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Regulation of cell-cell fusion by 
nanotopography
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Cell-cell fusion is fundamental to a multitude of biological processes ranging from cell differentiation 
and embryogenesis to cancer metastasis and biomaterial-tissue interactions. Fusogenic cells are 
exposed to biochemical and biophysical factors, which could potentially alter cell behavior. While 
biochemical inducers of fusion such as cytokines and kinases have been identified, little is known about 
the biophysical regulation of cell-cell fusion. Here, we designed experiments to examine cell-cell fusion 
using bulk metallic glass (BMG) nanorod arrays with varying biophysical cues, i.e. nanotopography and 
stiffness. Through independent variation of stiffness and topography, we found that nanotopography 
constitutes the primary biophysical cue that can override biochemical signals to attenuate fusion. 
Specifically, nanotopography restricts cytoskeletal remodeling-associated signaling, which leads to 
reduced fusion. This finding expands our fundamental understanding of the nanoscale biophysical 
regulation of cell fusion and can be exploited in biomaterials design to induce desirable biomaterial-
tissue interactions.

Fusion of cells to form multinucleated giant cells constitutes an integral component of various physiological pro-
cesses including the biomaterial-induced foreign body response (FBR)1–4. For example, fusion of macrophages 
on the surface of biomaterials results in the formation of foreign body giant cells (FBGCs), which contribute to 
the progression of biomaterial-induced FBR4–9. Similarly, fusion of myoblasts leads to the formation of multi-
nucleated myotubes in a process called myogenesis10,11. Myogenesis contributes to muscle development during 
embryogenesis as well as muscle regeneration during tissue repair. Modulation of cell fusion by biochemical sig-
nals such as cytokines, kinases and GTPases has been studied extensively7,9,11,12–14. It has also been reported that 
specific cell co-cultures can lead to cell fusion. For example, co-culture of macrophages and fibroblasts can lead to 
formation of fibroblast-derived multinucleated giant cells15. Additionally, soluble polymers such as polyethylene 
glycol (PEG) have also been shown to induce cell-cell fusion in vitro16,17.

Unlike biochemical induction, the biophysical regulation of cell fusion is not well understood. Biophysical 
cues such as topography and stiffness are ubiquitous in the native ECM and implanted biomaterials5,18. 
Biophysical regulation of cell behavior has been extensively studied using micro/nanostructured materials gener-
ated by employing lithography-based techniques as well as alternate methods such as modified polymer demix-
ing/spin-coating and colloidal chemistry based techniques19–21. Such patterned materials have been employed 
to investigate the effect of topography and stiffness on multiple cell types including fibroblasts, smooth mus-
cle cells and stem cells5,22–27. Exploring the effect of these biophysical parameters on cell fusion could uncover 
unknown aspects of cell physiology, already present in nature. In this regard, micro- and nanopatterned biomate-
rials have been employed to investigate the effect of topography on cell fusion5,24,25,28–30. Specifically, micron-sized 
ridges or gratings have been shown to increase cell alignment and cell fusion in myoblasts and macrophages29–31. 
Additionally, it has been suggested that micro islands and nanotubes can be used to modulate cell fusion26,32,33. 
While these studies provide evidence that topography can induce changes in cell fusion, there is no consensus on 
how the fusogenic capacity of primary cells changes in response to the biomechanical cues presented by nanopat-
terned biomaterials. Specifically, our current understanding of cell fusion cannot distinguish between topograph-
ical features and stiffness due to experimental limitations.

1Center for Research on Interface Structures and Phenomena, Yale University, New Haven, CT 06520, USA. 2Dept. 
of Biomedical Engineering, Yale University, New Haven, CT 06520, USA. 3Dept. of Mechanical Engineering and 
Materials Science, Yale University, New Haven, CT 06520, USA. 4IBM Semiconductor Research and Development 
Center/IBM Corporate Patent Engineer, IBM, Hopewell Junction, New York 12533, United States. 5Department 
of Pathology, Yale University, New Haven, CT 06520, USA. Correspondence and requests for materials should be 
addressed to T.R.K. (email: themis.kyriakides@yale.edu)

received: 05 May 2016

Accepted: 24 August 2016

Published: 12 September 2016

OPEN

mailto:themis.kyriakides@yale.edu


www.nature.com/scientificreports/

2Scientific RepoRts | 6:33277 | DOI: 10.1038/srep33277

Additionally, most of the studies described above employed polymers to investigate the effect of topography 
on cell fusion. Polymers constitute a versatile, easily processable class of materials and have been instrumen-
tal to our understanding of cell-biomaterial interactions. Metals and metallic alloys constitute another class of 
materials often used to develop biomaterials for bone replacements, cardiovascular stents and other applica-
tions. Metals display high elastic moduli and corrosion resistance, and have been traditionally used for struc-
tural implants34. However, the practical applicability of nanopatterning strategies with metals is restricted due to 
intrinsic limits in processability of high-strength metals. Hence, there is a clinical need for biocompatible, high 
strength materials that can be processed at various length scales including the nanoscale. Bulk metallic glasses 
(BMGs), metallic alloys with an amorphous atomic structure, constitute a class of materials ideally suited to 
address the clinical need described above35–39. BMGs possess metal-like properties such as high strength and 
elastic moduli, and increased resistance to corrosion and wear35. Unlike conventional metals, BMGs lack a micro-
structure comprised of crystals, decorated with dislocations and separated by grain boundaries. Instead, their 
atomic structure results in a homogenous and isotropic material with unique properties. For example, BMGs 
exhibit a unique temperature-dependent mechanical behavior, which enables polymer-like processability at tem-
peratures higher than the critical BMG-specific glass transition temperature40,41. Therefore BMG alloys combine 
metal-like strength and stiffness with polymer-like processability. Nanopatterning of biomaterials to engineer 
cellular response has been suggested for polymer-based materials previously5. Development of BMG nanorods 
enable the application of nanopatterning-based strategies with high strength and stiffness materials. We recently 
demonstrated that thermoplastic forming of Platinum-based BMGs (Pt57.5Cu14.7Ni5.3P22.5, Pt-BMGs) above its 
glass transition temperature can be exploited to generate a variety of precise nanorod arrays with feature sizes 
below 100 nm37.

In the present study, we employed thermoplastic forming to generate Pt-BMG nanorod arrays to investigate 
the effect of topographical features and stiffness on cell fusion. Thermoplastic forming of BMGs is uniquely suited 
to generate surfaces to study these properties. The forming process involves heating the BMG to its supercooled 
liquid region, the temperature range where the glass relaxes into a liquid before it eventually crystallizes. Pressure 
is applied to mold the BMG into commercially available nanoporous alumina molds. The porous morphology of 
the alumina mold determines the topographical parameters such as nanorod diameter and inter-nanorod spacing 
(pitch).

Analysis of fusion revealed that various nanopattern arrays could reduce fusion, with 55 nm nanorods display-
ing maximum attenuation. Nanorod length was independently manipulated to generate identical nanorod arrays 
in terms of diameter and pitch with distinct aspect ratios between 7 and 2, which corresponded to a forty-fold dif-
ference in nanorod stiffness. Despite this variation in individual nanorod stiffness, these nanorod arrays induced 
a similar reduction in cell fusion, indicating that topographical cues can override biochemical signals to attenuate 
fusion. Nanotopography-induced attenuation of cell fusion was mediated by compromised activation of p38 MAP 
kinase and inhibition of cytoskeletal remodeling.

Results
Biophysical regulation of cell-cell fusion: Topography vs. Stiffness. In the present study, cell-cell 
fusion of primary bone-marrow derived macrophages cultured on Pt-BMG nanorod arrays (Supplementary Fig. S1)  
was biochemically induced using IL-4. Macrophages on flat control BMGs displayed extensive fusion, forming 
large multinucleated FBGCs that accounted for 42% of all the nuclei (Fig. 1a). Cell fusion on BMG nanorod 
arrays was compromised to various extents depending on surface topography (Fig. 1c–e). Moreover, analysis of 
changes in cell adhesion density induced by nanorod arrays revealed that the decrease in cell-cell fusion observed 
was not correlated to reduced cell adhesion. For example, the average number of total nuclei on 55 nm nanorod 
arrays and 100 nm nanorod arrays was similar to that on Flat BMGs (Supplementary Fig. S1). Despite similar 
adhesion density, cell-cell fusion was reduced on these nanorod arrays. All nanorod arrays tested displayed a 
significant reduction in FBGC size as well as average number of nuclei per FBGC (Supplementary Fig. S1). 55 nm 
nanorod arrays, termed BMG-55s, were the most effective in attenuating cell-cell fusion and were chosen for 
further experimentation (Fig. 1c–e, Supplementary Fig. S1). To assess the effect of nanorod stiffness in isolation, 
BMG-55s with varying nanorod lengths were fabricated. Forming pressure was altered to increase the filling 
depth, which increases aspect ratio and hence generates nanorod arrays with similar topography (diameters and 
pitch), but varied aspect ratios and stiffness. A nanorod aspect ratio of seven for BMG-55s was used, which results 
in a stiffness of 3 nN/nm. In addition, BMG-55s with an average nanorod aspect ratio of 4 and 2 were generated 
with nanorod stiffness of 14 nN/nm and 114 nN/nm respectively (Supplementary Fig. S2). The average nanorod 
diameter for BMG-55s with different aspect ratios was 64 ±  10 nm. Hence, BMG-55s with varying aspect ratios 
represented nanorod arrays with identical diameters and pitch (topographical features) but a 40-fold difference in 
nanorod stiffness. Primary macrophages were seeded on BMG-55s and cell fusion was analyzed, which revealed 
that change in nanorod stiffness does not significantly alter macrophage fusion (Fig 1d,f). Taken together, these 
results imply that nanorod arrays with similar topographical cues (nanorod diameter and pitch) can override 
biochemical signals, independent of changes in nanorod stiffness cues, to regulate cell fusion (Fig. 1c–f).

Our results reveal that some macrophage responses to nanotopography occur independent of substrate stiff-
ness. It is also reported in the literature that cell fusion is unique in that it responds to changes in topography, 
but not stiffness18,42. Other cell types respond to changes in substrate stiffness by altering their morphologies and 
functions42,43. For example, fibroblasts respond to decreasing substrate stiffness by assuming a more rounded 
morphology and reducing collagen production37,43. An explanation for the differences between macrophages and 
other cell types may be found in the distinct nature of cell-substrate adhesions formed by these cells. Fibroblasts 
form stable focal adhesions, which anchor the cells to the underlying substrate37,44. In contrast, stable focal adhe-
sions are missing in macrophages, which use short adhesions and podosomes to interact with the substrate45,46. 
Furthermore, it is important to note that in addition to topography and stiffness, nanomaterial shape constitutes 
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Figure 1. Macrophage fusion on BMG nanorod arrays: Isolating the role of topography vs. stiffness in 
modulating macrophage behavior. (a) (Left) Schematic of the macrophage fusion. Macrophages can fuse to form 
FBGCs on the biomaterial surface. (Right) IL-4 treated macrophages cultured on flat BMGs for 10 days fuse to 
form FBGCs. Cells stained for F-actin (phalloidin) and nuclei (DAPI). White arrow indicates a single FBGC in 
the image. Scale bar =  70 μ m. (b) Schematic of formation of nanorods by thermoplastic forming of BMGs using 
nanoporous alumina molds. Porosity of alumina molds determines nanorod diameter while force applied 
determines nanorod height. (c) (Left) Representative SEM images of nanopatterned BMGs. (BMG-55s, 
BMG-100s, BMG-150s and BMG-200s refer to nanopatterned BMGs with nominal nanorod diameter of 55, 100, 
150 & 200 nm, Supplementary Fig. S1) Scale bar =  1 μ m. (Right) IL-4 treated macrophages cultured on BMGs 
for 10 days, stained for F-actin (phalloidin) and nuclei (DAPI). Scale bar =  70 μ m. (d) (Left) Representative SEM 
images of BMG-55s with varying nanorod aspect ratios and therefore different stiffness. Scale bar =  1 μ m. (Right) 
IL-4 treated macrophages on BMGs cultured for 10 days, stained for F-actin (phalloidin) and nuclei (DAPI). 
Scale bar =  70 μ m. (e,f) Fusion index (FI) of macrophages on flat and nanopatterned BMGs. FI was defined as the 
ratio of number of fused nuclei to total nuclei and was quantified in ImageJ. *represents significant differences 
as compared to flat BMGs. #represents significant differences as compared to BMG-200s. Error bars represent 
standard error mean (SEM). (ANOVA with Tukey’s posthoc analysis, (n ≥  3). p ≤  0.05 for significance.) Nanorods 
55 nm in diameter significantly decreased fusion while changes in aspect ratio did not.
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a consequential biomechanical property. Specifically, it has been previously reported that ridges or trenches 
increase cell fusion29,30. Our results show that nanorod arrays can attenuate macrophage fusion. In this regard, 
their response is similar to that observed in other inflammatory cells interacting with nanofibers and nanoparti-
cles and is dependent on nanomaterial shape5,47–51.

Nanotopography-induced attenuation of cytoskeletal remodeling results in reduced 
fusion. We observed that nanotopography-induced attenuation of cell fusion was correlated with reduced 
cytoskeletal remodeling. To probe nanotopography-induced changes in this process, we analyzed the differences 
in serum protein deposition on flat BMGs and BMG-55s (Supplementary Fig. S3). Atomic force microcopy (AFM) 
aided analysis of flat BMGs and nanopatterned BMGs prior to and following exposure to 10% serum-containing 
media suggested differences in protein deposition. Specifically, percent change in surface roughness following 
treatment was 45% for flat BMGs and 177% for BMG-55s (Supplementary Fig. S3). Furthermore, SEM analysis of 
macrophages revealed extensive fusion and formation of FBGCs. FBGCs formed extensions that interacted with 
individual macrophages, which is consistent with previous reports of macrophage fusion on other surfaces52,53 
(Fig. 2a,c). In contrast, SEM of BMG-55s showed predominantly single cells, which demonstrated a distinct mor-
phology with a raised cell center as shown in (Fig. 2b,d). We also observed the distinct change in cell spreading 
and elongation induced by nanotopography as early as 48 hours after culture with IL-4 using fluorescence micros-
copy (Fig. 2e,f). Cells on flat BMGs were found to be significantly larger and elongated as compared to cells on 
BMG-55s, suggesting that cytoskeletal remodeling is compromised in cells cultured on the latter (Fig. 2e–g).

To further verify nanotopography-induced restriction of cytoskeletal remodeling, we investigated fusion of 
C2C12 myoblasts, which are fusogenic muscle progenitor cells10,11. BMG nanorod arrays induced a 50% reduction 
in myoblast fusion, which was similar to that observed for macrophages (Fig. 2h–l). In addition, SEM analysis 
revealed that cells on flat BMGs underwent extensive remodeling to form myotubes (Fig. 2h). In contrast, cells 

Figure 2. Nanotopography-induced restriction in cytoskeletal remodeling results in decreased cell fusion. 
(a–d) Representative SEM images of IL-4 treated macrophages on flat BMG and BMG-55 cultured for 10 days. 
Scale bar for a =  100 μ m, b =  50 μ m. c, d =  20 μ m. (e,f) Representative images of IL-4 treated macrophages on 
flat BMGs and BMG-55s at Day 2 timepoint, stained for F-actin (phalloidin) and nuclei (DAPI). Scale bar =  21 μ m. 
(g) Quantification of parameters of macrophage morphology on flat (white) and BMG-55 (gray) samples. Cells 
on flat BMGs display an elongated, well-spread morphology, while cells on BMG-55s show significantly lower 
cell area and elongation. (h,i) Representative SEM images of transferrin/insulin treated myoblasts on flat BMGs 
and BMG-55s. Scale bars =  100 μ m. (j,k) Transferrin/insulin-treated myoblasts cultured on BMGs for 72 hours 
in fusogenic media were fixed and stained for myosin heavy chain (MHC, green), which serves as a myoblast 
fusion marker62,63, and nuclei (blue). (l) Quantification of fusion index of myoblasts on flat BMGs and BMG-
55s. Myoblasts on BMG-55s displayed significantly lower fusion index. Error bars represent standard error 
mean (SEM).*p ≤  0.05 for significance, t-test, compared to corresponding values in flat BMG controls.
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cultured on nanorod arrays showed minimal remodeling and were mostly individual cells (Fig. 2i). Based on 
our findings and published studies, we hypothesized that early activation of p38 MAP kinase might be involved 
in nanorod array-induced attenuation of cell fusion. Specifically, myogenesis was shown to require activation of 
p38 MAP Kinase and cells deficient in certain p38 isoforms displayed attenuated fusion capacity54–56. p38 MAP 
Kinase is also involved in the regulation of molecules such as P2×7, which regulate cytoskeletal remodeling in 
macrophage fusion57. Both macrophages (Fig. 3a,b,e) and myoblasts (Fig. 3c,d,f) cultured on BMG-55s with 
fusogenic media had lower levels of phospho-p38 as compared to flat BMGs. Collectively, our results indicate that 
nanotopography prevents the activation of p38 MAP Kinase, which limits cytoskeletal remodeling in fusogenic 
cells. Since early cytoskeletal remodeling is essential for cell fusion, we conclude that nanorod array-induced 
restriction of cell spreading and remodeling contributes to the altered fusion. The mechanism suggests that 
topography-induced modulation of cell fusion could be realized for other fusogenic cell types.

In vivo evaluation of nanotopography-induced attenuation of cell fusion. Furthermore, we eval-
uated nanotopography-mediated attenuation of FBR-associated cell fusion in vivo using an intraperitoneal (IP) 
FBGC formation model. Flat BMGs and BMG nanorod arrays were implanted in the intraperitoneal cavity of 
WT mice for 1 week. Explanted BMGs were stained and analyzed for cell fusion using confocal microscopy. 
Explanted BMG-55s had significantly lower number of FBGCs as compared to flat BMGs (Fig. 4a,b,e). Moreover, 
FBGCs on BMG-55s were smaller in size and had a smaller number of nuclei as compared to those on flat BMGs 
(Fig. 4a,b,d,f). Analysis revealed that 55 nm nanorod arrays attenuated FBR-associated cell fusion by over fifty 
percent (Fig. 4a–f).

Figure 3. Compromised activation of p38 MAP Kinase induced by nanotopography. (a,b) Representative 
images of macrophages cultured on Flat BMGs and BMG-55s for one hour in IL-4 containing media and 
subsequently fixed and stained for p-p38 (yellow) and nuclei (blue). Scale bar =  21 μ m. (c,d) Representative 
images of myoblasts cultured on Flat BMGs and BMG-55s for one hour with fusogenic media, fixed and stained 
for p-p38 (yellow) and nuclei (blue). Scale bar =  21 μ m. (e) Quantification of total fluorescence intensity per 
cell of p-p38 in macrophages, expressed as a percentage of flat BMG value. Macrophages cultured on BMG-55s 
displayed significantly lower levels of p-p38. (f) Quantification of total fluorescence intensity per cell of p-p38 
in myoblasts. Myoblasts cultured on BMG-55s displayed significantly lower levels of p-p38. Error bars represent 
standard error mean (SEM). *p ≤  0.05 for significance, t-test, compared to corresponding values in flat BMG 
controls.
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Discussion
Work presented here expands our fundamental understanding of the nanoscale biophysical regulation of cell-cell 
fusion. We have demonstrated the selective mechanosensitivity of cell fusion to nanotopographical features. 
Substrate nanotopography can override biochemical signals, to attenuate fusion. Biochemical induction of fusion 
in primary macrophages and myoblasts is mediated by extensive cytoskeletal remodeling, which enables cell-cell 
contact and fusion. Substrate nanotopography restricts the signaling necessary for early cytoskeletal remodeling 
in cells, thereby decreasing overall fusion in both cell types. Nanotopographical cues presented by ECM architec-
ture are ubiquitous in nature and hence could be involved in regulation of cell fusion in other relevant cell types. 
Implications of nanotopography-mediated changes in cell fusion in physiology and disease progression remain 
to be evaluated.

Figure 4. In vivo evaluation of FBR-associated cell-cell fusion on BMG nanorod arrays. Flat BMGs 
and BMG-55s were implanted IP in WT mice for 7 days. Explanted BMGs were stained and analyzed as 
described. (a,b) Explanted BMGs stained for F-actin (phalloidin) and nuclei (DAPI). Scale bar =  7 μ m. (c–g) 
Quantification of fusion parameters. Fusion index was defined as the ratio of number of fused nuclei to total 
nuclei. BMG-55s resulted in attenuation of cell-cell fusion in in vivo settings. Fusion index, number of FBGCs, 
nuclei per FBGC and average area of FBGCs were significantly reduced on BMG-55s. Total number of nuclei 
per field of view was found to be larger on BMG-55s. (n =  6). Error bars represent standard error mean (SEM). 
*p ≤  0.05 for significance, t-test, compared to corresponding values in flat BMG controls.
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Nevertheless, our current findings have implications in several areas of research because cell-cell fusion 
underlies cell-biomaterial interactions. Specifically, sensitivity of macrophage fusion to nanotopography can 
be exploited to attenuate biomaterial-induced FBR. As described before, progression of FBR is largely medi-
ated by activated macrophages, which fuse on the surface of biomaterials to form FBGCs9. Macrophages and 
FBGCs release degradative factors such as ROS and pro-fibrotic signals9,58. Prolonged presence of these cells 
leads to infiltration by collagen-producing fibroblasts. The consequence of these events is the formation of a 
collagen-rich capsule, which isolates the biomaterial from its microenvironment. In vitro assays and in vivo 
experiments described here showed that 55 nm nanorod arrays attenuated macrophage fusion and formation of 
FBGCs. Incorporation of nanoscale architecture on the surface of biomaterials provides a unique means to limit 
FBR-associated cell-cell fusion, which could lead to improved biomaterial-tissue integration and performance. 
Hence, nanotopography-mediated attenuation of macrophage fusion can mitigate or delay biomaterial rejection 
and implant failure. We have previously shown that 55 nm nanorod arrays can induce decreased collagen produc-
tion in fibroblasts37. Thus, 55 nm nanorod arrays can induce favorable cell responses in both macrophages and 
fibroblasts. Such nanorod arrays can be incorporated in biomaterial surface design to limit FBR towards tissue 
engineering constructs, biomedical devices and implants.

Methods
Primary Macrophage Isolation. Mouse macrophages were obtained as described previously7. Briefly, bone 
marrow was collected from mouse femurs. The mononuclear cell component was isolated using Lympholyte-M 
(Cedarlane Labs, Burlington, NC) as described previously7. Cells were plated in expansion medium (IMDM sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin/streptomycin, 1.5 ng/ml M-CSF, and 
100 ng/ml Flt3-ligand, fed on day 5 and collected on day 10 by scraping as described previously7.

Fabrication of BMG nanorod arrays. Thermoplastic forming of BMGs was employed to form nanorod 
arrays with nanoporous alumina molds as described previously35,37,59,60. BMG nanorod arrays with diameters 
ranging from 55–200 nm were formed using commercially available (Whatman & Synkera) nanoporous alumina 
molds fabricated through a two-step anodization process. Additionally, three different BMG-55s were pressed 
with distinct applied force during the forming process. 35 kN, 15 kN and 5 kN were used to create BMG-55s with 
varying nanorod stiffness of 3 nN/nm, 14 nN/nm and 114 nN/nm respectively. Nanorod stiffness was calculated 
using Timoshenko’s beam theory. The beam theory describes the stiffness of each nanorod (k) as a function of 
nanorod length (L), nanorod radius (rrod), second moment of inertia of the nanorod (I), elastic modulus of the 
material (E) as well as the shear modulus of the material (G), and is given by Euler-Bernoulli’s beam theory as 
follows.
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SEM was employed to inspect the samples for fidelity before use. Representative BMG samples were placed in 
endotoxin-free PBS for 1 week and the eluents were analyzed for endotoxin content with the Pyrogent Plus, 64 kit 
(Lonza, Allendale, NJ). All samples contained less than 0.06 EU/ml.

In Vitro Macrophage Fusion & Analysis. Bone marrow-derived macrophages, were plated at a density 
of 260,000 cells/cm2 on ethanol-sterilized BMGs for 10 days in IMDM supplemented with 10% heat-inactivated 
FBS, penicillin/streptomycin, and 10 ng/ml IL-4. Media was replaced on Day 3, 5 and 7. At the end of 10 days, 
cells were fixed with 4% paraformaldehyde and stained with phalloidin and DAPI. Three/four independent sam-
ples were used for each type of BMG and at least ten images were analyzed for each sample. Image J was used 
for image analysis. For SEM samples, macrophages on BMGs were dehydrated using HMDS and serial ethanol 
washes followed by chrome-coating.

In Vitro Myoblast Fusion. C2C12 myoblasts at a density of 20,000 cells/cm2 were cultured in media (DMEM 
with 10% serum, 1% Penicillin/streptomycin and 1% sodium pyruvate) on BMGs for 24 hours followed by change 
of media to include differentiation factors. DMEM with 1% heat-inactivated FBS, 5 μ g/ml transferrin and 5 μ g/ml 
insulin was used to induce cell-cell fusion as described previously11. Passages 1–3 after thawing out vials of C2C12 
myoblast cell line were used.

At the end of 72 hours, cells were prepped either for SEM or for immunostaining with MHC, which is a myo-
blast fusion marker11. For staining, fixed cells were permeabilized using Triton and 5% normal goat serum/0.3% 
Triton was used for blocking. Cells were stained with an antibody against MHC (DHSB, MF20) and subsequently 
with an Alexa-488 secondary antibody for imaging. Three independent samples were used for each type of BMG 
and at least ten images were analyzed for each sample using Image J.

Phospho-P38 in Macrophages And Myoblasts. Cells were seeded on BMGs and fixed using paraform-
aldehyde after 1 hour of culture with differentiation media. Primary Macrophages were seeded at a density of 
260,000 cells/cm2 and C2C12s (passage 1–3) were cultured at a density of 20,000 cells/cm2. Fixed cells were 
stained for an antibody against phospho-p38 (Cell signaling, mAb #4631). A 488 nm fluorescent-tagged second-
ary antibody was used to visualize the protein and DAPI was used to label the nuclei. Three independent samples 
were used for each type of BMG & cell type and at least ten images were analyzed for each sample. Metamorph 
image analysis software was used to quantify fluorescence signal intensity normalized to number of nuclei. The 
fluorescence signal was converted to yellow to increase figure clarity.
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AFM analysis of BMGs. BMG samples were washed with ethanol for sterilization, rinsed with PBS and 
subsequently incubated in serum-containing media for three hours. BMGs were fixed with 4% paraformaldehyde 
and visualized using a Bruker AFM. For controls, flat BMGs and BMG-55s were analyzed after ethanol steriliza-
tion and rinsing with PBS.

In Vivo Cell Fusion & Analysis. All procedures were performed in accordance with the regulations adopted 
by the National Institutes of Health and were approved by the Animal Care and Use Committee of Yale University. 
Intraperitoneal implantations were performed as described previously7. A total of 12 wild-type (WT) mice were 
used for the in vivo studies. Each mouse received a single BMG implanted in the peritoneum. Six independent 
samples were used for control flat BMGs and BMG-55s. BMGs remained in the peritoneum for 7 days prior to 
explantation. As described previously, intraperitoneal implants do not adhere to the omentum and can be easily 
retrieved and analyzed by staining61. Samples were then fixed and stained for image analysis. n =  6 mice were used 
for each BMG and at least ten images were analyzed for each sample.
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