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Abstract

Biomaterials regulate macrophages and promote regeneration function, which is a new hot pot in

tissue engineering and regenerative medicine. The research based on macrophage materials biol-

ogy has appeared happy future, but related research on regulating macrophages and promoting

tissue regeneration is still in its infancy. The surface roughness of biomaterials is one of the impor-

tant factors affecting macrophage behavior. Previous study also found that the surface roughness

of many biomaterials regulating macrophage polarization, but not including mineralized collagen

(MC). In this study, we designed and fabricated MC with different roughness and investigated the

influence of MC with different roughness on macrophages. In the study, we found that on the

rough surface of MC, macrophages exhibited M1 phenotype-amoeboid morphology and high-level

secretory of inflammatory factor (tumor necrosis factor-a and interleukin-6), while smoother sur-

face exhibited M2 phenotype. These data will be beneficial to understand the mechanism deeply

and enrich biomaterials tissue regeneration theory, provide a new train of thought biomaterials in-

ducing tissue regeneration and repair and guide the optimum design of new biomaterials, develop-

ment and reasonable applications.
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Introduction

The immune system plays an important role in the success of tissue

engineering strategies. In the recent, more and more experts and

scholars have become increasingly recognized the importance of lo-

cal environment surrounding regenerating tissue, and turned much

attention to how the immune system can be manipulated to achieve

the purpose of implanted scaffolds, especially in inhibiting foreign

body rejection and strengthening the binding of scaffolds to natural

tissue [1]. When implanted into human body, all biomaterials may

trigger a series of host responses. Macrophages are the main cell

types in acute and chronic inflammation, as well as the following

wound healing or fibrosis reactions [2]. Under different conditions,

macrophages can be differently polarized, exhibit M1-(proinflam-

mation) and M2-(tissue repair) phenotypes and secrete different
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cytokines and small molecules [3]. The schematic diagram of macro-

phages interactions in bone regeneration was shown in Fig. 1. It is

known that the transition and balance between M1- and M2-

phenotype are essential for tissue repair. The disorder of macro-

phage polarization and failure to restore M1 and M2 phenotypes to

a normal balance may lead to the formation of foreign body giant

cells, which is related to the failure of implant materials [4]. After

implantation, a series of events caused by the interaction between

immune cells and biomaterials surface properties determine the bio-

materials fate [5–7].

Previous study also found that the influence of the surface

roughness of biomaterial implantations on bone resorption. Rae

and his colleagues [8] found that PTFE, epoxy resin and HDP

materials with rough surfaces to which macrophages adheration

had been shown to influence the amount of more bone resorption

that they stimulated than did those with a smooth surface

(PMMA). Olivares-Navarrete and his colleagues [9] found that

the activation of inflammatory macrophages (M1-like) induced by

smooth titanium and the activation of macrophages induced by

hydrophilic rough titanium were similar to those induced by anti-

inflammatory M2-like state. But till now, no literature was

reported about different surface roughness of mineralized collagen

(MC)-regulated macrophage polarization to influence bone

regeneration.

MC is the basic building block of hierarchically organized struc-

tures of natural bone [10]. MC was prepared in vitro biomimetic

mineralization and had been shown definite advantage in degrada-

tion rapid, stiffness and promoting osteogenic differentiation of hu-

man mesenchymal stem cells [11, 12]. Cui and his colleagues [13]

had shown that the MC group was more likely to induce macro-

phage differentiation into M2 than the HA group. Whether the sur-

face topography of MC will affect the polarization and function of

macrophages has not been reported.

In this study, we induced THP-1 cells with PMA into macro-

phages and examined the morphology and cytokine secretion of

macrophages cultured on MC with different surface roughness.

Materials and methods

Preparation and characterization of MC with different

surface roughness
Preparation of MC with different surface roughness

The MC membrane was produced by Beijing Allgens Medical

Science and Technology Co., Ltd. MC membrane with different sur-

face roughness was prepared by following two main steps.

In the first step, the biomimetic MC was prepared via an in vitro

biomimetic mineralization process [14]. Water solutions containing

Ca2þ or PO3�
4 were added into an acidic collagen solution, respec-

tively; then the pH value and temperature of the liquid mixture were

adjusted to form MC deposition. This step was similar to the bio-

mineralization process of the natural bone. During such process, the

nucleation and growth of HA crystals were directed by the collagen

fibrils. The deposition was washed three times, and then freeze-

dried to obtain porous MC with different surface roughness accord-

ing to the amount of water used for washing.

In the second step, after thorough freeze-drying, the MC mem-

brane was finally molded by rolling. The final MC membrane of dif-

ferent surface roughness was sterilized by 60Co radiation. They were

divided into four groups: MC-A, MC-B, MC-C and MC-D. The MC

used in this study was hierarchical self-assembled nano-hydroxyapa-

tite/collagen composites, which was synthesized via biomimetic min-

eralization process in vitro as previous reported (as shown in Fig. 2).

Characterization of MC membrane with different surface roughness

The surface roughness was examined using a field emission scanning

electron microscope (FESEM; SU8000) at 6 kV and a China

Roughness Measuring Instrument (Model 2206).

Cell culture on MC membrane with different surface

roughness
THP-1 cell line was presented by Liaocheng People’s Hospital Oral

Biomaterial Laboratory and cultured in 1640 RPMI (Gibco by Life

Technologies) supplemented with 10% fetal bovine serum (Gibco),

penicillin (100 lg/ml) and streptomycin (100 lg/ml) (Sangon

Figure 1. Schematic diagram of macrophages interactions in bone regeneration
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Biotech) at 37�C in a humidified atmosphere of 5% CO2. Cells were

scraped, counted and diluted to 1 � 105 cells/ml when they achieved

�80–90% confluence. Before cultured on the materials, 100 ng/ml

PMA (Sigma) was used to induce them into macrophages. As CD14

is a macrophage surface marker, we used CD14 antibody (APC anti-

human CD14, Biolegend) to detect whether it successfully differenti-

ated into macrophages. Then macrophages were cultured on the sur-

face of different MC membrane. The MC membrane was placed in

24-well plate, incubated in phosphate-buffered saline (PBS; Sangon

Biotech) medium for each 4 h prior to macrophage seeding. 1 ml cell

suspension was added on each substrate.

Morphology and micromorphology of macrophage

cultured on different MC membrane
The 1 � 106 monocytes were seeded on the surface of each well, cul-

tured for 1 and 3 days, respectively, and the macrophages were

rinsed with PBS and fixed with 2.5% glutaraldehyde (Sangon

Biotech) aqueous solution for 20 min. After rinsing for three times,

they were dehydrated by 30, 50, 70, 90 and 100% gradient ethanol

(Sangon Biotech) solution, each concentration was 10 min �2 times,

then placed in a freeze dryer, lyophilized 1 h and slowly sealed back

to temperature. Then gold (platinum) was sprayed on the surface of

the sample for 5 min using an ion sputtering apparatus to improve

surface conductivity. After the sample preparation was completed,

using a FESEM (SU8000) to observe the population morphology at

a low magnification, and the individual morphology at a high

magnification.

Acridine orange/propidium iodide double staining

morphological analysis
Approximately 2 � 105 cells/ml of macrophages were seeded on the

surface of MC membrane and incubated for 24 h at 37�C in a hu-

midified, 5% CO2 atmosphere. After the cells were incubated, the

cells were washed with PBS. The cell suspension (10 ll) was placed

on the glass slide and mixed with 10h ll of acridine orange (AO;

50 lg/ml) and propidium iodide (PI; 50 lg/ml). The cells were ob-

served under a fluorescence microscope (Leica, Germany).

Cytokine determinations
M1-cytokine (tumor necrosis factor-a [TNF-a] and interleukin [IL]-

6) and M2-cytokine (IL-10 and IL-4) levels were measured with

sandwich enzyme-linked immunosorbent assays as prescribed by the

manufacturer (Abcam).

Statistical analysis
All the analyses were performed using the software SPSS 22.0 (IBM

SPSS, Armonk, NY, USA). All the data were expressed as means 6

SD and analyzed using one-way ANOVA followed by least signifi-

cant difference post hoc test. A level of significance was set at P <

0.05.

Results

Characterization of different MC membrane
The Ra, average roughness and value of the replica surfaces of MC

membrane were shown in Table 1. The surface roughness of differ-

ent MC membrane had been extensively characterized. FESEM

micrographs of the samples were shown in Fig. 3.

Identification of macrophages
Due to the high expression of CD14 on the surface of macrophages,

CD14 was selected as a macrophage surface marker and its purity

was detected by flow cytometry. The results of flow cytometry were

shown in Fig. 4. The purity of macrophages was >97%.

Population and individual morphology of macrophages

grown on different MC membrane
The results of the number and morphology of macrophages on dif-

ferent materials after cultured on the surface of each group for 1 day

were shown in Fig. 5. From Fig. 5, we found that the macrophages

displayed dramatically different shapes and quantities on the differ-

ent surface roughness of MC membrane. When compared with MC-

C and MC-D groups, there were more macropahges on MC-A and

MC-B groups. Most macrophages on the MC-A group had a round

shape and MC-B groups exhibited fusiform or spindle shape, while

the macrophages on groups MC-C and MC-D protruded many

protrusions.

Cell activity cultured on different MC membrane in vitro
When cells were stained with AO/PI, the dead cells produced a clas-

sical orange to red fluorescence while live cells showed a green glow,

the results were shown in Fig. 6a. These results indicated that the

survival rates of MC-C and MC-D groups were lower than MC-A

and MC-B groups after 1 day; however, there was no significant dif-

ference between the four groups after 12 days. From Fig. 6b, the

results showed the survival rate of cells can still remain above 60%.

Figure 2. The product process of MC membrane

Table 1. The difference roughness of different materials

Materials MC-A MC-B MC-C MC-D

Roughness (mm) 0.92 6 0.05 6.41 6 0.15 8.31 6 0.21 12 6 0.36
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Cytokine release
The release of cytokines was influenced by the surface roughness of

MC membrane on which macrophages were cultured.

Secretion of M1-cytokines

The secretion level of proinflammation cytokines was different in

each group with the prolongation of time (as shown in Fig. 7). After

Figure 3. FESEM micrographs of MC-A, MC-B, MC-C and MC-D

Figure 4. Flow cytometry detection of macrophage surface marker CD14

Figure 5. The population and individual morphology of macrophages cultured on different groups of 1 day. The upper row showed the population morphology

and the lower row showed the individual morphology
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3 days, the secretion of TNF-a and IL-6 by macrophages cultured on

the MC-C and MC-D groups increased significantly compared with

MC-A and MC-B.

Secretion of M2-cytokines

In terms of the amount of secretion, the IL-4 concentration in the

MC-A group was higher, but there was no statistically significant

Figure 6. (a) The AO/PI staining results about cell activity in vitro, (b) cell survival rates under fluorescence microscope (no significant difference among the four

groups after 12 days, P < 0.01)
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difference (as shown in Fig. 8). After 6 days, the secretion of IL-10

increased in MC-A and MC-B groups, whereas MC-C and MC-D

showed no significant changes.

Discussion

As multifunctional immune cells, macrophages play a key role in tis-

sue regeneration and inflammation because of their various pheno-

types and plasticity [15]. Macrophages respond to biomaterials by

Figure 7. Secretion of M1-(proinflammation) cytokines: TNF-a and IL-6. *Significant difference (P < 0.05) compared with the MC-A group
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‘re-educated’ and are polarized into M1 or M2 phenotype. The M1

macrophages are characterized by production of proinflammatory

cytokines including TNF-a, IL-1b and IL-6, and at the beginning of

the inflammatory response, the host immune status plays a role, but

also leads to inflammatory lesions in the normal tissues of the body.

Whereas M2 macrophages are commonly associated with secretion

of IL-4, IL-10 and IL-13 and play an important part in the late stage

of inflammation [16, 17]. Therefore, macrophages play a key role in

bone development and regeneration and the different ratios of M1

and M2 can indicate the direction of inflammation, healing and re-

construction [18].

The morphological changes of biomaterials caused by surface to-

pography are closely related to macrophage function and polariza-

tion [19]. Roughness can directly affect cell adhesion and spreading

through its effects on protein adsorption [20, 21]. It is still contro-

versial about the influence of surface roughness on macrophage po-

larization. McWhorter et al. [22] have shown that M1 macrophages

exhibited round, pancake-like shape, which have bigger cell surface

area than unstimulated M0 macrophages, whereas M2 macrophages

have elongated morphology. Barth et al. [23] found that the secre-

tion of cytokines on roughness surface was closer to the activity of

M2-like phenotype. Although others found that unstimulated

Figure 8. Secretion of M2-(tissue repair) cytokines: IL-4 and IL-10. *Significant difference (P < 0.05) compared with the MC-A group
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macrophages increased the secretion of the proinflammatory cyto-

kine (TNF-a) when surfaces became rough [24]. This study indi-

cated that surface roughness of MC affected the adhesion and

diffusion of macrophages, and can also regulate the release of in-

flammatory cytokines and chemokines from macrophages. The

shape changes of macrophages under the stimulation of different

surface roughness strongly imply a possible modulation of the im-

mune environment.

It comes to light that the balance of M1/M2 macrophages should

influence tissue regeneration and wound healing after biomaterials

implanted into the body [13]. Many efforts need to determine the

appropriate early immune environments to activate osteogenesis-

enhancing M2 macrophages and enhance new bone regeneration.

Prolonged M1 polarization could increase the release of fibrosis

cytokines from M2 macrophages, and it resulted in fibrocapsule

formed. As a comparison, a timely and effective transformation of

M1 macrophage phenotype could lead to the enhanced cytokine re-

lease pattern of M2 macrophage osteogenesis, and then formed a

new bone tissue [25]. Our study suggested that the increase on sur-

face roughness of MC enhanced the secretion of proinflammatory

cytokines from macrophages and the increase on surface roughness

of MC could induce macrophages polarization toward M1 than M2

evidently. Yang et al. [19] found that the knockout of IL-6 delayed

the maturity, mineralization, and remodeling of callus, indicating

that IL-6 played the essential role in the early stage of fracture heal-

ing. Xiao and his colleagues [26, 27] also had shown that the gener-

ated osteoimmune environment subsequently affected the osteogenic

differentiation of BMSCs and the new bone formation. It can be

beneficial that in the early stages of fracture repair, inflammation

can also lead to new bone formation. This research indicated that

the osteoimmunomodulation could be manipulated through bioma-

terials physicochemical properties, which implied a valuable strategy

to develop advanced bone biomaterials with favorable osteoimmu-

nomodulatory properties.

Therefore, the induction of macrophage polarization by bioma-

terials to promote bone regeneration has become a new direction in

the design of bone repair biomaterials. Much research should be re-

quired a better and deeper understanding of macrophage switching

patterns and the mechanism of that affected the bone healing pro-

cess. This understanding will lead to the rapid development of

‘smart’ bone substitute biomaterials with immunomodulatory

function.

Conclusion

This study demonstrated that MC surface topography, particularly

the surface roughness, modulated the population and individual

morphology as well as the production of cytokines such as TNF-a,

IL-6, IL-4 and IL-10 from the macrophage cell line extracted in a

time-dependent manner. These findings provide a basis for modulat-

ing macrophage polarization by MC surface optimal design to regu-

late host response. And we need further research to obtain more

details on the biomaterial-dependent reaction of macrophages at the

molecular level, as well as the role of immunomodulatory properties

of bone repair materials in bone regeneration and repair.
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