material, also contributes to the intensity of the FBR.27 Previous 

reports indicated that encapsulation is influenced by many factors, including properties of 

the biomaterial, biomaterial porosity, surface texture, and implantation site.28 We have not 

objectively assessed or quantified the properties of the materials we have used in this study, 

however the subjective gross assessment of these materials and our results are consistent 

with previous reports that the intensity of the FBR correlates with the properties of each 

biomaterial. The shape and the design of the biomaterial can influence the FBR, through 

stretching of the surrounding tissue, in this study we could not use the same shape for all the 

biomaterials due to the difference in the properties of each material, however, we do not 

think that this was a true limitation of the study because even though ePTFE and Prolene 

were both implanted as tubes, they elicited very different FBR that is more consistent with 

the properties of their materials, the same could also be said about disk-shaped materials; 

PVA, cotton and silicone. Overall, PVA, cotton and Prolene had shown a robust FBR 

whereas silicone and ePTFE had shown the least FBR at most time points (Table 1).

Conclusions

In the present study, we compared the FBR of five different commonly used biomedical 

implants. Overall, PVA demonstrated the highest cellularity whereas ePTFE and silicone 

were the least cellular. No statistically significant differences in collagen index and mast cell 

infiltration were observed between implants. Prolene and PVA demonstrated the highest 

degree of macrophage infiltration, whereas ePTFE had the least. Giant cells were present in 

all implants and were not statistically significant different between implants. Silicone has 

consistently formed the thinnest capsule. On day 14, cotton formed the thickest capsule, on 

day 30 prolene formed the thickest capsule whereas on days 60, 90 and 180, PVA formed the 

thickest capsule. These findings help to understand the foreign body response of the 

compared materials.
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Figure 1. 
(A) Gross view of the implanted material before and after implantation. (B) H&E-stained 

section of the implant material (solid arrow) and the surrounding capsule (hollow arrows).
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Figure 2. 
Representative DAPI-stained section of the implants demonstrating cellularity.

Quantitative analysis of DAPI stained-sections is graphically represented. The average 

number of cells in 5 HPFs of 3 samples for each time point was graphed. Values are 

represented as mean±SEM. *P<0.05
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Figure 3. 
Masson-stained sections show the material of the implant (Solid arrow) and the collagen 

distribution (Hollow arrows). Scale bar = 100 μm.

Quantitative analysis of collagen index is graphically represented. No statistically significant 

difference between implants.
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Figure 4. 
Toluidine-blue sections show the mast cells (arrow). Scale bar = 25 μm.

Quantitative analysis of mast cell density index is graphically represented. The average 

number of cells in 5 HPFs of 3 samples for each time point was graphed. Values are 

represented as mean±SEM. No statistically significant difference between implants.
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Figure 5. 
F4/80 immune-stained sections show the macrophages (arrow). Scale bar = 25 μm.

Quantitative analysis of macrophage density is graphically represented. The average number 

of cells in 5 HPFs of 3 samples for each time point was graphed. Values are represented as 

mean±SEM. *P<0.05
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Figure 6. 
H&E-stained sections show the giant cells (arrow). Scale bar = 100 μm.

Quantitative analysis giant cells is graphically represented. The average number of cells in 5 

fields of 3 samples for each time point was graphed. Values are represented as mean

±SEM. *P<0.05
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Figure 7. 
H&E-stained sections show capsules (between arrows). Scale bar = 100 μm.

Quantitative measurements were provided examining the width of each capsule on the 

superficial and deep sides of the implant. Three to 4 measurements were taken from each 

side of the implant per slide. These measurements were averaged to create a mean thickness 

of each implant from 8 to 12 measurements. Values are represented as mean±SEM. *P<0.05
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