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Abstract

In recent years, macrophage phenotype has emerged as an important determinant of the success or 

failure of implanted polymeric biomaterials. However, it is not well understood how changes in 

biomaterials properties affect the foreign body response or macrophage behavior. Because failed 

attempts at biomaterial degradation by macrophages have been linked to frustrated phagocytosis, a 

defining feature of the foreign body response, we hypothesized that increased hydrogel 

crosslinking density (and decreased degradability) would exacerbate the foreign body response. 

Gelatin hydrogels were crosslinked with glutaraldehyde (0.05%, 0.1%, and 0.3%) and implanted 

subcutaneously in C57BL/6 mice over the course of 3 weeks. Histological and 

immunohistochemical analysis was used to characterize fibrous capsule formation and the 

temporal and spatial distribution of macrophage phenotype markers. Interestingly, changes in 

hydrogel crosslinking did not affect the thickness of the fibrous capsule surrounding the hydrogels, 

expression of the pan-macrophage marker F480, expression of three macrophage phenotype 

markers (iNOS, Arg1, CD163), or expression of the myofibroblast marker aSMA. With respect to 

temporal changes, the level of expression of the M1 marker (iNOS) remained relatively constant 

throughout the study, while the M2 markers Arg1 and CD163 increased over time. Expression of 

these M2 markers was highly correlated with fibrous capsule thickness. Differences in spatial 

distribution of staining also were noted, with the strongest staining for iNOS at the hydrogel 

surface and increasing expression of the myofibroblast marker aSMA toward the outer edge of the 

fibrous capsule. These results confirm previous reports that macrophages in the foreign body 

response exhibit characteristics of both M1 and M2 phenotypes. Understanding the effects (or lack 
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of effects) of biomaterial properties on the foreign body response and macrophage phenotype may 

aid in the rational design of biomaterials to integrate with surrounding tissue.

1. Introduction

Biomaterials face an inflammatory environment upon implantation, which often leads to 

medical device failures. The injury caused by biomaterial implantation triggers the 

inflammatory response, characterized by the recruitment of neutrophils, followed by 

monocytes that differentiate into macrophages. Macrophages attempt to degrade the 

material, fuse into foreign body giant cells, and encapsulate it in fibrous tissue, isolating it 

from the rest of the body [1]. This foreign body response (FBR) and the formation of the 

fibrous capsule limit the function of many medical devices, especially diffusion-dependent 

devices, sensors, and engineered tissues that are intended to integrate with the surrounding 

tissue. While several attempts have been made to inhibit formation of the fibrous capsule, 

including making the surface of the biomaterial more hydrophilic or more biomimetic [2–4], 

a completely successful strategy has not yet been realized.

Macrophages play an essential role in the FBR to implanted biomaterials. Macrophages can 

rapidly shift their behavior from pro-inflammatory to anti-inflammatory. These very 

different activation states are commonly referred to as M1 and M2, respectively, although it 

is now understood that two categories are not sufficient to characterize macrophages, and 

that they often exhibit characteristics associated with multiple activation states [5, 6]. In 

normal wound healing, the phenotype of the macrophage population is largely M1 at early 

times after injury, peaking at 1–5 days and then decreasing [7, 8]. The M1 phenotype is 

associated with the release of pro-inflammatory cytokines and clearance of bacteria and 

tissue debris [9], and initiation of angiogenesis [10]. As wound healing progresses, the 

macrophage population shifts from primarily M1 to primarily M2, which gradually 

accumulate until they peak around 7–14 days, at least in mice [7, 8]. The M2 phenotype is 

associated with the resolution of inflammation, and involves phagocytosis of apoptotic cells 

[9] as well as extracellular matrix synthesis and tissue remodeling [11]. If the M1-to-M2 

transition is disrupted, wounds suffer from chronic inflammation [12, 13].

Both M1 and M2 macrophages have been linked to the FBR. In some studies, higher levels 

of M2 macrophages surrounding implanted biomaterials relative to M1 macrophages has 

been associated with more constructive remodeling [14, 15]. As a result, strategies to 

actively promote M2 activation of macrophages have emerged [16–18]. In support of this 

idea, ultra low-fouling hydrogels that successfully avoided fibrous encapsulation in a 

subcutaneous implantation model were surrounded by higher numbers of M2 markers than 

M1 markers [2]. On the other hand, M2 macrophages are known to contribute to the FBR. 

For example, the M2-stimulating cytokine interleukin-4 (IL4) stimulates foreign body giant 

cell formation in vitro [19] and fibrous capsule formation in vivo [20], and inhibition of M2 

activity via blocking macrophage mannose receptor (MMR/CD206) inhibits fibrous capsule 

formation in vivo [21]. Moreover, M2 macrophages are known to contribute to fibrosis in 

numerous pathological situations [22, 23]. Recently, Mooney et al. used a transgenic mouse 

model with fluorescent macrophages to show that macrophages in the fibrous capsule 
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surrounding cubes of boiled egg whites, a model foreign body, exhibited traits characteristic 

of both M1 and M2 macrophages [24] and even expressed high levels of the myofibroblast 

marker alpha-smooth muscle actin (aSMA) [25]. Thus, it appears likely that both M1 and 

M2 macrophages, including hybrid phenotypes in between, contribute to fibrous 

encapsulation of biomaterials [26].

The effects of biomaterial properties on the behavior of macrophages and the FBR are not 

well understood. For example, only a few studies have investigated the complex relationship 

between hydrogel mechanical properties and macrophage behavior in vivo. One study 

showed that a decrease in poly(ethylene glycol) (PEG)-based hydrogel stiffness (and 

increase in swelling ratio) resulted in a decrease in the thickness of the fibrous capsule 

following implantation in C57BL/6 mice for 28 days, concomitant with a decrease in 

inflammatory (i.e., M1) gene expression by macrophages [27]. In contrast, another study 

found that different degradation profiles, and therefore different elastic modulus profiles, of 

PEG-based hydrogels did not affect macrophage phenotype or the FBR in a similar mouse 

model [28].

In comparison to non-crosslinked gelatin hydrogels, crosslinking with relatively low 

concentrations of glutaraldehyde has been shown to increase inflammatory cell infiltration 

following subcutaneous implantation in Sprague-Dawley rats, but a stainless steel cage was 

required to hold the gelatin hydrogels, which are not stable for more than a day in vitro or in 
vivo [29]. While no differences were noted in the inflammatory response to hydrogels 

crosslinked with 0.01% or 0.1% glutaraldehyde, the presence of the stainless steel cage 

would undoubtedly have affected the FBR, obscuring interpretation of the results. Thus, the 

goal of this study was to further characterize the effects of glutaraldehyde crosslinking of 

gelatin hydrogels on the FBR, using concentrations of glutaraldehyde that are substantially 

lower than those used in the preparation of collagen-based materials for clinical use, 

including bioprosthetic heart valves [30, 31] and wound dressings [32]. The secondary goal 

of this work was to evaluate changes in macrophage phenotype over time to further 

understand how they contribute to the formation of the fibrous capsule in the FBR.

Because a failure to successfully degrade biomaterials by macrophages has been linked to 

“frustrated phagocytosis” that precedes fibrous encapsulation of biomaterials [1], we 

hypothesized that increased hydrogel crosslinking density, and therefore decreased 

degradation, would exacerbate the FBR and affect macrophage behavior. To test this 

hypothesis, we characterized the response of macrophages in the FBR to gelatin hydrogels 

that were crosslinked to different extents with glutaraldehyde. The hydrogels were implanted 

subcutaneously in mice and analyzed via immunohistochemistry for commonly employed 

markers of macrophage phenotypes and of myofibroblasts at early, middle, and late time 

points over the course of 3 weeks.

2. Materials and Methods

2.1. Preparation of crosslinked gelatin hydrogels

Gelatin solution (10wt%, Sigma Aldrich, Type B bovine skin) was prepared in phosphate 

buffered saline (PBS) and sterilized by boiling. 8 mL of the gelatin solution was transferred 
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into 100mm × 15mm dishes and allowed to cool to room temperature. The dishes were 

incubated at 4°C until gelation was complete. Then, a 5mm biopsy punch was used to punch 

the gelatin into cylindrical disks. The gelatin hydrogels were then crosslinked via immersion 

in sterile-filtered solutions of 0%, 0.05%, 0.1%, and 0.3% glutaraldehyde (Sigma Aldrich) 

on a shaker overnight. The hydrogels were then washed 4 times in PBS for 15 minutes. 

Finally, the hydrogels were immersed in sterile-filtered 0.1M glycine (Sigma Aldrich) 

solution in a shaker overnight to neutralize any residual glutaraldehyde. The hydrogels were 

washed an additional two times in sterile PBS for 15 minutes each. The hydrogels were then 

held under UV light in a biosafety cabinet (typical radiation 40μW/cm2) for at least 2 hours 

to ensure sterilization [33].

2.2. Hydrogel characterization

2.2.1. Mechanical properties—Characterization of the hydrogels was performed 

following sterilization so that the reported crosslinking densities would not be affected by 

any UV-induced crosslinking. Hydrogels were mechanically tested in compression tests 

using a Bose Electroforce 3100 Test Instrument. Using a caliper, the dimensions of the 

hydrogels were measured. The hydrogels were compressed to 30% strain at a rate of 0.333% 

strain per second. The slope of the initial linear region of the stress-strain curve was 

considered the Young's modulus. Only the curve between 5–7% strain was used to calculate 

the slope in order to reduce variability.

2.2.2. Crosslinking density—The crosslinking density of each hydrogel was calculated 

using the modified Flory Rehner equation [34]:

(1)

where ε is the crosslinking density, vp is the polymer volume fraction, χ is the polymer-

solvent interaction parameter, ρ is the density of the polymer, and V1 is the molar volume of 

water, the solvent. vp was calculated using the following equations:

(2)

(3)

where V is the volume of the gelatin hydrogel, Vc is the volume of the swollen hydrogel, wp 

is the weight of the hydrogel, and ρ is the density of gelatin. χ was obtained from the 

literature [34].

2.2.3. Swelling ratio—The swelling ratio of the hydrogels was calculated by the 

following equation [34]:
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(4)

where ws is the swollen weight and wd is the dry weight. The swollen weight was calculated 

by measuring the mass of the hydrogels after allowing them to reach equilibrium by swelling 

in PBS overnight. The hydrogels were then allowed to dry at room temperature in order to 

measure the dry weight.

2.2.4. Degradation profile—Enzymatic degradation of the hydrogels was monitored over 

the course of one week in collagenase solution (from Clostridium histolyticum, 5μg/ml, 

Sigma Aldrich), using a concentration that is similar to that used in a study that found good 

correlation between in vitro and in vivo degradation profiles of gelatin-based hydrogels [35]. 

The mass of each hydrogel was recorded every 24 hours after blotting dry on a paper towel 

to determine the percent mass loss over time.

2.3. Murine subcutaneous implantation model

All animal experimental protocols were approved by an Institutional Review Committee of 

the Shanghai Jiao Tong University School of Medicine. C57BL/6 6–8 week old male mice 

were anesthetized with choral hydrate and shaved prior to surgery. This mouse strain was 

chosen because its macrophages have been extensively characterized in comparison to 

human macrophages [36, 37], and because it has been used for many studies of the FBR. 

Three incisions were made with scissors in the dorsum of each mouse in order to implant the 

three hydrogels crosslinked at 0.05%, 0.1, and 0.3%. Because non-crosslinked hydrogels 

dissolve rapidly in vitro and in vivo [29], they were not included in this study. Pockets were 

made under the skin with blunt forceps and one sample from each crosslinking concentration 

was implanted into each mouse for 3 days, 10 days, or 3 weeks (n=6 mice per time point). 

The first incision was made at the top of the back body, right below the neck. The second 

incision was made on the left side of the back body, next to the left back legs. The third and 

final incision was made on the right side of the back body, next to the right back legs. After 

hydrogel implantation, the sites were sutured with three sutures. The mice were monitored 

daily for any signs of infections or abnormalities. Previous studies have indicated that the 

subcutaneous implantation surgery does not result in a persistent inflammatory response, and 

no fibrous capsule forms, so a sham surgery was not included.

2.4. Sample explantation and histological preparation

At each time point, the mice were euthanized by cervical dislocation and the hydrogels were 

explanted. Each hydrogel was surrounded by a fibrous capsule and attached to the skin. The 

hydrogels and the surrounding tissues were immediately fixed in 4% paraformaldehyde for 

24 hours. Then, the hydrogels were washed for 8 hours in PBS. The samples then underwent 

dehydration in an ethanol series followed by xylene replacement, embedding in paraffin, and 

sectioning to a thickness of 5 μm. To ensure uniform staining conditions across groups, one 

section from each group of crosslinking concentrations were sectioned onto the same slide 

for each time point.
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2.5. Histological analysis

Tissue sections were heated at 70°C for 45 minutes to melt the paraffin wax, then 

deparaffinized in 100% CitriSolv (Sigma Aldrich) for 5 minutes. The sections were then 

rehydrated in a reverse ethanol series before staining. To visualize the fibrous capsule, the 

samples were stained with Masson's trichrome and counterstained with hematoxylin 

according to the manufacturer's instructions (Sigma Aldrich).

2.6. Immunohistochemistry (IHC)

IHC was employed to detect macrophage phenotype marker expression in serial sections. 

Numerous previous studies have shown that the fibrous capsule consists almost entirely of 

macrophages that exhibit characteristics of both M1 and M2 macrophages [2, 10, 24, 38]. 

Thus, our intention was to expand on these works that have counted individual cells staining 

positively for each marker by evaluating changes in the intensity of expression of these 

markers in the hybrid phenotypes over time, which is important for characterization of 

macrophage phenotype [10] but extremely difficult to do with immunofluorescent analysis 

that would have allowed single cell analysis. Indeed, the density of macrophages in the 

fibrous capsule make accurate analysis of single cells extremely difficult when using DAB 

staining, even at high magnification (Fig. S1).

After deparaffinization of the samples, antigen retrieval was performed by immersion in 

10mM sodium citrate (Sigma Aldrich) and heating until just before boiling for 20 minutes. 

The samples were cooled to room temperature and washed with running tap water. 

Endogenous peroxidase was blocked with BLOXALL solution of the ImmPress Excel 

staining kit (Vector Laboratories). The samples were then washed in the buffer 2x for 5 

minutes each. Nonspecific binding was blocked with 2.5% normal horse serum in PBS for 

20 minutes. The primary antibodies monoclonal rat-anti-mouse F4/80 (eBiosciences catalog 

no. 14-4801-81, dilution 1:50 1% BSA), polyclonal rabbit anti-mouse iNOS (Abcam, 

catalog no. ab15323, dilution 1:50 1% BSA), polyclonal goat anti-mouse Arg1 (Santa Cruz 

Biotechnology, catalog no. sc-18354, dilution 1:100 in 1% BSA), polyclonal rabbit anti-

mouse CD163 (Santa Cruz Biotechnology, catalog no. sc-33560, dilution 1:100 in 1% BSA), 

or polyclonal rabbit anti-mouse α-SMA (Abcam, catalog no. ab15734, dilution 1:50 in 1% 

BSA) were added to the samples and incubated overnight at 4°C. The samples were washed 

twice in buffer solution for 5 minutes each. The ImmPress Excel secondary antibody (horse 

anti-rabbit or horse anti-goat as necessary) was then added to the samples and incubated for 

45 minutes. The samples were washed three times in buffer solution for 5 minutes each and 

then staining was visualized with 3,3'-diaminobenzidine (DAB) (1:10 dilution). Each sample 

was exposed to 100 μL of DAB for 1 minute and was subjected to the same concentration, 

amount, and exposure time to DAB as it can directly affect the intensity of staining. Care 

was taken to ensure that the conditions used to develop color with DAB within each 

antibody group were consistent between all samples, because DAB staining can vary with 

the amount of time exposed to the samples, concentration, and even day-to-day variations. 

Positive and negative controls were used in each batch of staining. Samples incubated 

without primary antibody were used as the negative control, and sections of mouse spleen 

were used as the positive control. Isotype controls were also used to confirm minimal non-

specific staining (Fig. S2).
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2.7. Imaging and quantification

All stained samples were imaged in bright field via an EVOS optical microscope. The 

thickness of the fibrous capsule from Masson's trichrome staining was quantified at the 

hydrogel-tissue interface of both the left and right sides of the hydrogel using ImageJ. A line 

was drawn from the edges of the fibrous capsule, and the length (in pixels) was measured. 

The value in units of pixels was converted to μm based on the magnification of the image.

The mean intensity of the IHC staining was quantified rather than cell count of positively 

stained cells, following previous studies that showed via flow cytometry that mean intensity 

is a more accurate indicator of phenotype [10]. Low magnification images were used to 

ensure that the maximum amount of tissue was analyzed after confirming that trends in 

expression levels were not different between low and high magnification images. The 

intensity of expression of each marker was quantified in ImageJ using the Plot Profile tool. 

A line was drawn from the hydrogel surface through the fibrous capsule to a fixed distance 

determined by the quantification of the fibrous capsule using Masson's trichrome staining. 

The Plot Profile tool measures the pixel intensity values along the line and provides the 

intensity values in a table. These data were used to determine the average intensity and the 

spatial distribution of staining intensity from the inside (closer to the hydrogel) to the outside 

(closer to the tissue) of the fibrous capsule. When quantifying intensity in RGB images, 

darker pixels have lower values than lighter pixels. Therefore, the level of expression of each 

marker was calculated by subtracting the values from the max value (255) and then dividing 

by the maximum value to result in a normalized value of intensity. The intensity of each 

surface marker was evaluated at both the muscle- and skin-facing sides of the hydrogel. 

Student's t-test indicated there was no statistical difference between the locations measured. 

Thus, the values of expression of each marker on both sides were averaged for further 

analysis. Negative controls were included for each IHC experiment as a baseline for 

comparison and to differentiate between background staining and real staining.

2.8. Statistical analysis

Data are reported as mean ± standard deviation. Statistical analysis was performed in 

GraphPad Prism 5.0. A one- or two-way ANOVA with Tukey's post hoc multiple 

comparison analysis was performed as required to determine statistical significance among 

the different crosslinking densities and the different time points. For analysis of IHC results, 

a p-value of less than 0.01 was considered significant. Correlation analyses were conducted 

to determine any relationships between the macrophage phenotype and the fibrous capsule 

thickness. The Pearson's correlation coefficient was calculated at two-tailed 95% confidence 

interval.

3. Results

3.1. Hydrogel characterization

As expected, the Young's moduli of the hydrogels increased with increasing crosslinking 

concentration of glutaraldehyde (Fig. S3a). Similarly, increasing concentration of 

glutaraldehyde also increased crosslinking density (Fig. S3b), and decreased equilibrium 

swelling ratio (Fig. S3c). The rate at which the hydrogels degraded in collagenase solution 
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decreased with increasing crosslinking, as shown by decreasing mass over time (Fig. S3d). 

From day 7 to day 13, the percent weight loss of the hydrogels in each group was 

significantly different from each other (p<0.05, Fig. S3d).

3.2. Histological and IHC analysis

The thickness of the fibrous capsule following subcutaneous implantation in mice increased 

over time for all samples (two-way ANOVA, p<0.01), but no differences were observed with 

respect to degree of crosslinking at any time point (Fig. 1).

IHC analysis was performed to quantify intensity of staining of surface markers associated 

with all macrophages (F4/80), the M1 phenotype (iNOS), the M2 phenotype (Arg1 and 

CD163), and myofibroblasts (aSMA). No differences were observed in mean F4/80 intensity 

between different crosslinking concentrations or over time (Fig. 2). Slight decreases in iNOS 

staining intensity were observed from 3 to 21 days, but this decrease was only significant for 

hydrogels crosslinked with 0.3% glutaraldehyde (Fig. 3). In contrast, expression of the M2 

markers Arg1 (Fig. 4) and CD163 (Fig. 5) increased over time for all groups of hydrogels 

(p<0.01, two way ANOVA). No differences were observed in average intensity of staining 

for aSMA, a myofibroblast marker (Fig. 6). In summary, no statistically significant 

differences were observed in staining for any of the markers as a result of different 

crosslinking concentrations (p>0.05, two way ANOVA).

3.3. Spatial distribution of staining

The spatial distribution of macrophage phenotype markers in the fibrous capsule was 

determined for a representative group of samples, the hydrogels crosslinked with 0.3% 

glutaraldehyde after 3 weeks of implantation (Fig. 7). Both F4/80 and iNOS were more 

strongly expressed at the interior of the fibrous capsule where it interfaced with the 

hydrogels implants, regardless of crosslinking concentration or time (Fig. 7a–b). The M2 

marker Arg1 stained evenly throughout the fibrous capsule (Fig. 7c) while CD163 slightly 

decreased toward the outer edge (Fig. 7d). Staining of α-SMA increased towards the outer 

edge of the fibrous capsule (Fig. 7e). The M2/M1 ratio, defined as the ratio of iNOS 

expression to the average of Arg1 and CD163 expression, increased slightly from the 

hydrogel surface to the outer edge (Fig. 7f).

3.4. Correlation analyses

Correlation analyses were performed to determine the relationships between fibrous capsule 

thickness and macrophage phenotype markers across all hydrogel groups and time points 

(Fig. S4). Expression of F480 and iNOS were not correlated with thickness of the fibrous 

capsule. In contrast, there was a strong positive relationship between fibrous capsule 

thickness and both M2 surface markers, Arg1 and CD163, with Pearson correlation 

coefficients of 0.851 and 0.943, respectively. Unexpectedly, there was a strong negative 

correlation between the expression of α-SMA and the fibrous capsule thickness (R = 

−0.932). Finally, there was a positive correlation between the M2/M1 ratio, defined as the 

average of the expression levels of Arg1 and CD163 divided by the expression of iNOS, 

with a Pearson correlation coefficient of 0.823.
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4. Discussion

In recent years, landmark studies have shown that macrophage phenotype is a critical 

indicator of biomaterial success or failure [14, 39]. However, the effects of hydrogel 

properties on macrophage behavior are not well understood. In this study, our hypothesis 

that increased hydrogel crosslinking would exacerbate the FBR and affect macrophage 

behavior was rejected, at least for the first 21 days of the FBR and the range of 

glutaraldehyde concentrations tested in this study. Nonetheless, this work does add to the 

growing body of literature that suggests that both M1 and M2 macrophages contribute to 

formation of the fibrous capsule in the FBR.

Glutaraldehyde crosslinking of biomaterials was first introduced in the late 1960s to reduce 

immunogenicity of allogeneic or xenogeneic implants such as heart valves [40]. 

Crosslinking of protein-based biomaterials with glutaraldehyde occurs through covalent 

bonds that form between the aldehyde groups of glutaraldehyde and primary amine groups 

in the protein backbone of gelatin. Thus, the foreign molecule glutaraldehyde is directly 

incorporated into the crosslinked material, which may trigger inflammation. Indeed, 

glutaraldehyde-crosslinked biomaterials (albeit with much higher concentrations than those 

used here) were shown to induce M1-related gene expression in macrophages in vitro [41].

Many studies have been performed over the years to evaluate the FBR to glutaraldehyde-

crosslinked biomaterials [42–45]. While the concentrations of glutaraldehyde used in the 

present work were substantially lower than those used in the preparation of clinically 

utilized bioprosthetic heart valves [30] and wound dressings [32], it is likely that the lowest 

concentration of glutaraldehyde studied here was sufficient to induce as much inflammation 

as the highest concentration. At least two studies previously showed that 0.1% 

glutaraldehyde crosslinking of collagen or gelatin implants was sufficient to induce the FBR 

in rats, with no further increase in response to 0.3% glutaraldehyde, but these samples were 

only evaluated qualitatively at 30 days following implantation and macrophage behavior was 

not assessed [29, 46]. Interestingly, glutaraldehyde crosslinking of porous collagen scaffolds 

was shown to cause scaffold vascularization in mice, rats, and guinea pigs, compared to non-

crosslinked scaffolds that were encapsulated in fibrous capsule [10, 46]. In one study it was 

shown that this vascularization was concomitant with infiltration of macrophages exhibiting 

mixed M1/M2 phenotypes [10]. Taken together, these results suggest that there is still a need 

to better understand how scaffold crosslinking and macrophage behavior interact to affect 

biomaterial outcome.

Besides the incorporation of inflammatory molecules, the effects of glutaraldehyde 

crosslinking on the FBR may be due to changes in physical properties of the hydrogels. 

Increasing hydrogel crosslinking density causes an increase in elastic modulus, which has 

been reported to increase the severity of the FBR in C57BL/6 mice to PEG-based hydrogels 

with similar elastic moduli and swelling ratios to the hydrogels tested here [27]. Although 

we did not find an increase in the FBR to hydrogels with increasing moduli, differences in 

the inflammatory potential of the materials may explain the apparently conflicting results.
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Increasing crosslinking of gelatin hydrogels also decreases their ability to be degraded. As in 

our study, others have also reported a lack of influence of crosslinking density or 

degradation profile of both oligo(PEG-fumarate) and chitosan hydrogels on the FBR in 

rabbits and rats [47, 48], although macrophage phenotype was not evaluated in these studies. 

Moreover, Safranski et al. showed that degradation rate of PEG-based hydrogels did not 

affect the thickness of the fibrous capsule or staining intensity for iNOS or Arg1 after 8 

weeks of subcutaneous implantation in mice [28], in agreement with our results. Although 

these studies are not exhaustive, separate groups have now reported the counterintuitive 

finding that degradation rate does not have a significant effect on macrophage phenotype or 

on the FBR to crosslinked hydrogels made from both synthetic and natural polymers. Taken 

together, these results suggest that it may be possible to tailor hydrogel degradation profile 

without affecting the FBR.

M1 macrophages are often associated with inflammation and the FBR, while M2 

macrophages are typically associated with healing and constructive remodeling [15, 39, 49]. 

The present study shows a clear correlation between M2 marker staining and fibrous capsule 

thickness. In agreement with our study, a study of PEG-based hydrogels also found constant 

levels of gene expression of iNOS and increasing gene expression of Arg1 in the fibrous 

capsule over 4 weeks in C57BL/6 mice [50]. Interestingly, this study also reported 

increasing expression of the pro-inflammatory cytokine interleukin-1-beta (IL1b) over time, 

which was also found in another study of macrophage gene expression in fibrous capsule 

formation in the MacGreen mouse, a C57BL/6-CBA strain with fluorescent macrophages 

[24], suggesting a role for the M1-associated cytokine in the FBR. This latter study also 

reported increasing levels of an M2 marker, Chi313, which is in agreement with our study in 

which we found increasing levels of the M2 markers Arg1 and CD163. Thus, although we 

and others found a lack of correlation between iNOS (M1) expression and fibrous capsule 

thickness, it is likely that macrophages with a predominantly M1 phenotype still contribute 

to the foreign body response, since persistent levels of M1 macrophages were observed over 

time, whereas they typically diminish over time in normal wound healing [7, 51]. In 

addition, both M1 and M2 macrophages secrete factors implicated in the formation of the 

fibrous capsule, including M1-secreted tumor necrosis factor-α (TNFα) [52] as well as M2-

secreted platelet derived growth factor (PDGF) and transforming growth factor-β (TGF-β) 

[10, 20, 53]. In addition, recent studies that isolated macrophages from fibrous capsules 

noted that they exhibited characteristics of both M1 and M2 macrophages, and even 

resembled fibroblasts [24, 25]. Moreover, the addition of both M1- and M2-promoting 

stimuli (tumor necrosis factor alpha and IL13, respectively) to macrophages in vitro causes 

substantial increases in their secretion of the pro-fibrotic factor transforming growth factor-

beta compared to the effects of either stimulus individually [54]. Taken together, these 

results suggest that either 1) both M1 and M2 macrophages cooperate to promote 

progression of the FBR, or 2) hybrid M1–M2 macrophages typify the FBR. Single cell 

analyses will be required to determine which of these explanations is more likely.

Previous studies have reported that the M2/M1 ratio was indicative of healing in spinal cord 

injury [55], chronic wounds [13], and inflammatory renal disease [56], and of constructive 

remodeling of implanted surgical mesh biomaterials [15]. In these studies, fibrous capsule 

formation did not occur. On the other hand, in studies where the M2/M1 ratio was assessed 
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within the fibrous capsule surrounding biomaterials, a higher M2/M1 ratio was associated 

with the fibrous capsule, as in the present study [50, 57, 58]. Taken together, these results 

suggest that the fibrous encapsulation of biomaterials can be considered a wound healing 

response that fails to resolve, a theory that has been previously proposed [1, 59].

Another interesting finding of this study was that F4/80 (the pan-macrophage marker) and 

iNOS (the M1 marker) stained more strongly in the interior of the fibrous capsule (at the 

hydrogel interface), while Arg1 and CD163 (M2 markers) stained uniformly throughout the 

fibrous capsule. It is not surprising that macrophages in direct contact with the 

glutaraldehyde-crosslinked hydrogels were more inflamed (i.e. M1). Moreover, since newly 

arriving macrophages did not interface directly with the foreign body, but rather with the 

collagen of the fibrous capsule, it makes sense that they would be less inflamed. 

Interestingly, aSMA, the myofibroblast marker, increased in expression level from the 

interior to the exterior of the fibrous capsule. Macrophages in the fibrous capsule have been 

shown to stain for aSMA [24, 25], and monocytes are known to differentiate into fibroblast-

like cells called fibrocytes [60], so it is not possible to definitively distinguish between 

macrophages and fibroblasts. Future studies are required to delineate the roles of and 

interactions between macrophages and fibroblasts in the FBR.

A major limitation of this study was the use of only a few macrophage phenotype markers to 

characterize their behavior. It is well known that macrophages exist on a broad and diverse 

spectrum of phenotypes, which includes hybrid phenotypes, and a few surface markers are 

insufficient to fully characterize their complex behavior. It is important to note that the 

macrophages of the fibrous capsule appear to exhibit hybrid M1/M2 phenotypes and should 

not be labeled as one or the other [24, 26]. Moreover, dual labeling to evaluate co-expression 

of markers may have been more informative. In addition, a more detailed biological analysis 

of the numerous secreted factors that are likely important in mediating the FBR would be 

beneficial to further understand the behavior of macrophages with shifting phenotypes. 

Another limitation is that this study was limited to 3 weeks of subcutaneous implantation; it 

is possible that changes in macrophage behavior as a function of crosslinking could occur at 

later time points, when the hydrogels are closer to full degradation. Finally, the findings of 

this study may be different in different animal models. We chose this mouse model because 

its macrophages have been thoroughly characterized in comparison to human macrophages 

[36] and because many mouse models of the foreign body response utilize this strain. 

However, C57BL/6 mice are considered Th1-biased because of higher levels of Th1 

cytokine production in the spleen [61]. Macrophages from C57BL/6 mice and those from 

Th2-biased mice such as Balb/c mice differ with respect to arginine catabolism, resulting in 

differences in macrophage behavior even though cytokine-induced expression of Arg1 and 

Nos2 are not different on either the gene or protein level between macrophages from the two 

strains [62]. How the differences in arginine transport affect the response of macrophages to 

foreign objects such as biomaterials is an important question that deserves further scrutiny.

Certain other limitations to this study may prevent extension of the results described herein 

to other classes of biomaterials. Gelatin hydrogels were chosen for this study because gelatin 

is a commonly used enzymatically degradable naturally-derived polymer [63, 64], and 

because the properties of gelatin hydrogels, including crosslinking density and degradation 
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profile, can be easily controlled via chemical crosslinking with glutaraldehyde [29, 65, 66]. 

However, increasing crosslinking also increases mechanical properties and decreases 

degradability, obscuring interpretation of the effects of these properties on the foreign body 

response. In addition, different biomaterials have different chemical and physical properties 

that would further alter the behavior of macrophages and the FBR from normal wound 

healing. Another limitation of using gelatin as a model biomaterial is that like other animal-

derived polymers, it may be immunogenic, but these effects were not studied here. Finally, 

the FBR to the hydrogels was only studied in a subcutaneous implantation model and not in 

orthotopic locations where stress from blood flow and other mechanical stimuli may 

influence a change in the polarization of macrophage phenotypes. While some studies have 

shown that there is no difference in the fibrous capsule formation between subcutaneous and 

cranial implantation [47], others have found that site of implantation can have a major effect 

[67, 68]. Nonetheless, the subcutaneous implantation model does allow controlled and 

reproducible studies of the inflammatory response [69].

5. Conclusion

This study showed that glutaraldehyde-crosslinked gelatin hydrogels elicit a strong foreign 

body response when implanted subcutaneously in mice, characterized by encapsulation in 

fibrous tissue, persistent levels of the M1 macrophage marker iNOS, and increasing levels of 

M2 macrophage markers Arg1 and CD163. Interestingly, the extent of the FBR or 

macrophage response was not affected by the degree of hydrogel crosslinking or 

degradation. This study emphasizes the complexity of the role of macrophage polarization in 

biomaterial outcome and suggests that further studies are required to fully elucidate the 

effects of biomaterial properties on macrophage polarization and the FBR.
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Figure 1. 
Masson's trichrome staining of hydrogels explanted after 3 days (a–c), 10 days (d–f), and 21 

days (g–i). Hydrogels were crosslinked with glutaraldehyde at concentrations of 0.05% (a, d, 

g), 0.1% (b, e, h), or 0.3% (c, f, i). Black lines indicate the thickness of the fibrous capsule. 

(j) Representative image showing the thickness of the fibrous capsule on the muscle-facing 

(j) and skin-facing (k) sides of the hydrogel. Scale bar is 200um. (l) Thickness of the fibrous 

capsule, determined from the lengths of the black lines in (a–i). Statistical significance was 

determined using two way ANOVA and Tukey's post-hoc analysis. No significant 

differences (n.s.) were observed among different crosslinking concentrations, but differences 

were found over time. ** denotes p<0.01, *** denotes p<0.005, **** denotes p<0.001.
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Figure 2. 
IHC analysis of F4/80 expression, a pan-macrophage marker, by macrophages surrounding 

hydrogels explanted after 3 days (a–c), 10 days (d–f), and 21 days (g–i). Hydrogels were 

crosslinked with glutaraldehyde at concentrations of 0.05% (a, d, g), 0.1% (b, e, h), or 0.3% 

(c, f, i). (j) Negative control (delete primary) and (k) positive controls (spleen). Scale bar is 

200μm. (l) Average staining intensity. Statistical significance was determined using two way 

ANOVA and Tukey's post-hoc analysis.
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Figure 3. 
IHC analysis of iNOS expression, an M1 marker, by macrophages surrounding hydrogels 

explanted after 3 days (a–c), 10 days (d–f), and 21 days (g–i). Hydrogels were crosslinked 

with glutaraldehyde at concentrations of 0.05% (a, d, g), 0.1% (b, e, h), or 0.3% (c, f, i). H 

denotes the hydrogel, while FC denotes the fibrous capsule. Yellow boxes and insets indicate 

a representative region of intensity quantification. (j) Negative control (delete primary) and 

(k) positive controls (spleen). Scale bar is 200μm. (l) Average staining intensity. Statistical 

significance was determined using two way ANOVA and Tukey's post-hoc analysis 

(**p<0.01).
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Figure 4. 
IHC analysis of Arg1 expression, an M2 marker, by macrophages surrounding hydrogels 

explanted after 3 days (a–c), 10 days (d–f), and 21 days (g–i). Hydrogels were crosslinked 

with glutaraldehyde at concentrations of 0.05% (a, d, g), 0.1% (b, e, h), or 0.3% (c, f, i). H 

denotes the hydrogel, while FC denotes the fibrous capsule. Yellow boxes and insets indicate 

a representative region of intensity quantification. (j) Negative control (delete primary) and 

(k) positive controls (spleen). Scale bar is 200μm. (l) Average staining intensity. Statistical 

significance was determined using two way ANOVA and Tukey's post-hoc analysis 

(***p<0.005, ****p<0.001). Note that swelling of the hydrogel in the IHC reagents 

accounts for its dark staining.
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Figure 5. 
IHC analysis of CD163 expression, an M2 marker, by macrophages surrounding hydrogels 

explanted after 3 days (a–c), 10 days (d–f), and 21 days (g–i). Hydrogels were crosslinked 

with glutaraldehyde at concentrations of 0.05% (a, d, g), 0.1% (b, e, h), or 0.3% (c, f, i). H 

denotes the hydrogel, while FC denotes the fibrous capsule. Yellow boxes and insets indicate 

a representative region of intensity quantification. (j) Negative control (delete primary) and 

(k) positive controls (spleen). Scale bar is 200μm. (l) Average staining intensity. Statistical 

significance was determined using two way ANOVA and Tukey's post-hoc analysis 

(**p<0.01). Note that swelling of the hydrogel in the IHC reagents accounts for its dark 

staining.
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Figure 6. 
IHC analysis of α-SMA expression, a myofibroblast marker, on the fibrous capsule of 

explanted hydrogel after 3 days (a–c), 10 days (d–f), and 21 days (g–i). Hydrogels were 

crosslinked with glutaraldehyde at concentrations of 0.05% (a, d, g), 0.1% (b, e, h), or 0.3% 

(c, f, i). H denotes the hydrogel, while FC denotes the fibrous capsule. Yellow boxes and 

insets indicate a representative region of intensity quantification. (j) Negative control (delete 

primary) and (k) positive control (spleen). Scale bar is 200 μm. (l) Average staining 

intensity. Statistical significance was determined using two way ANOVA and Tukey's post-

hoc analysis. Note that swelling of the hydrogel in the IHC reagents accounts for its dark 

staining.
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Figure 7. 
Spatial distribution of staining intensity of the different markers from inner to the outer edge 

of the fibrous capsule. Data shown are average values for 0.3% glutaraldehyde at 21 days 

(n=6), which are representative of trends observed for all hydrogel crosslinking 

concentrations and time points. Different symbols represent results from different mice.
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