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Abstract

We have covalently immobilized chitosan onto a titanium (Ti) surface to manage implant-related

infection and poor osseointegration, two of the major complications of orthopedic implants. The

Ti surface was first treated with sulfuric acid (SA) and then covalently grafted with chitosan.

Surface roughness, contact angle and surface zeta potential of the samples were markedly

increased by the sulfuric acid treatment and the subsequent chitosan immobilization. The chitosan-

immobilized Ti (SA-CS-Ti) showed two novel antimicrobial roles: it a) prevented the invasion and

internalization of bacteria into the osteoblast-like cells, and b) significantly increased the

susceptibility of adherent bacteria to antibiotics. In addition, the sulfuric acid-treated Ti (SA-Ti)

and SA-CS-Ti led to significantly increased (P<0.05) osteoblast-like cell attachment, enhanced

cell proliferation, and better osteogenic differentiation and mineralization of osteoblast-like cells.
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Introduction

Approximately 40.3 million adults in the US have certain orthopedic disorders, and implants

are widely used to manage such conditions[1]. Titanium (Ti) is one of the most important

orthopedic implant materials [2–4]. However, infections around the implants and poor

osseointegration, which may lead to implant failure, are two major concerns of such

implants [5, 6]. In severe cases, the implants have to be surgically removed out of the body

with an extra course of antibiotic therapies and a lengthened hospital stay.
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Infection is one of the most common causes of implant failure [4, 6, 7]. Although pre-and

post-surgical antibiotic prophylaxes are used and utmost caution is taken during surgeries in

general practice, bacterial infections continue to be a significant clinical challenge. Such

infections significantly increase treatment cost, cause patient pain and suffering as well as

take away productivity [8]. One of the major causes of implant-associated infections is

related to microbial biofilms formed on implant surfaces because most of the current device

materials are susceptible to bacterial adhesion and biofilm formation[9–11] . There is

substantial evidence that bacteria in a biofilm undergo phenotypic change that makes them

less sensitive to antibiotics. Bacteria living in a biofilm are up to 1000 times more resistant

to antibiotics than their floating counterparts [9–12]. Current methods to control implant

biofilms include reducing bacterial attachment [13] or killing the adherent bacteria [14].

However, both techniques have their own downsides. The techniques for lowering the

number of attached bacteria cannot completely prevent biofilm formation, and can also

reduce bone cell attachment, leading to poor osseointegration. Although the local delivery of

antibiotics incorporated within the implants has been demonstrated to be able to kill the

bacteria, high doses of such locally-delivered antibiotics can be toxic and can inhibit

osteogenic activity [12].

Another cause of implant related infections, particularly long-term ones, is associated with

bacterial invasion/internalization (i-bacteria) within surrounding osteoblasts. The i-bacteria

are protected by the osteoblasts from antibiotics and the host immune system, making the

treatment very difficult [5, 15, 16].The ability of i-bacteria to infect other healthy cells after

being released out of the osteoblasts has already been demonstrated in vitro [16]. I-bacteria

have also been traced in the osteoblasts of patients with implant-related osteomyelitis,

confirming the involvement of i-bacteria in the onset and persistence of the disease [17].

Implant materials that can prevent bacterial invasion and internalization are not now

available. Such implants that discourage the bacterial internalization of the bacteria

definitely would limit the incidence of infected-implant associated osteomyelitis.

It has been reported that about 56% of the revision surgeries are due to aseptic loosening

mainly caused by poor biocompatibility and osseointegration, leading to failure of bone

ingrowth into the implant [12, 18]. Smooth Ti implants have been reported to be less

desirable for bone fixation than roughened ones because a rough Ti surface has shown better

osteogenic activities such as cell attachment, cell proliferation and calcium deposition,

proving to be beneficial for osseointegration. As a result, there has been a growing focus on

increasing the surface roughness of the Ti implant. Acid etching is one of the most popular

techniques to increase roughness for better osseointegration [19–22].

Considerable efforts have been devoted to address these issues, but success is still limited [6,

23–26].Here we show that a combination of two surface modifying techniques, sulfuric acid

treatment and chitosan immobilization, could simultaneously address both issues of implant-

related infection and poor osseointegration. The resulting chitosan-immobilized surface

completely prevented invasion of bacteria into the pre-attached osteoblast-like cells,

significantly increased the antibiotic susceptibility of adherent bacteria, and greatly

enhanced osteogenic activity, offering an innovative strategy that could significantly

improve the long-term success of prosthetic implants.
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Materials and Methods

Sample Preparation

Ti foil (purity: 99.7%; 0.25 mm in thickness), dopamine hydrochloride, glutaraldehyde

(25%), and chitosan (75–85% deacetylated; viscosity: 20–300 cP, 1 wt. % in 1% acetic acid

at 25 °C) were purchased from Sigma-Aldrich. The Ti foil was cut into a series of 1×1 cm2,

ultrasonically cleaned sequentially in acetone, absolute ethanol, and distilled water (10 min

each), and then dried under vacuum. The resulting samples were referred to as UN-Ti. The

Ti samples were treated in 48% H2SO4 solution at 60°C under constant stirring for 3 h,

washed extensively with distilled water, and dried under vacuum. These samples were

designated as SA-Ti. In the preparation of chitosan-containing Ti (SA-CS-Ti), the SA-Ti

samples were treated in 5mg/mL dopamine hydrochloride in 10% 0.1M TRIS-HCL aqueous

solution at room temperature for 12 h, followed by immersion in 3% glutaraldehyde at 4°C

overnight [27]. Afterwards, the samples were immersed in 0.5% chitosan solution (in 1%

acetic acid aqueous solution) at room temperature for 18 h, rinsed with distilled water, and

dried under a vacuum[28].

Contact Angle Measurement

The contact angles of different samples were measured by contact angle goniometry (VCA

Optima goniometer) using distilled water. Three samples from each group were used, and

five readings of each specimen were recorded to calculate the average contact angle. The

images were taken at around 10 s of droplet delivery.

Surface Zeta Potential

The surface zeta potentials of the samples were measured using a particle analyzer

(Beckman coulter DV 730 Delsa Nano C) with a flat flow cell. All the samples were

autoclaved before the measurement of the surface zeta potential.

Surface Profilometry

The surface roughness of the samples was measured by optical profilometry using a WYKO

NT8000 profilometer. The scanning area for the profilometry was 480×640 µm2. All the

samples were autoclaved before the measurement of the surface roughness.

X-ray Photoelectron Spectroscopy (XPS) Analysis

The surface chemical composition of the samples was measured using a VG Escalab MK II

XPS equipped with monochromatic Al Kα radiation source (hν = 1486.6 eV). The voltage

and current were 15 kV and 10 mA, respectively. Survey spectra were collected with pass

energy of 100 eV and the rate of 1 eV/step, while region scans were performed using pass

energy of 50 eV and the rate of 0.1 eV/step. For different samples C1s, N1s, O1s and S2p

region were scanned. Before measurement all samples were autoclaved. The calculated

binding energies were referenced to the C1s neutral carbon peak at 284.97 eV.
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Bacterial Culture

In the bacterial invasion/internalization and susceptibility assays, S. aureus (ATCC 6538)

was cultured in tryptic soya broth overnight at 37°C. The number of bacteria was determined

by plate spreading, and a standard curve was generated by measuring the absorbance at 600

nm.

Bacteria and Cell Staining for Confocal Microscopy Studies

Confocal imaging was carried out with slight modification as described elsewhere [29] . The

fresh pellets of overnight-grown bacteria were washed with PBS and resuspended in a 3 ml

buffer (0.2 M Na2CO3/ NaHCO3- NaCl, pH 9.2). A concentration of 0.1 mg fluorescein

isothiocyanate (FITC, Sigma Aldrich) per 106 bacteria per ml buffer was added and the

mixtures were covered with aluminum foil and incubated in an ice bath for 30 min.

Osteoblast-like cells were pre-seeded on different Ti surfaces for 2 h, and the FITC-labeled

bacteria were seeded onto the same Ti samples for 2 h. The specimens were taken out,

washed with assay medium (DMEM medium without antibiotics), fixed with 2.5%

glutaraldehyde in PBS for 15 min, and washed with PBS. The cells were then permeabilized

with 0.2% Triton-X 100 in PBS for 10 min. An aliquot of 80 µl of 100 nM rhodamine

phalloidin (Cytoskeleton, Inc.) was added and the mixture was reacted for 30 min at ambient

temperature in the dark to stain the cells. Finally, the Ti samples were visualized using a

confocal imaging system (Nikon A1 TIRF).

Bacterial Invasion/Internalization Assay

Briefly, the SaOS-2 cells were attached on the Ti substrates, as described above. After

washing with PBS, freshly prepared bacteria (104–105 bacteria/sample) were added onto

substrates to infect the cells. After 2 h of contact, the substrates were washed three times

with assay medium (DMEM medium without antibiotics). An aliquot of 100 µg/ml

gentamicin was added to the substrates for 2 h to inactivate extracellular bacteria. To

confirm this, an aliquot of the suspension thus obtained was plated onto agar plates to

determine the colony forming units (CFUs). Cells on the substrates were lysed with 0.1%

Triton-X 100 in PBS, and sonicated for 10 min to release the internalized and invaded

bacteria. Finally, the level of bacteria released out of the lysed cells was quantified by agar

plate spreading.

Antibiotic Sensitivity Assay for S. aureus

Antibiotic sensitivity assay for S. aureus was carried out following a published protocol with

a slight change [29]. Briefly, 105 CFU/ml of bacterial suspension was added to each of the

Ti substrates in a 24-well plate. After 2 h of incubation at 37 °C to allow bacterial

attachment (the initial events of biofilm formation), the samples were taken out and washed

with PBS. Then, 100 µg/ml of gentamicin was added to each sample. After 2 h of contact,

the level of recoverable bacteria on the surface was determined by agar plate spreading.

SaOS-2 Cell Culture

Osteoblast-like cells, SaOS-2 (ATCC number: HTB-85), were cultured in DMEM (Fischer

Scientific) medium supplemented with 10 % FBS, 1 % antibiotics (penicillin/streptomycin)
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and 1% essential amino acid. The cells were grown in 75 cm2 flasks under 37 °C in a

humidified atmosphere of 95 % air and 5% CO2. The growth medium was first changed

after 24 h and then every 72 h. After the cells reached the confluence level of 80–90%, they

were washed with PBS to remove the unattached cells and treated with trypsin. The cells

were then centrifuged at 130 xg for 7 min. The supernatants were discarded and fresh

culture medium was added to the pellets to make the desired concentration of the cells.

Cell Attachment Study

Osteoblast-like cell attachment assay was performed by following established protocol with

slight modifications [13] . The Ti samples were placed on the 24-well plate and seeded with

a density of 100,000 cells/ sample. The samples were incubated for 5 min, 120 min, 240 min

and 480 min at 37°C and atmospheric condition of 5% CO2 and 95% air. Then, the samples

were washed with PBS to remove the unattached cells, and the number of attached cells was

determined using MTT assay. For MTT assay, 200 µl of MTT (3-(4, 5-Dimethylthiazol-2-

yl)-2, 5-diphenyltetrazolium bromide) solution (5mg/ml) was added to each of the Ti

samples. After overnight incubation at ambient temperature under dark, the liquid was

gently aspirated out of the sample solution without disturbing the crystals formed on the

surface of the samples. The crystal was then dissolved in 500 µl of DMSO (dimethyl

sulfoxide). 100 µl of the solution was placed in a 96-well plate and the absorbance at 570 nm

was recorded using a microplate reader (TECAN Infinite M200). The cell number was

calculated by normalizing absorbance value against a standard curve. The morphology and

the density of the cells attached were observed using SEM.

Cell Proliferation Study

The proliferation of the cells on different samples was measured by counting the number of

cells after 1, 3, 14, and 28 days of culture, following a slightly modified technique reported

elsewhere [13]. Each sample in a 24-well plate was seeded with 10,000 cells and incubated

at 37°C in an atmospheric condition of 95% air and 5% CO2. At predetermined days, the

samples were collected and rinsed with PBS to remove the unattached cells. Cell

proliferation was determined using the MTT assay, as described above.

Mineralized Matrix Deposition Assay

The Ti samples were incubated in the cell growth medium supplemented with 50 µg/ml

ascorbic acid and 10 mM sodium β-glycerophosphate [13] containing 100,000 cells. The

amount of calcium deposited was measured after 28 and 42 days of culturing. After washing

the samples with PBS, the samples were soaked with 500 µl of 0.5 M acetic acid to dissolve

the calcium mineral deposited, and the content was determined using a calcium assay kit

(DICA-500, Bioassay Systems, CA, USA). The mineralization on different samples at Day

28 was also observed using SEM.

ALP Activity Assay

Cells were seeded onto the samples at a density of 100,000 cells per cm2 and the medium

used was supplemented with 50 µg/ml ascorbic acid and 10 mM sodium glycerophosphate

[13] . ALP assay was based on the hydrolysis of p-nitrophenyl phosphate into p-nitrophenol
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at 37°C. ALP activity was determined after 7, 14 and 28 days of the cell seeding. The cells

on the samples were washed with PBS and lysed with 0.2 % Triton X-100. The ALP was

released out of the cells after sonicating for 10 min. The ALP assay was performed as

described in the ALP kit manual (DALP-250, Bioassay Systems, CA, USA). Distilled water

and tartrazine were used as negative control and positive control, respectively.

Statistical Analysis

For each bacterial and osteoblasts-like cell experiment, four samples per unit time were

used. The results were expressed as mean ± standard deviation and were analyzed using

student two-tailed paired t-tests. The difference observed was considered to be statistically

significant when p<0.05.

Results

Surface modification and characterization

In this study, the Ti surface was treated with sulfuric acid before chitosan (75%-85%

deacetylated) immobilization. The experimental/treated groups were sulfuric acid treated Ti

(SA-Ti), the intermediate product, and chitosan immobilized Ti (SA-CS-Ti), the final

product. Untreated Ti (UN-Ti) served as controls. Fig. 1 shows the optical profilometry

images of the UN-Ti, SA-Ti and SA-CS-Ti surfaces. UN-Ti had a flat, smooth topography

[Fig. 1a, Rz (maximum height) = 3.2 µm]. After the acid-chitosan modification, the surfaces

appeared coarse with significantly increased height variation in SA-Ti (Fig. 1b, Rz =

11.25µm) and SA-CS-Ti (Fig. 1c, Rz = 7.91µm). The mean surface roughness value of UN-

Ti was 0.190±0.007 µm, which was approximately tripled in SA-Ti (0.600 ± 0.153 µm) and

SA-CS-Ti (0.700±0.053µm), as shown in Table 1.

Contact angle goniometry results showed that there was a significant increase in contact

angle after the sulfuric acid treatment and the subsequent chitosan immobilization. Treated

samples, SA-Ti and SA-CS-Ti, showed a significant increase (P<0.05) in the hydrophobicity

with contact angles of 81.58°±9.16 and 94.10°±4.32, respectively, while the UN-Ti had a

contact angle of 70.30°±0.68 (Table 1).

In order to determine if the surface modifications change surface charges, surface zeta

potential was measured. UN-Ti had a negative zeta potential of −0.81±0.34 mV, and SA-Ti

and SA-CS-Ti had positive surface zeta potentials of 5.56±0.51 mV and 4.14±0.16 mV,

respectively (Table 1, P<0.05).

XPS analysis was used to determine surface chemical composition. While sulfur was not

detected in UN-Ti, it was found on the surfaces of SA-Ti and SA-CS-Ti (Table 1, P<0.05).

Antimicrobial Property Evaluation

Prevention of the Bacteria Invasion/ Internalization—In the bacterial invasion tests,

105 osteoblast-like cells were pre-seeded on the sample surfaces, and the samples were then

treated with 104–105 CFU (Colony Forming Unit)/ml of S. aureus for 2 h. In the confocal

microscope study, i-bacteria (white circled) were observed in the osteoblast-like cells on

UN-Ti (Fig. 2a) and SA-Ti (Fig. 2b), but not on SA-CS-Ti (Fig. 2c). To determine the exact
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location of the same i-bacteria observed under the confocal microscope, three-dimensional

(3D) views, x-y scans, and z-slices using the maximum intensity projection mode were

presented, which confirmed the invasion/ internalization of the i-bacteria into the osteoblast-

like cells on UN-Ti (Fig. 2d, g, white circled) and SA-Ti (Fig. 2e, h, white circled). In the

case of SA-CS-Ti, however, bacteria either attached on the metal surfaces (Fig. 2f, thin

white arrowed) or on the osteoblast-like cell surfaces (Fig. 2f, thick white arrowed); no

invaded/internalized bacteria were observed.

As a further support for the confocal microscope results, although (260.00±34.76) and

(316.70±76.37) CFU per sample of invaded or internalized bacteria could be isolated from

UN-Ti and SA-Ti, no invaded or internalized bacteria could be recovered from SA-CS-Ti

(Fig. 2j).

Increment in the Antibiotic-Sensitivity of Adherent Bacteria—To determine the

antibiotic-susceptibility of the adherent bacteria, the bacteria were allowed to attach onto

each testing surface (1×1 cm2) for 2 h. We found that more than 3×103 CFU/cm2 of bacteria

adhered onto the surfaces of UN-Ti, SA-Ti and SA-CS-Ti; no significant differences were

found between these three groups. The bacteria-containing samples were then soaked in

broth solutions containing 100 µg/ml of gentamicin for 2 h. From UN-Ti and SA-Ti,

66.66±28.36 CFU and 150±50 CFU of adherent bacteria were recovered, respectively;

however, no adherent bacteria could be recovered from the SA-CS-Ti (Fig. 2k), suggesting

much higher antibiotic susceptibility.

Evaluation of Osteogenic Activities of Osteoblast-like Cells on Ti Surfaces

Cell Attachment Study—Cell attachment, one of the indicators of osteogenic activities

of osteoblasts on implants, was evaluated using scanning electron microscopy (SEM). As

shown in Fig. 3 a–r, on all the samples, the level of adherent cells gradually increased with

the increase of contact time from 5 min (Fig. 3a,b,c), to 120 min (Fig. 3g,h,i) and then to 480

min (Fig.3m,n, o). At 120 min and 480 min, the cells attached on SA-Ti (Fig. 3k,q) and SA-

CS-Ti (Fig. 3l,r) produced more extracellular matrix and became flattened earlier

(suggesting faster spreading) than the cells attached on UN-Ti (Fig. 3j,p). Quantitative

results in Fig. 3s further confirmed that a significantly higher (P<0.05) number of cells

attached on the SA-Ti and SA-CS-Ti at 120 min and 240 min than on the UN-Ti. Moreover,

after 480 min of seeding, although no significant difference could be observed on cell

attachment density between SA-Ti and UN-Ti, significantly higher (P<0.05) number of cells

attached onto SA-CS-Ti than on the surface of UN-Ti.

Cell Proliferation Study—Cell proliferation, another indicator of osteogenic activities of

osteoblasts, was determined by calculating the number of cells proliferated on Days 1, 3, 14

and 28 (Fig.4). On Day 1, the number of cells on SA-Ti and SA-CS-Ti was significantly

higher (P<0.05) than that on UN-Ti, suggesting an improved cell proliferation on SA-Ti and

SA-CS-Ti. On Day 3, cell proliferation on SA-Ti was significantly higher (P<0.05) than on

UN-Ti, and SA-CS-Ti showed a greater cell proliferation than UN-Ti. On Days 14 and 28,

the trend of higher cell proliferation on SA-Ti and SA-CS-Ti than on UN-Ti continued,
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confirming that the surfaced modification techniques we used led to a better cell

proliferation.

Mineralized Matrices Deposition Assay—Mineralization is a widely used marker to

evaluate osteoblast maturation. In the current study, SEM and calcium deposition tests were

performed to determine the effect of the surface modifications on osteoblast mineralization.

The 28-day SEM images (Fig. 5a, b, c) showed mineralized bead-like deposition (solid

arrowed) on the surface of UN-Ti, SA-Ti and SA-CS-Ti, which suggested that cells on SA-

Ti (Fig. 5b) and SA-CS-Ti (Fig. 5c) produced more mineral deposition than the cells on UN-

Ti (Fig. 5a). In quantification studies (Fig. 5d), while the calcium deposition level on UN-Ti

was significantly lower (P<0.05) on Day 28 than on Day 42, this level was not statistically

different on SA-Ti and SA-CS-Ti on Days 28 and 42, suggesting faster calcium deposition

on the modified Ti surfaces.

ALP Activity Assay—Osteoblast differentiation is one of the steps towards bone

formation. Alkaline phosphatase (ALP) activity is a widely used marker for osteoblast

differentiation. In this study, the time-dependent ALP activities of osteoblast-like cells on

different samples after 7, 14 and 28 days of culture were shown in Fig. 5e. The ALP activity

of the cells on SA-Ti and SA-CS-Ti was greater than that on UN-Ti throughout the

experimental time period, and a significant difference (P<0.05) was found between UN-Ti

(3.55±0.58) and SA-CS-Ti (18.96±8.10) on Day 14.

Discussion

In this study, we used acid etching followed by an immobilization of chitosan to modify the

surface characteristics of Ti so as to achieve bacteria-resistant and osteogenic functions. It

has been well established that UN-Ti surface contains various oxides which may include

amorphous oxide, cubic titanium oxide (TiO), hexagonal titanium sesquioxide (Ti2O3),

tetragonal titanium dioxide (TiO2) (anatase), orthorhombic TiO2 (brookite), tetragonal TiO2

(rutile), and nonstoichiometric oxides (TixOy)[30]. These oxides attract H+, leaving OH- in

the solution and generating a hydrophilic surface (low contact angle) with a weakly negative

charge (Table 1). During sulfuric acid treatment, the strong acid reacted with the oxides to

generate soluble products, and this etching led to a much rougher surface on SA-Ti. In our

screening studies, we found that after 3 h of treatment, further increase in treatment time did

not significantly change surface roughness of the resulting SA-Ti samples. The increase in

contact angle after acid etching could be caused by the alternation in the crystalline structure

of the surface oxides [30]. Moreover, SA-Ti showed a positive zeta potential (Table 1).

Similar results were reported by other authors [31, 32], which could be due to the adsorption

of the sulfate ions onto the surface and into the titanium hydride layer.

SA-CS-Ti was prepared through a three-step reaction. In the first step, SA-Ti was treated

with dopamine overnight in the dark to introduce surface amino groups [27]. The discs were

then treated with glutaraldehyde to introduce surface aldehyde groups. Finally, chitosan was

used to treat the aldehyde-containing discs to produce SA-CS-Ti [28]. After these

treatments, surface roughness of the resulting sample was not significantly affected as

compared to that of SA-Ti (Table 1), indicating that chitosan chains were covalently
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immobilized onto the SA-Ti surface, instead of forming layered physical coatings. The

slight increase in contact angle of SA-CS-Ti could be caused by the hydrophobic alkyl

chains of glutaraldehyde. As expected, SA-CS-Ti also showed a positive zeta potential

(Table 1), which must be due to the presence of the amino groups on the chitosan.

UN-Ti, SA-Ti and SA-CS-Ti behaved significantly different in the bacteria-resistant assays.

For one thing, although bacteria could readily invade SaOS-2 cells pre-attached on UN-Ti

(Fig. 2a,d,g,j) and SA-Ti (Fig. 2d,e,h,j), no invaded/internalized bacteria could be found in

SaOS-2 cells pre-attached on SA-CS-Ti (Fig. 2c,f,i,j). The mechanism for this effect is still

not clear, but it is very likely related to the covalently bonded chitosan chains on SA-CS-Ti.

It has been suggested that bacterial invasion to osteoblasts occurs via a receptor-mediated

pathway, requiring the participation of cytoskeletal elements, principally actin [33, 34].

Since polycations like chitosan can bind actin and induce actin redistribution [35], it is

possible that the chitosan-bonded surface inhibited receptor recycling, thereby preventing

bacterial invasion of the SaOS-2 cells. This finding has significant clinical relevance. As

noted earlier, there is growing evidence that bacteria, especially Staphylococci, can invade

and be internalized by human osteoblasts [5, 15, 16]. The invaded osteoblasts then serve as

internal bacteria reservoirs, causing recurrent diseases such as osteomyelitis and implant-

related infections. The tissue surrounding an implant can thus act as a potential niche that

protects bacteria from host defenses and antibiotic therapy. The new SA-CS-Ti effectively

prevented the invasion of bacteria into osteoblast-like cells. This can be the first infection-

control technology to prevent infections originating from bacteria residing in surrounding

cells and tissues.

Furthermore, SA-CS-Ti surfaces significantly increased the antibiotic susceptibility of

adherent bacteria (Fig. 2k). Bacterial adhesion and biofilm-formation on implant surfaces

have serious consequences, including implant-related infection and device failure. Bacteria

living in biofilms are far more resistant to antibiotic treatments than free-floating

microorganisms [36, 37]. Effective antibiotic therapy therefore necessitates a high

concentration of drugs in the tissue or space harboring the infectious microorganisms.

However, high doses of systemically or locally delivered antibiotics can lead to toxicity

and/or drug-resistance [38] . Here, we report that bacteria adherent on the new SA-CS-Ti

were significantly more susceptible to antibiotics than bacteria on UN-Ti and SA-Ti,

offering an innovative strategy for controlling bacterial adhesion and biofilm-related

infections. This exciting new function can also be related to the covalently bonded chitosan

chains on SA-CS-Ti. Even though the chitosan on the SA-CS-Ti was not able to completely

disrupt the membrane of the bacteria on their surfaces, it might have increased the

permeability of the bacterial membrane which eventually accelerated the sensitivity of the

antibiotics towards bacteria. This is because the positively charged chitosan can bind to

negatively charged bacteria membranes and chelate metal ions such as calcium and

magnesium, both of which increase the permeability of bacterial cell walls [39], resulting in

increased antibiotic susceptibility of the adherent bacteria.

SA-Ti and SA-CS-Ti showed very similar osteogenic functions. The acid treatment and the

immobilization of chitosan onto the Ti surfaces enhanced the osteogenic/biologic activity of

the osteoblast-like cells SaOS-2. SA-Ti and SA-CS-Ti sustained much higher initial cell
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adhesion than UN-Ti (Fig 3), which could be mainly caused by the rougher surface of the

former than that of the latter. A rough surface has been shown to form a direct contact with

living bone[40] that might help in higher numbers of osteoblast-like cell attachment. This

property is beneficial for osseointegration [41]. Another possibility can be related to surface

charges. As cell surfaces are negatively charged, the positive charges on SA-Ti and SA-CS-

Ti could act to attract more cells for attachment [42].

SA-Ti and SA-CS-Ti supported better cell proliferation than UN-Ti (Fig. 4). This result is

consistent with the findings of previous studies [43, 44] . One of the possible mechanisms

behind these might be related to modulation of the cytokines and growth factors of

osteoblasts on rougher surfaces [44]. In addition, on SA-CS-Ti, the presence of chitosan

chains could further enhance cell proliferation, which has been confirmed by previous

reports [42, 45].

Cells on SA-Ti and SA-CS-Ti showed better ALP activity, a good indicator of osteoblastic

differentiation and matrix mineralization. Again, these could be caused by the rough surface

[19, 46, 47] as well as the positive charges [48] of the acid and chitosan modified samples.

Better calcium deposition is desired for better osteoblast differentiation and

osseointegration. That is the reason that, to improve the osseointegration, calcium phosphate

coating is frequently used. However, such coating is brittle in nature and can fracture at the

interface between the metals and the coating [49]. In our approach, the SA-CS-Ti does not

have such concerns, which is particularly attractive for real applications.

Conclusions

Although chitosan is well known for its antimicrobial property, no previous report, to our

knowledge, has described its role in 1) increasing antibiotic susceptibility of bacteria, and 2)

limiting the invasion/internalization of bacteria into osteoblast. In this study, we reported

these novel roles of chitosan surface treatments on Ti for controlling implant related

infections. Furthermore, we demonstrated that chitosan surface treatments could improve the

osteogenic property of implant materials. Thus, this work has provided a new insight in

future implant design to simultaneously manage implant-related infection and poor

osseointegration, two major clinical concerns of orthopedic implants.
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Highlights

• Titanium surface was modified with chitosan and different properties were

studied.

• The modification significantly increased antibiotic susceptibility of bacteria.

• The modification entirely prevented bacterial invasion into osteoblast-like cells.

• Osteogenic properties were noticeably improved with the chitosan modification.
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Figure 1.
Optical profilometry images of (a) UN-Ti, (b) SA-Ti, and (c) SA-CS-Ti.
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Figure 2.
Antimicrobial activity study. (a–c) Confocal microscopy 3D view was used to observe

representative internalized bacteria (i-bacteria, white circled) on UN-Ti (a), SA-Ti (b) and

SA-CS-Ti (c). (d–f) X–Y sections of representative images that showed the intracellular

position of the same i-bacteria (white circled) on UN-Ti (d), SA-Ti (e) and SA-CS-Ti (f).

(g–i) Vertical views obtained by combining the series of X–Y scans taken along the Z-axis

at maximum intensity projection mode to show the intracellular position of the same i-

bacteria (white circled) on UN-Ti (g), SA-Ti (h) and SA-CS-Ti (i). (j) Quantification of
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internalized/invaded bacteria into the osteoblasts like cells on different materials (n=4). (k)

Antibiotic susceptibility of bacteria on different samples (n=4). (*) denotes a significant

difference (p<0.05) between the number of bacteria internalized on UN-Ti and SA-CS-Ti

and (#) denotes significant difference (P<0.05) between UN-Ti and SA-CS-Ti.
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Figure 3.
Cell attachment study. (a–r) SEM micrographs of cells attached on UN- Ti, SA-Ti and SA-

CS-Ti at 5 min (a–f), 120 min (g–l) and 480 min(m–r). (s) Quantitative comparison of

osteoblast-like cell attachment at different time points. (*) denotes significant difference

(p<0.05) compared with untreated titanium at respective time points.
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Figure 4.
Cell proliferation study. Osteoblast-like cell proliferation on UN-Ti, SA-Ti, and SA-CS-Ti

surfaces after 1,3,14 and 28 days of culture. (*) denotes significant difference (p<0.05)

compared with untreated titanium at respective time points.
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Figure 5.
Cell maturation and differentiation study. (a–c) SEM images of mineralized matrix

deposition on UN-Ti (a), SA-Ti (b) and SA-CS-Ti (c) on Day 28. Solid arrows show the

mineralized matrices deposited on the sample surfaces and dashed arrows show cells on the

sample surfaces. (d) Quantitative representation of calcium deposition on UN-Ti, SA-Ti and

SA-CS-Ti on Days 28 and 42 (n=4). (#) denotes significant increase in the calcium

deposition (p<0.05) from Day 28 to Day 42 within the same experimental groups. (e)ALP
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activity on UN-Ti, SA-Ti and SA-CS-Ti on Days 7, 14 and 28 (n=4). (*) denotes significant

difference (p<0.05) compared with untreated titanium at respective time points.
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Table 1

Surface characterization of UN-Ti, SA-Ti and SA-CS-Ti. Rz is the maximum height of the micro-pits formed.

Surface nitrogen and sulfur contents were calculated from XPS data.

UN-Ti SA-Ti SA-CS-Ti

Average roughness(µm) 0.190±0.007 0.600±0.153* 0.700±0.053*

Contact Angle (°) 70.30±0.68 81.58±9.16* 94.10±4.32*

Surface Zeta Potential (mV) −0.81±0.34 5.56±0.51* 4.15±1.01*

Surface nitrogen content (%) 2.28 ± 0.48 1.48 ± 0.29 6.08 ± 0.16*

Surface sulfur content (%) ND 0.24 ± 0.02* 0.22 ± 0.02*

(*)
denotes significant difference (p<0.05) compared with untreated titanium. ND represents no detection.
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