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Abstract

Surface modification of orthopedic implants is critical for improving the clinical performance of 

these medical devices. Herein, collagen was covalently immobilized onto a titanium implant 

surface via a novel adherent polydopamine coating inspired by mussel adhesive proteins. The 

formation and composition of the collagen coating was characterized using X-ray photoelectron 

spectroscopy (XPS) and scanning electron microscopy (SEM). Fluorescent labeled collagen was 

also used to examine the formation and uniformity of the collagen coating. The resultant collagen 

coating with a polydopamine supporting substrate demonstrated better uniformity and distribution 

on the titanium surface compared to a physical adsorption of collagen. The covalent immobilized 

collagen coating is biologically active, as evidenced by its ability to enhance MC3T3-E1 cell 

adhesion, support cell proliferation and promote early stage osteogenic differentiation of pre-

osteoblasts. Our study suggests covalent immobilization of collagen through the polydopamine 

coating might be an efficient way to improve the cellular performance of implant surfaces.

1. Introduction

Titanium and its alloys have been used in dental and orthopedic fields for decades due to 

their excellent mechanical properties, good resistance to corrosion and inertness in 

physiological environment[1–3]. However, titanium based implants often fail to form direct 

bonding at the bone-to-implant interface, which can cause severe issues such as implant 

loosening for patients during the tenure of implantation [4,5]. In order to improve the initial 

stability of bone-contacting implants, a variety of surface modification technologies have 

been explored to enhance the direct bone bonding between the native bone and the implant 

[6–9]. A common approach to modify the implant surface is to immobilize bioactive 

molecules, such as application of proteins and peptides onto material surfaces [7,10]. 

Although physical adsorption of biomolecules has shown its simplicity and flexibility, it 

largely suffers from its instability and lack of quality control [11]. This is mainly due to the 
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fact that passive adsorption through electrostatic interactions is usually reversible. The 

coatings can be easily removed post implantation [12]. Thus, robust coating with a long-

term stability is highly desirable in the context of material surface modification for implants.

Covalent immobilization of biomolecules on material surfaces is through a chemical 

conjugation between the substrate and the target biomolecule [13]. Compared to passive 

physical adsorption, this approach possesses several distinct advantages when it is used as a 

surface modification strategy [14]. First of all, covalent attachment of molecules can 

improve substantially the stability of the resultant coatings through its irreversible manner. 

Besides, covalent immobilization also offers better control over coating fabrication 

parameters such as coating thickness, ligand density, and molecular orientation [15–17]. 

Recently, a mussel-inspired surface functionalization technique developed by Messersmith 

et al. has shown its universal applicability to form strong adhesive interaction with various 

material surfaces [18]. More importantly, polydopamine, the main component of this 

technique exhibits high reactivity towards biomolecules containing amine and thiol 

functional groups [19,20]. Thus, the polydopamine coating might be a promising approach 

for development of optimum metallic implants.

Collagen as the major organic component of bone extracellular matrix is frequently used to 

improve cellular activity, such as adhesion, proliferation and differentiation on biomaterials 

surfaces [21–25]. Although numerous strategies have developed to immobilize collagen onto 

titanium surface to improve the biocompatibility of the implants, most of these methods 

involve complicated chemistry which usually introduce extra toxic factors onto the targeted 

surface [26,27]. In this study, we successfully adapt the mussel-inspired polydopamine 

chemistry to address the issue of collagen immobilization in the biomaterial field. A two-

step approach was developed on the surface of the titanium implants: polydopamine coating 

was firstly introduced onto the titanium surface then followed by covalent coupling with 

fibrillar type I collagen. We then particularly focus on the effect of collagen immobilization 

on pre-osteoblast attachment, expansion and differentiation as each of these outputs is 

closely related to the biocompatibility of the implants.

Materials and methods

2.1 Collagen immobilization on substrate

Commercially available titanium disks (15 mm in diameter, 0.2 mm in thickness) were used 

as substrates in this study. These disks were polished by #800 sandpaper and ultrasonically 

cleaned using acetone, ethanol and de-ionized water, respectively. Dopamine (Sigma, MO) 

was dissolved at a concentration of 2 mg/mL in 10 mM Tris-HCl (pH=8.5). The titanium 

disks were soaked in the dopamine solution for 18 h at room temperature. The dopamine-

coated substrates (DOPA-Ti) were then collected and rinsed with de-ionized water and air 

dried at room temperature. Collagen was isolated from rat tails and stored at 4 °C as 

described elsewhere [28]. To couple the collagen onto the DOPA-Ti, 1.0 mL 100 µg/mL 

collagen was mixed with EDC (10 mM) and NHS (25 mM) in de-ionized water. DOPA-Ti 

was immersed in the collagen/EDC/NHS solution for 48 h at 4 °C to immobilize collagen 

onto the titanium, namely COL-DOPA. Collagen was also coated on Ti surfaces without 

polydopamine coating under the same condition and used as a control, namely COL-Ti. 
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Both collagen coated surfaces were subsequently rinsed with de-ionized water and dried at 

37 °C for 30 min. All the samples were stored at 4 °C until further experiments.

2.2 Characterization of collagen coating

The morphology of the coating surface with different compositions was observed using field 

emission scanning electron microscopy (FESEM, JEOL 6335F, Japan) at 5 KV. The surface 

composition of coated surface was analyzed using X-ray photoelectron spectroscopy (XPS) 

with a PHI multiprobe with Mg as the exciting source. The XPS survey spectra were 

obtained using pass energy of 100 eV and energy step size of 1 eV, and the high resolution 

XPS spectra data were collected using pass energy of 50 eV and energy step size of 0.1 eV. 

The quantitative compositional analysis was carried out using CasaXPS fitting program and 

based on the collected XPS data. All binding energies were referred to the C1s neutral 

carbon peak at 284.6 eV.

2.3 Visualization of collagen coating via fluorescence tagging

For fluorescent labeling, 5(6)-carboxyrhodamine 6G (Sigma, MO) was conjugated using 

NHS/DIC chemistry. The resultant product was purified by dialysis against de-ionized water 

using a dialysis unit with MWCO=1000. The rhodamine labeled collagen (Rho-COL) was 

used to visualize collagen immobilization onto DOPA-Ti surfaces. Briefly, Rho-COL (100 

µg/mL) solution was mixed with EDC (10 mM) and NHS (25 mM) in de-ionized water. The 

coated titanium disks (DOPA-Ti) were immersed in the above Roh-collagen solution for 48 

h at 4 °C. Titanium disks without dompamine coating were used as a control. After 

extensive washing with de-ionized water, the Rho-COL on the the surface of Ti disks was 

visualized using a fluorescence microscope (Zeiss Axiovert 200M) with a TRITC filter.

2.4 Cell culture

MC3T3-E1 cells were cultured in alpha minimum essential medium (α-MEM) 

supplemented with 10% FBS (Cellgro) and 1% pen-strep (Cellgro). Cells were grown in a 

humidified atmosphere of 5% CO2 at 37 °C. The culture medium was changed every other 

day. An osteogenic medium, consisting of α-MEM plus 10 mM β-glycerol phosphate and 50 

µg/mL L-ascorbic acid (Sigma, MO), was used after the cells grew onto the coatings for 1 

week. Sub-confluent cells were harvested from the flask and seeded onto four different 

substrates: Ti (untreated titanium), DOPA-Ti, COL-Ti and COL-DOPA. The seeding 

density of the cells on all substrates was 2.0 ×104 cells/cm2 in a 24-well plate. The medium 

was changed after 8 h of seeding and all the samples were transferred to a new plate to 

remove all the unattached cells.

2.5 MC3T3-E1 cells viability and ALP assay

Cell viability was analyzed at day 3, 7, and 14 using the Alamar Blue assay. At each time 

point, the culture medium was aspirated and the samples were rinsed with PBS. Fresh 

medium (0.5 mL) containing 10% Alamar Blue dye (Biosource International) was added to 

each well and subsequently incubated for 2 h. The incubated medium was measured by a 

microplate reader (Biotek, MQX200) at wavelengths of 570 and 600 nm. The analytical 

assays were performed at each of time point with replicates of 5 samples per group.
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The activity of alkaline phosphotase (ALP) was measured as described previously [9]. 

Briefly, at each time point, the cells were washed with PBS and lyzed with 1 mL lysis buffer 

containing 0.5% Triton X- 100 for 20 min. The cell lysis was then centrifuged at 3000 rpm 

at 4 °C for 10 min. Aliquots of supernatants were subjected to a total protein assay using a 

BCA assay kit (Thermo Scientific). The ALP activity was measured by colorimetric assay 

with reagent mixture composed of 5 mM p-nitrophenol phosphate disodium (p-NPP), 1 mM 

MgCl2, and 0.15 M 2-amino-2-methyl-1-propanol (AMP) (Sigma, MO) together with an 

equal volume amount of nitrophenyl phosphate (10 mM). The optical density of the solution 

was measured at 405 nm using a microplate reader (Biotek, MQX200). The ALP activity 

was expressed as total protein per microgram protein per sample.

2.6 Immunocytochemistry

MC3T3-E1 cells were seed onto COL-Ti and COL-DOPA surfaces in a 24-well plate at a 

final density of 1.0×104 cells/cm2. After 12 h and 24 h cultured in medium, cells were fixed 

by 4% paraformaldehyde in PBS for 20 min at room temperature. Cells were permeablized 

in 0.5% Triton X-100 in PBS for 15 min, then blocked to prevent non-specific antibody 

adsorption using 1% FBS in PBS. After blocking, Anti-vinculin antibody (Sigma, MO) was 

diluted at a ratio of 1:128 and incubated with cells for 1 h at 37 °C. After thorough rinses 

using PBS, the cells were incubated with a goat-anti-mouse-IgG-FITC-conjugated 

secondary antibody (1:150, Sigma, USA). To detect actin and nucleus simultaneously, 

tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin (1:400, Invitrogen, 

USA) and 0.5 µg/mL 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) were added in 

the secondary antibody solution. Cells were imaged using a fluorescent microscope (Zeiss 

Axiovert 200M) with filters appropriate for FITC, TRITC and DAPI.

2.7 Scanning electron microscopy

Cells were seeded onto COL-Ti and COL-DOPA plates in a 24-well plate at a density of 

1.0×104 cells/cm2. After 12 h, the cells were fixed in 2.5% glutaraldehyde/PBS for 1 h and 

incubated in 0.1 M sodium cacodelate buffer for another hour. The fixed cells were then 

dehydrated in graded ethanol series and followed by a supercritical point drying. All the 

samples were sputter-coated with gold palladium. Finally, the cell morphology on different 

collagen coatings was examined using FESEM (LEO/Zeiss DSM 982) at 3 KV.

2.8 Mineralization of collagen coated surface in vitro

Simulated body fluid (SBF) was prepared as reported previously [29]. The reagents were 

added to de-ionized water at the following order and concentration: 142 mM NaCl, 5 mM 

KCl, 1.5 mM MgCl2, 0.5 mM MgSO4, 150 mM NaHCO3, 20 mM Tris, 2.5 mM CaCl2, and 

1.0 mM Na2HPO4. The pH of m-SBF was adjusted to 7.40 using HCl/NaOH at 37 °C. All 

four groups of untreated and treated titanium disks were immersed in 50 mL SBF in a 

conical tube, respectively. The SBF was refreshed every day to maintain the constant ionic 

strength. After that, the specimens were gently washed with de-ionized water and air dried. 

The formation of apatite coating on the surface of titanium disks was then observed using 

FESEM (JEOL 6335F, Japan) at 5 KV.
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2.9 Statistical analysis

All quantitative data were given as mean ± standard deviation. The numerical results 

obtained in this study were subjected to a two-tailed Student’s t-test. The significance of the 

results was evaluated at a significance level of p<0.05 based on the p value of comparison.

Results

3.1 Chemical Composition

The chemical composition differences of the titanium sample before and after treatment 

were analyzed by XPS. Fig. 1 shows the wide scan spectra of XPS for the four treated 

surfaces in this study: (i) Ti, (ii) DOPA-Ti, (iii) COL-Ti, and (iv) COL-DOPA. Compared to 

pure titanium surface (Ti), C, O and N peaks were also observed but Ti2p peaks disappeared 

on the DOPA-Ti surface. The DOPA-Ti spectra indicate that a homogeneous coating was 

formed and fully covered titanium surface. After coupling with collagen solution, the 

composition of the coating changed substantially. All the peaks observed on DOPA-Ti were 

also observed on COL-DOPA, but both the carbon and nitrogen peaks increased 

significantly. The quantitative compositional analysis showed that the atomic percentage of 

C, N and O on COL-DOPA is 68.77%, 13.73%, and 17.50% respectively, which is very 

close to the theoretical atomic ratio of collagen (Table 1) [30]. In contrast, when collagen 

was directly immobilized on the titanium surface, although increases in C and N peak 

intensity were observed on the COL-Ti surface, Ti2p from titanium substrate was clearly 

shown on the surface, indicating the lack of uniformity of collagen coating.

3.2 Collagen coating morphology and distribution

The morphology of collagen coated surfaces was examined using SEM (Fig. 2). Compared 

to non-treated Ti, the DOPA-Ti surface was smoother but covered with certain amount of 

polydopamine precipitate residue after washing (Fig. 2 DOPA-Ti). No collagen fiber was 

identified on the titanium surface coated directly with collagen (COL-Ti) (Fig. 2-COL-Ti). 

However, collagen nanofibers were clearly seen on COL-DOPA surfaces. The diameter of 

the nano-sized collagen fibers is around 150–200 nm which is the typical size of collagen 

nanofibers in the body [31]. It is known that the d-banding pattern of collagen fibers is the 

characteristic structure of well assembled collagen nanofiber [32]. Collagen bundles with 

organized d-banding were clearly shown on the polydopamine coated titanium surface (Fig. 

2-COL-DOPA). In addition, these reassembled collagen nanofibers evenly covered more 

than 80% of the surface.

Rhodamine-tagged collagen was used to study the distribution of collagen coating on 

titanium surface in addition to SEM observations. Fig. 3 shows the fluorescence images of 

Ti and DOPA-Ti surfaces coupled with Rho-COL. After extensive washing with de-ionized 

water, only scattered fluorescent signal was seen on the surface of the COL-Ti (Fig. 3-A). In 

contrast, large area of fluorescence with even distribution was observed on the COL-DOPA 

surface, suggesting a robust coupling of collagen with dopamine (Fig. 3-B). To further 

compare the efficiency of collagen immobilization on different substrates, half of the 

titanium disk was masked during polydopamine coating formation while the other half 

remained as pure titanium. It was found that there was almost no noticeable Rho-COL on 
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the half disk without the polydopamine coating, but the other half with the coating showed 

good coverage of Rho-COL with a strong fluorescent intensity (Fig. 3-C). To quantify the 

relative amount of Rho-COL on the two types of surfaces, the image was then converted to 

binary format (Fig. 3-D) and the signal of fluorescence was quantified (Fig. 3-E&F). The 

area covered by Rho-COL on COL-DOPA is 10-fold of that on COL-Ti (Fig. 3-E). The total 

fluorescence intensity of COL-DOPA was also 6.5 times higher than COL-Ti (Fig. 3-F).

3.3 Cell adhesion and morphology

The immunostaining of vinculin and actin was employed to visualize and evaluate cell 

adhesion on the collagen coated surfaces. Immunofluorescence staining showed better 

adhesion of MC3T3-E1 cells on COL-DOPA than COL-Ti (Fig. 4). The cells on COL-

DOPA surface exhibited greater spread with organized actin into stress fibers (Fig. 4-COL-

DOPA). Vinculin staining showed focal adhesion had started to form at the periphery of the 

cells on COL-DOPA, while the cells on COL-Ti exhibited a more slim shape with less 

spread (Fig. 4-COL-Ti). Cell morphologies on different surfaces were revealed by FESEM. 

MC3T3-E1 cells attached closely to both surfaces (Fig. 5-A & B). However, it was observed 

that the cells spread more cytoplasmic extensions and filopodia on COL-DOPA surface than 

on COL-Ti at a high magnification (Fig. 5-C & D, white arrows).

3.4 Cell proliferation and differentiation

To determine the effect of collagen immobilization on MC3T3-E1 cell proliferation, cell 

number on different treated surfaces were recorded at day 3, 7 and 14. They increased 

significantly in all tested groups as culture time was extended (Fig. 6). At day 3, although 

the cell number on DOPA-Ti and COL-Ti was slightly higher than that on Ti, no significant 

differences were found between the Ti and the COL-DOPA group. In contrast, the cell 

number on COL-DOPA increased more than three folds at day 7 while it only increased one 

fold on Ti surface. At day 14, the cell number on all treated groups was higher than the 

untreated Ti group. No statistical difference was found among the three treated groups.

ALP activity was evaluated as an early marker of osteogenic differentiation of MC3T3-E1 

cells [33]. Although ALP activity in all groups was very low at day 3, it was noticed that 

ALP on COL-DOPA was still slightly higher than Ti group (Fig. 7). ALP activity on each 

surface increased gradually between 3 and 7 days and both collagen coated surfaces showed 

high ALP activity. A dramatic increase in ALP activity was observed during the second 

week of culture due to the switch of medium from basal medium to osteogenic medium. 

Although the ALP activity on Ti surfaces increased over 10 folds, the ALP activity on the 

treated surfaces were still significantly higher than the control. Noticeably, the expression of 

ALP on COL-DOPA was found to be statistically higher than COL-Ti (p<0.05), which 

indicates the covalent immobilization approach used here is more favorable for osteogenic 

differentiation of cells.

3.5 In vitro mineralization of collagen coated surface

The four tested titanium surfaces were incubated in SBF to test their mineralization 

capability in vitro. No apatite formation was observed on the untreated titanium surface (Fig. 

8-A). A homogenous layer of apatite was formed on the surface of DOPA-Ti indicating 
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polydopamine coating induced mineralization on titanium surface (Fig. 8-B). As for the two 

collagen coated titanium surfaces, scattered apatite islands with a diameter around 3 µm 

were found on COL-Ti while a full coverage of apatite was obtained on COL-DOPA. 

However, no noticeable difference was found in term of mineralization between DOPA-Ti 

and COL-DOPA since polydopamine is a strong apatite formation inducer [34].

Discussion

Surface modification allows the modulation of implant performances without sacrificing the 

physical properties of the bulk material, such as mechanical properties, porosity, and 

structure[35]. It is highly desirable to create implant surfaces with improved cellular 

performances such as cell adhesion, proliferation and material-guided differentiation [17]. In 

this report, the biocompatibility of titanium surfaces was enhanced by immobilization of 

collagen via a bioinspired approach, namely leveraging the polydopamine coating. The 

covalent immobilization of collagen on titanium surface through a two-step coupling 

improved the uniformity and stability of the collagen coating. As a result of that, the cell 

adhesion on the titanium surface was significantly enhanced compared to the collagen 

coating from simply physical adsorption. Furthermore, the presence of covalently 

immobilized collagen coating also promoted pre-osteoblast proliferation and strengthened 

the osteogenic differentiation of the cells. Thus, the mussel inspired polydopamine coating 

strategy provides a potential alternative for improvement of the surface properties of various 

implant materials.

Dopamine contains catechol and amine groups, which polymerizes at basic pH to form thin 

films on various material surfaces due to the excellent adhesive properties [18]. The 

formation of polydopamine coating on titanium has been confirmed by XPS analyses of the 

materials surfaces (Fig. 1). The absence of Ti2p peak from DOPA-Ti surface indicates that 

the polydopamine coating completely has covered the titanium surface, which would also in 

turn improve the uniformity of subsequent collagen coating (Fig. 2&3). More importantly, 

polydopamine coating exhibits strong reactivity towards various nucleophiles with amine 

and thiol groups due to the presence of quinone after polymerization [3637]. Thus, proteins 

containing large amounts of amine and thiol groups have been successfully conjugated 

through polydopamine coating for various applications, such as enzyme immobilization and 

stem cell manipulation [3839]. Covalent immobilization of collagen onto titanium surfaces 

was achieved by coupling collagen with a preformed polydopamine coating with the aid of 

EDC and NHS. The formation of bioactive collagen coating was confirmed by both the 

surface compositional analysis and the cell behavior test. It was found that the composition 

of COL-DOPA matches well with the pure collagen composition (Table. 1), indicating the 

full coverage of collagen on top of the polydopaming coating. Similar results were also 

obtained when rhodamine-tagged collagen was used for immobilization. The coverage of 

collagen coating visualized by fluorescence tagging was much homogenous compared to the 

physical adopted collagen coating (Fig. 3).

The adhesion of MC3T3-E1 cells on the COL-DOPA surface was improved significantly 

compared to on COL-Ti (Fig. 4&5). The enhanced cell adhesion might be attributed to the 

successful immobilization of well reassembled collagen nanofibers. Collagen is one of the 
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major ECM proteins containing numerous cell binding sites such as RGD sequences [22]. It 

is crucial to have sufficient adhesive ligands present on the surface of the implant to trigger 

cell-substrate interactions [40]. The well-organized collagen nanostructure on COL-DOPA 

mimics the native status of collagen which may be able to stimulate a strong adhesion 

triggered signaling pathway (Fig. 2). When collagen was physically adsorbed onto the 

titanium surface, the adsorption of collagen is not stable and can be reversible at certain 

extent [23,27]. Besides, the XPS results indicate that the collagen coating formed by 

adsorption is not homogeneous, and thus did not cover the entire titanium surface (Fig. 1). In 

contrast, covalent immobilization of collagen may not only improve the uniformity of the 

coating coverage, but also provide more precise control over the molecule to be coated such 

as its fouling, orientation and availability to cells [41]. Therefore, covalent collagen 

immobilization facilitated by polydopamine coating is a better approach to optimize the 

surface properties of titanium implants to enhance cell signaling and adhesion.

Collagen coating by covalent immobilization well supports MC3T3-E1 cell expansion and 

induces early stage osteogenic differentiation of the cells on the modified titanium surface. 

Compared to unmodified titanium, the cell proliferation is largely enhanced on all the 

treated groups including DOPA-Ti. This result indicates that the polydopamine 

immobilization approach is biocompatible and does not introduce toxic materials to the 

implant surface. This might be attributed to the excellent biocompatibility nature of the 

polydopamine coating (Fig. 6). Jeong et al. immobilized polydopamine on PMMA surface 

and observed remarkable increase in cell attachment and proliferation [39]. Similar results 

were also reported by Yang et al. when human umbilical vein endothelial cells (HUVEC) 

were seeded on a dopamine coated stainless steel surface [38]. In addition, the impact of 

collagen immobilization on MC3T3-E1 differentiation was more profound. ALP expression 

on collagen coated surfaces was higher than the two groups of collagen-free surfaces, which 

indicates that presence of collagen might have encouraged osteogenic differentiation of pre-

osteoblasts (Fig. 7).

Furthermore, COL-DOPA groups showed stronger ALP expression compared COL-Ti with 

regarding to ALP expression at day 14 (Fig. 7). It has been reported that specific control 

over collagen distribution, orientation and reassembly could substantially affect the 

effectiveness of collagen coating on material surfaces [42]. Collagen immobilized through 

polydopamine coating has generated better collagen coverage on the titanium surface (Figs. 

2 and 3). In addition, these soluble collagen molecules have successfully reassembled into 

well-organized nanofibers which better mimic the native structure of ECM. The improved 

cell adhesion resulted from this feature might result in earlier and stronger osteogenic 

differentiation by triggering the adhesion-induced signaling pathway [43]. In addition, the 

immobilized collagen also successfully supported titanium surface mineralization which is 

one of the prerequisites for bone contacting implants (Fig. 8). Although the presence of 

polydopamine on the surface might play a role during the mineralization in vitro [18], more 

uniform apatite coating was found on both DOPA-Ti and COL-DOPA compared to COL-Ti. 

Combining the biological data shown earlier, our study suggests surface modification 

through polydopamine initiated collagen immobilization.
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Conclusion

In summary, a simple and efficient method has been developed to covalently immobilize 

type I collagen onto titanium implants. The collagen was coupled onto titanium surface 

through a two-step polydopamine coating approach. The resultant collagen coating showed 

improved uniformity and distribution on the material surfaces compared to the simply 

physical adsorption approach. Importantly, the covalently coated collagen promoted pre-

osteoblast adhesion and subsequently enhanced cell proliferation and early stage osteogenic 

differentiation. Therefore, the approach described here may represent an enabling strategy to 

improve the performances of titanium-based implants by surface modification.
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Fig. 1. 
Typical XPS survey spectra of four surfaces studied: The DOPA-Ti spectra indicated a 

homogeneous coating was formed and fully covered the titanium surface (DOPA-Ti). After 

coupling with collagen solution, type I collagen coating was formed on top of the 

polydopamine coating (COL-DOPA).

Yu et al. Page 11

RSC Adv. Author manuscript; available in PMC 2014 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
SEM micrographs of the four types of titanium surfaces with different treatment: No 

collagen fibers were found on COL-Ti while collagen nanofibers are clearly seen on COL-

DOPA surfaces. The diameter of the nano-size collagen fibers is around 150–200 nm which 

is the typical size of collagen nanofiber in human body.
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Fig. 3. 
Analysis of collagen immobilization on titanium surface using rhodamine tagged collagen: 

(A) COL-Ti, (B) COL-DOPA, and (C) Collagen coating on the same titanium disk: 

(−DOPA) without polydopamine treatment, (+DOPA) with polydopamine treatment, (D) 

Binary image of (C) for fluorescence quantification, (E) Total area of Rho-COL coverage 

measured by Image J, and (R) Total fluorescence intensity of Rho-COL coverage measured 

by Image J
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Fig. 4. 
Immunostaining of MC3T3-E1 cells on collagen coating prepared with different approaches: 

Green-Vinculin, Red-Actin, and Blue-Nucleus

Yu et al. Page 14

RSC Adv. Author manuscript; available in PMC 2014 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
SEM micrographs showing MC3T3-E1 cell morphology cultured on type I collagen coated 

surface after 24 h adhesion: (A) COL-Ti×500, (B) COL-DOPA×500, (C) COL-Ti ×2000, 

(D) COL-DOPA ×2000, white arrows indicates filopodia of cells.
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Fig. 6. 
MC3T3-E1 cell proliferation on titanium surface treated with different approaches. Relative 

cell number is normalized by the cell number on Ti group at day 3. * indicates statistically 

significant differences (p<0.05) compared with Ti Group.
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Fig. 7. 
ALP expression by MC3T3-E1 on titanium surface treated with different approaches. 

Relative cell number is normalized by the ALP activity on Ti group at day 3. * indicates 

statistically significant differences (p<0.05) compared with Ti Group.
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Fig. 8. 
Apatite coating formation on four types of titanium surfaces with different treatment: (A) Ti, 

(B) DOPA-Ti, (C) COL-Ti, and (D) COL-DOPA after soaking in SBF for 7 days with daily 

solution refreshment
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Table 1

Atomic compositions of the surface before and after treatment by XPS

Ti C N O

Ti (Control) 3.91 70.13 2.04 22.79

DOPA 0 76.17 4.96 18.87

COL-DOPA 0 68.77 13.73 17.50

COL-Ti 2.84 63.37 11.57 25.06

Pure collagen 0 69.20 12.60 17.10
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