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Abstract 

Macrophage behavior upon biomaterial implantation conditions the inflammatory 

response and subsequent tissue repair. The hypothesis behind this work was that 

fibrinogen (Fg) and magnesium (Mg) biomaterials, used in combination (FgMg) could 

act synergistically to modulate macrophage activation, promoting a pro-regenerative 

phenotype. Materials were characterized by scanning electron microscopy, Fg and Mg 

degradation products were quantified by atomic absorption spectroscopy and ELISA. 

Whole blood immune cells and primary human monocyte-derived macrophages were 

exposed to the biomaterials extracts in unstimulated (MO) or pro-inflammatory LPS or 

LPS-IFNy (M1) conditions. Macrophage phenotype was evaluated by flow cytometry, 

cytokines secreted by whole blood cells and macrophages were measured by ELISA, 

and signaling pathways were probed by Western blotting. The secretomes of 

macrophages preconditioned with biomaterials extracts were incubated with human 

mesenchymal stem/stromal cells (MSC) and their effect on osteogenic differentiation 

was evaluated via Alkaline Phosphatase (ALP) activity and alizarin red staining. 

Scaffolds of Fg, alone or in the FgMg combination, presented similar 3D porous 

architectures. Extracts from FgMg materials reduced LPS-induced TNF-a. secretion by 

innate immune cells, and macrophage M1 polarization upon LPS-IFNy stimulation, 

resulting in lower cell surface CD86 expression, lower NFKB p65 phosphorylation and 

reduced TNF-a. secretion. Moreover, while biomaterial extracts per se did not enhance 

MSC osteogenic differentiation, macrophage secretome, particularly from cells 

exposed to FgMg extracts, increased MSC ALP activity and alizarin red staining, 

compared with extracts alone. These findings suggest that the combination of Fg and 

Mg synergistically influences macrophage pro-inflammatory activation and crosstalk 

with MSC. 
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Statement of significance 

Modulating macrophage phenotype by degradable and bioactive biomaterials is an 

increasingly explored strategy to promote tissue repair/regeneration. Fibrinogen (Fg) 

and magnesium (Mg)-based materials have been explored in this context. Previous 

work from our group showed that monocytes interact with fibrinogen adsorbed onto 

chitosan surfaces through TLR4 and that fibrinogen scaffolds promote in vivo bone 

regeneration. Also, magnesium ions have been reported to modulate macrophage pro­

inflammatory M1 stimulation and to promote bone repair. Here we report, for the first 

time, the combination of Fg and Mg materials, hypothesizing that it could act 

synergistically on macrophages, directing them towards a pro-regenerative phenotype. 

As a first step towards proving/disproving our hypothesis we used extracts obtained 

from Fg, Mg and FgMg multilayer constructs. We observed that FgMg extracts led to a 

reduction in the polarization of macrophages towards a pro-inflammatory phenotype. 

Also, the secretome of macrophages exposed to extracts of the combination material 

promoted the expression of osteogenic markers by MSCs. 
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1. lntroduction

lnflammation is necessary for adequate and complete bone healing upon injury, but 

exacerbated inflammation underlies most musculoskeletal diseases [1 ]. While fracture­

related injury elicits a beneficial acute inflammatory response, chronic inflammation 

impairs bone health and repair [1]. 

Thus, biomaterials capable of modulating the inflammatory response have been 

increasingly explored to promote tissue repair/regeneration [2]. 

Monocytes/macrophages are a central cell population in biomaterials response, 

conditioning inflammatory and regenerative processes, by transitioning between pro­

(M1) and anti-inflammatory (M2) phenotypes [3]. Polarizing macrophages towards an 

M2 phenotype is a strategy that impacts on recruitment of Mesenchymal Stem/Stromal 

Cells (MSC) via paracrine factors [4, 5], leading to their osteogenic differentiation [4, 5]. 

Fibrinogen (Fg) is a protein with essential roles in coagulation, wound healing and 

inflammation. lts healing properties are well known and are the basis for wide use of 

fibrin glue [6]. On the other hand, its pro-inflammatory impact has been described in 

several diseases, like Alzheimer's, Stroke, or Rheumatoid Arthritis [7]. Previous work 

from our group showed that Fg adsorbed to chitosan interacts with monocytes through 

TLR4 [8], enhances the production of osteogenic factors by macrophages [9], and MSC 

recruitment by natural killer (NK) cells [1 O]. In addition, in a femoral bone defect model, 

Fg adsorbed to chitosan [11] or as pure Fg scaffolds [12] modulated local and systemic 

response to injury, both at 6 days (end of acute inflammation) and 8 weeks 

(repair/remodeling stage) post-injury, improving bone repair [12]. 

On the other hand, Magnesium (Mg) alloys are promising biomaterials for orthopedic 

applications, due to their mechanical properties similar to human bone, degradability 

and the physiological role of Mg in bone [13]. However, the use of Mg alloys is limited 

by their fast degradation rate, which leads to the release of high amounts of metallic 

ions, substantial pH increase and generation of hydrogen gas, all with adverse tissue 
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effects. This destabilizes the bone-implant interface and hinders healing [13, 14]. 

lnterestingly, at low concentration Mg degradation products may have beneficial effects 

in modulating the immune response, and promoting MSC proliferation and osteogenic 

differentiation [15, 16]. To tailor Mg biomaterials degradation rate and biocompatibility, 

alloying elements and subsequent thermal or mechanical treatment have been 

explored [17, 18]. Also, combining Mg biomaterials with degradable polymers could be 

an attractive option, to gain greater control over biodegradability and promotion of fully 

functional remodeled bone tissue [14, 18]. 

Herein, we hypothesize that the combination of Fg and Mg into the same biomaterial 

can act synergistically to modulate macrophage activation and their crosstalk with 

MSC. To test this hypothesis, pure fibrinogen scaffold (denoted as "Fg"), Mg discs 

("Mg") and multilayer constructs combining Fg and Mg ("FgMg") were prepared. 

lnstead of seeding cells directly on these biomaterials we have used their extracts. The 

potential of Fg, Mg and FgMg extracts to modulate the phenotype of macrophages, and 

the impact of their secretome on MSC differentiation were evaluated. Results show, for 

the first time, that FgMg material extracts were capable of reducing M1 polarization in 

primary macrophages, leading them to produce a secretome that promoted MSC 

osteogenic differentiation. 

2. Materials and Methods

2.1. Biomaterial formulations 

2.1.1. Fg scaffolds: Fg 3D scaffolds (12 mm diameter x 9 mm thickness) 

(Supplementary Fig.1) were prepared by freeze-drying, as previously described [12]. 

Briefly, a solution of Fg 60 mg/ml (from human plasma, Grifols S.A., Barcelona, Spain) 

was prepared from an 80 mg/ml Fg stock solution, in water, and cast into 48-well 

plates (1000 µL/well), frozen overnight (o.n.) at -20 °C, and freeze-dried for 48 h, at -80 

6 
















































































