
Chemical functionalization of bone implants with nanoparticle-
stabilized chitosan and methotrexate for inhibiting both
osteoclastoma formation and bacterial infection

Li-Hua Li1, Mei Li1, Dan Li2, Peng He1, Hong Xia1, Yu Zhang1, and Chuanbin Mao3

Yu Zhang: luck_2001@126.com; Chuanbin Mao: cbmao@ou.edu
1Department of Orthopedics, Guangdong Key Lab of Orthopedic Technology and Implant,
Guangzhou General Hospital of Guangzhou Military Command, 111 Liuhua Road, Guangzhou,
Guangdong 510010, China

2Department of Biomedical Engineering, School of Engineering, Sun Yat-Sen University,
Guangzhou, Guangdong 510006, China

3Department of Chemistry and Biochemistry, Stephenson Life Sciences Research Center,
University of Oklahoma, Norman, OK73019, USA

Abstract

A great challenge in orthopedic tumor operation faced by orthopedic implants is the high

recurrence and metastasis of bone tumor as well as the bacterial infection associated with the

implants. Thus ideal titanium (Ti)-based bone implants should be able to not only inhibit cancer

cell adhesion and proliferation, promote cancer cell apoptosis, but also resist bacterial infections.

Towards this end, we developed a new approach to modify the surface of Ti-based bone implants

so that they can restrain functions of osteoclastoma (Giant cell tumor of bone) cancer cells (GCTs)

and inhibit the adhesion of bacteria. First, the surface of pristine Ti substrates was functionalized

with dopamine (DA) to form DA-Ti substrates. Then nanoparticles electrostatically assembled

from poly-lysine (PLL) and heparin (Hep) were chemically immobilized onto the DA-Ti

substrates to form PLL/Hep-Ti substrates. Chitosan (CH) and methotrexate (MTX) were then

electrostatically immobilized onto the PLL/Hep-Ti substrates to generate CH-MTX-Ti substrates.

The successful functionalization of the Ti substrates was confirmed by X-ray photoelectron

spectroscopy. GCTs cultured on differently functionalized Ti substrates were investigated in terms

of cell adhesion, cytoskeleton, proliferation, cytotoxicity and apoptosis. The growth of

Staphylococcus aureus bacteria in the presence of different substrates was also assayed. Our

results showed that CH-MTX-Ti substrates not only significantly inhibited the adhesion,

proliferation and viability of GCTs, promoted the apoptosis of GCTs, but also prevented the

adhesion of the bacteria and the subsequent formation of bacterial biofilms, when compared to

other Ti substrates. Thus CH-MTX-Ti substrates are expected to be used as orthopedic prostheses

in bone tumor surgery that can inhibit both osteoclastoma formation and bacterial infections.
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Introduction

Limb salvage surgery for malignant or aggressive benign bone tumor has been widely

accepted 1 and shown to improve the quality of life compared to amputation. Titanium (Ti)

and its alloys2–4 are the most commonly used implants in bone tumor surgery as

replacements for surgical reconstruction due to their excellent biocompatibility and

mechanical properties in recent years5. However, unmodified Ti-based implants are

susceptible to bacterial infection and tumor recurrence in orthopedic tumor operation. Such

bacterial infection may lead to inflammation, delay wound healing and cause complex

complications6. Meanwhile, the tumor recurrence and metastasis in bone are still challenges

and pose problems for both tumor treatments and bone repair. Therefore, there is an urgent

need in bone implants that have both anti-cancer and anti-bacterial properties. Towards this

end, one promising approach is to modify the surface chemistry of the implants such that

they inhibit the adhesion of bacterial cells and induce the death of bone cancer cells when

cells are in close proximity with the implant surface7.

In recent years, the development of antibacterial Ti substrates has attracted considerable

attention. To overcome bacterial infections, previous studies have focused on surface

modification, such as coating with silver nanoparticles8, conjugation with antibiotics9, and

physical adsorption of cationic antibacterial agents10. Chitosan (poly- β −1, 4-glucosamine,

CH) is a natural nontoxic polymer, which possesses a higher antibacterial activity and

broader spectrum of activity11, 12. In this work, CH was chosen as an important layer to

functionalize Ti substrates for its unique characteristic, such as non-toxicity,

biocompatibility, antibacterial activity and highly positively-charged properties.

Nevertheless, even though the modification of bone implants by CH may reduce or

minimize the risk of bacterial infection, the recurrence of tumor on the implants was still

unsolved.

Methotrexate (MTX) is one of the most widely used cancer chemotherapeutics13, 14. It has

been reported that MTX can be used as chemotherapeutics in treating bone tumors,

especially the giant cell tumor of bone14 and osteosarcoma15. However, there has been no

work reported on the immobilization of chemotherapeutics, especially MTX, on the Ti

surfaces for the purpose of inhibiting bone tumor formation.

Hence, in this work we propose to introduce both CH and MTX to the surface of Ti implants

in order to develop anti-cancer/antibacterial dual functional implants (Figure 1). To achieve

this goal, we propose an electrostatic layer-by-layer assembly method to functionalize the Ti

substrates (Fig. 1). Firstly dopamine (DA) is deposited onto the Ti substrates to form DA-Ti

because DA is known capable of coating Ti substrates 9. In order to deposit the positively

charged CH and MTX to DA-Ti, we used an intermediate layer of anionic nanoparticles

made of polylysine (PLL) and heparin (Hep), which is sandwiched between the CH/MTX

layers and DA-Ti substrates16, 17. It is known that electrostatic interaction between cationic

PLL and anionic Hep can drive them to be assembled into nanoparticles (PLL/Hep)18. Thus

PLL/Hep nanoparticles, made through the electrostatic assembly of PLL and Hep, were

immobilized on the DA-Ti substrates to form PLL/Hep-Ti substrates, through the Schiff

base conjugation reaction 19 between PLL on the PLL/Hep nanoparticles and DA on DA-Ti.
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Subsequently, a cationic layer made of CH and MTX was deposited onto PLL/Hep-Ti to

form CH-MTX-Ti substrates through the electrostatic interaction between anionic Hep on

PLL/Hep-Ti and cationic CH and MTX. By evaluating the adhesion, proliferation, apoptosis

and necrosis of osteoclastoma (Giant cell tumor of bone) cancer cells (GCTs) and adhesion

and growth of Staphylococcus aureus (S. aureus) bacteria in the presence of CH-MTX-Ti,

we found that CH-MTX-Ti could not only inhibit the adhesion and proliferation of GCTs

and promote their apoptosis due to the presence and release of MTX from the substrates, but

also prevent the adhesion and growth of bacteria due to the presence of CH on the

substrates. Overall, this work suggests that CH-MTX-Ti is a functionalized bone implant

that can inhibit both osteoclastoma formation and bacterial infection.

Materials and Methods

Materials and Reagents

Ti foils (purity≥99.6%) of 0.2 mm thickness were purchased from Baoji Qichen New Metal

Co., LTD. 3,4-dihydroxyphenylalanine (dopamine, DA), heparin sodium (Hep), poly-D-

lysine hydrobromide (PLL, MW: 1000–5000), chitosan (CH, ≥75%, deacetylated, MW:

1.6×105) were purchased from Sigma-Aldrich. MTX was purchased from Shanghai Fusheng

Industrial Co., LTD. Peptone, yeast extract, agar, and beef extract were purchased from

Guangdong Huan Kai Microbial technology Co., LTD. Staphylococcus aureus 25923

bacteria was purchased from ATCC. Ultra-pure water (18.4 MΩ) was generated by

Millipore Milli-Q system. Acetic acid (HOAc), tris (hydroxymethyl) aminomethane (Tris),

sodium chloride (NaCl), ethanol, and acetone were all AR grade and purchased from

Guangzhou chemical reagent Co., LTD.

Preparation of Dopamine-modified Titanium surfaces (DA-Ti)

The Ti foils were cut into 1.0 cm×1.0 cm pieces and polished using #600 grid sandpaper

followed by ultrasonication in ultra-pure water for 30 min. The substrates were then washed

with acetone, ethanol, and ultra-pure water, respectively, for 30 min in ultrasonic baths to

remove residual surface impurities and blown dry with purified nitrogen gas. To produce

DA-Ti, the substrates were incubated in a DA solution (2mg/ml DA in pH 5.5 Tirs-HCl) at

20°C for 12 h, then rinsed with distilled water for three times and dried with purified

nitrogen gas. This step was repeated for three times.

Preparation of PLL/Hep-Ti, CH-Ti, and CH-MTX-Ti Substrates

25 mg Hep and 5 mg PLL were separately dissolved in a 10 ml phosphate buffered solution

(PBS) to form two solutions. To prepare a suspension of PLL/Hep nanoparticles through the

electrostatic interaction betweenthe cationic PLLand anionic Hep, the Hep solution was

added into the PLL solution dropwise, and then mixed under ultrasonication for 30s. To

immobilize PLL/Hep nanoparticles onto the surface of DA-Ti substrates by means of Schiff

base reaction, the DA-Ti substrates were immersed into the prepared PLL/Hep nanoparticle

suspension solution at 20°C for 12 h with gentle shaking, the substrate was then rinsed with

PBS. This process was repeated for three times. The resultant substrates were then dried

with nitrogen to get PLL/Hep-Ti. The Schiff base reaction19 between PLL and DA in DA-Ti

will enable the conjugation of PLL/Hep nanoparticles onto DA-Ti to form the PLL/Hep-Ti.
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To prepare CH and MTX modified Ti substrates, the PLL/Hep-Ti substrates were immersed

into a solution made of a mixture of cationic CH (1.5mg/ml) and MTX (200, 300, or 400

μg/ml) in 0.1 M HOAc containing 0.14 M NaCl, pH=3.8) for 12 h at 20 °C. The solution

containing the substrates was subjected to gentle shaking overnight to generate CH-MTX-Ti

substrates due to the strong electrostatic interaction between the anionic Hep in PLL/Hep

nanoparticles and the cationic CH and MTX, the functionalized Ti substrates were then

rinsed with ultra-pure water and blown dry with nitrogen gas. The same procedure was

carried out without MTX to obtain a control substrate denoted as CH-Ti. The drug density of

CH and MTX on the substrates was calculated by the change of concentrations of CH and

MTX in CH/MTX solutions.

Surface Characterization

The size of PLL/Hep nanoparticles was determined by dynamic light scattering (DLS). The

zeta potential and polydispersity index of the nanoparticles were measured using an

Acoustic and Electroacoustic spectrometer (Dispersion Technologies, Inc) equipped with

titration unit, pH, conductivity and electroacoustic probes. The PLL/Hep nanoparticles on

the Ti surface were characterized using atomic force microscope (AFM, Shimadzu

SPM-9600, Japan). The chemical composition of the surfaces was analyzed by X-ray

photoelectron spectroscopy (XPS) following a reported procedure 20 on an AXIS His

spectrometer (Kratos Axis Ultra DLD, Britain) with an AlKα X-ray source (1486.6 eV

photons). The C1s hydrocarbon peak at 284.84 eV was used as the reference for all binding

energies. The area of each peak was normalizedto the total peak area of all atomic elements

to calculate surface atomic percentages.

In vitro Release of CH and MTX

To evaluate the amount of CH and MTX released from CH-Ti and CH-MTX-Ti, the

substrates were immersed in 5 ml of PBS buffer (pH 7.4) and 5 ml of Tris-HCl buffer (pH

5.5) containing 0.01% (w/v) sodium azide and gently shaken at 100 rpm at 37 °C. At

predetermined time intervals of 0 h, 8 h, 16 h, 1 d, 2 d, 5 d, 8 d, 10 d, 15 d, 20 d, 25 d, and

30 d, the amount of released MTX was determined by measuring optical density (OD) at

306 nm ultraviolet (UV) -Visible spectrophotometer (UV 1601, Shimadzu, Japan). The

amount of released CH was determined by reacting with ninhydrin solution and measuring

the OD at 570 nm.

Cell Culture

GCTs (Primary cultures obtained after the ninth passage) were cultured by following a

published protocol21. Briefly, they were cultured in Dulbecco’s minimum essential medium

(DMEM, Gibco, USA) supplemented with 10% fetal bovine serum, containing 100 U/ml

penicillin and 100 mg/ml streptomycin. The cells were incubated at 37 °C in 5% CO2 and

95% air and passaged every 2 d. Cultured cells were detached by trypsinization (0.25%

trypsin-EDTA), suspended in fresh H-DMEM culture media and used for the experiments

described below.
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Cell Imaging

Cell morphology on differently functionalized substrates was examined by scanning electron

microscopy (SEM, ZEISS Ultra 55, Germany). After 24 h of culture, the substrates were

taken out of the culture plates and fixed with 3% glutaradehyde for 6 h. After rinsed for

three times with PBS for 10 min, each substrate was dehydrated sequentially in a series of

ethanol (50%, 70%, 95% and 100%) at each concentration twice for 10 min each time. Then

the substrates were allowed to air dry in a fume hood. The adhesion and spreading of the

cells on different substrates were observed by SEM.

Cell Proliferation

The proliferation of GCTs on different substrates was characterized by using 3-(4, 5-

Dimethylthiazol-2-yl)- diphenyltetrazolium bromide (MTT) assay after the cells were

cultured for 1, 3, 5 and 7 days. Cells were seeded onto the substrates at a density of

1×104cells/cm2. For MTT assay, at each of the designated time points (Day 1, 3, 5, and 7),

30 μL of MTT (Sigma, USA) solution (5 mg/ml in PBS) was added to 300 ml of culture

medium and incubated for 4 h at 37°C. After the culture medium was removed, the

formazan reaction products were dissolved in 300 μL dimethylsulfoxide (DMSO) for 20

min. The optical density of the formazan solution was read on an ELISA plate reader

(Thermo, Multiskn Go) at 490 nm.

Cell Viability

For viability staining studies, cells were seeded in 24-well plates at a concentration of 1 ×

104 cells/cm2 at 37°C with 5% CO2. The substrates were added in 24-well plates before

cells were seeded and incubated for 24 h. At the end of incubation, the media was removed

and the adherent cells were subjected to Live/Dead staining following the manufacturer’s

protocol (Sigma, USA). Briefly, 1 μM calcien AM and 2 μM ethidium homodimer-1

solutions were prepared in PBS. After the removal of the culture medium, the cells were

rinsed once in PBS, followed by addition of 100 μL of 1 μM calcein AM and 2 μM ethidium

homodimer-1 solution. Cells were then photographed using a fluorescence microscope.

Immunofluorescence Staining

The GCTs cultured on the functionalized Ti substrates for 24 h were fixed in 4%

paraformaldehyde for 20 min and permeabilized with 0.1% Triton after washed with PBS

twice. Non-specific binding was blocked with 1% BSA in PBS for 30 min. Focal adhesion

was imaged using a commercial kit (FAK 100 and AP124F, Millipore) according to the

manufacture’s protocol. The samples were then washed, mounted and examined by

fluorescent electronic microscope (Olympus, BX50) with a 20× objective.

Cell Apoptosis and Necrosis

Apoptosis is a form of programmed cell death occurring through the activation of a cell-

intrinsic suicide machinery22. To analyze changes in nuclear morphology, GCTs were

measured using Guava Nexin Reagent (Millipore, USA). Cells on the substrates were

washed with PBS and centrifuged at 200g for 5 min. The cell pellets were resuspended in

100 μL DMEM medium supplemented with 1% FBS, then incubated with 100 μL of
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Annexin V-PE and 7-AAD labeling solution for 20 min at room temperature. Cells were

finally analyzed on Guava EasyCyte 5HT flow cytometer (Millipore, USA) by using 488 nm

excitation and a 575 nm bandpass filter for Annexin V-PE detection and using 546 nm

excitation and a 647 nm filter for 7-AAD detection. The data were analyzed by Guava Nexin

Software v2.2.2.

Determination of Antibacterial Efficacy

The antibacterial assays were carried out with S. aureus, the most common microbial

pathogen encountered in orthopedic infections. S. aureus were cultivated in yeast-dextrose

broth at 37 °C. The bacteria-containing broth was centrifuged at 2700 rpm for 10 min. After

the removal of the supernatant, the bacteria were washed twice with PBS and resuspended in

PBS at a concentration of 107cfu/ml. All glassware and Ti substrates were sterilized with

UV irradiation for 1 h before the experiments. One milliliter of the bacteria suspension was

then added to each Ti substrate in a 24-well plate and incubated at 37 °C for 8 h without

stirring. After the designated incubation time points, the substrates were washed twice with

PBS before fixed with 3% glutaraldehyde for 1 h at room temperature. After stepwise

dehydration with serial ethanol for 10 min each and coated with platinum, the surfaces of the

substrates were imaged using SEM. Quantification of bacteria adhesion after 24 h of

incubation was also carried out using the spread plate method as reported23. All experiments

were performed in triplicate with three substrates and the mean values were calculated.

Statistical Analysis

All statistical analysis was performed by analysis of variance (ANOVA) using SPSS 13.0.

Results were considered statistically significant if the p-value was <0.05.

Results

Surface Characterization of Functionalized Ti Implants

The zeta potential of PLL/Hep nanoparticles in PBS was measured to be −22.8 mV at pH

7.4, suggesting that the surface of PLL/Hep nanoparticle layer was negativelycharged and

thus could be sandwiched betweenthe cationic DA-Ti and CH/MTX layer Fig. 1). The

average diameter of PLL/Hep nanoparticles was determined to be 217.2 nm by DLS (Fig. 2).

The polydispersity index was found to be 0.053. The results showed that the PLL/Hep

nanoparticles were fairly monodisperse. The size of nanoparticles determined from AFM

(Fig. 2) was consistent with DLS data.

XPS is a surface-sensitive analysis technique, which can provide both qualitative and

quantitative information about the presence of different elements on the surfaces. We

employed XPS to investigate the surface chemistryof different Ti substrates. Table 1 listed

the surface compositions of different substrates derived from the XPS spectra (Fig. S1).

Successful DA immobilization on the pristine Ti substrates was confirmed by an increase of

the N content and C content compared to pristine Ti. The appearance of S element, unique

for Hep, in XPS spectrum confirmed the successful immobilization of PLL/Hep

nanoparticles on DA-Ti to form PLL/Hep-Ti. The deposition of CH and/or MTX on the
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surface of PLL/Hep-Ti to form CH-MTX-Ti was further confirmed by a decrease in S

compared to PLL/Hep-Ti.

In vitro Loading and Release of CH and MTX

We generated CH/MTX solutions with a CH concentration of 1.5 mg/ml and three different

MTX concentrations (200, 300 and 400 μg/ml). Then the PLL/Hep-Ti substrates were

immersed into these CH/MTX solutions to get CH-MTX-Ti substrates loaded with different

amount of MTX. The resultant substrates were termed CH/200MTX-Ti, CH/300MTX-Ti

and CH/400MTX-Ti. The surface loading density of both CH and MTX at different solution

concentrations was shown in Fig. S2, which showed that immersion of PLL/Hep-Ti

substrates in a solution of 300 μg/ml MTX and 1.5 mg/ml CH resulted in a proper drug

density on Ti substrates. The release of MTX from three substrates with different drug

loading density (CH/200MTX-Ti, CH/300MTX-Ti and CH/400MTX-Ti) into PBS (pH 7.4)

(Fig. S3) showed that there was no significant difference in drug release profile between

CH/300MTX-Ti and CH/400MTX-Ti. Therefore, we used CH/300MTX-Ti as CH-MTX-Ti

for the subsequent studies.

A comparison between CH and MTX release from both CH-Ti and CH-MTX-Ti substrates

in PBS (Fig. 3) showed that the release of MTX from the CH-MTX-Ti substrates exhibited a

sustained release profile for up to 30 days. For example, 6.06 μg of MTX was released from

1 cm2 of CH-MTX-Ti substrates on Day 1, and the released amount of MTX reached 12.98

μg per cm2 of the substrates in 8 days. On Day30, the released amount reached about 16

μg/cm2. The CH release from both CH-Ti and CH-MTX-Ti showed a similar profile (Fig.

3). Although the CH release was not burst, it was faster than the MTX release from CH-

MTX-Ti.

In order to understand the effect of pH value on the CH and MTX release, we studied the

release from CH-MTX-Ti and CH-Ti in 0.1 M Tris-HCl (pH 5.5) and PBS (pH 7.4). The

results (Fig. S4) showed that the pH value indeed influenced the CH release from both CH-

MTX-Ti and CH-Ti, probably due to the difference in solubility of CH at different pH

values. CH release in PBS (pH7.4) reached equilibrium faster than in 0.1 M Tris-HCl (pH

5.5) solution. However, in both PBS (pH7.4) and 0.1 M Tris-HCl (pH 5.5) solution, MTX

release showed a similar sustained release profile.

Cell adhesion

We used SEM to investigate the adhesion of GCTs onto different Ti substrates. It can be

seen from Fig. 4, GCTs spread out and exhibited a spindle cell body on pristine Ti substrates

as well as those cultured on DA-Ti, PLL/Hep-Ti and CH-Ti substrates. However, the cells

cultured on CH-MTX-Ti substrates tended to atrophy rather than spread out, which was

totally different from other substrates, because of the presence of MTX on the substrates.

The results indicated that cell-surface interactions affected cell morphology and adhesion

and CH-MTX-Ti inhibited the adhesion of GCTs onto the substrates.
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Cell Proliferation

The effect of different Ti substrates on the proliferation of GCTs was examined by MTT

assay (Figs. S5 and 5). Cell proliferation on CH-MTX-Ti substrates was significantly lower

(p<0.01) than the other four substrates at each time point (Fig. 5) and CH-MTX-Ti derived

from different concentrations of MTX (300 and 400 μg/ml) did not show significant

difference (Fig. S5). The cells on all substrates showed a significant increase (p<0.01) on

Day 3 compared to Day 1. The number of cells cultured on Ti, DA-Ti, PLL/Hep-Ti or CH-

Ti substrates increased significantly at each incubation interval. However, cells cultured on

CH-MTX-Ti substrates showed inconspicuous proliferation from Day 3 to Day 7 when

compared to those on Ti, DA-Ti, PLL/Hep-Ti and CH-Ti substrates. These results indicated

that the CH-MTX- Ti can inhibit the proliferation of GCT cells through cell-surface

interactions.

Live/Dead Cell Staining Assay

The effects of different substrates on cell survival were also evaluated using Live/Dead

Viability/Cytotoxicity staining (Fig. 6). Most of the GCTs were alive (green) on Ti, DA-Ti,

PLL/Hep-Ti, and CH-Ti substrates after cultured for 24 h. However, most of the GCTs

cultured on MTX-CH-Ti were vague and dead (red). These results supported the idea that

the MTX-CH-Ti can inhibit GCTs growth and kill them.

Cell Cytoskeleton Assay

The actin cytoskeleton is a dynamic structure that rapidly changes its shape and organization

in response to stimuli and cell cycle progression. The disruption of its normal regulation

maylead to cell transformations. Thetransformed cells will haveless F-actin than

untransformed cells and exhibit atypical coordination of F-actin levels through the cell

cycle. We used focal adhesion analysis to confirm the cell spreading on different substrates

(Fig. 7). Actin (stained to be red) was partially colocalized with focal adhesion protein

vinculin (stained to be green) in the adhesion plaques. The nuclei showed blue color due to

the staining by DAPI. The focal adhesion formation and the cell morphology were totally

different for the GCTs cultured on CH-MTX-Ti substrates from other substrates (Fig. 7).

Cells cultured on MTX-CH-Ti substrate became less well-defined and smaller (Fig. 7E)

whereas those on other Ti substrates were larger and showed a well-defined cytoskeleton

(Fig. 7A–D). Furthermore, much less focal adhesion protein vinculin (green) and actin (red)

were expressed on MTX-CH-Ti substrates than other Ti substrates. The results suggested

that the immobilization of MTX onto Ti substrates would inhibit the adhesion and spreading

GCTs.

Cell Apoptosis and Necrosis

To analyze the effects of functional groups on cell apoptosis and necrosis, GCTs cultured on

different Ti substrates were harvested for apoptosis analysis using Annexin V-PE and 7-

AAD. As shown in Fig. 8, the CH-MTX-Ti directed about 10% and 4% cells into apoptosis

and necrosis, respectively, whereas other substrates did not show statistical difference in

terms of the number of cells undergoing apoptosis and necrosis. These results indicated that

CH-MTX-Ti promoted the cell apoptosis.
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Antibacterial Assay

Figure 9 showed the representative SEM images of different Ti substrates after incubated

with S. aureus suspension of 1×107 cfu/ml in PBS for 8 h. Fewer bacteria were found on

PLL/Hep-Ti substrates than on the pristine Ti (Fig. 9A) and DA-Ti (Fig. 9B), probably

because poly-lysine24, 25 and heparin26, 27 could inhibit the adhesion of bacterial cells.

Moreover, the number of the bacteria on CH-Ti and CH-MTX-Ti was dramatically

decreased compared to those on pristine Ti, DA-Ti and PLL/Hep-Ti (Fig. 9D and 9E).

Furthermore, there was no obvious difference between the number of the bacteria on CH-Ti

and CH-MTX-Ti. Thus the antibacterial effect of Ti substrates mainly depended on the

presence of CH. The antibacterial effect of the Ti substrates was also evaluated using the

reported spread plate method23. Briefly, we co-cultured different substrates with S. aureus

suspension of 1×106cfu/ml in PBS for 24 h. The suspension was diluted for 100 times and

plated onto culture medium to determine the number of bacteria (Fig. 9F). The number of

bacteria in the culture after interacted with CH-Ti and CH-MTX-Ti was significantly lower

than that with other Ti substrates due to the release of CH only from these two substrates

(Fig. 3). This result was in agreement with the findings from SEM imaging (Fig. 9A–E).

Discussion

Orthopedic implants played a very important role in operations for the recovery of patients.

However, the failure of orthopedic implants in tumor operation often occurs due to the

bacterial infections and tumor recurrence. Thus there is a pressing need in the development

of novel and functional orthopedic implants capable of both inhibiting tumor cell growth and

minimizing bacteria growth. Here we have showed that the introduction of dual drugs (CH

and MTX) to the Ti implants is a practical method towards this goal. In order to securely

immobilize CH and MTX onto Ti implants, we first chemically conjugated an anionic

PLL/Hep nanoparticle layer to the surface of DA-Ti through Schiff base reaction and

electrostatic interaction, and then deposited the cationic CH/MTX onto the nanoparticle

layer to form CH-MTX-Ti. Namely, the anionic PLL/Hep nanoparticle layer served as a

“linker” to ensure the tight connection between CH/MTX layer and the DA-Ti substrates.

DA was as the first layer because it was proved that it could not only well coat the pristine

Ti substrates but also electrostatically bind to heparin10, 28, 29. CH was introduced along

with MTX to form the last layer on Ti because as a biocompatible polymer rich in amine

groups, it can bind to various drugs30, 31 or growth factors32, 33, regulate their release, and

also inhibit bacterial adhesion. The immobilization of CH/MTX on PLL/Hep-Ti substrates

can be easily achieved via the electrostatic interactions between the amine groups of

CH/MTX and the carboxylic/sulfate groups of heparin. The formation of CH-MTX-Ti

substrates was successfully demonstrated by XPS (Table 1) and the controlled release of CH

and MTX from the substrates (Fig. 3).

From drug delivery perspective, our CH-MTX-Ti is actually a drug carrier that shows a

sustained MTX release profile (Fig. 3). In the development of drug delivery systems,

sustained (instead of burst) drug release is highly desired and our functionalized Ti

substrates satisfied this criterion. Inorganic or organic materials such as chitosan34, colloid

gold 35 or polymers36 have been used as drug carriers. However, some of these systems have
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problems of controlling the drug release rates. In this study, the MTX was released from

CH-MTX-Ti over an extended period of time in a sustained manner (Fig. 3). The sustained

and extended release pattern of MTX was probably due to the strong electrostatic

interactions between MTX and Heparin.

We conducted a series of studies to evaluate the response of GCTs to different Ti substrates.

It is well established that cell adhesion and morphology can influence the subsequent

activity of cells37. We investigated cell adhesion by SEM (Fig. 4) and cell cytoskeleton

assay (Fig. 7). Cells cultured on CH-MTX-Ti substrates were smaller and more vague (Fig.

4) and displayed a significantly lower level of focal adhesion protein (vinculin) expression

than those adhered to other Ti substrates (Fig. 7). The results clearly suggested that CH-

MTX-Ti inhibited the adhesion of GCTs. Cell adhesion is essentially important to mediate

subsequent cellular behaviors, including proliferation, cell cytotoxicity and cell apoptosis38.

The proliferation of GCTs cultured on CH-MTX-Ti substrates was significantly lower

(p<0.01) than that on the other Ti substrates (Fig. 5) from Day 1 to Day 7, which was

consistent with the adhesion studies. The inhibition of cell growth by CH-MTX-Ti was also

accompanied by an increase in cell toxicity (Fig. 6). Apoptosis is an important and

regulatory pathway of cell growth and proliferation39. Our results indicated that the CH-

MTX-Ti substrates encouraged cell apoptosis (Fig. 8). Taken together, our studies showed

that CH-MTX-Ti could inhibit the adhesion and proliferation of GCTs and promote their

apoptosis, suggesting that CH-MTX-Ti substrates have a great potential in inhibiting tumor

formation.

The tumor operation always lasts for a longer period of time than common implant surgery

in orthopedics, and thus is more susceptible to bacterial infection. Once bacterial cells

adhere to the surface of the implants, bacteria can form a biofilm, which acts as a barrier to

host defense mechanisms and resists to antimicrobial agents40, 41. CH and its derivatives

have received significant scientific interests in surface modification for antibacterial,

medical and pharmaceutical applications30, 42–44. Due to the presence of CH in CH-Ti and

CH-MTX-Ti substrates, these substrates show significant resistance to the adhesion of S.

aureus (Fig. 9), the bacteria commonly associated with infections of tumor operation,

orthopedic implants and wounds. We also found that the CH released from CH-Ti and CH-

MTX-Ti substrates (Fig. 3) could inhibit the growth of S. aureus bacteria (Fig. 9). The

antibacterial activity of CH-Ti and CH-MTX-Ti substrates probably arose from the

capability of CH in altering the bacteria cell membrane’s permeability through the

interaction between its positively charged amino groups and the negatively charged cell

membranes45.

Collectively, the in vitro antibacterial and anti-cancer activity of all of the functionalized Ti

substrates shows that the CH-MTX-Ti substrates can not only promote GCTs apoptosis,

inhibit their adhesion and proliferation, but also resist to bacterial adhesion and prevent the

bacteria growth. Hence, they can serve as ideal implants to solve the two daunting

challenges, tumor recurrence and bacterial infection, in orthopedic tumor surgery.
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Conclusion

In summary, CH and MTX were chemically immobilized onto the surfaces of DA-

functionalized titanium substrates by an intermediate “linker” layer of PLL/Hep

nanoparticles. The resultant CH-MTX-Ti substrates could significantly inhibit the adhesion

and proliferation of GCTs and promote their apoptosis due to the presence and sustained

release of MTX when compared to other Ti substrates. They also significantly resisted to the

adhesion of the bacteria commonly met in bone and tumor surgery, inhibited the growth of

bacteria, and thus prevented the formation of bacterial biofilms due to the presence of

chitosan. As a result, this study provides an approach to the development of

biofunctionalized implants that can be used in bone tumor surgery.
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Figure 1. Schematic illustration of the general idea of this study
Dopamine (DA) is first deposited onto pristine Ti to form DA-Ti substrate. Then a

suspension of anionic nanoparticles, formed through the electrostatic interaction between

poly-lysine (PLL) and heparin (Hep), is deposited onto DA-Ti to form PLL/Hep-Ti, through

the Schiff base conjugation reaction between PLL and DA as well as the electrostatic

interaction between Hep and DA. Finally, cationic chitosan (CH) and methotrexate (MTX)

are simultaneously immobilized onto the anionic PLL/Hep-Ti to form CH-MTX-Ti

substrates through electrostatic interaction. The CH- MTX-Ti substrates are interacted with

GTCs and bacteria to confirm their anti-cancer and anti-bacteria capability, respectively.

Abbreviation in the schematic illustration: Ti=Titanium, DA=Dopamine, PLL/Hep=Poly-

lysine/Heparin, CH=Chitosan, MTX=Methotrexate
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Figure 2.
Characterization of PLL/Hep nanoparticles by DLS (A) and AFM (B).
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Figure 3. In vitro release of CH from CH-Ti and CH-MTX-Ti substrates (A) and MTX from
CH-MTX-Ti substrates (B) at 37 °C
The data represent means±S.D. (n=3).
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Figure 4.
SEM images of different Ti substrates after exposure to GCT cell suspension (104 cells/cm2)

for 24 h: (A) pristine Ti; (B) DA-Ti; (C) PLL/Hep-Ti; (D) CH-Ti; (E) CH-MTX-Ti.
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Figure 5. MTT reduction activity of GCTs cultured on differently functionalized Ti substrates
for 1, 3 and 8 days
Symbol denotes significant differences as determined by one way ANOVA. One symbol,

p<0.05; 2 symbols, p<0.01. #, compared to substrates modified with CH-MTX-Ti group on

the same day. *, compared to the same substrates on Day 3.
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Figure 6. Fluorescence micrographs of live/dead dye-stained GCTs after cultured on differently
functionalized Ti substrates for 24 h
(A) Pristine Ti; (B) DA-Ti; (C) PLL/Hep-Ti; (D) CH-Ti; (E) CH-MTX-Ti. Live cells were

dyed by calcein AM and thus are green whereas red cells were dyed by ethidium homodimer

and thus are red.
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Figure 7. The focal adhesion of GCTs after cultured on differently functionalized Ti substrates
for 24 h
(A) pristine Ti; (B) DA-Ti; (C) PLL/Hep-Ti; (D) CH-Ti; (E) CH-MTX-Ti. Focal adhesion

protein vinculin and actin were stained to be red and green, respectively, showing

cytoskeleton of GCTs on different Ti substrates. Cell nuclei were stained by DAPI and thus

blue.
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Figure 8. Apoptosis and necrosis of GCT cells after cultured on differently functionalized Ti
substrates for 24 h
(A) Pristine Ti; (B) DA-Ti; (C) PLL/Hep-Ti; (D) CH-Ti; (E) CH-MTX-Ti; (F) The

apoptosis and necrosis rate of GCT cells cultured on different Ti substrates. Results are

represented by means±SD of 3 independent experiments.
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Figure 9. SEM images of differently functionalized Ti substrates after exposure to S. aureus
suspension (107 cfu/ml) in PBS for 8 h
(A) Pristine Ti; (B) DA-Ti; (C) PLL/Hep-Ti; (D) CH-Ti; (E) CH-MTX-Ti. (F) The number

of S. aureus (cfu) in culture normalized to the area of the substrates after the bacterial cell

culture was interacted with various Ti substrates for 24 h. ** denotes significant differences

compared to substrates modified with CH-MTX-Ti group. The error bars represent the

standard deviations calculated from three independent experiments.
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