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Fibrous encapsulation that prevents the direct contact between an implant and the bone can 

cause implant failure. However, prevention of fibrous encapsulation is difficult due to the lack of 

effective strategies which can selectively control the growth of fibroblasts and osteoblasts. Since 

curcumin, an extract from Curcuma longa, was recently found to reduce the formation of fibrous 

tissue, we hypothesize that loading curcumin on implant surfaces would be efficacious to inhibit 

fibrous encapsulation without adversely affecting osteoblast functions. To prove this hypothesis, 

curcumin was loaded on titanium surface by using polydopamine as an anchor, and the 

behaviors of fibroblasts and osteoblasts on these curcumin-modified surfaces were investigated. 

Curcumin was successfully loaded on titanium with low release after incubation in phosphate-

buffered saline (PBS) for 7 days. On the curcumin-modified surfaces, fibroblast proliferation was 

suppressed, and fibrous marker expressions as well as collagen synthesis were significantly 

reduced. These reductions were possibly due to the enhancement of fibroblast apoptosis 

induced by the surface curcumin. In contrast, no significant reduction in osteoblast functions was 

observed on the curcumin-modified substrates. These findings may provide a promising solution 

to reduce fibrous encapsulation, and thus may be highly beneficial for orthopaedic applications. 

Introduction 

Nowadays, arthroplasty has been developed into a gold 

standard for the treatment of disabling osteoarthritis. However, 

approximately 10% of these metal implants used in the 

surgeries will fail because of loosening, and the required 

surgical revision of the failed implants brings a considerable 

burden to the society and patients.1,2 Fibrous encapsulation is 

detrimental to implant fixation, which is a strong contributor to 

later failure of the implants.3 Usually for most of the failed 

implants, large amount of fibrous encapsulation can be found 

on implant-bone interfaces, which prevents effective 

osseointegration (i.e. the direct contact between bone and the 

implant) and causes implant loosening.4-6 In addition, the 

formed fibrous tissue can also increase intraarticular pressure, 

resulting in the extension of the gap between bone and the 

implant and subsequently implant loosening.7,8 

 Although fibrous encapsulation can induce implant 

loosening, it receives insufficient scientific and clinical 

attention. Hardly any appropriate strategies have been 

developed or proposed for prevention of fibrous encapsulation 

on implant surfaces.5 Many factors may regulate the formation 

of fibrous encapsulation around the implant, such as particulate 

wear debris and implant micromotion on implant-bone 

interfaces.3 Under controlled conditions where these factors 

have been eliminated, fibroblasts are the key cellular factors for 

the formation of fibrous tissue, the reduction of fibrous 

encapsulation can be achieved via inhibiting the growth of 

fibroblasts on implant surfaces.9 In addition, inhibition of 

fibroblast growth may also help to enhance bone formation 

since fibroblasts can produce cytokines that can activate 

osteoclast activities and suppress osteoblast functions.10,11 

 Surface modification is an effective method to regulate the 

behavior of cells on implant surfaces. Thus, selectively control 

of cell growth on implant surfaces can be achieved via proper 

surface modification.12 However, it is difficult to inhibit 

fibroblast growth on implant surfaces by using a single or 

several cytokines due to the great heterogeneity of fibroblasts 

and the capability to receive stimuli from different cells.13,14 In 

addition, the technique developed for the inhibition of 

fibroblast growth should not exhibit adverse effects on 
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osteoblast functions, because osteoblasts are the cells for new 

bone formation.15 Previous in vitro works from our group 

demonstrate that metal surfaces modified with bone 

morphogenic protein-7 (BMP-7) peptide16 and alendronate17 

can inhibit fibroblast growth. However, these two agents used 

have been reported to have adverse side effects on bone 

metabolism, such as ectopic calcification (stimulated by BMP-7 

peptide18) and osteonecrosis of the jaws (ONJ) (induced by 

alendronate19), which could limit the applications of those 

modified implants. 

 Curcumin, a natural polyphenolic compound derived from 

Curcuma longa, possesses anti-inflammatory, potent anti-

oxidant and anti-carcinoma effects,20-22 and has been used as an 

alternative of drugs for a wide range of conditions such as 

colon cancer, arthritis and Alzheimer’s disease.23 Particularly, 

curcumin can prevent the formation of fibrotic tissues in lung, 

kidney and liver fibrosis.24-27 At tissue level, administration of 

curcumin results in a significant reduction of fibrous tissue.28 

At cellular level, it has been reported that curcumin can 

significantly inhibit the migration and proliferation of 

fibroblasts.29 In addition, curcumin has been proven to exhibit 

no deleterious side effect in the human body even with the 

doses of 2-12 g/day.30 The characters of curcumin may be 

beneficial for orthopaedic applications to prevent fibrous 

encapsulation on implant surfaces. 

 Thus, we hypothesize that modification of implant surface 

with curcumin would be a solution to combat fibrous 

encapsulation in orthopaedics without adversely affecting 

osseointegration. To verify this hypothesis, curcumin was 

immobilized on the surface of Ti with polydopamine as an 

anchor, and the behaviors of fibroblasts on the modified 

surfaces were investigated. The investigations on the effects of 

the immobilized curcumin on osteoblasts were also conducted 

to investigate the potential applications in orthopedics. 

Materials and Methods 

Materials 

Ti sheets were purchased from Goodfellow Cambridge Ltd 

(Huntingdon, UK). Mouse fibroblasts (NIH3T3, CRL-1658) 

and osteoblasts (MC3T3-E1 subclone 14) were obtained from 

American Type Culture Collection (Manassas, VA). Curcumin 

[1,7-bis(4-hydroxy-3methoxy-phenyl)-1,6-hetadiene-3,5-

dione], pepsin, dopamine hydrochloride, 2-hydroxylpropyl-β-

cyclodextrin (HP-β-CD), and alizarin red were obtained from 

Sigma-Aldrich (St. Louis, USA). Primers for quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) 

were commercially synthesized by 1st BASE Pte Ltd 

(Singapore). 

Substrate preparation 

Ti sheets were cut into 1×1 cm2 dimensions, then cleaned 

ultrasonically for 15 min in Kroll’s reagent (7.2% HNO3, 4.0% 

HF, 88.8% water).31 The substrates were then rinsed thoroughly 

with distilled water. Polydopamine was first coated on Ti 

(termed as the Ti-PDOP substrate) via immersion of the washed 

Ti substrates in a dopamine solution (2 mg/mL in 10 mM Tris 

buffer, pH 8.5) overnight in the dark,16 followed by washing 

with distilled water to remove the unreacted dopamine and 

drying under nitrogen flow. Each Ti-PDOP substrate was then 

immersed in 0.1 mL of curcumin loading solutions (10 µM and 

20 µM in distilled water) for 24 h at room temperature followed 

by triple washing with distilled water and drying in a stream of 

nitrogen. The prepared substrates were termed as Ti-PDOP-

curcumin10 and Ti-PDOP-curcumin20, respectively. 

Characterization 

The chemical compositions of the surfaces were characterized 

by X-ray photoelectron spectroscopy (XPS) on a Kratos AXIS 

UltraDLD spectrometer (Kratos Analytical, UK) with an Al Kα 

X-ray source (1486.7 eV photons).32 All binding energies (BEs) 

were referenced to the C 1s (C-C bond) peak at 284.6 eV. The 

immobilized curcumin was directly observed by using HP-β-

CD since HP-β-CD can bind to curcumin and significantly 

enhance the fluorescence from curcumin.32,33 In brief, each 

substrate was immerged in 0.2 mL of 1% methanol aqueous 

solution containing 30 mM of HP-β-CD for 30 min followed by 

washing twice with methanol,34 and then observed with a 

confocal laser scanning microscope (CLSM, Olympus, Japan). 

To determine the surface density of immobilized curcumin on 

the substrates, the loading solution after curcumin 

immobilization was combined with the washing solution, and 

the curcumin concentration in the combined solution was 

determined using the high performance liquid chromatography 

(HPLC) system (HPLC 1200 system, Agilent, USA) on a 

Venusil XBP-C18 column with detection at 425 nm. A solution 

of 50% acetonitrile in 2% acetic acid in water was used as the 

mobile phase, and the flow rate was 1.0 mL/min.35 A standard 

curve was obtained by analyzing curcumin solutions of known 

concentrations. The surface density of immobilized curcumin 

was determined by the difference between the amount of 

curcumin in the initial loading solution and that remaining in 

the combined solution. 

Curcumin release assay 

Tests to analyze the possible release of curcumin from the 

substrates were performed via immersion of each substrate in 1 

mL of phosphate-buffered saline (PBS) over 10 days. The 

substrates were immersed in PBS for different periods (3, 6, 12, 

24, 48, 72, 120, 168 and 240 h). After that, the amount of 

curcumin released in the PBS was tested with HPLC as 

described above. 

Cell culture 

Fibroblasts were cultured in a growth medium of Dulbecco’s 

modified Eagle’s medium (Invitrogen, USA) supplemented 

with 10% fetal calf serum (HyClone, USA), 100 unit/mL 

penicillin, and 100 mg/mL streptomycin (Invitrogen, USA). 

Osteoblasts were cultured in a growth medium of Alpha 

Minimum Essential Medium (Invitrogen, USA) with 10% fetal 

bovine serum, 100 unit/mL penicillin, and 100 mg/mL 
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streptomycin. Cells were grown at 37 ℃ under a moist 

atmosphere of 5% CO2 in air. The medium was changed every 

couple of days. 

Cell attachment and proliferation assay 

Substrates of Ti, Ti-PDOP, Ti-PDOP-curcumin10 and Ti-

PDOP-curcumin20 were used for cell attachment and 

proliferation assay. Each substrate was placed in one well of a 

24-well microplate. For cell attachment assay, 100 µL of cell 

suspension containing 30,000 cells was seeded carefully on 

each substrate to avoid cell adhesion on the well. After 

incubation for 6 h at 37 ℃, all the substrates were carefully 

rinsed thrice with PBS to remove the unattached cells. The 

adherent cells were then detached by trypsin and counted with a 

Scepter coulter-method-based automated cell counter 

(Millipore, USA). For the proliferation assay, cells were seeded 

on each substrate at a density of 10,000 cells/cm2. After 1, 3, 

and 7 days of culture, the number of cells on the substrate was 

counted as described above and cell metabolic activity was 

tested by thiazolyl blue tetrazolium bromide (MTT) assay.36 

Fibroblast and osteoblast apoptosis assays 

Fibroblasts or osteoblasts were seeded on each substrate at a 

density of 30,000 cells/cm2. After 48 h of culture, the medium 

was removed and the cells on the substrates were washed with 

ice-cold PBS. To investigate the apoptosis of fibroblasts on the 

substrates, the cells were then trypsinized from the substrates 

and stained with a FITC Annexin V/Dead Cell Apoptosis Kit 

(Invitrogen, USA) according to the manufacturer’s 

instructions.37 The stained cells were analyzed by a flow 

cytometer (CyAnTM ADP analyser, Beckman Coulter). To 

obtain a positive control, fibroblasts were seeded on pristine Ti 

and cultured for 2 days. After that, the cells on Ti were treated 

with 10 µM camptothecin (Sigma-Aldrich, USA) supplemented 

in growth medium for 4 h in 37 ℃ (to induce cell apoptosis), 

and then trypsinized and stained for the flow cytometry analysis 

as described above. Data were analyzed after the adjustment of 

color compensation for each individual color. Apoptotic 

fibroblasts were also observed by fluorescence microscopy. 

Briefly, after the cells were trypsinized, resuspended and 

stained with the FITC Annexin V/Dead Cell Apoptosis Kit (as 

described above), they were fixed onto slides with 4% 

paraformaldehyde (PFA) in PBS for 15 min. A cover slip was 

then mounted on the slide with mounting medium containing 

DAPI (Fluoroshield, Sigma-Aldrich), and the cells were 

examined under a Nikon Eclipse Ti inverted microscope system 

with C-HGFIE Intensilight fiber illuminator. 

Collagen assay and collagen type I staining 

Fibroblasts were seeded on each substrate at a density of 30,000 

cells/cm2, and then cultured in growth medium supplemented 

with 50 µM of ascorbic acid (Wako, Japan) for 7 and 14 days. 

After removal of the medium, the extracellular collagen 

produced by fibroblasts was extracted via incubation of each 

substrate in 1 mL of pepsin solution (0.1 mg/mL in 0.5 M acetic 

acid) overnight at 4 ℃. The extracted collagen was quantified 

utilizing a SircolTM Collagen Assay Kit (Biocolor, UK) as per 

the manufacturer’s instructions.38 The collagen produced by 

fibroblasts on each substrate was also qualitatively imaged after 

staining with a collagen type I antibody:39 Briefly, fibroblasts 

on each substrate were fixed by 4% PFA for 15 min, and then 

permeabilized with 0.1% Triton X-100 solution followed by 

incubation in 1 mL of 2% bovine serum albumin (BSA) at 

room temperature for 2 h. The substrates were then incubated 

with 5 µg/mL rabbit anti-mouse collagen type I primary 

antibody (Millpore, USA) at room temperature for 2 h, 

followed by incubation with a secondary antibody, Alexa Fluor 

488 goat anti-mouse IgG (Life Technologies, USA) for 1 h. 

After the collagen staining process, the cells on the substrates 

were stained with DAPI (Fluoroshield, Sigma-Aldrich), and 

then visualized using CLSM. 

Quantitative reverse transcriptase polymerase chain reaction 

(qRT-PCR) 

The gene expressions of fibrous markers were characterized by 

using qRT-PCR as described in a previous work from our 

group:16 Fibroblasts were seeded on each substrate at a density 

of 30,000 cells/cm2, and then cultured for one or two weeks. 

mRNA extractions were conducted by using a RNeasy Kit with 

QIAshredder  (QIAGEN, Netherlands) as per the 

manufacturer’s instructions. mRNA concentrations were 

analyzed with a Nanodrop 1000 spectrophotometer 

(ThermoScientific, USA). 10 ng of the synthesized mRNA was 

used for cDNA synthesis with a Superscript Vilo cDNA 

Synthesis Kit (Invitrogen, USA) on an iCycler thermal cycler 

(Bio-Rad, USA). qRT-PCR was then performed using an 

Express GreenER QPCR AB Kit (Invitrogen, USA) on a 

StepOneTM Plus real-time PCR system (Applied Biosystems) 

according to the manufacturer’s instructions. The amplification 

specificity was assessed based on dissociation curves. The 

relative expressions of the target genes were normalized to the 

reference gene Gapdh. The sequences of the primers used are 

summarized in Table S1. 

Alkaline phosphatase activity assay 

 The alkaline phosphatese (ALP) was performed according to 

the procedure described in a previous work from our group:17 

osteoblasts were seeded at a density of 30,000 cells/cm2, and 

cultured in growth medium supplemented with 10 mM sodium 

β-glycerophosphate (Sigma-Aldrich, USA) and 50 µg/mL 

ascorbic acid. After one week of culture, the substrates were 

washed with PBS and then the cells were lysed by 2% Triton 

X-100 for the analysis of total protein level and ALP activity. 

ALP activity was determined by QuantiChromTM Alkaline 

Phosphatase Assay Kit (BioAssay Systems, USA). Optical 

intensity was measured at 405 nm in a microplate reader. The 

amount of ρ-nitrophenol was quantified utilizing a standard 

curve obtained from known concentrations of ρ-nitrophenol. 

The Micro BCATM Protein Assay Kit (Thermo Scientific, USA) 

was used to determine the protein concentration with bovine 

serum albumin as the standard. ALP activity was expressed as 
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µM of ρ-nitrophenol formation per minute per microgram of 

total proteins. 

Calcium deposition 

Osteoblasts were seeded on each substrate at a density of 

30,000 cells/cm2, and cultured in the growth medium 

supplemented with 50 µg/mL ascorbic acid and 10 mM sodium 

β-glycerophosphate. After 14 days of culture, each substrate 

was washed twice with deionized water, soaked in 1 mL of 2% 

nitric acid overnight with shaking to dissolve the calcium 

content on each surface. The calcium concentration in solution 

was then measured by using a QuantiChromTM Calcium Assay 

Kit.33 

 The deposited calcium was also investigated via alizarin red 

staining. After 14 days of culture, the medium was removed 

and osteoblasts on the substrates were washed with deionized 

water and stained with 2% alizarin red for 5 min. The substrates 

were then washed with deionized water and observed with 

microscope (Nikon, Japan). A negative control was obtained by 

immersion of pristine Ti in the medium with 50 µg/mL ascorbic 

acid and 10 mM sodium β-glycerophosphate for 14 days 

without seeding osteoblasts. 

Statistical analysis 

At least three samples per time point for each experimental 

condition were used. The results were reported as mean±

standard deviation and a one-way analysis of variance 

(ANOVA) was used to assess the data. Significant difference 

was accepted at p < 0.05. 

Results and Discussion 

Surface characterization of the pristine and treated Ti substrates 

The XPS wide scan spectra and the surface elemental 

compositions of pristine Ti, Ti-PDOP, Ti-PDOP-curcumin10 

and Ti-PDOP-curcumin20 substrates were shown in Fig. 1 and 

Table 1. Carbon was present in the wide scan spectrum of 

pristine Ti (Fig. 1a) because of inevitable hydrocarbon 

contamination. A small amount of N may be a result of the 

impurities in Ti. Deposition of polydopamine on Ti was 

indicated by an increase in the N and C contents (Fig. 1b and 

Table 1).16 The absence of Ti 2p peak for the Ti-PDOP 

substrate indicates that the substrate surface was totally covered 

with polydopamine (Fig. 1b). Upon attachment of curcumin on 

Ti-PDOP, the N content decreased (Figs. 1c, 1d and Table 1) 

due to the absence of N in curcumin (Fig. S1). The XPS C 1s 

and O 1s core-level spectra of Ti-PDOP, Ti-PDOP-curcumin10, 

and Ti-PDOP-curcumin20 were shown in Fig. S2. 

 
Fig. 1 XPS wide scan spectra of (a) Ti, (b) Ti-PDOP, (c) Ti-PDOP-curcumin10 and 

(d) Ti-PDOP-curcumin20. The insets show the N 1s core-level spectra of the Ti-

PDOP, Ti-PDOP-curcumin10 and Ti-PDOP-curcumin20 substrates. 

 

Table 1 Elemental compositionsa on the surfaces of the substrates as 

determined by XPS. 

Substrate Ti% O% N% C% 

Ti 12.8 44.1 1.0 42.1 

Ti-PDOP 0.0 17.0 6.4 76.6 

Ti-PDOP-curcumin10 0.0 19.1 4.3 76.6 

Ti-PDOP-curcumin20 0.0 25.9 3.5 70.6 

aPercentages calculated based on the Ti, O, N, and C contents only. 

 Curcumin can generate fluorescence after illumination with 

excitation light at the wavelength of 425 nm, and the 

florescence intensity can be significantly enhanced after 

binding with HP-β-CD due to an effect of supramolecular host-
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guest inclusion.33,34 Thus, the presence of curcumin on the Ti-

PDOP-curcumin10 and Ti-PDOP-curcumin20 substrates can be 

directly observed under a florescence microscope after 

incubation of these substrates in a HP-β-CD solution. As shown 

in Figs. 2a and 2b, after treatment with HP-β-CD, no 

fluorescent signal was found on the pristine Ti and Ti-PDOP 

substrates, while positive green fluorescence signals were 

observed on the Ti-PDOP-curcumin10 and Ti-PDOP-

curcumin20 substrates (Figs. 2c and 2d), indicating that 

curcumin was successfully immobilized on the substrates. As 

shown in Table 2, the surface density of loaded curcumin 

linearly increased from 0.23±0.01 µg/cm2 to 0.43±0.04 µg/cm2 

with the amount of curcumin in the loading solution increased 

from 0.37 µg (10 µM) to 0.74 µg (20 µM). The loading 

efficiency (defined as the percentage of curcumin in the loading 

solution that was loaded on the Ti-PDOP substrate) was about 

60%. This loading efficiency of surface modification of Ti is 

much higher than that (10%) in the previous work in our 

group.17 The interaction between polydopamine and curcumin 

is still unknown. Polydopamine has amine groups40 that bear 

positive charge in pH of 6-7.41 Curcumin was reported to bear a 

negative charge in pH of 7-9.42 The pH of the solution used in 

this study as well as the body fluid is around 7. In this situation, 

curcumin can form complexes with polydopamine due to the 

electrostatic interaction.41 Furthermore, the hydrogen bond 

between curcumin and the catechol groups in polydopamine43 

may further enhance its chemisorptions on polydopamine. 

However, further investigation is needed to demonstrate the 

phenomenon. 

 
Fig. 2 CLSM images of (a) Ti, (b) Ti-PDOP, (c) Ti-PDOP-curcumin10 and (d) Ti-

PDOP-curcumin20 substrates treated with HP-β-CD. Scale bar = 500 μm. 

Table 2    Amount of loaded curcumin as determined by HPLC. 

Substrate Total amount 

in the loading 
solution (µg) 

The amount in the 

combined washing 
solution (µg) 

Surface density of 

loaded curcumin 
(µg/cm2) 

Ti-PDOP-
Curcumin10 

0.37 0.14±0.01 0.23±0.01 

Ti-PDOP-

Curcumin20 
0.74 0.31±0.04 0.43±0.04 

Curcumin release 

Release tests were performed to analyze whether curcumin can 

be released from the substrates (Fig. 3). For the Ti-PDOP-

curcumin10 and Ti-PDOP-curcumin20 substrates, about 90% 

of the initial loaded curcumin remained on the surface after 

incubation in PBS for 240 h. With further increase in the 

incubation time, no measurable release of curcumin was 

observed after 48 h. The remained curcumin on the surfaces 

was confirmed by CLSM images after treated with HP-β-CD 

(method mentioned above) in Fig. S3. This release result 

indicates that the loaded curcumin was strongly bound to the 

polydopamine layer, which is probably due to the mechanisms 

we discussed above (details see above). To investigate whether 

such level of curcumin release shows effects on cells, cells 

were treated with the growth medium supplemented with the 

same amount of curcumin, and the cytotoxicity was tested 

(details see below). 

 
Fig. 3 Curcumin residence and release profiles for the Ti-PDOP-curcumin10 and 

Ti-PDOP-curcumin20 substrates (n=3) after incubation in PBS at room 

temperature over 240 h. The Ti-PDOP-curcumin10 and Ti-PDOP-curcumin20 

remained curves indicate the relative amount of immobilized curcumin on the 

substrate after incubation for the predetermined periods, while the released 

curves indicate the cumulative release of the immobilized curcumin. 

Fibroblast attachment, proliferation, and apoptosis 

On the Ti-PDOP-curcumin10 and Ti-PDOP-curcumin20 

substrates, fibroblast proliferation was reduced as compared to 

that on pristine Ti after 3 and 7 days of culture (Fig. 4a). Such 
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reduction in proliferation is not due to the reduction in the 

initial cell attachment since no significant difference in 

fibroblast attachment was observed on the pristine and 

curcumin-functionalized Ti substrates 6 h after cell seeding 

(Fig. S4). The MTT results also indicated reduced proliferation 

of fibroblasts on the curcumin-modified Ti substrates (Fig. 4b), 

which were consistent with the cell count results (Fig. 4a). In 

addition, we also investigated the effects of the released 

curcumin on fibroblasts on 48 h, and found that such level of 

curcumin release did not exhibit significant reduction in 

fibroblast proliferation (Fig. S5). Thus, the observed 

suppression in fibroblast proliferation (Fig. 4) is due to the 

loaded curcumin on the Ti substrates, not the released 

curcumin. 

 

Fig. 4 (a) Fibroblast proliferation and (b) MTT assay results for the fibroblasts 

cultured on the Ti, Ti-PDOP, Ti-PDOP-curcumin10 and Ti-PDOP-curcumin20 

substrates on day 1, 3, and 7 (n=3). * indicates significant difference (p < 0.05) 

compared with the Ti substrates. 

 Annexin V-FITC/PI staining assay is a commonly-used 

method to analyze cell apoptosis bioactivity.37 After staining, 

apoptotic cells show green fluorescence, while little or no 

fluorescence can be observed for live cells. The fluorescence 

microscopy images show that fibroblasts on the Ti and Ti-

PDOP substrates suffered minimal apoptosis, whereas 

significant apoptosis occurred on the Ti-PDOP-curcumin10 and 

Ti-PDOP-curcumin20 substrates (Fig. 5a). The quantitative 

results by flow cytometry analysis show that there was almost 

4-fold increase in the percentages of apoptotic fibroblasts on 

the Ti-PDOP-curcumin10 and Ti-PDOP-curcumin20 substrates 

as compared with that on the pristine Ti substrate. Thus, the 

observed reductions in fibroblast proliferation on Ti-PDOP-

curcumin10 and Ti-PDOP-curcumin20 (Fig. 4a) properly result 

from fibroblast apoptosis induced by modified curcumin. 

Previous in vitro study has indicated that the concentration of 

curcumin to induce fibroblast apoptosis is about 5-25 µM (2-10 

µg/mL),22 but the relevant data for immobilized curcumin are 

not available. Our results show that with a surface density of 

loaded curcumin of 0.23±0.01 µg/cm2, a significant fibroblast 

apoptosis and suppression in fibroblast proliferation was 

attained. 

 
Fig. 5 Apoptosis of fibroblasts on Ti, Ti-PDOP, Ti-PDOP-curcumin10 and Ti-PDOP-

curcumin20 substrates 48 h after cell seeding: (a) Fluorescence microscopy 

images of fibroblasts on the pristine and functionalized Ti substrates. All the 

nuclei exhibited blue fluorescence, and the appearance of green fluorescence (as 

marked with white arrows) indicated apoptosis. Scale bar = 500 μm. (b) Flow 

cytometry analysis of the fibroblasts after staining with Annexin V-FITC/PI. In 

each section, the left upper quadrant (R1) and the right upper quadrant (R2) 

represented necrotic cells and dead cells, respectively; the left lower quadrant 

(R3) and the right lower quadrant (R4) represented live cells and apoptosis cells 

(marked with percentage), respectively. (c) Percentages of apoptotic cells on the 

pristine and functionalized Ti substrates determined by flow cytometry analysis 

(n=3). The results of positive control were shown in Fig. S6. * indicates p < 0.05 

compared with the Ti substrates. 

 The mechanism by which curcumin induces apoptosis in 

fibroblasts is still unclear. Soluble curcumin may induce cell 

apoptosis via the activation of caspases by either the 

upregulation in the expression of the members of the TNF 

(tumor necrosis factor) receptor family such as TRAIL-R1 

(TNF-related apoptosis inducing ligand-receptor 1) or TRAIL-

R2,28,44 or the induction of cytochrome c to interact with 

apoptotic protease activating factor-1 (Apaf-1).45-47 In addition, 

soluble curcumin also has the ability to induce apoptosis 

through oxidative stress signals. Scharstul et al. report that for 

curcumin-treated fibroblasts, the expression of heme 
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oxygenase-1 molecule (a main endogenous antioxidant) was 

downregulated, and the reactive oxygen species (which act to 

induce apoptosis) was increased.22 In contrast, curcumin is 

found to be a potent scavenger of reactive oxygen species; thus, 

it is difficult to establish a mechanistic basis by this mechanism 

for apoptosis induced by curcumin due to the complexity of 

redox regulation by curcumin.48 Nevertheless, according to the 

best of our knowledge, the mechanism by which the 

immobilized curcumin can induce fibroblast apoptosis has not 

been investigated, and further studies are required. 

Collagen assay and genes expression 

Fig. 6a qualitatively shows that the amounts of collagen 

produced by fibroblasts on the Ti-PDOP-curcumin10 and Ti-

PDOP-curcumin20 substrates were significant reduced 

comparing to that on pristine Ti on days 7 and 14. Quantitative 

results show that the amounts of collagen on the Ti-PDOP-

curcumin10 and Ti-PDOP-curcumin20 substrates were ~60% 

lower than that on the pristine Ti substrate after 7 and 14 days 

of culture (p < 0.05) (Fig. 6b). Collagen type I is the main 

component in fibrous tissue49 and the deposition of collagen by 

fibroblasts is responsible for the development of fibrous 

encapsulation.50,51 Therefore, the collagen assay results in this 

study indicate that the curcumin-modified surfaces may be a 

promising solution to combat fibrous encapsulation. 

 
Fig. 6 Collagen generated by fibroblasts on Ti, Ti-PDOP, Ti-PDOP-curcumin10 and 

Ti-PDOP-curcumin20. (a) CLSM images of stained collagen (green) on the 

different substrates on days 7 and 14. Scale bar = 500 μm. (b) Quantification of 

collagen type I generated by fibroblasts on the different substrates on days 7 and 

14 (n=3). * indicates p < 0.05 compared with the Ti substrates. 

 As fibroblasts are the principle cells for collagen synthesis, 

the reason for the reductions of collagen deposition on 

curcumin-modified Ti may be the effect of fibroblast apoptosis 

caused by loaded curcumin. Interestingly, collagen deposition 

on Ti-PDOP-curcumin20 was significantly lower than that on 

Ti-PDOP-curcumin10 (p < 0.05) (Fig. 6b), but the degree of 

fibroblast apoptosis was not significantly different on these 

substrates (Fig. 5c). This indicates that besides fibroblast 

apoptosis, there may be other effects responsible for the 

immobilized curcumin to reduce collagen generation by 

fibroblasts, which is worth further investigation. 

 In addition to the collagen assay, the effects of the loaded 

curcumin on fibroblasts at genetic level, i.e. the gene 

expressions of fibrotic markers such as Acta2, Col1a1, and Fn1, 

were investigated (Fig. 7). The gene expressions of fibrotic 

markers by fibroblasts on the curcumin-modified substrates 

were significantly reduced compared to that on pristine Ti on 

day 7 (Fig. 7a) and day 14 (Fig. 7b). The gene Acta2 is a 

marker of myofibroblasts,52 a type of cells that are 

differentiated from fibroblasts and characterized by synthesis of 

collagen type I.53 The reduced expression of Acta2 in our study 

indicates that the immobilized curcumin can prevent the 

differentiation of fibroblasts to myofibroblasts, and this effect 

contributes to the reduction in collagen production as observed 

above. The gene Col1a1 regulates the expression of collagen 

type I,54 and the downregulation of its expression suggests the 

suppression in the ability of collagen synthesis by fibroblasts. 

Fn1 regulates the expression of fibronectin, which is an 

enhancement factor for fibroblast proliferation,55 and the 

observed reduction in the expression of Fn1 by fibroblasts 

(Figs. 7a and 7b) indicates that the immobilized curcumin 

exhibited a negative effect on fibroblast proliferation (Fig. 4). 

From these gene expression results, it is shown that the 

observed reduction in collagen synthesis by the fibroblasts on 

the curcumin-modified substrates may result from the effects of 

curcumin on impeding the differentiation of fibroblasts to 

myofibroblasts, and reducing the proliferation and collagen 

synthesis ability of fibroblasts. 
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Fig. 7 Relative gene expressions by fibroblasts on Ti, Ti-PDOP-curcumin10 and Ti-

PDOP-curcumin20 after (a) 7 and (b) 14 days of culture (n=3). * indicates p < 0.05 

compared with the Ti substrates. 

 The mechanism by which curcumin can influence fibroblast 

differentiation remains unknown. It has been reported that 

curcumin can inhibit the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB)-dependent pathway, 

resulting in the inhibition of fibroblast differentiation into 

myofibroblasts.27 Curcumin was also reported to activate 

peroxisome proliferator-activated receptor gamma (PPAR-γ), a 

nuclear receptor that can reduce the proliferation of 

fibrobalsts.54 However, it was unclear whether this activation is 

due to the binding of curcumin to PPAR-γ,56 or a result of other 

possible indirect effects.54 Li et al. has proved that curcumin 

reduces the expression of Acta2 via extracellular regulated 

protein kinases (ERK)-dependent pathway, which is the key 

pathway of fibroblast differentiation.57 

Osteoblast attachment, proliferation, apoptosis, differentiation 

and calcium deposition 

Osteoblasts are the major cellular component of bone and the 

principle cells for osteogenesis and osseointegration.58 Thus, it 

is necessary to investigate whether the immobilized curcumin 

exhibits adverse effects on osteoblast functions. As shown in 

Fig. 8, the loaded curcumin did not significantly reduce 

osteoblast attachment (Fig. 8a) and proliferation (Figs. 8b and 

8c). Since a minor portion of the immobilized curcumin will 

release into the cell culture medium (see above), the effect of 

the released curcumin on osteoblast functions was also 

investigated (Fig S7 in the Supporting Information). As shown 

in Fig S7, the released curcumin did not adversely affect the 

proliferation of osteoblasts. The apoptosis results (Fig. S8) also 

indicate that the immobilized curcumin did not induce 

significant apoptosis in osteoblasts. 

 

Fig. 8 (a) The number of adherent osteoblasts on the Ti, Ti-PDOP, Ti-PDOP-

curcumin10, and Ti-PDOP-curcumin20 substrates 6 h after cell seeding. (b) Cell 

numbers and (c) MTT assay results of osteoblasts on day 1, 3, and 7 (n=3). 

 The effect of immobilized curcumin on ALP activity, an 

early marker for the osteoblast differentiation, was analyzed 

after one week on the different substrates. As shown in Fig. 9, 

the loaded curcumin did not significantly reduce osteoblast 

ALP activity. The results indicate that the immobilized 

curcumin had no adverse effect on the ALP activity of 

osteoblasts. 

 

Fig. 9 ALP activity of osteoblasts cultured on the Ti, Ti-PDOP, Ti-PDOP-

curcumin10 and Ti-PDOP-curcumin20 substrates. ALP, alkaline phosphatase. 
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Calcium deposition by osteoblasts is qualitatively evaluated 

by alizarin red staining. The results of alizarin red staining 

show that the level of calcium depositions by osteoblasts on the 

curcumin-functionalized substrates was similar to that on the 

pristine Ti substrate over 14 days (Figs. 10a-d), and the 

quantitative calcium deposition results obtained with the 

curcumin-modified substrates were not significant different 

from that with Ti (Fig. 10f). These results indicate that the 

immobilized curcumin had no adverse effect on the 

mineralization of osteoblasts. 

 

Fig. 10 Alizarin red staining of the deposited calcium by osteoblasts on (a) Ti, (b) 

Ti-PDOP, (c) Ti-PDOP-curcumin10 and (d) Ti-PDOP-curcumin20. (e) Alizarin red 

staining on Ti without seeded cells after immersion in medium for 14 days. Scale 

bar = 500 μm. (f) Quantification of the deposited calcium by osteoblasts on the 

different substrates (n=3). 

 Curcumin was reported to inhibit the proliferation and 

mineralization of osteoblasts at a concentration ranging from 5 

µM (1.8 µg/mL) to 10 µM (3.7 µg/mL) 59, but the relevant data 

for immobilized curcumin are not available. However, the 

mechanisms by which curcumin affect the activities of 

osteoblasts are still unknown. From the results observed in this 

study that fibroblasts and osteoblasts exhibit different responses 

towards the same curcumin-modified surface (Ti-PDOP-

curcumin10 and Ti-PDOP-curcumin20), it can be proposed that 

the immobilized curcumin may influence the functions of 

fibroblasts and osteoblasts via different pathways. Thus, further 

investigation is needed to demonstrate the phenomenon. These 

findings may be highly desirable for orthopedic applications. 

Conclusions 

Curcumin was loaded on Ti substrates by using polydopamine 

as an anchor, and most of the loaded curcumin remained on the 

substrate even after 7 days of immersion in PBS. The fibroblast 

functions were significantly reduced on curcumin-modified 

substrates possibly due to an increase in fibroblast apoptosis 

and a reduction in the expression of relative genes induced by 

the surface curcumin. In contrast, no significant reduction in 

osteoblast functions was observed on the curcumin-modified 

substrates. Thus, these in vitro results highlight the concept of 

surface-loaded curcumin on implants for reducing fibrous 

encapsulation, which may offer promising strategies in 

orthopedic applications to reduce implant loosening. 
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