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-ABSTRACT- 

 

Biomimetic application of phosphatidylserine and PEGylated 

phosphatidylserine for macrophage polarization 

 

Quan Hongxuan, D.D.S., M.S.D. 

Department of Dental Biomaterials Science, 

School of Dentistry, Seoul National University 

(Directed by Professor Hyeong-Cheol Yang, PhD.) 

 

Phosphatidylserine (PS), as the main component of the plasma membrane, plays a 

vital role in inflammation for macrophage recognition and clearance. In this study, 

we applied the PS liposomes (PSLs) with polyethylene glycol (PEG) modulation to 

prolong its circulation and regulate macrophage polarization. PSLs were also loaded 

on titanium surface to create biomimetic supported lipid bilayers (SLBs) as a new 

coating method for dental implant. 

PSLs (PS, L-a-phosphatidylcholine [PC], and cholesterol [CH] at a molar ratio of 

2:1:1) were prepared using a mini-extruder with polycarbonate filters (50-, 100-, 

200-, and 400-nm pore size). The PEG-PSLs were prepared identically, with the 

exception that DSPE-PEG-2000 was added with different concentrations (0.25%, 

0.5%, 1%). RAW 264.7 cells were used to evaluate the effects of PEG-PSLs on the 

expression of inflammatory-related cytokines: TNF-α and TGF-β. The incorporation 
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of TRITC-DHPE-labeled PSLs into cells was assessed using fluorescence-activated 

cell sorting (FACS) and fluorescence microscopy. Different percentages (10%, 20%, 

40%, 50%, 60%) of PS containing SLBs that composed of PS and PC were prepared 

on titanium surface by liposome fusion method in Ca2+ buffer. The fluidity of SLBs 

on titanium surface were analyzed using fluorescent recovery after photo-bleaching 

(FRAP) imaging. The morphology of RAW 264.7 cells on titanium surface was 

observed by SEM, and the cell attachment and proliferation were also evaluated. In 

addition, the M2 macrophage polarization was analyzed by real-time RT-PCR and 

immunofluorescence analysis using M2 specific markers. 

The 100-nm PSLs at a concentration of 12.5 μg/mL had the most significant effect 

on regulation of inflammatory related cytokines expression. PEGylation 

differentially affected TNF-α and TGF-β levels. The PSL-mediated inhibitory effect 

on TNF-α secretion was enhanced by PEGylation, and PEG-PSLs decreased TGF-β 

levels compared with non-PEGylated PSLs. FACS analysis revealed that 1% 

PEGylation disturbed the incorporation of PSLs into macrophages. Fluorescent 

images also confirmed that the interaction between PSLs and RAW 264.7 cells was 

affected by PEGylation.  

According to the FRAP images, it could be concluded that PS percentage have a 

critical influence on the fluidity of SLBs, and 20% is the optimal concentration to 

achieve high fluidity SLBs. More cells attached in 20% PS groups (p<0.05), and the 

cells cultured on SLBs coated discs showed more spread and elongated morphology 

than uncoated discs, especially in 20% PS. The gene expression level of the two 

growth factors (TGF-β and VEGF, both of which suppress inflammation) were 

markedly increased in the 20% PS group compared with uncoated group (p<0.05). 

PS contained SLBs coating increased macrophages M2-polarization and showed 

CD206-positive in immunofluorescence images. 
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PEG-PSLs can prevent TNF-α secretion without increasing TGF-β levels in 

macrophages, and they support the potential clinical use of PEG-PSLs as anti-

inflammatory agents in periodontitis and peri-implantitis with a relatively low 

potential to induce tissue fibrosis. PS contained bilayer coating can induce 

macrophages M2-polarization, furthermore, reduce inflammation and promote 

wound healing. Those results suggested the potential of using bilayer coating in 

dental implant. 

                                                                    

 

Key Words: Phosphatidylserine, Liposome, Polyethylene glycol, Supported lipid 

bilayer, Macrophage, Polarization. 

Student Number: 2015-30783. 
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INTRODUCTION 

 

The whole wound healing process can be divided into three overlapping but distinct 

phases that are “coagulation and inflammation”, “tissue formation” and “tissue 

remodeling”. 1 Damage to any tissues generally triggers the initial phase of healing 

process and during the phase, platelets are spilled from damaged blood vessels 

contributing to the accumulation of blood cloth and the inflammatory cells such as 

neutrophils and macrophages are recruited to the wound site for clearance of 

pathogens as shown in Fig. 1.2-4 Once the pathogen invading into the body, it may 

provoke inflammation and the subsequent cascade of inflammatory events 

eventually leads to the cell apoptosis that can be phagocytosis by macrophages. At 

the same time, the macrophages produce a wide range of biologically active 

molecules called cytokines, participated in both beneficial and detrimental outcomes 

in inflammation.5-7  

Macrophages are a type of white blood cell and play a crucial role in the whole 

(initiation, maintenance, and controlling) inflammatory process. They are highly 

plastic, and can be activated to two kinds of phenotypes in response to various 

stimulation: M1 (promote inflammation) and M2 (resolve inflammation) (Fig. 2).8 

In general, the M1 macrophages secrete pro-inflammatory cytokines such as tumor 

necrosis factor-α (TNF-α) and inducible nitric oxide synthase (iNOS) to exert an 

inflammatory response,9-10 whereas, the M2 macrophages express anti-inflammatory 

cytokines such as TGF-β, interleukin-4 (IL-4), IL-10 and vascular endothelial 

growth factor (VEGF) and consequently, promote the resolution of inflammation and 

the regeneration of tissue. Regulating the macrophage polarization to the M2 
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phenotype could be an interesting strategy to actively modulate the immune response 

to implanted biomaterials and to promote tissue repair. 11-12  

Macrophage recognition and clearance closely depend on the “eat me” signal 

exposed by apoptotic cells, which include translocation of phosphatidylserine (PS) 

on cell surface, alteration in intercellular adhesion molecule-1 (ICAM-1) epitopes 

on the cells surface, and exposure of the endoplasmic reticulum-resident protein 

calreticulin.13-14 These surface changes can either directly contact with receptors on 

the macrophages or bind with other serum proteins that serve as bridge molecules 

between the macrophage and apoptotic cells. 15 PS, which is the dominant 

phospholipid membrane component, has been considered as the most important “eat 

me” signal and received the most attention. It predominantly locates in the inner 

leaflet of the plasma membrane in viable cells, however, during the course of 

apoptosis, the PS is exposed to the extracellular surface.16-17 Since apoptotic cells 

exhibit membrane changes that distinguish from live cells, macrophages can 

recognize them and engulf them to promote wound healing and tissue regeneration 

(Fig. 3).18 Through PS and PS receptor binding, macrophages not only prevent the 

leakage of pro-inflammatory cytokines but also provoke the release of anti-

inflammatory cytokines.19 It is thought that the immune response of macrophages 

can be modulated by mimicking the phenomenon of PS externalization in apoptotic 

cells.  
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Figure 2. General concepts of macrophage polarization and properties of M1 

and M2 macrophages. In culture, M1 (inflammatory) macrophages are 

induced by LPS/INF-γand are characterized by production of pro-

inflammatory cytokines such as TNF-α, IL-1β and iNOS. M2 (resolving, 

wound healing) macrophages are induces by IL-4/IL-13/ PS and 

characterized by anti-inflammatory cytokines production such as TGF-β, 

VEGF and IL-10. 
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Figure 3. Three different steps involved in apoptotic cell clearance. The cells 

undergoing apoptotic recruit macrophages. Macrophages recognize the 

apoptotic cells by “eat me” signal and bind with the apoptotic cells through 

surface receptors. Finally, the macrophages engulf the dying cells and clear 

them.  
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In fact, the PS was most widely used in drug delivery system (DDS) as carriers. 

Liposomal form of PS consists of a bilayer of phospholipid encapsulating an aqueous 

space. Drug molecules can either be encapsulated in the aqueous space or 

intercalated into the bilayer and be delivered to the target site so that can sustain drug 

releasing.20-21 PS-containing liposome (PSL) itself also have shown great capability 

to act as a drug in some diseases. The PSLs, as apoptotic-mimicking particles, would 

act to resolve the inflammation and inhibit inflammatory bone loss.22-23 In addition, 

PSLs can interact with biologically active compounds, for example, calcium, with 

phospholipid-dependent enzymatic systems.24 PS, as a negatively charged 

phospholipid, can provide the primary binding sites for amorphous calcium 

phosphate.25 This indicates a general capacity of PS to promote calcium deposition 

on biomaterials, such as dental implant. Therefore, it is worthwhile to apply the PS 

in modulation of immune response and promotion of bone formation in dental 

implant.  

There are two different ways to biomimetically apply the PS: one is PSLs and the 

other is supported lipid bilayer (SLB). Liposomes are the biodegradable and 

biocompatible nano-vesicles that have several advantages as follows: 1. Similar 

structure as cellular membrane; 2. High cell affinity and tissue compatibility; 3. 

Improving drug stability; 4. Reducing drug toxicity.26 However, much of the 

targeting liposomes can be uptake by macrophage on the way to the target by the 

reticuloendotherial system (RES), which significantly decreases the delivery 

efficiency.27 To address the challenge, a technique for modifying the surface of 

liposomes with polyethylene glycol (PEG) has been developed.28-29 PEGylation 
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disrupted the binding interaction between plasma proteins and liposomes, thereby 

inhibiting their recognition and elimination from the blood by phagocytosis.30-31 

Previous studies demonstrated that PEGylated liposomes can persist in the 

circulation for longer periods of time than non-PEGylated liposomes.32 Senior et al. 

reported that the liposomes covalently attached PEG-5000 were cleared from the 

blood up to 30% more slowly than liposomes without PEG-5000.33 PEGylation is 

proposed to prevent the phagocytosis of PSLs by macrophages. However, steric 

hindrance resulting from excessive PEGylation might disrupt the interaction 

between PS and PS receptors, 34 thereby attenuating the anti-inflammatory effects of 

PSLs. This indicates that only a certain density of PEG on the particle surface is 

necessary to provide the desired result. Thus, an appropriate degree of PEGylation 

would extend the half-life of circulating PSLs without attenuating their anti-

inflammatory activity.  

SLBs are a useful biomimetic model membrane system which can mimic the lipid 

arrangement of natural cell membranes and remaining the biological effects of PS. 

SLBs can be employed to prepare the appropriate biomimetic membranes by 

changing the concentration of the components or inserting proteins, cholesterol and 

other molecules into them to indirectly control ligand mediated signal transduction 

with cells.35-36 To take advantage of the ability of SLBs to mimic cell membranes, 

many issues on the interaction of SLBs with the solid surfaces of materials such as 

titanium need to be resolved first.37 SLBs can be formed by different methods: (1) 

the Langmuir Budget (LB) technique; 38 (2) the Liposome fusion method; 39 and (3) 

Using a charged monolayer. 40 Among them, the fusion method is the most 
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commonly used one because it is simple and does not need specific equipment to 

produce high quality SLBs.41 In recent years, the regulation of the macrophage state 

by surface modification of the titanium implant has received attention to reduce the 

host inflammatory response against the materials, for example, magnesium was 

doped onto titanium surfaces to modulate macrophages toward the M2 phenotype. 42 

Many works already reported that the PS-containing SLBs (PS-SLBs) can be formed 

on titanium surface by liposome fusion method in the presence of Ca2+ buffer. 43-44 

Positively charged Ca2+ can interact with titanium and negatively charged PS as a 

bridge to promote PS liposome rupture and bilayer formation. However, the potential 

of PS-SLBs to control the immune response of macrophages on titanium surfaces 

has not yet been revealed. 

In the present work, first of all, to determine the optimal degree of PEGylation, the 

effects of PEGylated PSLs (PEG-PSLs) on TNF-α and TGF-β levels in RAW 264.7 

murine macrophages were investigated and the PEG-PSLs uptake by macrophages 

were also analyzed. It is demonstrated that PEGylation affects the anti-inflammatory 

activity of PSLs and differentially affects TNF-α and TGF-β in macrophages. 

Secondly, the biological response of macrophages on PS-SLBs coated titanium was 

evaluated. The effective range of the PS and the phosphatidylcholine (PC) ratio for 

SLBs formation were identified in advance. And then, the macrophage adhesion 

ability, cell morphology and macrophage polarization on the bilayer coated titanium 

were investigated (Fig. 3). 
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MATERIALS AND METHODS 

 

1. PSLs preparation and PEGylation 

PS and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino (PEG)-2000] 

(DSPE-PEG-2000) were purchased from Avanti Polar Lipids (Alabaster, AL). All 

other experimental reagents were purchased from Sigma-Aldrich Co. (Saint Louis, 

MO) unless otherwise specified. PSLs (PS, L-a-phosphatidylcholine [PC], and 

cholesterol [CH] at a molar ratio of 2:1:1) were prepared using an extrusion 

method.45 Briefly, the phospholipids and CH were dissolved in chloroform/methanol 

(9:1 v/v) and transferred to glass tubes. The solvent was evaporated using N2 gas, 

and the samples were subsequently dehydrated in a vacuum chamber for 2 h. The 

remaining lipid film was rehydrated in phosphate-buffered saline (PBS), and the 

resulting solution was vortexed for 10 min and sized using a mini-extruder (Avanti 

Polar Lipids) with polycarbonate filters (50-nm, 100-nm, 200-nm, and 400-nm pore 

size). The experimental processes for preparing PEG-PSLs were identical, with the 

exception that DSPE-PEG-2000 was added to the chloroform/methanol solvent prior 

to the evaporation step. The structural change was shown in Fig. 4. Liposome size 

was determined using the Nicomp 380 DLS (Particle Sizing Systems, Santa Barbara, 

CA, USA). 
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Figure 4. Schematic sketch describing the structural change of PEGylated 

PSL. DSPE-PEG-2000 was added to the chloroform/methanol solvent 

mixture of PS, PC and cholesterol prior to the evaporation step. And the 

liposome was made using mini-extruder with polycarbonate filter (100 nm).  
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2. Titanium disc surface modification 

Disc shaped titanium samples (20 mm diameter and 0.5 mm thickness) were 

manufactured by SEOUL TITANIUM (Seoul, Korea). All discs were washed with 

chloroform followed by acetone, ethanol and distilled water and then autoclaved. 

Liposomes containing different percentages of PS (10-60 mol%) and PC were 

prepared using the extrusion method with polycarbonate filters (100-nm pore size). 

The titanium discs were immersed in Ca2+ buffer (10 mM HEPES, 100 mM NaCl, 

and 2 mM CaCl2, with pH adjust to 7.4), and the PSLs were loaded onto the discs 

for 30 min (Fig. 5). Excess vesicles were removed by rinsing with distilled water 

prior to the study.44, 46 

 

3. RAW 264.7 cell culture 

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and 

antibiotics were purchased from Gibco-BRL (Grand Island, NY). The RAW 264.7 

line of murine macrophage-like cells were obtained from RIKEN Cell Bank 

(Tsukuba, Japan). The cells were cultured in DMEM supplemented with 10% FBS 

and antibiotics (100-U/mL penicillin-G and 100-mg/mL streptomycin) at 37℃ in a 

humidified atmosphere (5% CO2/95% air), and the medium was replenished every 3 

days.  
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4. Real-time polymerase chain reaction analysis of gene expression  

The effect of PSLs on TNF-α and TGF-β1 mRNA expression was analyzed using 

real-time polymerase chain reaction (RT-PCR). To assess TNF-α mRNA expression, 

RAW 264.7 cells were seeded at a density of 3x105 cells/mL in 6-well plates, and 

incubated overnight. The cells were pretreated with 50 ng/mL lipopolysaccharide 

(LPS) (E. coli, serotype 055:B5) for 1 or 3 h before the PSLs were added to the cells. 

At 6 h after LPS pretreatment was initiated, total RNA was isolated from the cells 

using an RNA isolation reagent (WelPrep Total RNA Isolation Reagent, Welgene 

Inc., Daegu, Korea). cDNA was reverse transcribed from total RNA using the Power 

cDNA Synthesis Kit (iNtRON Biotechnology, Sungnam, Korea). PCR was 

performed in a total reaction volume of 20 μL consisting of 10 μL of SYBR Premix 

Ex Taq (Takara Bio, Otsu, Japan), 0.4 μL of ROX Reference Dye (Takara Bio), 

cDNA, and gene-specific primers. The reactions were performed using an ABI 

PRISM 7500 Sequence Detection System Thermal Cycler (Applied Biosystems, 

Foster City, CA). The PCR thermos-cycling conditions were as follows: 95℃ for 30 

s followed by 40 cycles of denaturation at 95℃ for 15 s and annealing at 60℃ for 

30 s. The TGF-β1 mRNA expression levels were tested after being treated for 3 h. 

TNF-α and TGF- β1 mRNA expression levels were expressed as threshold cycle (CT) 

values and the levels were normalized to the reference gene (GAPDH).  

The effect of the PS-SLBs on the expression of anti-inflammatory and pro-

inflammatory related markers were also analyzed using RT-PCR. To assess TNF-α 

expression, the cells were pretreated with 50 ng/mL LPS for 1 h before being seeded 
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onto the bilayer coated titanium discs. At 5 h after culturing on the bilayer coated 

titanium discs in LPS containing culture media, total RNA was isolated. The TGF-

β1 and VEGF mRNA expression levels were tested after being seeded onto the SLB-

coated titanium discs for 6 h.  

The sequences of the primers used are listed as follows: TNF-α, forward: 5′-

GGCAGGTCTACTTTGGAGTCATTGC-3′; reverse: 5′-

ACATTCGAGGCTCCAGTGAATTCGG-3′; TGF-β1, forward: 5′-

TGGAGCAACATGTGGAACTC-3′; reverse: 5′-TGCCGTACAACTCCAGTGAC-

3′; VEGF, forward: 5′-TTACTGCTGTACCTCCACC-3′; reverse: 5′-

ACAGGACGGCTTGAAGATG-3′, and GAPDH, forward: 5'-

TGTGTCCGTCGTGGATCTGA-3'; reverse: 5'-

CCTGCTTCACCACCTTCTTGAT-3'. 

 

5. ELISA detection of cytokines 

To assess the secretion of TGF- β1 into the culture media, RAW 264.7 cells were 

treated with PSLs (12.5 μg/mL) for 3 h. For the TNF- α assay, the cells were 

pretreated with LPS for 1 h. Then, PSLs were added and the cells were incubated for 

an additional 5 h. In PS-SLBs coating study, to assess the secretion of TGF-β1 and 

VEGF in the culture media, the cell-culture supernatants were collected after 6 h of 

cell seeding. The protein levels were determined using an ELISA kit (Quantikine HS; 

R&D Systems, Inc., Minneapolis, MN) according to the manufacturer’s instructions. 

The absorbance at 450 nm was measured using a microplate reader (Sunrise, TECAN, 
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Salzburg, Austria). 

 

6. Fluorescence-activated cell sorting analysis 

Fluorescence-activated cell sorting (FACS) analysis of PSLs labeled with 0.5 mol % 

(total lipid) N-(6-tetramethyl-rhodaminethiocarbamoyl) 21,2-dihexadecanoyl-sn-

glycero-3-phosphatidylethanol-amine (TRITC-DHPE) (Biotium Inc., Hayward, CA) 

was used to assess PSL incorporation into RAW 264.7 cells. For the labeling of 

liposomes with TRITC-DHPE, an aliquot of chloroform containing TRITC-DHPE 

(excitation/emission=555 nm/580 nm) was added to the liposome preparations at the 

initial step before the chloroform/methanol solvent was evaporated. The cells were 

incubated with the fluorescence-labeled liposomes for 3 h, dislodged using a scraper, 

and centrifuged. The resulting cell pellets were washed with PBS and immobilized 

in 75% ethanol for at least 1 h at 48C before being resuspended in fresh PBS. Cell 

fluorescence was analyzed using a FACS Calibur flow cytometry platform (BD 

Bioscience, Franklin Lakes, NJ).  

 

7. Live cell imaging 

The incorporation of TRITC-DHPE-labeled PSLs into cells was assessed using 

fluorescence microscopy. The cell membranes were stained with 250 nM 3,30-

dioctadecyloxacarbocyanine perchlorate (DiOC18[3]) (Invitrogen, Carlsbad, CA) 

for 20 min prior to PSL treatment. DiOC18(3)-stained cells were incubated with 
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TRITC-DHPE-labeled PSLs for 3 h. Two-channel fluorescence images were 

obtained using a confocal laser scanning microscope (LSM 700, Carl Zeiss, 

Germany) at a magnification of 400X. 

 

8. Fluorescence recovery after photo-bleaching  

Fluorescence recovery after photo-bleaching (FRAP) experiments were performed 

with a Zeiss LSM 700 laser scanning confocal microscope (Carl Zeiss, Oberkochen, 

Germany) equipped with a 25 mV argon laser and a 63ⅹoil immersion objective. 5 

mol% of TRITC-DHPE was added at the beginning of the liposome preparation to 

assess the fluorescence recovery. The diameter of the bleached spot (round shaped) 

was 30 μm. The bleaching time was kept at less than 5% of the characteristic 

recovery time of the bleached spot, as recommended in other studies.26 Images were 

acquired at 30 s interval times. 

 

9. Cell adhesion and proliferation assay 

After 3 and 24 h of culturing, the cell viability was determined using the EZ-CyTox 

assay kit (Daeil Lab Service). EZ-CyTox solution was added to each cell culture well, 

and the mixtures were incubated for 1 h at 37°C. Absorbance was then measured 

using an enzyme-linked immunosorbent assay (ELISA) reader (Sunrise, TECAN, 

Salzburg, Austria) at 450 nm. Each group consisted of three wells, for which the 

mean absorbance was considered to be a representative value. The cell viability was 
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expressed as a percentage of control which was grown on an untreated titanium disc. 

 

10. Scanning electron microscope (SEM) 

After being cultured on SLB-coated and uncoated titanium discs for 4 and 24 h, the 

cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer and dehydrated 

with ethanol. A conformal gold-palladium coating was applied to the samples using 

a Polaron-range sputter coater. The cell morphology was observed under a field 

emission scanning electron microscope (FE-SEM; Hitachi S-4700) using an 

acceleration voltage of 15 kV at three different magnifications: X 5000, X1000, 

X500. 

 

11. Immunofluorescence analysis 

The cells cultured on the titanium discs were fixed with 4% paraformaldehyde in 

PBS for 15 min. Then, the cells were rinsed three times with PBS, and 0.5% Triton 

X-100 in PBS was added and then incubated at room temperature for five minutes. 

Samples were blocked in 5% FBS for one hour, and then, diluted antibody (Fluor 

488 conjugated anti-mouse CD206) was added and incubated for two hours at room 

temperature. The TRITC-conjugated phalloidin was added to label the actin 

filaments. Finally, as a nuclear counterstain, 4′, 6-diamidino-2-phenylindole (DAPI) 

with mounting solution was added before imaging. 
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12. Statistical analysis 

The data are expressed as the mean6standard deviation (SD). Differences between 

groups were assessed using one-way analysis of variance followed by Tukey’s test. 

Statistical analyses were performed using SPSS 22 statistical software (SPSS, 

Chicago, IL). p-values of <0.05 were considered statistically significant. 
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RESULTS 

 

1. The effects of PSLs and PEGylated PSLs on the macrophage polarization 

1.1 TNF-α and TGF-β1 mRNA expression in PSLs-treated RAW 264.7 

To analyze the effects of PSLs on TNF-α and TGF-β1 mRNA expression in RAW 

264.7 cells, we first investigated the differential effect of various PSL sizes (50–400 

nm in diameter) and concentrations (12.5–100 μg/mL). As shown in Fig. 6A, TNF-

α mRNA expression was strongly upregulated in RAW 264.7 cells treated with LPS 

for 6 h, and treatment with PSLs (200 nm in diameter) significantly inhibited this 

effect across the range of concentrations evaluated (12.5–100 μg/mL). In contrast, 

PSLs significantly enhanced TGF-β1 mRNA expression, and this effect was only 

observed at a PSL concentration of 12.5 μg/mL (Fig. 6B). Therefore, all subsequent 

experiments were performed using PSLs at a concentration of 12.5 μg/mL. 

TNF-α mRNA expression significantly decreased in LPS-treated RAW 264.7 cells 

exposed to PSLs across the entire range of PSL sizes evaluated (Fig. 6C). Although 

100-nm PSLs induced the strongest reduction in TNF-α mRNA levels, there were no 

clear differences among the other PSL sizes. In contrast, TGF-β1 mRNA levels were 

highly sensitive to the size of PSLs (Fig. 6D). The greatest increases in TGF-β1 

mRNA levels were observed in cells treated with 50-nm and 100-nm PSLs, and 400-

nm PSLs had no effect on TGF-β1 mRNA levels. On the basis of these results, all 

subsequent experiments were performed using 100-nm PSLs at a concentration of 
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12.5 μg/mL. 
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Figure 6. Effects of PSLs on mRNA expression of TNF-α and TGF-β1 gene 

in RAW 264.7 cells. Different concentration (12.5, 25, 100 µg/mL) and size 

(50, 100, 200, 400 nm in diameter) of PSLs were used for treatment of cells. 

(A, C) For TNF-α expression analysis, cells were pre-treated with LPS (50 

ng/mL) for 3 h, and then PSLs were directly added to the culture containing 

LPS. After 3 h of incubation with PSLs, the amount of TNF-α mRNA was 

measured by RT-PCR. In LPS control group, cells were treated with LPS for 

6 hrs. (B, D) In TGF-β1 expression analysis, cells were treated with PSLs for 

3 hrs. In all studies, NC stands for non-treated negative control. Each error 

bars represent the standard deviation of three independent experiments. 

Data are means ± S.D. Different superscripts (a, b, c, d) indicate statistically 

significant differences (p < 0.05). 
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1.2 Effects of PEGylated PSLs (PEG-PSLs) on TNF-α mRNA expression 

As shown in Fig. 6A and 6C, PSLs inhibited the LPS-induced upregulation of TNF-

α mRNA expression. To determine if the inhibitory effect of PSLs was because of 

the direct inhibition of TNF-α transcription or because of the inhibition of LPS-

mediated stimulation, we evaluated the effect of PSLs on TNF-α mRNA expression 

after LPS removal. To this end, RAW 264.7 cells were exposed to LPS for 3 h. Then, 

the cells were washed and incubated with PSLs for an additional 3 h in the absence 

of LPS. PSLs did not influence TNF-α mRNA levels in LPS-pretreated cells in the 

absence of LPS, whereas a relative decrease in TNF-α mRNA levels was observed 

in cells exposed to PSLs in the presence of LPS (Fig. 7A). Therefore, the inhibitory 

effect of PSLs was dependent on the presence of LPS, indicating that PSLs inhibit 

TNF-α mRNA expression rather than actively antagonizing the stimulatory effect of 

LPS. 

Similarly, PEG-PSLs also influenced TNF-α mRNA expression levels. LPS-

pretreated cells were exposed to PSLs with different degrees of PEGylation (0.25%, 

0.5%, or 1%) in the presence of LPS. As shown in Fig. 7B, PEG-PSLs inhibited 

TNF-α mRNA expression in cells pretreated with LPS for 3 h. Interestingly, a 

statistically significant reduction in TNF-α mRNA expression was observed in cells 

treated with 0.5% and 1% PEGylated PSLs compared with unmodified PSLs, and 

this effect increased in a time-dependent manner. In cells pretreated with LPS for 1 

h and subsequently incubated with PSLs in the presence of LPS for 5 h, PEG-PSLs 

significantly inhibited TNF-α mRNA expression (Fig. 7C), with the strongest 
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inhibition demonstrated by 1% PEGylated PSLs, meanwhile non-PEGylated PSLs 

did not affect the mRNA expression. 

ELISA demonstrated that PSLs also affected TNF-α protein levels. A reduction in 

TNF-α protein levels was observed in the culture media of cells exposed to PEG-

PSLs (1%) and non-PEGylated PSLs in the presence of LPS compared with cells 

exposed to LPS only (Fig. 7D). Consistent with the effect of PEG-PSLs on mRNA 

levels, the decrease in TNF-α protein levels increased in cells treated with PEG-PSLs 

compared with non-PEGylated PSLs. However, PEG-PSLs did not entirely abolish 

TNF-α protein secretion. 
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Figure 7. Effects of unmodified and PEGylated PSLs on mRNA expression 

of TNF-α in RAW 264.7 cells. 12.5 µg/mL of PSLs (100 nm in diameter) were 

used for each experiment. (A) After pretreatment with LPS for 3 h, cells were 

exposed to PSLs for another 3 h with or without LPS. (B) Cells were pre-

treated with LPS for 3 h, and then PEGylated PSLs were directly added to 

the culture containing LPS for another 3 h incubation prior to TNF-α mRNA 

analysis. Concentration of PEG-PS was 0.25, 0.5, and 1 mole % in total 

lipids. (C) LPS pretreatment was carried out for 1 h, followed by PSLs 

treatment for 5 h. (D) Cells were treated under the same condition as the 

experiment in (C) for the analysis of TNF-α protein. The supernatants of RAW 

264.7 cells were collected and TNF-α levels were measured as described in 

Materials and Methods. In all studies, NC stands for non-treated negative 

control. Each error bars represent the standard deviation of three 

independent experiments. Data are means ± S.D. Different superscripts (a, 

b, c, d, e, f) indicate statistically significant differences (p < 0.05). 
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1.3 Effects of PEG-PSLs on TGF-β1 mRNA expression 

To investigate the effect of PEGylation on TGF-β1 mRNA, RAW 264.7 cells were 

treated with liposomes for 3 h. As shown in Fig. 8A, TGF-β1 mRNA expression 

levels increased in cells treated with non-PEGylated PSLs. In contrast, similar levels 

of TGF-β1 mRNA expression were observed in cells treated with PEG-PSLs 

compared with untreated control cells. These findings indicate that PEGylation 

inhibited the effect of PSLs on TGF-β1 mRNA, in contrast to what was observed 

with TNF-α mRNA. The inhibitory effect of PEGylation was also observed at the 

protein level. Although PEG-PSLs inhibited TGF-β1 secretion compared with non-

PEGylated PSLs (Fig. 8B), TGF-β1 protein levels were still greater in PEG-PSL-

treated cells than in untreated control cells. 

 

1.4 Incorporation of PSLs into RAW 264.7 cells 

As the interaction between PS and PS receptors play key roles in the modulation of 

TNF-α and TGF-β1, we predicted that PEGylation affected PS and PS-receptors 

interaction, and that the interaction between PSLs and RAW 264.7 cells would be 

affected by PEGylation. To address this hypothesis, RAW 264.7 cells were stained 

with the cell-membrane marker DiOC18(3), and incubated with fluorescently-

labeled PSLs for 3 h, then evaluated using fluorescence microscopy. PSLs (red 

fluorescence in Fig. 8A) primarily localized to the cell membrane (green 

fluorescence in Fig. 9A) in both non-PSL-treated and LPS-activated cells. 

DiOC18(3) appeared in aggregates at the periphery of cells, indicating that the probe 
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might have been blocked from diffusing throughout the cell membrane. Compared 

with non-PEGylated PSLs, membrane-localized PEG-PSLs decreased in both non-

LPS-treated and LPS-activated cells. These findings were confirmed using FACS 

analysis (Fig. 9B). 
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Figure 8. Effects of PEGylated PSLs on mRNA expression and protein 

production of TGF-β1. Cells were exposed to PEGylated PSLs at 12.5 µg/mL 

for 3 h before the analysis of the cytokine. Concentration of PEG-PS was 

0.25, 0.5, and 1 mole % in total lipids. (A) TGF-β1 mRNA expression was 

evaluated by RT-PCR. (B) TGF-β1 protein level in culture supernatants was 

measured by ELISA. In all studies, NC stands for non-treated negative 

control. Each error bars represent the standard deviation of three 

independent experiments. Data are means ± S.D. Different superscripts (a, 

b, c) indicate statistically significant differences (p < 0.05). 
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Figure 9. (A) Fluorescent live cell imaging of PSLs-treated RAW 264.7 cells. 

Unactivated or LPS-activated cells were pre-stained with 250 nM DiOC18(3) 

for 3 h to visualize cell membrane. DiOC18(3)-stained cells (green 

fluorescence) were then exposed to unmodified or PEGylated PSLs 

containing 0.5 mole % (total lipid) TRITC-DHPE (red fluorescence) for 3 h 

prior to fluorescent cell imaging. The fluorescence of liposomes was shown 

independently (a, c, e, g), or in merged with the fluorescence of cell 

membrane (b, d, f, h). All scale bars represent 20 μm. (B) FACS analysis of 

PSLs-treated RAW 264.7 cells. Unactivated or LPS-activated cells were 

treated with fluorescent liposomes used in (A) for 3 h, and fluorescence of 

cells were analyzed by flow cytometry (black line: untreated; blue line: treated 

with unmodified PSLs; red line: treated with PEGylated PSLs). 
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2. The effects of PS-SLBs on the macrophage polarization 

2.1 Effect of PS on the fluidity of the supported lipid bilayer on the titanium 

discs 

The formation of SLBs on titanium discs were examined by FRAP analysis, which 

is a widespread applicable method for characterizing the fluidity of fluorescently 

labeled molecules in membrane systems.23 Recovery of fluorescence at the photo-

bleached area indicates that membrane components can diffuse laterally as in a 

biological bilayer lipid membrane. To examine the effects of PS on the SLB 

formation, titanium discs were incubated with liposomes containing PS of various 

concentrations ranging from 10 to 60%. After the incubation, the fluorescence 

appeared evenly over the surface of the discs at 10, 20 and 40% PS, while the 

intensity of the fluorescence was not homogeneous with 50 and 60% PS (Fig. 10A). 

The fluorescence recovery after photobleaching was also affected by the PS 

concentration. The bleached area regained fluorescence only at 10-40% PS. As 

shown in Fig. 10B, the fluorescence started to recover rapidly within 30 s after 

bleaching at 10-40% PS, whereas there was no increase in the intensity of the 

fluorescence during the observation at 50 and 60% PS. The normalized intensities of 

the fluorescence were almost identical between 50 and 60%. On the other hand, the 

degrees of fluorescence recovery were different among the 20-40% PS. A 

statistically significant high fluorescence recovery was obtained with 20% PS at 

several time points (90, 120, and 240 s). Additionally, 10 and 40% PS showed almost 

a similar recovery tendency of the fluorescence intensity for all measurements. 
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Figure 10. FRAP of PS-SLBs on the titanium surface. (A) Fluorescence 

microscope images of the photo-bleached area. White-lined circles indicate 

the area of irradiation for the photobleaching. Different concentrations of PS 

(10, 20, 40, 50, and 60%) were used for the surface coating of the titanium. 

Scale-bars correspond to 30 μm. (B) Changes in fluorescence intensity after 

photobleaching. Fluorescence intensity of the bleached area in (A) was 

measured at 30 s intervals until 270 s. The values are the mean ± SD of three 

independent experiments. * indicates that the fluorescence intensity of the 

20% PS group is statistically significantly different from the fluorescence of 

both the 10% and 40% group (p<0.05). 
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2.2 Cell attachment, proliferation and morphology on the SLB-coated titanium 

To investigate the effect of the PS concentration of the SLBs on cell behavior, the 

attachment, proliferation and morphology of RAW 264.7 cells were observed on 

SLBs-coated titanium discs. As shown in Fig. 11, the difference in the PS 

concentration did not induce changes in cell attachment for 3 h. However, compared 

with the uncoated titanium, more cells (143%) were attached to the 20% PS at a 

statistically significant level. In contrast to cell attachment, the presence of SLBs on 

titanium discs did not affect cell proliferation for 24 h regardless of the PS 

concentration. 

SEM images of the RAW 264.7 cell morphology on different SLBs are shown in Fig. 

12. At 4 h after seeding, most of the cells on the uncoated discs were round and had 

less membrane protrusions, whereas the cells on the SLB-coated discs were more 

expanded and elongated, especially for the 20% PS (Fig. 12A). By 24 h, a greater 

number of cells with membrane extensions and filopodia were found to be attached 

to all the types of titanium surfaces (Fig. 12B). There was no significant difference 

in cell morphology among the different groups. 
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Figure 11. Cell adhesion and proliferation of RAW 264.7 cells on the titanium 

discs coated with the PS-SLBs. Viability of the RAW 264.7 cells was 

measured by the EZ-CyTox cell viability assay kit at 3 and 24 h. The values 

are the mean ± SD of three independent experiments. * indicates a 

statistically significant difference from the uncoated titanium group (Ti). 
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Figure 12. SEM images of the RAW 264.7 cells cultured on the SLB-coated 

titanium discs. The cells were cultured on SLB containing 10, 20 and 40% 

PS for 4 h (A) and 24 h (B). Black arrows indicate elongated cells with 

membrane protrusions. Scale-bars correspond to 20 μm. 
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2.3 The expression of anti-inflammatory and pro-inflammatory cytokines 

To investigate the effects of the PS-SLBs on the activation of macrophages, the gene 

expression of cytokines related to inflammation and tissue remodeling was assessed. 

At 6 h after seeding, the mRNA of TGF-β1 and VEGF increased on the PS-SLBs 

compared to the uncoated group. On the 20% PS-SLBs, the mRNA levels of TGF-

β1 and VEGF increased by 4- and 2.7-fold, respectively (Fig. 13). The expression of 

both genes was upregulated to a lesser extent by the 10 and 40% PS, and the levels 

of expression under those conditions were not statistically different. At 24 h, all 

markers exhibited low expression levels compared to those of 6 h. The difference in 

the expression was not significant among the control and test groups. For analysis 

TNF-α on the SLBs, LPS-activated macrophages were used. LPS induced a 15-fold 

increase in the gene expression of TNF-α on the uncoated titanium at 6 h. On the 

SLBs, the greatest increase of the TNF-α transcripts was by the 40% PS (49 fold) 

followed by the 10% (31.6 fold) and 20% PS (16.9 fold) (Fig. 113C).  

The ELISA data showed that the PS-SLBs also affected the TGF-β1 and VEGF 

protein levels. An increased protein level of TGF-β1 was observed in the culture 

media of cells exposed to the PS-containing SLBs compared with the uncoated group; 

however, there was no significant difference among the three SLB-coated groups 

(Fig. 14A). Consistent with the changes in the TGF-β1 level, the amount of VEGF 

protein also was increased in the PS-SLBs groups, and the greatest increase of VEGF 

protein level was by the 20% PS followed by the 40% and 10% (Fig.14B). 
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Figure 13. mRNA expression of TGF-β1, VEGF and TNF-α genes in RAW 

264.7 cells cultured on the SLB-coated titanium discs. (A, B) Cells were 

cultured on the SLBs containing 10, 20 and 40% PS for 6 and 24 h, and the 

RNA transcripts of TGF-β1 and VEGF were measured by real-time RT-PCR. 

(C) LPS-pretreated cells were cultured onto SLB-coated titanium discs with 

50 ng/mL LPS, and the TNF-α expression levels were evaluated. The error 

bars represent the standard deviation from three independent experiments. 

The data are presented as the mean ± SD. Different superscripts (a, b, c, d, 

e) indicate statistically significant differences (p<0.05). There was no 

significant difference between the same superscript. 
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Figure 14. Secretion of TGF-β1 and VEGF protein by RAW 264.7 cells on 

the SLB-coated titanium discs. Cells were cultured on the SLBs containing 

10, 20 and 40% PS for 6 h, and then, the supernatants were collected and 

tested for TGF-β1 and VEGF by ELISA. The error bars represent the 

standard deviation from three independent experiments. Different 

superscripts (a, b, c) indicate statistically significant differences (p<0.05). 

There was no significant difference between the same superscript. 
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2.4 Effects of the SLBs on the expression of CD206 

The increase in the expression of cytokines in Fig. 13 indicates that macrophages 

were likely activated or polarized. Macrophages are known to be polarized to the M1 

or M2 phenotype. Because TGF-β has been considered as an anti-inflammatory 

cytokine of the M2 phenotype, we attempted to confirm the M2 polarization by 

observing the expression of CD206, a surface marker of M2 macrophages. CD206 

was visualized by staining with Alexa Fluor 488-conjugated CD206 antibody. On 

the uncoated titanium, the fluorescence of the antibody was hardly visible at 24 and 

48 h of incubation (Fig. 15). When the cells were exposed to IL-4, a typical cytokine 

that induces the M2 phenotype, the fluorescence of Alexa Fluor 488 emerged weakly 

at 24 h and increased further at 48 h which indicates that the M2 phenotype was 

induced. Fluorescence-positive cells appeared likewise in all the SLB groups. At 48 

h, the fluorescence was visible irrespective of the PS concentration, while the cells 

on the uncoated surface did not exhibit any fluorescence. The fluorescence images 

showed that CD206 was localized at the boundary of the cells and were almost 

identical to the F-actin images. The resemblance of fluorescence in those two images 

is likely due to the localization of CD206 and F-actin at the cell surface and cortical 

region, respectively, in the RAW 264.7 cells. 
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Figure 15. Expression of CD206 in RAW 264.7 cells cultured on the SLB-

coated titanium discs. Cells were cultured on SLBs containing 10, 20 and 40% 

PS for 24 (A) and 48 h (B). CD206 was visualized with Alexa Fluor 488-
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conjugated CD206. Nuclei and filamentous actin were stained with DAPI and 

phalloidin-conjugated TRITC, respectively. Scale-bars correspond to 20 μm. 
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DISCUSSION 

 

Macrophages have a key role in tissue regeneration as well as inflammation due to 

the multiple phenotypes and their plasticity.47 PSLs, that were used in this study, can 

modulate macrophage polarization by PS and PS receptor binding. However, the 

rapid elimination from the blood and the short half-life of PSLs limit their application 

as biomaterials. In this study, for extension the lifetime of PSLs, an effective method 

was introduced, that is modifying the PSLs with PEG. 

Consistent with the findings of the present study, previous reports have demonstrated 

that PSLs (non-PEGylated) inhibit TNF-α mRNA expression and increase TGF-β 

mRNA expression. 23, 48 In LPS-activated RAW 264.7 cells, TNF-α mRNA 

expression was inhibited by PSLs across a range of PSL concentrations and sizes, 

whereas PSLs increased TGF-β mRNA expression in a concentration-dependent and 

size-dependent manner. The observation that TNF-α was highly sensitive to PSLs 

indicate that inhibition of TNF-α mRNA expression can be readily switched on under 

a pathogenic environment which generates apoptotic cells. In contrast, the increase 

of TGF-β might be more limited. 

A previous study demonstrated that p38 MAP kinase contributes to the inhibitory 

effects of PSLs on NO production in LPS-activated macrophages and that PSLs do 

not affect the activation of the transcription factor NF-κB. 49 Therefore, PSLs are 

thought to suppress TNF-α mRNA expression in LPS-activated macrophages by 

mediating the phosphorylation of p38 MAP kinase, rather than the phosphorylation 
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of NF-κB. In the present study, the LPS-induced increase in TNF-α mRNA 

expression was inhibited by PSLs. However, the inhibitory effect of PSLs was not 

observed in the absence of LPS. These results suggested that PSLs can inhibit p38 

MAP kinase activation but cannot inhibit the activated kinase. 

PSLs effectively inhibited TNF-α at a wide range of concentrations; however, the 

inhibitory effect varied according to the experimental conditions. TNF-α mRNA 

expression in cells incubated with PSLs and LPS (0–3 h + 4–6 h) significantly 

increased compared with cells pretreated with LPS for up to 3 h (Fig. 7A). As PSLs 

are rapidly removed by macrophage-mediated phagocytosis, we hypothesized that 

TNF-α mRNA expression was not entirely abolished because PSLs have a short half-

life. To prolong the half-life of PSLs and/or enhance the interaction between PSLs 

and macrophages, the surface of PSLs were modified using PEGylation. 

Interestingly, 1% PEGylated PSLs completely abolished the LPS-induced increase 

in TNF-α mRNA expression (Fig. 7C). These results suggested that optimized levels 

of PEGylation might prevent PSL uptake by macrophages without disrupting the 

binding interaction between PS and PS receptors. In addition, PEG-PSLs 

significantly decreased TNF-α protein levels compared with non-PEGylated PSLs, 

although the LPS-mediated increase in TNF-α protein levels was not entirely 

abolished by 1% PEGylated PSLs (Fig. 7D). The difference in the inhibitory effects 

of PSLs on mRNA and protein levels indicated that the effects of PSLs did not 

immediately occur. This delay is likely to allow TNF-α protein levels to accumulate 

in the culture media prior to the complete inhibition of mRNA expression. 
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Based on the stimulatory effect of PEGylation on PSL-mediated TNF-α inhibition, 

it can be hypothesized that PEGylation might also enhance the PSL-mediated 

increase in TGF-β mRNA and protein levels. However, in contrast to the effects on 

TNF-α, PEGylation abolished the effects of PSLs on TGF-β (Fig. 8). These findings 

suggested that PSL PEGylation disrupted the interaction between PS and the 

membrane-bound PS receptors that mediate TGF-β production. A number of PS 

receptors have been identified, and they can be classified into one of two groups: (1) 

PS receptors that directly bind PS (e.g., BAI1, TIM proteins, and Stabilin) and (2) 

PS receptors that bind PS via adaptor molecules (e.g., MerTK, αVβ3/5 integrins, and 

CD36).18 Adaptor molecules that bridge the interaction between PS and PS receptors 

include Gas6, MFG-E8, and thrombospondin. Recent investigations into the 

functions of PS receptors have reported that the induction of TGF-β synthesis by 

apoptotic cells requires CD36 and the soluble adaptor protein thrombospondin.50 

These findings suggest that the CD36-thrombospondin-PS interaction is a 

prerequisite for PSL-induced TGF-β synthesis. Previous studies demonstrated that 

PEG inhibits the adsorption of plasma proteins to the surface of liposomes, 51-52 and 

this effect is presumed to be a result of PEG-mediated steric hindrance. Therefore, 

the PEG-mediated inhibition of PSL-induced TGF-β synthesis might be a result of 

the exclusion of thrombospondin from the surface of PSLs. Therefore, the 

mechanism by which PEG-PSL-mediated inhibition of the LPS-induced increase in 

TNF-α levels remains unclear, as our results suggest that PEG did not prevent the 

binding interaction between PS and a PS receptor. The specific macrophage-

localized PS receptor required for the inhibition of TNF-α mRNA expression has not 
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yet been identified. However, PEG clearly affected TNF-α-associated PS receptors 

and the associated signaling pathway. PEG selectivity might be mediated by PS 

receptor size and structure, and the requirement for adaptor molecules to bridge the 

interaction between PS and PS receptors. The identification of the PS receptor that 

mediates TNF-α inhibition might help clarify this issue. 

Macrophage phenotypes may affect tissue regeneration such as osseointegration on 

dental implants considering the distinctive property and function of each phenotype. 

Previous studies have mostly focused on the pro-inflammatory responses of 

macrophages to titanium with different topographies. Unstimulated macrophages 

secreted a smaller amount of pro-inflammatory cytokines on a sandblasted and acid 

etched (SLA) surface compared to a polished surface of titanium.53 A nanostructured 

titanium surface induced M2 macrophage polarization and improved 

osseointegration54 which suggests that M2 macrophages are favored for bone 

formation on the surface of the titanium implant. 

In this study, the PS was used to induce M2 polarization on the titanium surface. 

Because PS is capable of inducing mineralization due to its calcium-binding activity, 

PS-coated titanium was expected to enhance the calcium deposition of osteoblasts 

and in vivo bone formation. Consistent with that expectation, PS actually promoted 

the calcium deposition of an osteosarcoma cell line on titanium discs. 55 On the same 

PS-coated discs, macrophages were not activated and generating a decreased amount 

of reactive oxygen species compared to the uncoated titanium. Those results suggest 

that at least the pro-inflammatory reaction of macrophages was prevented by the PS 
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coating. However, no information that regarding macrophage polarization was 

obtained from those studies: the expression of cytokines and polarization surface 

markers were not observed. Furthermore, in contrast to our current study, the PS 

coating in the previous study was not fluidal SLBs. That is, the titanium disc had 

been coated simply by evaporation of solvents with the PS remaining on the surface. 

Therefore, the presence of SLBs as well as PS could be a factor affecting the 

macrophage behaviors on the titanium discs in this study. 

The most representative characteristic of SLBs is the fluidity of membrane 

components, of which the concentration determines the SLBs fluidity. 43, 56 PS, of 

course, affects the fluidity of SLBs, and a previous study has already shown that 

SLBs can form with PS at concentrations only between 20% and 50% on titanium.57 

In accordance with those results, the SLBs on the titanium were fluidal at 10, 20 and 

40% PS with the highest fluidity at 20% (Fig. 10). Interestingly, the expression of 

TGF-β1 and VEGF gene was also greatest at 20% PS. Although the relationship 

between the expression of the anti-inflammatory cytokines and the fluidity of 

membrane was not investigated further in this study, it is likely that the activation of 

macrophages was related to the fluidity of SLBs. TGF-β is known as an anti-

inflammatory cytokine which is secreted by M2 macrophages. 58 Therefore, it can be 

speculated that the activated macrophages on the SLBs were the M2 phenotype, in 

which pro-inflammatory cytokines such as TNF-α were supposed to be decreased. 

Unexpectedly, however, the expression of the TNF-α gene was not suppressed on the 

SLBs, but rather, the expression was enhanced on the SLBs with 10% and 40% PS 

(Fig. 13). A plausible explanation for those contradictory results for TNF-α can be 
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derived from the interaction between LPS and titanium. A previous study showed 

that LPS had a high affinity for the titanium surface, 59 which might reduce the 

concentration of the free LPS in the culture media. If the SLBs interfered with the 

affinity between the LPS and titanium, the amount of free LPS would increase and 

compensate the anti-inflammatory effect of PS on the macrophages. To prove this 

hypothesis, the affinity between LPS and SLBs should be compared with that of LPS 

to titanium. An LPS-free condition is also needed to evaluate the accurate effect of 

the SLBs on the release of TNF-α from macrophages in further studies. 

As shown in Fig. 13, the gene expression of TGF-β1 and VEGF increased at 6 h on 

the PS-SLBs and then decreased to the level of the uncoated group at 24 h. Thus, it 

was not certain that the transient up-regulation of gene expression was accompanied 

by macrophage polarization. However, the expression of the M2-specific CD206 in 

macrophages by microscopy (Fig. 15) indicates that M2 macrophages were induced 

on the PS-SLBs. Considering the function of M2 macrophages in tissue remodeling 

and regeneration, the coating of dental implants with the PS-SLBs is expected to 

reduce inflammation and promote tissue regeneration such as osseointegration 

through the polarization of macrophages to the M2 phenotype. 

In summary, PEGylation enhanced the inhibitory effect of PSLs on TNF-α mRNA 

expression, an effect that is predicted to enhance their anti-inflammatory effects. In 

contrast, PEGylation-induced inhibition of PSL-induced TGF-β mRNA expression 

is predicted to interfere with the anti-inflammatory effects of PSLs. Therefore, the 

PEG-PSLs are not expected to have therapeutic value for the treatment of 
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inflammatory diseases. Although these findings can be drawn the conclusion that 

PEG-PSLs are not likely effective in treating anti-inflammatory diseases, PEG-PSLs 

might have therapeutic potential for the treatment of clinical conditions associated 

with excessive TGF-β secretion, such as fibrosis induced by implanted biomaterials 

and scar formation during wound healing. The anti-fibrosis effects of PEG-PSLs are 

currently being investigated. The expression of TGF-β1 and VEGF, the cytokines 

needed for tissue regeneration, were transiently upregulated in RAW264.7 

macrophages on PS-containing SLBs. The expression of the M2-specific CD206 

indicates that the PS-SLBs induced M2-polarization of the macrophages. Because 

M2 macrophages are generally favored for anti-inflammation and tissue regeneration, 

titanium coated with the PS-SLBs is expected to enhance bone formation. 
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CONCLUSION 

 

PEGylation and SLBs are two different kinds of reliable ways to successfully apply 

PS in modulation of macrophage polarization, further controlling of inflammation. 

PEG-PSLs can prevent TNF-α secretion without increasing TGF-β levels in 

macrophages, and they support the potential clinical use of PEG-PSLs as anti-

inflammatory agents in periodontitis and peri-implantitis with a relatively low 

potential to induce tissue fibrosis. The lipid component is very important and 20% 

PS is the optimal concentration to promote M2-polarization of RAW 264.7 

macrophages. PS contained bilayer coating can induce macrophages M2-

polarization, furthermore, reduce inflammation and promote wound healing. Those 

results suggested the potential of using bilayer coating in dental implant. 
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초록 

포스파티딜세린과 폴리에틸렌글리콜 포스파티딜세린의 

생체모사를 이용한 대식세포분극 

전 홍 선 

치과생체재료과학 전공 

서울대학교 치의학대학원 

지도교수 양 형 철 

 

세포막의 주성분인 포스파티딜세린은 대식세포의 인식 및 제거 등과 

관련되며 염증반응에서도 중요한 역할을 한다. 본 연구에서는 포스파티

딜세린 리포좀의 효과를 지속시키고, 대식세포의 분극을 조절하기 위해 

폴리에틸렌글리콜을 적용하였다. 또한 치과 용 임플란트의 새로운 코팅

법으로 포스파티딜세린 리포좀을 티타늄 표면에 적용하여 생체모사 지지

형 지질 이중층이 생성되도록 하였다. 

포스파티딜세린 리포좀 (포스파티딜세린:포스파티딜콜린:콜레스테롤 = 

2:1:1 몰비)은 소형 압출기와 폴리카보네이터 필터 (50, 100, 200 및 

400 nm 구멍)를 사용하여 제조하였고. 폴리에틸렌글리콜화된 포스파티

딜세린은 DSPE-PEG-2000을 상이한 농도 (0.25%, 0.5% 및 1%)로 

첨가한 것을 제외하고는 동일한 방법으로 제조하였다. RAW 264.7 세포

를 사용하여 염증 관련 사이토카인 TNF-α 및 TGF-β의 발현에 대한 
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폴리에틸렌글리콜화된 포스파티딜세린의 효과를 평가하였다. TRITC-

DHPE로 표식된 포스파티딜세린 리포좀의 세포 내로혼입되는 것은 형광

표지세포분획 (FACS) 및 형광현미경으로 평가하였다. 다양한 백분율 

(10%, 20%, 40%, 50% 및 60%)의 포스파티딜세린을 함유한 포스파티

딜세린과 포스파티딜콜린으로 구성된 지지형 지질 이중층을 칼슘 완충액

을 이용하여 리포좀 융합법으로 티타늄 표면에 적용하였다. 티타늄 표면

에서 지지형 지질 이중층의 유동성은 광표백 이미징 후 형광 복구 

(FRAP)를 사용하여 분석하였다. 티타늄 표면에서의 RAW 264.7 세포

의 형태는 전자현미경 (SEM)으로 관찰하였고, 세포 부착 및 증식을 추

가 분석 하였다. 또한, M2 대식세포 분화는 실시간 유전자 중합효소 연

쇄반응 (real time RT-PCR) 및 M2 특정 마커를 이용한 면역형광분석 

(IF)으로 분석되었다. 

100 nm 크기의 포스파티딜세린 리포좀이 12.5 μg/mL의 농도에서 염

증 관련 사이토카인 발현 조절에 가장 큰 영향을 미쳤다. 폴리에틸렌글

리콜화는 TNF-α및 TGF-β 발현에 차별적으로 영향을 미쳤다. TNF-

α 분비에 대한 포스파티딜세린 리포좀의 억제 효과는 폴리에틸렌글리콜

화에 의해 강화되었으며, 폴리에틸렌글리콜화된 포스파티딜세린 리포좀

은 단순 포스파티딜세린 리포좀에 비해 TGF-β 수준을 감소시켰다. 

FACS 분석 결과 1% 폴리에틸렌글리콜화가 포스파티딜세린 리포좀이 

대식세포로의 혼입을 방해하는 것으로 나타냈다. 또한 형광이미지는 포
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스파티딜세린 리포좀과 RAW 264.7 세포 사이의 상호 작용이 폴리에틸

렌글리콜화에 의해 영향을 받는다는 것을 증명했다. 

FRAP 이미지 분석 결과 포스파티딜세린 비율이 지지형 지질 이중층

의 유동성에 결정적인 영향을 주는 것을 알 수 있고, 20%는 높은 유동

성의 지지형 지질 이중층을 얻기 위한 최적의 농도라고 제시할 수 있다. 

20% 포스파티딜세린 군에서 더 많은 세포가 부착되었으며 (p<0.05), 

지지형 지질 이중층으로 코팅된 티타늄 디스크에서 배양된 세포는 코팅

하지 않은 디스크 위에서 보다 더 길고 넓게 펴진 형태를 나타냈다. 특

히 20% 포스파티딜세린 군에서 그러한 경향이 두드러지게 나타났다. 두 

성장 인자 (염증을 억제하는 TGF-β와 VEGF)의 유전자 발현 수준은 

코팅하지 않은 대조군에 비해 20% 포스파티딜세린 군에서 현저하게 증

가 하였다 (p<0.05). 포스파티딜세린을 함유한 지지형 지질 이중층 코

팅은 대식세포의 M2-분극을 유도하였고, 면역형광이미지에서CD206 양

성을 보였다. 

폴리에틸렌글리콜화된 포스파티딜세린 리포좀은TGF-β 수치를 증가

시키지 않는 동시에 TNF-α 분비를 예방할 수 있는 것으로 보여 치주

염 및 임프란트 주위염에서 조직 섬유화를 상대적으로 감소시키는 항염

증제로 사용될 수 있을 것으로 기대된다. 포스파티딜세린을 함유한 지지

형 지질 이중층 코팅은 대식세포의 M2 분극을 유도 할 수 있으며, 염증

을 줄이고 상처 치유를 촉진할 수 있다. 이러한 결과로 치과용 임플란트
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에서 지지형 지질 이중층 코팅의 사용 가능성을 제시할 수 있다. 

 

                                                                    

주요어:  

포스파티딜세린, 리포좀, 폴리에틸렌글리콜, 지지형 지질 이중층,  

대식세포, 분극. 
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