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Abstract

Polarization of macrophages by chemical, topographical and mechanical cues presents a robust 

strategy for designing immunomodulatory biomaterials. Here, we studied the ability of 

nanopatterned bulk metallic glasses (BMGs), a new class of metallic biomaterials, to modulate 

murine macrophage polarization. Cytokine/chemokine analysis of IL-4 or IFNγ/LPS-stimulated 

macrophages showed that the secretion of TNF-α, IL-1α, IL-12, CCL-2 and CXCL1 was 

significantly reduced after 24-hour culture on BMGs with 55nm nanorod arrays (BMG-55). 

Additionally, under these conditions, macrophages increased phagocytic potential and exhibited 

decreased cell area with multiple actin protrusions. These in vitro findings suggest that 

nanopatterning can modulate biochemical cues such as IFNγ/LPS. In vivo evaluation of the 

subcutaneous host response at 2 weeks demonstrated that the ratio of Arg-1 to iNOS increased in 

macrophages adjacent to BMG-55 implants, suggesting modulation of polarization. In addition, 

macrophage fusion and fibrous capsule thickness decreased and the number and size of blood 

vessels increased, which is consistent with changes in macrophage responses. Our study 

demonstrates that nanopatterning of BMG implants is a promising technique to selectively 

polarize macrophages to modulate the immune response, and also presents an effective tool to 

study mechanisms of macrophage polarization and function.

Graphical Abstract

Implanted biomaterials elicit a complex series of tissue and cellular responses, termed the foreign 

body response (FBR), that can be influenced by the polarization state of macrophages. Surface 

topography can influence polarization, which is broadly characterized as either inflammatory or 

repair-like. The latter has been linked to improved outcomes of the FBR. However, the impact of 

topography on macrophage polarization is not fully understood, in part, due to a lack of high 

moduli biomaterials that can be reproducibly processed at the nanoscale. Here, we studied 
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macrophage interactions with nanopatterned bulk metallic glasses (BMGs), a class of metallic 

alloys with amorphous microstructure and formability like polymers. We show that nanopatterned 

BMGs modulate macrophage polarization and transiently induce less fibrotic and more angiogenic 

responses. Overall, we demonstrate nanopatterning of BMG implants as a technique to polarize 

macrophages and modulate the FBR.
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1. Introduction

Implantation of medical devices and biomaterials results in tissue injury and triggers the 

inflammation process, which is extended in the presence of a biomaterial [1–3]. Typically, 

the host tissue response to implants leads to a unique sequence of molecular and cellular 

events known as the foreign body response (FBR) that results in the encapsulation of 

biomaterials by a mostly avascular collagenous capsule. Because of this response, there is 

suboptimal biomaterial integration within tissue, which can lead to compromised function 

and subsequent failure. Thus, to improve the quality of implants and prolong their lifetime, it 

is essential to develop strategies to mitigate the FBR.

Macrophages are phagocytic leukocytes, which are recruited following implantation and 

adhere to the biomaterial surface. They play a pivotal role in orchestrating the host response 

either directly or through modulating the function of other cell types such as lymphocytes, 

endothelial cells, and fibroblasts [4, 5]. In addition, macrophages can undergo fusion to form 

multinucleated foreign body giant cells (FBGC), which is a hallmark of the FBR [6, 7]. 

Moreover, macrophages release a wide spectrum of chemokines and cytokines as well as 

growth factors that orchestrate tissue remodeling processes. These include the recruitment 

and activation of inflammatory cells, resolution of inflammation, debris scavenging, and 

angiogenesis [4, 6, 8]. The nature and level of the released biomolecules depend on the 

phenotype of macrophages, which are characterized based on their cytokine and gene 

expression profiles, cell surface molecules, and cell morphology [9–12]. Detailed 

descriptions of different macrophage phenotypes have been recently provided in extensive 

reviews [13–15]; for example, classically activated pro-inflammatory macrophages or M1 

macrophages are induced by interferon-gamma (IFN-γ)/lipopolysaccharide (LPS). 

Following stimulation, inducible nitric oxide synthase (iNOS) is expressed leading to 

subsequent nitric oxide (NO) production that upregulates the production of a variety of 

inflammatory cytokines and mediators such as interleukin (IL)-1β and tumor necrosis factor 
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(TNF). In contrast, macrophages activated by IL-4 are known as alternatively activated 

macrophages or M2 macrophages; they show anti-inflammatory properties by suppressing 

the production of inflammatory cytokines and by expressing arginase-1(Arg-1) instead of 

iNOS [16, 17].

Several studies have reported the plasticity and rapid shift in macrophage phenotypes in 

response to local environmental factors presented as chemical, mechanical, and/or 

topographical cues [18–24]. For example, functionalization of the surface of poly (ethylene 

glycol)-based hydrogels with arginine-glycine-aspartate (RGD) peptide, has been shown to 

significantly reduce the expression of the pro-inflammatory cytokines TNF-α and IL-1β in 

bone-marrow derived murine macrophages (BMDMs) and mitigate the FBR [25]. In another 

study, macrophages on poly (ethylene glycol)-RGD-based hydrogels with low stiffness 

(130kPa), expressed less pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 when 

compared to cells on similar substrates with higher compressive moduli (240 and 840kPa) 

[26]. Such strategies suggest the possible beneficial outcomes of regulating macrophage 

polarization in order to attenuate biomaterial-induced adverse effects [24–30].

Our group recently demonstrated that nanopatterning the surfaces of platinum-based bulk 

metallic glasses (Pt57.5Cu14.7Ni5.3P22.5, Pt-BMGs) could alter cell behaviors [31, 32]. These 

studies were made possible because BMGs are amorphous metallic alloys that exhibit 

unique processing opportunities due to the lack of crystalline order and grains in their 

atomic microstructure. They also have similar mechanical strength and stiffness to metallic 

alloys but are highly processable and flexible like polymers, which facilitates manufacturing 

of precise nanopatterned surfaces through thermoplastic forming (TPF) that cannot be 

achieved with conventional metals [32–35]. Such nanopatterns induced changes in the 

cytoskeletal arrangement of various cell types including macrophages [32]. Specifically, we 

examined the effect of nanopatterning on macrophage morphology and demonstrated 

changes on arrays of 200nm diameter nanorods (BMG-200) [32]. In a subsequent study, we 

showed that arrays of 55nm diameter nanorods (BMG-55) could reduce macrophage fusion 

on BMG substrates in vitro and in vivo in the short term (7 days) [31], but we did not 

examine effects on the FBR in the long term. Here, we expanded on these studies by 

investigating the ability of BMG-55 to modulate the polarization of macrophages in 

response to IFNγ/LPS or IL-4 in vitro and to modulate the FBR in vivo at 2 and 4 weeks 

following implantation. We show that BMG-55 can modulate macrophage polarization and 

functions in vitro. In addition, BMG-55 altered the kinetics of the FBR, characterized by 

reduced FBGC formation and encapsulation and increased angiogenesis at 2 weeks. These 

changes were associated with significant shifts in macrophage polarization suggesting that 

nanopatterning of BMGs can be used as a tool to modulate parameters of the FBR.

2. Materials and methods

2.1. Preparation of BMG samples

Nanopatterned Pt-based BMG (Pt57.5Cu14.7Ni5.3P22.5) samples were prepared through 

thermoplastic deformation as described previously [32, 34, 36]. Briefly, raw materials, 

including platinum, phosphorus, nickel, and copper were melted and cast in rods of 2mm 

diameter and 12 mm in length and subsequently fluxed with B2O3 and quenched with water. 
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BMG rods were then cut in 2mm height and 2mm diameter disks and pressed on nanoporous 

alumina (Al2O3) (anodic aluminum oxide (AAO)) of 55nm-diameter pore size at 540K 

temperature using a molding force of 10kN applied by compression tester (Instron Model 

5569). Subsequently, the alumina molds, were removed from the nanopatterned surfaces by 

etching with a 30% KOH solution.

2.2. In vitro studies of macrophage behavior on BMG substrates

2.2.1. Monocyte isolation and macrophage polarization—Bone marrow-derived 

macrophages (BMDMs) were isolated from 9 to 12 week-old C57BL6 mice as described 

previously [37]. All procedures were performed in accordance with the protocol approved by 

the National Institutes of Health (NIH) and the Institutional Animal Care and Use 

Committee (IACUC) at Yale University. Briefly, mice femurs were harvested for isolating 

bone marrow cells by flushing the bone shafts using a wash comprising of IMDM media 

containing 20% FBS and 1% Penicillin-Streptomycin (P/S). Ack-Lysis buffer was used to 

lyse the red blood cells. Subsequently, the cells were seeded for 4hrs to allow the bone-

resident monocytes to adhere, followed by resuspension of the supernatant in media 

containing 20ng/mL M-CSF. BMDMs were maintained in culture for 7 days and on the 

fourth day, 10mL media with 20ng/mL M-CSF was added on top of cultured cells. On day 7, 

the cells were again treated with 10ng/mL M-CSF to be used for the experiment on the 

following day.

Flat and nanopatterned BMG samples were decontaminated in 70% ethanol for 30min and 

were subsequently washed with sterilized phosphate buffer saline (PBS) for 5min. Then, 

each sample was cultured with 5×105 cells in 1mL media containing 10ng/mL M-CSF and 

100ng/mL FLT-3 ligand. After overnight incubation, the media was aspirated followed by a 

PBS wash and a replacement with fresh growth medium (DMEM/F12 (1:1) supplemented 

with 1% P/S, 1% L-glutamine and 10% FBS). To generate classically activated 

macrophages, cells were seeded with growth media containing 20ng/mL IFN-γ for 6hrs and 

following PBS rinses, growth media containing 100ng/mL LPS was added for 18hrs. To 

generate alternatively activated macrophages, cells were cultured with growth media 

containing 20ng/mL IL-4 for 24hrs.

2.2.2. Luminex-based cytokine detection and quantification—Cultured 

macrophage supernatants with and without (IFN-γ/LPS) or IL-4 stimulations, were 

collected and the levels of 23 different chemokines and cytokines were assayed using a 

Milliplex MAP mouse cytokine/chemokine premixed 23-plex kit (Millipore, Billerica) on a 

Bio-Plex Suspension Array System (Bio-Rad Laboratories). Cytokines included in the 

analysis were IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, IL-17, 

CCL11, G-CSF, GM-CSF, IFN-γ, CXCL1, CCL2, CCL3, CCL4, CCL5, and TNF-α with a 

typical detection range of 5–100,000pg/ml for each analyte. A total of three independent 

samples (supernatants) per condition were used for the measurement.

2.2.3. Quantification of macrophage morphology—To assess the morphology of 

cultured macrophages on BMG substrates, cells were fixed with 4% paraformaldehyde for 

20min, washed with PBS and permeabilized with 0.1% Triton X-100 for 5min, then stained 
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with Rhodamine-Phalloidin for 30min at ambient temperature and counterstained with 

DAPI. Subsequently, stained cells were imaged using a fluorescent microscope (Zeiss, HBO 

100). Five samples per condition were analyzed and shape parameters (area, perimeter and 

circularity) of 300 individual cells per condition were quantified using NIH Image J software 

[32]. Average cell area and perimeter indicate cell growth and spreading. Circularity index, 

which is defined as [4π × (cell area)/(cell perimeter)2], gets a value between 0(highly 

elongated polygon) to 1(perfect circle). In addition, morphology of adhered cells was 

evaluated using SEM after sputtering a thin layer of Iridium (Ir). For SEM imaging, cells 

were fixed with 2.5% glutaraldehyde, dehydrated in a series of ethanol/DI water mixtures 

including 30%, 50%, 75%, 90%, and 100% ratios, followed by drying in 

Hexamethyldisilazane (HMDS) overnight at room temperature.

2.2.4. BMDMs phagocytosis on BMGs—The effect of nanopatterning of BMGs on 

phagocytosis of cultured macrophages were evaluated in vitro. Phagocytosis was induced by 

adding Fluoresbrite® YG microspheres (Polysciences Inc., Warrington, PA) with 3μm 

diameter, following the stimulation with IL-4 or IFN-γ/LPS. The spheres were added at 1:5 

(cell:sphere) ratio, which is enough to engage most cells in phagocytosis [6, 38]. Following 

24hrs incubation with microspheres, cells were washed with PBS, fixed and stained with 

Rhodamine Phalloidin. Uptake of microspheres was evaluated using fluorescence 

microscopy and the percentage of cells with spheres and the average number of spheres per 

cell was measured using Image J software. Five independent samples per condition were 

analyzed and ten random fluorescent images in each sample were captured for 

quantification.

2.3. In vivo implantation and analysis

Subcutaneous implantations were performed as described previously [38]. A total of six 

C57BL/6 mice aged 9–12 weeks per time point were used and each mouse received two 

bilateral implants following midline incision; a flat BMG and a BMG-55 with the 

nanopatterned side facing the dermis. Equal numbers of male and female mice were used for 

in vivo studies. Animals were sacrificed at 2 and 4 weeks after implantation, and excised 

implants were removed from their tissue capsule and surrounding tissues. Remaining tissues 

were fixed in 4% formaldehyde, processed and embedded in paraffin wax for histological 

analysis. Implants were fixed and prepared for SEM as described above. Tissues were 

sectioned and stained with Masson’s trichrome and five sections per condition were 

analyzed. Stained sections were visualized using light microscopy (Zeiss, AX10) and fibrous 

capsule thickness around the implants was measured using MetaMorph software at five 

random locations.

In addition, immunofluorescence was performed on paraffin-embedded sections. Briefly, for 

each condition, slides were deparaffinized, rehydrated, blocked and incubated with primary 

antibodies of rat anti-mouse macrophage antigen-3 (Mac-3) (BD Pharmingen™) along with 

either a goat polyclonal antibody to arginase-1 (Arg-1) (Santa Cruz Biotechnology, 

sc-18351) or a rabbit polyclonal antibody to iNOS (abcam, ab15323) overnight at 4°C. The 

primary antibodies were diluted in 1% BSA/PBS with ratios of 1:10 for Mac-3, 1:50 for 

Arg-1 and 1:100 for iNOS. After washing, the samples were incubated for 1hr with donkey 
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anti-rat (Alexa Fluor® 594, ab150156) and donkey anti-goat (Alexa Fluor® 488, ab150129) 

secondary antibodies for Mac-3/Arg-1 stained sections or donkey anti-rat and goat anti-

rabbit (Alexa Fluor® 488, ab150077) secondary antibodies for Mac-3/iNOS stained sections 

at room temperature. All secondary antibodies were diluted with 1:200 ratio in PBS. 

Following PBS rinses, the sections were mounted for fluorescence microscopy. 

Immunofluorescence staining was also performed for the endothelial cell marker, CD31, 

using a similar approach. Rat monoclonal anti-mouse CD31 (dianova, DIA-310) and donkey 

anti-rat IgG were used as primary antibody and secondary antibody, respectively. A total of 

five sections per condition were analyzed. Ten random fluorescent images in each section 

were captured and the percentage of Arg-1-positive Mac-3 and the percentage of iNOS-

positive Mac-3 were measured using Image J software. The number and surface area of 

vessels (CD31 stained blood vessels) in each captured fluorescent image was measured 

using Image J software.

Implants, detached from adjacent tissues, were inspected for attached cells and FBGCs using 

SEM imaging. Three independent samples per condition were prepared following the 

aforementioned steps; five random fields were imaged in each sample and representative 

images per condition were presented in the results section.

2.4. Statistical analysis

Results in each experiment were expressed as means + standard deviation (SD). In in vitro 
tests (cytokine/chemokine profiles, macrophage morphology parameters, macrophage 

phagocytosis), the means response of flat BMG and BMG-55 were compared in each 

condition using one-way ANOVA test and the criterion of statistical significance was 

considered P-value ≤ 0.05. In in vivo immunofluorescent assays and fibrous capsule 

thickness measurement, the significance differences between the means response of flat 

BMG and BMG-55 following 2-week and 4-week implantation were evaluated using one-

way ANOVA test with P-value ≤ 0.05. For in vivo immunofluorescence experiments, the 

Tukey post-hoc multiple-comparison analysis was performed as well. Statistical analysis 

was performed using Minitab® 18 software (Minitab Inc. State College, PA).

3. Results

3.1. Multiplex cytokine/chemokine profiles

To study the polarization of macrophages on flat BMG and BMG-55 substrates, the level of 

23 different chemokines and cytokines released by the unstimulated (M0), IFNγ/LPS-

stimulated (M1), or IL-4 -stimulated (M2) cells were measured. In each group of cells, the 

response of flat and nanopatterned substrates was compared to each other. IFNγ/LPS 

stimulation increases the secretion level of the pro-inflammatory cytokines in M1 cells 

cultured on flat or nanopatterned BMGs. However, culturing M1 macrophages on BMG-55 

substrate significantly reduced the secretion of IL-1α, TNF-α, IL-6, IL-12 (p70) and IL-12 

(p40) compared to flat BMG substrate (Fig. 1A).

Similar to pro-inflammatory cytokine profiles, the secretion of the pro-inflammatory 

chemokines (CCL2, CCL3, CCL4, CCL5, CCL11 and CXC11) increased in classically 
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activated macrophages. The results demonstrated that nanopatterning can change chemokine 

secretion such that the level of CCL2, CCL4 and CXCL1 decreased on BMG-55 compared 

to flat BMG (Fig. 1B). BMG-55 either significantly reduced or caused no significant change 

on the pro-inflammatory cytokines and chemokines.

IFNγ/LPS and IL-4 stimulations increased the release of IL-4, IL-10 and IL-13; these 

changes were not affected by nanopatterning (Fig. 2). In M2 macrophages, levels of IL-4 

include exogenously added and released; therefore, its levels between groups cannot be 

directly compared. Release profiles for other cytokines and chemokines can be found in the 

supplementary materials (Supplementary Figure).

3.2. In vitro BMDMs morphology on BMGs

To investigate the association between macrophage shape change and nanopatterning of 

BMG substrates, we studied actin cytoskeleton arrangement by Phalloidin stain (Fig. 3A) 

and quantification of shape parameters (area, perimeter and circularity) (Fig. 3B).

IFNγ/LPS stimulation causes cytoskeletal actin re-arrangement on both flat and 

nanopatterned BMGs. M1 cells on both surfaces became larger and more spread; however, 

the size of M0 and M1 cells (indicated by average cell perimeter and area) on the flat BMG 

were significantly larger compared to BMG-55 substrate (Fig. 3Ba–b). In addition to size, 

cells on BMG-55 showed multiple fine projections on their surfaces, all indicating the 

influence of nanopatterning on the morphology of macrophages. IL-4 stimulation generally 

increased elongation of cells on both flat and nanopatterned BMG substrates, while small 

podia appeared on the surface of cells on BMG-55. The morphology of attached cells was 

also evaluated using SEM imaging (Fig. 4). Representative SEM images could present the 

effect of nanopatterning on the morphology of macrophages more clearly and also 

confirmed the observations of the fluorescent imaging of cytoskeletal actin such as higher 

spreading of M0 cells on the flat surface (Fig. 4B-a and -d). M1 cells on BMG-55 substrate 

distinctly demonstrated the podia appearance compared to flat surface (Fig. 4B-b and -e).

3.3. In vitro BMDMs phagocytosis on BMGs

Phagocytosis is one of the essential functions of macrophages and we studied whether 

nanopatterning would influence this process. The uptake of fluorescent microspheres 

(yellow) by macrophages attached on BMGs was visualized by microscopy (Fig. 5A) and 

the percentage of cells containing microspheres and number of microspheres per cell were 

measured (Fig. 5B). Results showed that phagocytosis was enhanced on BMG-55 substrate, 

indicating that nanopatterning of BMGs can significantly change the phagocytic response in 

IFN-γ/LPS-treated macrophages. In addition, this finding suggests specificity in the ability 

of BMG-55 to reduce macrophage fusion as other functions are not compromised.

3.4. BMG implants capsule thickness

Given that significant reduction of pro-inflammatory cytokines release and morphological 

change of M1 macrophages on BMG-55 during in vitro experiments, flat BMG and 

BMG-55 disks were subcutaneously implanted in WT mice for 2 and 4 weeks to investigate 

the in vivo response. Masson’s trichrome-stained sections were used to measure fibrous 
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capsule thickness around flat BMG and BMG-55 implants in wild type (WT) mice (Fig. 6A–

D). Figure 6E and 6F plot average capsule thickness for both implants at 2 and 4-week time 

points. Capsule thickness values for flat BMG implant sites were found to be 317 ± 22μm 

and 172 ± 13μm for 2 and 4-week time points, respectively, whereas they were 187 ± 24μm 

and 201 ± 15μm for BMG-55 implant sites for the same time points. BMG-55 demonstrated 

significantly thinner capsules after 2 weeks of implantation, suggesting a shift in the kinetics 

of the FBR.

3.5. In vivo evaluation of FBGC formation

To evaluate the formation of macrophage fusion on flat BMG and BMG-55 implants, the 

surface of explanted BMGs following 2- and 4-week implantation was examined using SEM 

imaging (Fig. 7). After 2 weeks of implantation, FBGCs are visible on the surface of flat 

BMG (Fig. 7A), but there was a remarkable attenuation of FBGC formation on BMG-55 

(Fig. 7C). Following 4-week implantation, the surface of flat BMG implants was covered 

with multinuclear giant cells (Fig. 7B); however, the level and size of macrophage fusion on 

the surface of BMG-55 implants was reduced (Fig. 7D).

3.6. In vivo Arg-1 and iNOS expression

The phenotype of the recruited macrophages was determined by double-staining of 

explanted tissues surrounding the implants for Mac-3/Arg-1 (Fig. 8A) and Mac-3/iNOS 

(Fig. 8B). Macrophages are identified with Mac-3 positive cells; Arg-1 positive cells 

indicate M2 cells, while iNOS positive cells indicate M1 cells. The percentage of Arg-1 

expression around BMG-55 after 2 weeks significantly increased compared to flat BMG 

while after 4 weeks, no difference in Arg-1 expression was observed. These results show the 

ratio of Arg-1 to iNOS expression in macrophages of tissues surrounding BMG-55 implants 

after 2 weeks significantly increased (Fig. 8C).

3.7. In vivo vascularization

In vivo vascularization in tissues surrounding flat BMG and BMG-55 implants was 

evaluated by quantification of CD31-stained vessels (Fig. 9). Normalized average area of 

blood vessels, which indicate both the number and size of vessels, increased in tissues 

surrounding BMG-55 implants following 2-week implantation (Fig. 9I). After 4 weeks, 

vascularization decreased in tissues around BMG-55. These results indicate the capability of 

BMG-55 to modulate vascularization of the FBR.

4. Discussion

Results presented in this study demonstrate that nanopatterning of BMG substrates 

modulates the activation of IFN-γ/LPS treated macrophages, which leads to significant 

reductions in the secretion of TNF-α and CCL-2 and changes in cell size and shape as well 

as phagocytosis. Furthermore, BMG-55 implants induced changes in the FBR that were 

associated with a shift in macrophage polarization.

Macrophage polarization can be modulated to attenuate the FBR by manipulating implant 

surface characteristics such as roughness, topography, chemistry or surface energy [39–43]. 
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For instance, it was observed that macrophage adhesion and expression of pro-inflammatory 

markers like TNF-α and CD68 decreased on nanofeatured titanium surfaces [44, 45]. Nano-

featured metallic surfaces can be created by multiple techniques like electrochemical 

anodization, hydrothermal treatment, acid etching and sand blasting [46–50]. However, these 

methods not only involve long multi-step processes, but also require severe thermal and 

chemical reactions that result in a non-uniform and random topographies. In contrast, bulk 

metallic glasses can be used to create a wide range of precisely controlled micro- and 

nanopatterns with intact surface chemistry [32–35].

Surface nanopatterning alters surface energy such that the wettability of BMG-55 was 

enhanced relative to flat BMG. These changes can influence the type, level and topography 

of adsorbed proteins, which subsequently affect interactions with cell surface receptors. For 

example, in a previous study, we showed that changes in BMG nanopattern dimensions 

modulated the extent and distribution of fibronectin adsorption [32].

Following implantation and protein adsorption, macrophages adhere on the surface, fuse 

together and form FBGCs. Cell to cell fusion is a dynamic cellular event that is involved in 

various physiological processes such as stem cell differentiation and bone remodeling [51–

54]. Our previous in vitro studies showed that macrophage fusion and FBGC formation was 

attenuated on nanopatterned BMGs. Specifically, BMG-55 restricted macrophages 

cytoskeletal remodeling and spreading leading to a change in the activation of p38 MAP 

kinase that regulates cytoskeleton rearrangement during fusion. Additionally, BMG-55s 

reduced the formation of FBGCs when implanted in the peritoneum (IP) in WT mice for 1 

week [31]. Our present in vivo results using the subcutaneous implantation model confirm 

the mitigation of macrophage fusion and FBGC formation for BMG-55 implants. This 

finding is consistent with the reduction in CCL2 (MCP-1) secretion by IFN-γ/LPS-treated 

macrophages cultured on BMG-55 because this chemokine has been shown to be required 

for FBGC formation [36, 38, 55]. Currently, there is a paucity of information regarding the 

role of macrophage phenotype in macrophage fusion and FBGC formation. IL-4 is well 

known as a polarizing cytokine toward pro-healing phenotype. However, IL-4 also induces 

macrophage fusion and promotes inflammatory multi-nucleated giant cell formation. In vivo 
studies investigating the phenotypes in FBGCs demonstrate that they express both M1 

(IL-1β, iNOS and TNF-α) and M2 (Arg-1, CD36 and IL-10) markers. These observations 

support the hypothesis that polarization of inflammatory and anti-inflammatory 

macrophages is a continuum rather than distinct phenotypes [4, 14, 36].

Following FBGC formation, fibroblasts are recruited, collagen fibers are deposited and 

ultimately a dense collagenous capsule is formed. The capsule isolates the biomaterial and 

hinders its integration with the surrounding tissue. It can also perturb the function of 

diffusion-dependent devices such as drug-delivery and sensor systems [56–59]. Positive 

effects of nanopatterning on macrophage polarization and subsequent cytokine release may 

explain the reduction of capsule thickness surrounding BMG-55 implants. It has been shown 

that Arg-1 expressing macrophages are actively involved in the regulation of wound healing 

and fibrosis. Arg-1 is an enzyme which metabolizes arginine and regulates the synthesis of 

amino acid proline (required for collagen synthesis); however, it can suppress fibrosis by 

inhibiting antigen-specific T cell responses and prevents excessive collagen deposition [60, 
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61]. Therefore, the higher expression ratio of Arg-1 to iNOS in macrophages present at sites 

adjacent to BMG-55 implants might be correlated to a reduction in capsule thickness.

In addition to the effect of nanopatterning on macrophage fusion, our in vitro findings 

demonstrate that phagocytosis of microspheres was enhanced in M1 cells on BMG-55. The 

opposite effects of BMG-55 on fusion versus phagocytosis is consistent with our previous 

observations of differential susceptibility of these processes to inhibitors of cytoskeletal 

remodeling [6, 37]. Specifically, we showed that unlike phagocytosis, IL-4 induced fusion 

was reduced in the presence of a Rac1 inhibitor [6, 37]. Interestingly, in the present study we 

observed an increase in phagocytosis during IFN-γ/LPS stimulation despite an overall 

reduction in M1 polarization. We believe that this could be due to nanopattern induced 

changes in cytoskeletal remodeling leading to the formation of filopodial projections. Such 

projections could enhance the rate of microsphere-cell interaction and overall phagocytosis. 

It should also be noted that we and others have shown that several macrophage functions 

including polarization can be modulated by actin reorganization and cell shape [62–64]. In 

addition, Liu et al found IFN-γ/LPS-activated macrophages on polydimethylsiloxane 

(PDMS) substrates exhibited a round and flattened morphology, while IL-4-activated cells 

increased their elongation [11]. Consistent with our findings, a previous study showed a 

positive correlation between TNF-α secretion and macrophage area on glass substrates, 

while on chitosan substrate, small and rounded cells were found to produce less TNF-α 
[65].

In the present study, angiogenesis was evaluated as another parameter of the FBR. Detection 

of vascular cells with CD31 antibody following 2-week implantation showed an increase in 

the number of endothelial cells and luminal structures around BMG-55 implants. After 4-

week implantation, the blood vessel density reduced around implants. Different research 

studies have shown the temporal variation of vascularization in subcutaneous implantation of 

biomaterials are influenced by their chemical, biological and physical characteristics [66–

68]. For example, polyvinyl alcohol (PVA) sponge also displayed a reduction in 

vascularization after 3-week compared to 2-week implantation in subcutaneous mouse 

model [68]. Association of macrophage polarization with vascularization is poorly 

understood. However, the ratio of M2 to M1 macrophages and the time of polarization are 

two parameters that have been observed to correlate with remodeling of injured tissues 

around implants. All macrophage phenotypes support vascular remodeling in distinct ways. 

For example, M1 macrophages predominantly secrete vascular endothelial growth factor 

(VEGF), which induces angiogenesis. Similarly, M2 macrophages increase the secretion of 

platelet-derived growth factor (PDGF) that induces vessel maturation [69–74]. Consistent 

with our results, several studies demonstrate increased vascularization associated with higher 

ratios of M2 to M1 macrophages [75, 76]. For example, Badylak et al., demonstrated that 

increasing early the of M2 to M1 ratio following 2-week implantation was correlated with 

more constructive remodeling of biologically-derived implants [77].

In conclusion, our data suggest that nanopatterning of BMG substrates influences 

macrophage polarization in vitro and in vivo. In vitro, it leads to modulation of macrophage 

functions including altered activation and enhancement of phagocytosis. In vivo, it 

modulates the kinetics of the FBR including reduced FBGC formation and encapsulation 
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and increased neovascularization during the early phase of the FBR. Therefore, 

nanopatterning approaches could be used to develop advanced biomaterials capable of 

modulating the FBR.

5. Conclusion

This study suggests engineered surface nanotopography of BMGs as an effective tool to 

actively modulate the immune response. Results show that nanopatterned BMGs can 

regulate macrophage phenotypes and functions. BMG-55 decreased the secretion of pro-

inflammatory cytokines in IFN-γ/LPS treated macrophages and enhanced the phagocytic 

abilities of these cells. During in vivo subcutaneous implantation more constructive tissue 

repair was observed around BMG-55 implants. It was accompanied with attenuated FBR at 

2 weeks, higher vascularization, and increased M2 to M1 ratio. Hence, BMG-55 represents a 

promising candidate for designing more advanced implantable biomaterials. In addition, 

highly tunable nanorod arrays of BMGs provide a suitable platform to study the signaling 

pathways mediating macrophages polarization, phagocytosis, and fusion.
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Fig. 1. 
Concentration of pro-inflammatory cytokines and chemokines released by M0, M1 and M2 

cells after 24hrs culture on BMG substrates. Levels were quantified with a 23-plex Luminex 

panel. (A) Levels of cytokines are shown including IL-1α (a), TNF-α (b), IL-6 (c), IL-1β 
(d), IL-12 (p70) (e), and IL-12 (p40) (f). (B) Levels of chemokines are shown including 

CCL2 (a), CCL3 (b), CCL4 (c), CCL5 (d), CCL11 (e), CXCL1 (f). Data represent mean + 

SD (*p ≤0.05) (n=3).
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Fig. 2. 
Concentration of anti-inflammatory cytokines released by M0, M1 and M2 cells after 24hrs 

culture on flat BMG or BMG-55 substrates. Cytokines levels were quantified with a 23-plex 

Luminex panel. Concentration of anti-inflammatory cytokines are shown including IL-4 (A), 

IL-10 (B) and IL-13 (C). The level of released IL-4 by M2 cells are out of measurement 

range (>) (✕) because of exogenously added IL-4. Data represent mean + SD (n=3).
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Fig. 3. 
Nanopatterning influences cell morphology. Fluorescent images of M0, M1 and M2 cells 

stained with DAPI (blue) and rhodamine Phalloidin (red) on Flat BMG (A: a, c, e) or 

BMG-55 (A, b, d, f). Scale bar = 20μm. Original magnification, 200×. (B) Quantification of 

cell morphology including area (a), perimeter (b), and circularity (c). M0 and M1 cells were 

smaller on BMG-55. Data represent mean + SD (*p ≤ 0.05), (n=5).
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Fig. 4. 
Representative SEM images of the surface of Flat BMG (A, a) and BMG-55 (A, b). Scale 

bar = 1μm. Representative SEM images of attached M0, M1 and M2 cells on Flat BMG (B, 

a–c) and BMG-55 (B, d–f) substrates. Scale bar = 20μm.
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Fig. 5. 
Nanopatterning influences uptake of microspheres. M0, M1 and M2 cells were exposed to 

Fluoresbrite® microspheres for 24hrs. Representative fluorescent images of uptake of 

microspheres (yellow) by cells stained with rhodamine Phalloidin (red) on Flat BMG (A: a, 

c, e) and BMG-55 (A: b, d, f). Scale bars = 20μm. Original magnification, 200×. 

Quantification of microsphere uptake measured as percentage of cells with spheres (B: a) 

and average number of spheres per cell (B: b). Data represent mean + SD (*p ≤ 0.05), (n=5).
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Fig. 6. 
Assessment of fibrous capsules formation. Masson’s trichrome staining highlights in dark 

blue the collagen fibers adjacent to the implants (*, denotes original implant location and d, 

denotes dermis). Flat BMG explanted after 2 (A), and 4 (B) weeks and BMG-55 explanted 

at 2 C) and 4 (D) weeks are shown. Fibrous capsule is indicated by bidirectional arrows. 

Scale bar = 100μm. Capsule thickness measurements at 2 and 4 weeks post-implantation are 

shown (E and F). Data represent mean values + SD (*p ≤0.05) (n=6).

Shayan et al. Page 21

Acta Biomater. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
SEM analysis of SC implants. Representative images of individual cells and FBGC Fig. 7. 

SEM analysis of SC implants. Representative images of individual cells and FBGCweeks. 

FBGC are indicated by white arrowheads. Scale bar = 100μm.
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Fig. 8. 
Macrophage polarization in the FBR. Representative images of sections of the FBR 

surrounding Flat BMG (A: a, b; B: a, b) and BMG-55 (A: c, d; B: c, d) disks that were 

mplanted SC in WT mice for 2 (A: a, c and B: a, c) or 4 (A: b, d and B: b, d) weeks are 

shown. (A) Sections were stained with antibodies against Mac-3 (Red) and Arg-1 (Green) or 

(B) Mac-3 (Red) and iNOS (Green). Scale bar = 20μm. Original magnification, 400×. Image 

analysis results are presented as the percentage of Arg-1 positive Mac-3 cells (C: a) or 

iNOS- positive Mac-3 cells (C: b) (mean values + SD). Percentage of Arg-1 positive cells 

was enriched on BMG-55 at 2 weeks. A total of 25 sections were analyzed; 5 per implant 

and 5 mice/group, (*p ≤0.05).
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Fig. 9. 
Nanopatterning influences neovascularization in the FBR. Representative low and high 

magnification images of sections of the FBR surrounding Flat BMG (A, B, E, F) and 

BMG-55 (C, D, G, H) disks that were implanted SC in WT mice for 2 (A, C, E, G) or 4 (B, 

D, F, H) weeks are shown. Sections were stained with CD-31 antibody to visualize vascular 

cells (Red). * denotes original implant location and white arrowheads denote blood vessels. 

Scale bar = 40μm (A–D) and 10μm (E–H). Original magnification, 100× (A–E) and 400× 

(E–H). (I) Image analysis of CD31-stained sections for normalized average area of blood 

vessels. BMG-55 elicited increased neovascularization at 2 weeks. n=5 mice/group; 5 

sections per animal. Values represent mean + SD (*p ≤0.05).
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