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Purpose: Aseptic loosening is amajor complication after total joint replacement. Reactive oxygen

species generated by local tissue cells and liberated from implant surfaces have been suggested to

cause implant failures. Surface modification of titanium (Ti)-based implants with proanthocyani-

dins (PAC) is a promising approach for the development of anti-oxidant defense mechanism to

supplement the mechanical functions of Ti implants. In this study, a controlled PAC release system

was fabricated on the surface of Ti substrates using the layer-by-layer (LBL) assembly.

Materials and Methods: Polyethyleneimine (PEI) base layer was fabricated to enable layer-

by-layer (LBL) deposition of hyaluronic acid/chitosan (HA/CS) multi-layers without or with the

PAC. Surface topography and wettability of the fabricated HA/CS-PAC substrates were char-

acterized by scanning electron microscopy (SEM), atomic force microscopy (AFM), Fourier-

transform infrared spectroscopy (FTIR) and contact angle measurement. PAC release profiles

were investigated using drug release assays. MC3T3-E1 pre-osteoblast cells were used to assess

the osteo-inductive effects of HA/CS-PAC substrates under conditions H2O2-induced oxidative

stress in vitro. A rat model of femoral intramedullary implantation evaluated the osseo-

integration and osteo-inductive potential of the HA/CS-PAC coated Ti implants in vivo.

Results: SEM, AFM, FTIR and contact angle measurements verified the successful fabrica-

tion of Ti surfaces with multi-layered HA/CS-PAC coating. Drug release assays revealed

controlled and sustained release of PAC over 14 days. In vitro, cell-based assays showed

high tolerability and enhanced the osteogenic potential of MC3T3-E1 cells on HA/CS-PAC

substrates when under conditions of H2O2-induced oxidative stress. In vivo evaluation of

femoral bone 14 days after femoral intramedullary implantation confirmed the enhanced

osteo-inductive potential of the HA/CS-PAC coated Ti implants.

Conclusion: Multi-layering of HA/CS-PAC coating onto Ti-based surfaces by the LBL

deposition significantly enhances implant osseo-integration and promotes osteogenesis under

conditions of oxidative stress. This study provides new insights for future applications in the

field of joint arthroplasty.

Keywords: proanthocyanidins, anti-oxidant, ROS, layer-by-layer methodology, surface

modification of titanium, osteogenesis

Introduction
Joint arthroplasty is one of the most commonly performed orthopaedic procedures

for the treatment of end-stage degenerative joint diseases. However, aseptic loosen-

ing of prosthesis is a major complication after total joint replacement often
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requiring revision surgeries. Due to advanced age of

patients and the loss of surrounding bone tissue, and the

dangers of the revision surgery, prognostic outcomes are

often poorer than for primary arthroplasties.1 Thus, it is

now recognized that the prosthetic implant surface with

respect to tissue reaction and osseo-integration is a crucial

factor for the long-term success of joint arthroplasty. Pure

titanium (Ti) and Ti-based materials or alloys have become

the most widely used metal implants due to their super-

iority in load-bearing applications with excellent mechan-

ical strength and resilience.2–4 Despite these properties, it

has been shown that the bioactivity of Ti surfaces is

insufficient to induce direct growth of bone tissue and

encourage good osseo-integration. Proper implant osseo-

integration is necessary for reliable mechanical fixation of

the implant. Thus, much attention has been focused on the

development of various coatings to supplement the

mechanical functions of Ti implants.

Recently it has been reported that the electrochemical

redox processes that occur at metallic implant surfaces

have a profound effect on the local surrounding tissues

and the downstream inflammatory response, with oxida-

tive stress reactions a leading cause of implant failures.5–8

Although reactive oxygen species (ROS) are normal meta-

bolic by-products, they play important roles in the inflam-

matory response serving as both signaling and effector

molecules.9–11 Reactive oxygen intermediates produced

at implant-bone interfaces serve as strong chemo-

attractants for the recruitment of immune cells leading to

surrounding tissue damage and fibrosis, whilst ROS pro-

duced by immune cells can directly lead to the corrosion

of the implants.12,13 An imbalance between excessive ROS

generation and an insufficient anti-oxidant defense

mechanism hinders bone-implant osseo-integration further

aggravating aseptic loosening. Thus, there is a need for the

fabrication of bioactive surface coating with anti-oxidant

properties to improve implant osseo-integration, stability,

and effective lifespan.

Proanthocyanidins (PAC) are a group of naturally

occurring polyphenols bioflavonoids found in vegetables,

flowers, fruits and nuts.14 PAC have been reported to

possess broad biological activity including but not limited

to anti–viral, anti-microbial, anti-HIV, anti-tumour, cardio-

protective, anti-arteriosclerotic and anti-thrombic effects

with broad therapeutic applications.15 Specifically, these

biological effects exerted by PAC can be attributed to its

potent anti-oxidant properties and have also been recog-

nized to be implicated in the anti-apoptosis effect of

PAC.16,17 Moreover, recent data have shown that PAC

can stimulate bone formation and regulate osteoclast

bone resorption, thus ideal for the treatment of osteolytic

conditions including osteoporosis.18–22 With such benefi-

cial biological effects, PAC is an ideal candidate for the

functionalization of Ti implants to protect against ROS

and to enhance osseo-integration.

The objective of this study was to utilize the layer-by-

layer (LBL) self-assembly methodology for the surface

functionalization of Ti substrate to enable the controlled

release of PAC. LBL assembly is a versatile self-assembly

technique used for the formulation of polyelectrolyte mul-

tilayers (PEMs) via the electrostatic attractions (polya-

nions and polycations) between the assembled

components and has been widely used for surface modifi-

cation of dental Ti implants.23 To apply the LBL metho-

dology, the surface of the Ti substrates needs to be charged

by the conjugation of polyethylenimine (PEI) base layer to

obtain high binding forces. PEI is an efficient polymer

carrier with high pH buffering capacity and as such often

described as a “proton sponge”.24,25 Multi-layers com-

posed of positively charged chitosan (CS) and negatively

charged hyaluronic acid (HA) were deposited onto the PEI

layer via the LBL self-assembly. HA/CS is commonly

used due to their desirable biocompatibility, biodegradabil-

ity and potential for controlled drug delivery and

release.26–28 The 3D HA/CS multi-layered network pre-

pared by the LBL method enables the encapsulation of

PAC in the micro-interspaces between HA and CS allow-

ing for its sustained and controlled release.

Surface topography analysis by SEM, AFM and water

contact angle measurement, chemical analysis of surface

coatings by FTIR, and drug release assays was applied for

the in vitro characterization of the multi-layered HA/CS

coating for incorporation and release of PAC on Ti sub-

strates. The murine pre-osteoblast cell line, MC3T3-E1,

with high levels of osteoblast differentiation potential, was

used to evaluate the anti-oxidant and osteo-inductive

effects of multi-layered HA/CS-PAC coated Ti substrates

under conditions H2O2-induced oxidative stress in vitro. In

addition, the performance of the HA/CS-PAC coated Ti

substrates and uncoated pure Ti was evaluated in vivo

using a surgical femoral intramedullary implantation

model in Sprague Dawley rats. Micro-CT and histology

analyses were carried out to assess bone-implant osseo-

integration and osteo-induction. This study provides a new

insight into the potential application of PAC as an anti-

oxidant defense mechanism on the surface of Ti-based
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implants for enhanced osseo-integration and new bone

formation.

Materials and Methods
Materials
Commercial pure Titanium (Ti; 99% pure) was provided

by Baoji Titanium Industry Co. Ltd. (Baoji, Shaanxi,

China). Polyethylenimine (PEI; 99%), chitosan (CS; dea-

cetylation degree of 80%, and viscosity of 200 mPas) and

proanthocyanidins (PAC) were purchased from Solarbio

Life Sciences (Beijing, China). Hyaluronic acid (HA)

was obtained from Bloomage Biotechnology Co. Ltd.

(Jinan, Shandong, China). Minimum Essential Medium

Eagle with Alpha modification (α-MEM), phosphate-

buffed saline (PBS), fetal bovine serum (FBS), penicillin-

streptomycin, and trypsin were acquired from Thermo

Fisher Scientific (Waltham, MA, USA). Specific primary

antibodies against p53, Bax, Bcl-2, and β-actin were

sourced from Abcam (Cambridge, UK).

Specimen Preparation
Fabrication of the Titanium-PEI Substrate

Ti disks (each with thickness of 0.3 mm and diameter of

14 mm) and Ti rods (each with length of 15 mm and

diameter of 1.5 mm) were polished to a reflective mirror-

like finish. After polishing, all samples were ultrasonically

cleaned with successive washes in acetone, 70% ethanol,

and then finally in sterile deionized water. Washed samples

were dried for 1 hr at 60°C and then immersed in PEI

solution (5 mg/mL in sterile deionized water; pH 9.0) for

20 mins. Following incubation, Ti-PEI substrates were air-

dried at room temperature in a ventilated environment for

4 hrs.

Preparation of Layer-by-Layer (LBL) HA/CS-PAC

Coatings on the Ti-PEI Substrates

Hyaluronic acid (HA) solution (1 mg/mL; pH 2.9) was pre-

pared in sterile deionized water. The Ti-PEI substrates pre-

pared, as described above, were immersed in the HA solution

for 30 mins and then air-dried at room temperature for 4 hrs

(denoted Ti-PEI-HA substrates). Chitosan (CS) solution was

prepared by dissolving 1 g (w/v; or 0.1%) CS in diluted 1%

(v/v) glacial acetic acid with the aid of a magnetic stirrer.

Next, PAC at concentrations of 0.5×10−3 mol/L (PAC-low),

1×10−3 mol/L (PAC-middle), and 2×10−3 mol/L (PAC-high)

were then prepared by dissolving in the CS solution with

constant magnetic stirring. The Ti-PEI-HA substrates were

then immersed in CS solution without or with the indicated

concentrations of PAC for 30 mins and air-dried at room

temperature for 4 hrs. Immersion in HA and CS solution was

repeated for a total of 3 cycles to form a multi-layered HA/

CS-PAC coating (Figure 1) and then stored under sterile

conditions at 4°C until further use. The final substrates Ti-

PEI-HA/CS, Ti-PEI-HA/CS-PAC-L, Ti-PEI-HA/CS-PAC

-M, and Ti-PEI-HA/CS-PAC-H was denoted as HA/CS,

HA/CS-L, HA/CS-M, and HA/CS-H, respectively.

Surface Characterization of Ti Substrates
The typical surface topography and characteristics of Ti, Ti-

PEI, Ti-PEI-HA, HA/CS, HA/CS-L were analyzed by scan-

ning electron microscopy (Hitachi S-4800 SEM, Hitachi

Ltd., Tokyo, Japan). The chemical composition of all Ti

substrates was measured using fourier transform infrared

(FTIR) spectroscopy (Thermo Nicolet NEXUS 470 FTIR,

Thermo Fisher Scientific) in transmission mode scanning

within the range of 400–4000 cm−1. The JPK nanoWizard

II atomic force microscopy system (JPK BioAFM, Berlin,

Germany) was used to characterize the surface roughness of

Ti, HA/CS and HA/CS-L substrates. Wettability was mea-

sured by the deionized water contact angle (wetting angle)

measurement using a Digidrop Contact Angle Meter (GBX,

France). A drop volume of 2 µL was used and drop images

were acquired on a OCA 25 system equipped with digital

camera, and contact angle measurements analyzed using the

systems analysis software (SCA 20 module, Data Physics

Instruments GmbH, Filderstadt, Germany).

In vitro Drug Release Profiles
Standard curves based on known concentrations (0, 0.01,

0.02, 0.039, 0.078, 0.156, 0.3125, 0.625, 1.25, 2.5, and

5 mg/mL) of PAC in PBS were generated using OD read-

ings obtained by ultraviolet-visible double beam spectro-

photometer (Mapada UV6100s, Shanghai Mapada

Instruments Co., Ltd, Shanghai, China). The subsequent

PAC concentration released from the HA/CS substrates

was calculated based on the standard curve. Drug release

profiling experiments were performed at 37°C by immer-

sing the HA/CS-L, HA/CS-M, or HA/CS-H substrates in

PBS (pH 7.4). At the predetermined time-points (per day),

substrates were removed and the PBS solutions were ana-

lyzed by ultraviolet-visible spectrophotometry. The sub-

strates were immersed in fresh PBS and incubated until

the next time-point. Testing period lasted for 14 days. The

percentage of PAC release was calculated by dividing the

accumulated amount of released PAC by the total amount

of PAC released at the end of the experimental period.
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In vitro Cellular and Biochemical Analyses
Cell Culture

H2O2 (30%, w/w) was purchased from Sigma-Aldrich

(St. Louis, MO, USA), and diluted with α-MEM to a final

concentration of 300 μM before use. Mouse pre-osteoblastic

cell line MC3T3-E1 cells were obtained from the ATCC

(Manassas, VA, USA) maintained in α-MEM supplemented

with 10% FBS and 1% penicillin-streptomycin (complete α-
MEM) at 37°C under humidified condition of 5% CO2.

Oxidative stress was induced by treating MC3T3-E1 cells

with 300 μMH2O2. The Ti substrates (Ti, HA/CS, HA/CS-L,

HA/CS-M, and HA/CS-H) were sterilized using a 25 kGy

dose of gamma radiation from cobalt-60 (Wenzhou Gaoke

Fuzhao Co., Zhejiang, China) prior to seeding of cells onto

the substrate surface. MC3T3-E1 cells were seeded onto Ti

substrates at a density of 1×104 cells/well.

Antioxidant Activity of Ti Substrates Using FRAPAssay

The total antioxidant capacity of different Ti substrates was

measured using the ferric reducing antioxidant power

(FRAP) assay kit (Beyotime Institute of Biotechnology,

China).29 Typically, a sample was exposed to 200 μL of

FRAP working solution at 37°C for 5 mins. The absorbance

at 593 nm was then measured on a microplate spectrophot-

ometer (Multiskan FC Microplate Photometer, Thermo

Fisher Scientific). An aqueous solution of FeSO4 in the

range of 0.15–15mM was used for calibration. The antiox-

idant activity of each Ti sample was then calculated based on

the standard curve. Native Ti substrate was used as controls.

Intracellular ROS Measurement

To oxygen radicals scavenging capacity of cells grown on

the Ti substrates were assessed using ROS assay kits based

on either 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (DCFH-

DA) or dihydroethidium (DHE). Briefly, MC3T3-E1 cells

(1×104 cells/cm2) with H2O2 treatment were seeded onto

the various Ti substrates for 24 hrs. Cells were then incu-

bated with DCFH-DA (10 μM) or DHE (5 μM) for 20 mins

in the dark. DCFH-DA or DHE fluorescence was captured

from 4 random fields on a Leica DMI 6000B inverted

fluorescent microscope (Leica Microsystems, Wetzlar,

Germany). The average fluorescence intensity from each

Figure 1 Schematic diagram of sample preparation: the process of fabricating the HA/CS-PAC multilayer coatings on the PEI-primed Ti disk or rod surfaces.

Abbreviations: CS, chitosan; HA, hyaluronic acid; PAC, proanthocyanidins; PEI, polyethyleneimine; Ti, titanium.
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sample was quantitatively determined using ImagePro Plus

6.0 software (Media Cybernetics, Silver Spring, MD, USA).

Three independent repeats were conducted.

Osteogenic Differentiation of MC3TE-E1 Cells on Ti

Substrates in vitro

Osteogenic differentiation of MC3T3-E1 cells seeded onto

Ti substrates was carried out by culturing cells in complete

α-MEM containing 0.1μM dexamethasone, 50μM ascor-

bate acid, and 10mM β-glycerophosphate, for 14 days.

Media were replaced with fresh osteogenic induction

media every 2 days. After 14 days culture, ALP activity

was evaluated using an ALP staining kit (Beyotime

Institute of Biotechnology, Shanghai, China) according to

the manufacturer’s protocol. Stained cells were imaged

under a light microscope.

Cell Proliferation Assay

Cell proliferation was assessed using the CCK-8 Cell

Proliferation Cytotoxicity Assay kit according to the man-

ufacturer’s instructions (Dojindo Molecular Technologies

Inc, Kumamoto, Japan) 14 days after seeding of cells onto

Ti substrates. The absorbance of the CCK8 substrate at

450 nm for each experimental condition was measured

using a microplate spectrophotometer (Multiskan FC

Microplate Photometer, Thermo Fisher Scientific).

Western Blot Analyses

Total cellular proteins were extracted from MC3T3-E1

cells cultured under osteogenic conditions for 14 days

using RIPA lysis buffer supplemented with protease and

phosphatase inhibitors. Protein concentrations were quan-

tified using bicinchoninic acid (BCA) assay according to

the manufacturer’s protocol (Pierce, Rockford, IL, USA).

Protein samples were subsequently denatured by boiling at

95°C for 5 mins and then 30 μg of proteins was resolved

on 10% SDS-PAGE gel. Separated proteins were electro-

blotted onto PVDF membranes overnight at 4°C. After

blocking with 5% skim-milk in TBST (0.1% Tween 20

in Tris-buffered saline) for 1 hr, membranes were incu-

bated with primary antibodies (diluted 1:1000 in 1% skim-

milk in TBST) overnight at 4°C. After extensive washed

with TBST, membranes were incubated with appropriate

horseradish peroxidase-conjugated secondary antibodies

(diluted 1:1000 in 1% skim-milk in TBST) for 1 hr at

room temperature. The immuno-reactivity of protein-

antibody complexes was detected and imaged following

exposure to ECL substrate on a gel image-processing

system.

In vivo Animal Experiments
Ethics Statement and Experimental Animals

All animal procedures conducted in this study were

approved and followed the guidelines of the Institutional

Animal Care and Committee Guide of the Animal

Research Committee of Wenzhou Medical University.

Forty 3-month-old female Sprague Dawley (SD) rats

were maintained in isolator cages (4 rats/cage) under spe-

cific pathogen-free environment with 12 hrs light/dark

cycle at regulated temperatures of 22–24°C and 50–55%

humidity. Standard laboratory rodent chow and water were

provided adlibitum. All animals were acclimatized for 7

days before their participation in experiments.

Femoral Intramedullary Implantation of Ti Substrates

Surgical femoral intramedullary implantation of Ti sub-

strates was carried out on SD rats as previously

described,30 Briefly, rats were anesthetized by intraperi-

toneal injection with pentobarbital sodium (50 mg/kg

body weight), and prepared for surgery by shaving both

hind legs and disinfecting them with 75% alcohol.

A medial incision was made to both hind legs of the

rats, on the lateral side of the knee to expose the knee

joints. A channel of 2 mm in diameter was drilled from

the patellofemoral groove of the distal femur along the

axis of the femoral shaft into the medullary canal.

Sterilized Ti rods coated with HA/CS without or with

different concentrations of PAC was inserted via the

channel into the medullary canal. During implantation of

Ti substrates, the knee joint was lavaged with physiolo-

gical saline to keep the surface of the joint wet and to

rinse out bony debris and dust from the drilling. The joint

was closed with biodegradable sutures and all rats were

housed in an environmentally controlled animal care

laboratory after surgery. No postoperative antibiotic treat-

ment was given and natural movement of the operated

legs was observed after surgery. Rats divided into 4

groups according to the coating on the Ti rods: uncoated

Ti rods (control), Ti rods coated with HA/CS, Ti rods

coated with HA/CS-PAC (HA/CS-L, HA/CS-M, and

HA/CS-H).

Micro-CT Evaluation

Two weeks after implantation of Ti substrates, all rats

were sacrificed and femoral bones resected, cleaned of

soft tissues and then fixed in 4% form aldehyde for

48 hrs at 4°C. The fixed femoral bone samples were

analyzed on a Scanco μCT 100 high-resolution μCT
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scanner (Scanco Medical, Brüttisellen, Switzerland).

Image acquisition was carried out at a voltage of 70 kV,

an electric current of 114 μA, and isotropic voxel resolu-

tion of 10 µm. Multi-level thresholding was applied to

discriminate bone from other tissues or structures, with the

threshold for bone at 205 and threshold for implant at 700.

Three-dimensional (3-D) reconstructions and quantitative

evaluation were conducted using associated software. The

volume of interest (VOI) including the trabecular bone

around the implant was defined as 2 mm below the highest

point of the growth plate to 100 slices distal to the growth

plate. Morphometric parameters of bone volume/tissue

volume ratio (BV/TV), trabecular number (Tb.N, mm−1),

trabecular thickness (Tb.Th, μm), trabecular separation

(Tb.Sp, mm), connectivity density (Conn.D, mm−3) and

bone mineral density (BMD, mg/HA/cm3) were

calculated.

Histological Analysis

Following μCT scanning, all fixed femoral bone tissues

were decalcified in 10% EDTA for 2 months at 4°C. Next,

the Ti implants were removed from the femurs by gently

pushing the implants out along the axis of the femoral

bone. Bone tissues were then dehydrated in graded ethanol

and embedded in paraffin for ultra-thin sectioning.

Longitudinal sections of 5 μm thick were prepared for

H&E and Masson’s trichrome staining. Stained sections

were imaged under light optical microscope equipped with

a digital camera (Eclipse NI-E; Nikon Instruments Inc,

Tokyo, Japan). Bone apposition analysis was performed

using an image analyzer (Image Pro-Plus 6.0; Media

Cybernetics, Silver Spring, MD, USA) to evaluate new

bone formation in defined areas based on H&E staining.

The results were expressed as the area percentage of bone

formation (BF%). The BF% was defined as the area of

newly formed bone divided by the defect area extending

100 µm from the implant surface.29

Statistical Analyses
All data presented in this study are expressed as the mean

± standard deviation (SD) of at least three independent

experiments. Statistical analyses were performed with the

SPSS 18.0 statistics package (IBM Corporation, NY, USA)

and bar graphs were generated using GraphPad Prism 7.0

software (San Diego, CA, USA). Significant differences

among groups were determined using unpaired Student’s

t-test or one-way analysis of variance (ANOVA) with post-

analysis by Tukey’s honest significance test. A p value less

than 0.05 was considered statistically significant.

Results
Surface Characterization of Ti Substrates
The surface topography of the Ti substrates was examined

under SEM. As shown in Figure 2A, the surface of the pure

Ti substrate exhibits a relatively smooth consistent texture

and the assembly of one PEI layer did not change much of

the surface structures at the micrometer scale (Figure 2B).

Similarly, the Ti-PEI-HA substrate (Figure 2C) and the Ti-

PEI-HA with single CS (Figure 2D) exhibited the smooth

surface characteristics comparable to that of pure Ti sub-

strate. On the other hand, the multiple layers of HA/CS

coating on the Ti-PEI substrate (Figure 2E) presented with

the same rough striated surface patterning as Ti-PEI-HA

substrate. Finally, the deposited PAC were observed to be

monodispersed with coarse projection-like characteristics

on the surface of the Ti-PEI-HA/CS substrates

(Figure 2F), indicating the successful generation of the

multi-layered CS-PAC coating onto the Ti-PEI-HA sub-

strate surface.

To further investigate the surface topography in sub-

micrometer scale and analyze the surface roughness, AFM

was also applied. The characterization showed that com-

pared to pure Ti substrate which exhibited a root mean

square (RMS) of 96.5 nm (Figure 2G), the surface contour

of the HA/CS multilayer-coated Ti substrate (HA/CS) was

less rough with a RMS of 50.3 nm (Figure 2H). The HA/

CS-PAC Ti substrate exhibited an even smoother surface

with a RMS of 35.7 nm (Figure 2I). The surface smooth-

ness of the HA/CS-PAC Ti substrate could be attributed to

the intercalation of PAC particles between the multilayers.

These results show that the HA/CS multilayers and PAC

particles were successfully and uniformly deposited onto

the Ti substrates.

To further verify the PAC species were successfully

incorporated into the HA/CS multilayered films, FTIR

spectra analysis was carried out. The FTIR spectrum for

pure Ti (A), Ti-PEI substrate (B), HA/CS substrate (C) and

HA/CS-PAC substrate (D) are shown in Figure 3 and the

main absorbance peaks and their correspondent attribu-

tions are summarized in Table 1. Pure Ti substrates do

not show any noticeable peaks within the absorption range

analyzed (400–4000 cm−1). The weak absorption peak at

3316 cm−1 indicates tertiary amine of the PEI layer. The

broad peaks at 3225 cm−1 and at 1072 cm−1 suggested
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a surface that was rich in hydroxyl groups and saccharide

rings respectively, indicative of the HA/CS coating. The

peak at 1611 cm−1 signified the amino groups in HA/CS

coating. The peak at 1572 cm−1 denoted the existence of

benzene ring of PAC species. The FTIR spectra results

confirmed the successful conjugation of multilayered HA/

CS-PAC coating on Ti-PEI substrates.

The hydrophilicity of implants is an important factor

that affects the adhesion, biological behaviors, and osteo-

conductivity of osteoblasts.31 Water contact angle test was

carried out to measure the hydrophilic properties of the

prepared substrates, including pure Ti, Ti-PEI, HA/CS and

all three HA/CS-PAC (HA/CS-L, HA/CS-M and HA/CS-

H) substrates. As shown in Figure 4, coating of Ti surface

with either PEI or PEI-HA/CS significantly decreased the

water contact angles and increased hydrophilicity as com-

pared to pure Ti substrate. The contact angle of Ti

decreased from 76.7° ± 1.9° to 55.4° ± 0.9° following

the coating of PEI onto the Ti surface. The contact angle

further decreased to 51.4° ± 1.8° when HA/CS was layered

onto the Ti-PEI surface. This further decrease in contact

angle and increase in hydrophilicity could be attributed to

the presence of positive charge amino functional groups of

CS and water absorbable HA molecules. Interestingly, the

coating of PAC onto the surface of Ti-PEI-HA/CS sub-

strates dose-dependently increased the water contact

angles (hence decreased hydrophilicity) of the substrates

when compared to either Ti-PEI or Ti-PEI-HA/CS sub-

strates. The contact angle of HA/CS-L, HA/CS-M and

HA/CS-H was 58.7° ± 1.4°, 63.1° ± 1.6° and 67.1° ±

1.4°, respectively. Despite showing higher water contact

angles than either Ti-PEI or Ti-PEI-HA/CS substrates,

incorporation of PAC still resulted in significantly lower

water contact angle than pure Ti substrates. Thus, the

Figure 2 SEM and AFM images of different surfaces.

Notes: SEM or AFM images of (A&G) Ti; (B) Ti-PEI, Ti after PEI priming; (C) Ti-PEI-HA, Ti-PEI after single HA coating; (D) Ti-PEI-HA-CS, Ti-PEI after HA-CS coating; (E&H)

HA/CS, Ti-PEI coated with multilayer of HA-CS; (F&I) HA/CS-L, Ti-PEI coated with multilayer of HA-CS with PAC-low immobilization. Arrow indicates agglomerated PAC

Abbreviations: CS, chitosan; HA, hyaluronic acid; PAC, proanthocyanidins; PEI, polyethyleneimine; Ti, titanium.
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immobilization of multi-layer HA/CS-PAC onto Ti-PEI

surface improves the hydrophilicity of pure Ti surface

suggesting better cell adhesion effects.

In vitro PAC Release Profile
We next assessed the release behavior of PAC from the HA/

CS-PAC substrates over 14 days. As shown in Figure 5A,

the cumulative release amount of PAC was dependent on

the starting concentration PAC used in the HA/CS-PAC

depositing solution. That is, HA/CS-H exhibited the highest

cumulative release amount of PAC over the 14-day period

and HA/CS-L exhibited the lowest cumulative release

amount, with the release for HA/CS-M substrate being in

between. The release of PAC from the HA/CS-L substrate

was much faster, with 80% of PAC released within the first

5 days (Figure 5B). On the other hand, it took around

10 days for 80% of PAC to be released from either HA/

CS-M or HA/CS-H substrates. Together, these results indi-

cate that the HA/CS-L substrates displayed a faster drug

release profile, while the HA/CS-M and HA/CS-H sub-

strates showed more sustained drug release behavior.

Anti-Oxidative Effects of HA/CS-PAC

Substrates
Ferric reducing antioxidant power (FRAP) assay is a widely

used method to determine the anti-radical activity of anti-

oxidant substrates. This assay is not dependent on the enzy-

matic/non-enzymatic method to generate free radical prior to

evaluation of the anti-radical activity of antioxidants. The

assay measures the reduction of ferric iron (Fe3+) to ferrous

iron (Fe2+) by anti-oxidants present in experimental samples.

Thus, we employed the FRAP assay to analyze the anti-

oxidant activity of the various fabricated Ti substrates using

pure Ti substrate as controls. Anti-oxidant activity was mea-

sured at 7 and 14 days after preparation. As shown in

Figure 6A, a dose-dependent increase in total anti-oxidant

activity of PAC-loadedHA/CS substrates was observed (HA/

CS-L <HA/CS-M<HA/CS-H) when compared with pure Ti

substrate and HA/CS substrate without PAC loading. This

indicates that the PAC component contribute significantly to

the anti-oxidant activity of the HA/CS-PAC substrates. More

importantly, significant anti-oxidant activities were retained

14 days after fabrication, which is an important consideration

for clinical applications.

Figure 3 Surface chemical composition analyses by FTIR.

Notes: FTIR wide scan spectra of (A) Ti; (B) Ti-PEI, Ti after PEI priming; (C) HA/

CS, Ti-PEI coated with multilayer of HA-CS; (D) HA/CS-PAC, Ti-PEI coated with

multilayer of HA-CS with PAC-low immobilization

Abbreviations: CS, chitosan; HA, hyaluronic acid; PAC, proanthocyanidins; PEI,

polyethyleneimine; Ti, titanium.

Table 1 Attribution of the Main Bands of PEI, HA, CS and PAC

Analyzed by FTIR in ATR Mode

Chemical Bonds Wavenumber (cm−1) Corresponding

Chemicals

VN-H 3316 PEI and CS

VO-H 3225 HA, CS and PCA

VC-H 2935, 2875 PEI, HA and CS

VC-O-C ring mode 1072 HA and CS

VC-O
−(-COO−) 1611 HA

Benzene ring 1572 PAC

Abbreviations: CS, chitosan; HA, hyaluronic acid; PAC, proanthocyanidins; PEI,

polyethyleneimine; Ti, titanium.

Figure 4 Contact angles of various samples.

Notes: (A), Ti; (B), Ti-PEI; (C), HA/CS; (D), HA/CS-L; (E), HA/CS-M; (F), HA/CS-
H. Data are expressed as mean±SD (n=3). *A statistical significance compared to

the Ti group (P<0.05). #A statistical significance compared to the Ti-PEI group

(P<0.05).
Abbreviations: CS, chitosan; HA, hyaluronic acid; HA/CS-H, proanthocyanidins-

high dose; HA/CS-L, proanthocyanidins–low dose; HA/CS-M, proanthocyanidins-

middle dose.
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Suppression of Intracellular ROS Levels in

MC3T3-E1 Cells Cultured on HA/

CS-PAC Substrates
The ability of HA/CS-PAC to suppress intracellular ROS

production in cultured MC3T3 cells under H2O2-induced

oxidative stress conditions was examined using DCFH-DA

(Figure 6B and D) and DHE fluorescence-based ROS assays

(Figure 6C and E). Under H2O2-induced oxidative stress,

marked elevations in intracellular ROS were detected in

cells cultured on pure Ti and HA/CS substrates

(Figure 6B-E). However, a dose-dependent decrease in intra-

cellular ROS production was observed when cells were cul-

tured on the PAC-loaded HA/CS substrates. These results

provided further evidence that the HA/CS-PAC multilayered

substrate can effectively inhibit the intracellular ROS pro-

duction in MC3T3 osteoblasts, thus alleviating the detrimen-

tal effects of oxidative injury caused by H2O2 exposure.

In vitro Osteoblast Differentiation of

MC3T3-E1 Cells
We next assessed whether PAC coated HA/CS substrates

impacted osteo-induction in the presence of oxidative stress.

MC3T3-E1 cells were cultured on HA/CS or HA/CS-PAC

substrates under osteogenic condition and in the presence of

H2O2 for 14 days after which ALP activity was evaluated.

Compared to the pure uncoated Ti substrate and HA/CS

substrate without PAC, the ALP activity was enhanced in

the PAC coated HA/CS substrates in particular the HA/CS-M

substrate (Figure 7A and B). Thus collectively, the results

indicated that cells cultured on PAC coated HA/CS substrate

exhibit stronger differentiation potential than cells cultured

on HA/CS substrate alone when in the presence of oxidative

stress. This suggests that PAC exerts potent anti-oxidant

effects against the deleterious consequence of oxidative

stress on osteoblastic precursor cell differentiation.

In vitro MC3T3-E1 Cell Proliferation
The CCK-8 assay is used to assess both cell viability and cell

proliferation. The amount of the formazan dye, generated by

the dehydrogenase reduction of the water soluble CCK8

reagent WST8 in cells, is directly proportional to the number

of living cells and also proportional to cellular proliferation.

As PAC possesses potent anti-oxidative effects, cells were

cultured onto substrates coated with HA/CS without or with

different concentrations of PAC in the presence of H2O2 for

14 days after which cell viability/proliferation was assessed.

As shown in Figure 7C, cells cultured on HA/CS substrates

loaded with medium to high concentrations of PAC exhibited

a higher level of cellular proliferation than cells cultured on

HA/CS alone or on HA/CS with low PAC concentration.

This suggests that cells cultured on substrates with higher

PAC concentration were more protected against the detri-

mental effect of oxidative stress induced by H2O2 and

appears to be beneficial to the proliferation of the cells.

Figure 5 In vitro release profile of HA/CS multilayer surfaces with different concentrations of PAC.

Notes: (A) Cumulative release amount. (B) Cumulative release percentage. Data are expressed as mean ± SD (n=3).

Abbreviations: CS, chitosan; HA, hyaluronic acid; HA/CS-H, proanthocyanidins-high dose; HA/CS-L, proanthocyanidins-low dose; HA/CS-M, proanthocyanidins-middle

dose.
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HA/CS-PAC Substrates Inhibit P53-Induced

Apoptosis in MC3T3-E1 Cells
We next investigated the potential molecular mechanism for

the protective effects of HA/CS-PAC substrates against

H2O2-induced oxidative stress and survival of MC3T3-E1

cells. The p53-mediated signal transduction pathway32

whereby the induction of the pro-apoptotic inducer Bax

and down-regulation of anti-apoptotic effect Bcl-233 have

been shown to be targets of the anti-apoptotic effect of

procyanidins. Thus, we examined the expression of these

proteins in MC3T3-E1 cells cultured on the various HA/CS

substrates and following exposure to H2O2. As shown in

Figure 8A and B, H2O2 treatment significantly induced the

expression of p53 and Bax protein in cells cultured on pure

Ti and HA/CS substrates. Consistent with elevation in p53

and Bax, the expression of Bcl-2 in cells cultured on these

substrates was markedly reduced (Figure 8A and D). On the

other hand, cells cultured on HA/CS-PAC substrates

revealed inhibition of p53 and Bax induction following

H2O2 treatment, whereas the anti-apoptotic Bcl-2 protein

expression was significantly elevated in a dose-dependent

manner (Figure 8A–D). Collectively, these results suggested

that the protective effects of the HA/CS-PAC substrates

against H2O2-induced oxidative stress and cell injury are

in part due to inhibition of p53-Bax-mediated apoptosis.

New Bone Formation and

Osseo-Integration of HA/CS-PAC

Substrates in vivo
The in vivo osteo-inductivity of the HA/CS Ti substrate (in

the form of Ti rods) without or with PAC loading was

evaluated using the rodent femoral intramedullary implan-

tation model. Two weeks after implantation of the sub-

strates, rats were sacrificed, femurs with substrate implants

Figure 6 Antioxidant potential characterization.

Notes: (A) antioxidant activity of different Ti substrates; (B&C) quantitative fluorescence intensity analysis based on images of D&E; (D&E) fluorescence images of

intracellular ROS of osteoblasts grown onto different Ti substrates staining with DCFH-DA and DHE, respectively (Scale bar =100 μm). Data are expressed as mean ± SD

(n=3). *A statistical significance compared to the Ti group (P<0.05). #A statistical significance compared to the HA/CS multilayer group (P<0.05). **p < 0.01

Abbreviations: CS, chitosan; HA, hyaluronic acid; HA/CS-H, proanthocyanidins-high dose; HA/CS-L, proanthocyanidins-low dose; HA/CS-M, proanthocyanidins-middle

dose; NS, no significance.
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were subjected to μCT analysis (Figure 9). Compared to

the uncoated pure Ti group and HA/CS without PAC

group, the peri–implant bone volume was significantly

higher in the PAC coated HA/CS groups, particularly in

the HA/CS-H group (Figure 9A). Quantitative morpho-

metric analyses of peri–implant bone mineral density

(BMD), bone volume fraction (BV/TV) and associated

trabecular bone parameters including trabecular number

(Tb.N), trabecular spacing (Tb.Sp), trabecular thickness

(Tb.Th), and connectivity density (Conn.D) confirmed

the elevated new bone formation of the HA/CS-PAC sub-

strates with HA/CS-H showing the most potent osteo-

inductive effect (Figure 9B–G).

Histological assessments were then carried out to further

examine the level of peri–implant new bone formation.

After careful extraction of the Ti rods from femoral bone,

the bone tissues were decalcified and processed for H&E

and Masson’s trichrome staining. As expected varying

degrees of new bone formation were observed as shown

in Figure 9. In the uncoated Ti substrate control group, non-

mineralized fibrous tissues were observed surrounding the

uncoated Ti implants, with no apparent new bone formation

directly adjacent to the implant surface (Figure 10A, B, E,

and F). In contrast, the HA/CS loaded with PAC showed

abundant new trabecular bone and osteoid formation

directly adjacent to the substrate consistent with the μCT

findings. Additionally, numerous osteoblasts were observed

to line the apparent newly formed bone (Figure 10C, D, G,

and H). The BF% of the PAC group was significantly

higher than that of the Ti group after 2 weeks of implanta-

tion (Figure 8I). BF% was 36.4%±3.8% in the PAC group,

higher than 27.2%±1.3% in the Ti group (P<0.05). The

Figure 7 In vitro ALP activity and osteogenic proliferation of MC3T3-E1 cells cultured on different surfaces.

Notes: (A&B) The ALP activity (40x); (C) The CCK-8 assay. Data are expressed as mean ± SD (n=3). *A statistical significance compared to the Ti group (P<0.05).
#A statistical significance compared to the HA/CS multilayer group (P<0.05).
Abbreviations: CCK-8, cell counting kit-8; ALP, alkaline phosphatase; CS, chitosan; HA, hyaluronic acid; HA/CS-H, proanthocyanidins-high dose; HA/CS-L, proanthocya-

nidins-low dose; HA/CS-M, proanthocyanidins-middle dose.
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bone formation around the native bone in the PAC-loaded

group was much more evident than that around the implant

in the Ti group. These results indicate that the implants

coated with PAC had a faster regeneration rate than the

blank Ti implant.

Discussion
The cause of aseptic loosening is not well understood but one

prominent and well-accepted theory suggests that metal

wear-debris particles arising from the articulating surfaces

at the implant-bone interfaces lead to an inflammatory

response in the bone tissue near and around the prosthesis

that culminates in bone loss and loosening of the implant.32,33

However, recent work has shown that the electrochemical

oxidation and reduction processes that occur at metallic

implant surfaces (Ti-based biomaterials and implants

included) have a profound effect on the local surrounding

tissues and the downstream inflammatory response and oxi-

dative stress reactions is the major cause of failure of the

implants.7,8,34 Reactive oxygen species (ROS) including

highly reactive superoxide anion (O2•−) and hydrogen per-

oxide (H2O2), are normal metabolic byproducts that play

important roles in the inflammatory response serving as

both signaling and effector molecules,10 and cause osteoblast

apoptosis.35 Reactive oxygen intermediates produced at

implant-bone interfaces serve as strong chemoattractants

for the recruitment of immune cells leading to surrounding

tissue damage and fibrosis, whilst ROS produced by immune

cells can directly lead to the corrosion of the implants further

aggravating aseptic loosening.9,11

Figure 8 PAC inhibit p53 pathway in the H2O2-induced apoptosis.

Notes: (A): Western blot analysis of p53, Bax, and Bcl-2 in MC3T3-E1 cells post-treatment of H2O2 and PAC; (B, C & D): Percentage of p53, Bax, Bcl-2 in MC3T3-E1 cells

post-treatment of H2O2 and PAC; Data are expressed as mean ± SD (n=3). *A statistical significance compared to the Ti group (P<0.05). #A statistical significance compared

to the HA/CS multilayer group (P<0.05).
Abbreviations: CS, chitosan; HA, hyaluronic acid; HA/CS-H, proanthocyanidins-high dose; HA/CS-L, proanthocyanidins-low dose; HA/CS-M, proanthocyanidins-middle

dose.
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To reduce the deleterious effects of oxidative stress on

surrounding tissues and cells, improve osteo-conductivity,

osteo-inductivity and overall osteo-integration for the exten-

sion of implant lifespan, various coating strategies to supple-

ment the function of current Ti implants have been extensively

investigated.36–38 In this study, we utilized a layer-by-layer

(LBL) coating method for the surface modification of pure Ti

substrates with several promising biomaterials including poly-

ethylenimine polymers (PEI), hyaluronic acid (HA), chitosan

(CS), and proanthocyanidins (PAC), and investigated their

osteo-inductivity potential in vitro and in vivo. The LBL

electrostatic deposition methodology allows multi-layered

coating of biomaterials, by the deposition of different bioma-

terial on a substrate of subsequent layers.

PEI was chosen as the base layer for coating the Ti substrate

surface in preparation of LBL deposition due to its cationic

nature, inherent high binding forces, and efficient carrier for

drug delivery.39 Additionally, PEI has shown potent and broad-

spectrum antibacterial features an important consideration for

warding off implant-related infections and prolonging the effec-

tive life of the prosthetic implants. To this layer of PEI, we

deposited several bilayers of HA/CS with or without PAC

loading. HA is a polyanionic polysaccharide that provides

excellent lubricity, anti-bacterial effects, and ability to initiate

early- and long-range engagement between cells and substrates.

HA also demonstrates high hydration capacity that leads to

coatings with high surface energy.40–42 Chitosan is

a polycationic polysaccharide that possesses potent anti-

bacterial properties and osteoblast bone formation enhancing

effects thus, of particular importance to improve osteo-

integration of the coated Ti substrates.43–45 Furthermore, it has

been shown that HA/CS coatings increase surface ionic nature

Figure 9 Micro-CT reconstructed and quantitative analysis of distal femur at 2 weeks after implantation.

Notes: (A) 3-D image of distal femur bone structure in both Ti rats and different concentration PAC-loaded of Ti rats. (B) Quantify analysis of bone volume per total

volume (BV/TV), (C) trabecular number (Tb.N), (D) mean trabecular separation (Tb.Sp), (E) trabecular thickness (Tb.Th), (F) mean connective density (Conn.D), and (G)

bone mineral density (BMD) for each group at 2 weeks. Data are expressed as mean ± SD (n=3), *A statistical significance compared to the Ti group (P<0.05). #A statistical

significance compared to the HA/CS multilayer group (P<0.05).
Abbreviations: HA/CS-H, proanthocyanidins-high dose; HA/CS-L, proanthocyanidins-low dose; HA/CS-M, proanthocyanidins-middle dose.
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and hydrophilicity for enhanced cell adhesion and osteoblast

differentiation.46 PAC are a group of naturally occurring poly-

phenolic bioflavonoids and possess potent anti-oxidant

effects.14,15 More importantly, owing to its anti-oxidant effects,

PAC have shown to be protective against osteoporosis by

stimulating osteoblast bone formation and regulating osteoclast

bone resorption, as well as alleviating bone destruction in

inflammatory autoimmune arthritis.20 The incorporation of

PAC onto the HA/CS layers was achieved via the electrostatic

interaction between the reactive negative hydroxyl radical of

PAC with the positive amine groups of CS leading to the

encapsulation of PAC in the micro-interspaces of 3D HA/CS

network.47

Consistent with these biological effects, the functio-

nalization of the above biomaterials as a multi-layered

coating on Ti substrates providing promising results.

Not only were the fabricated Ti substrates well tolerated

by MC3T3-E1 pre-osteoblastic cells, loading of PAC

onto the HA/CS multi-layer significantly enhanced the

proliferation and osteogenic differentiation of MC3T3-

E1 pre-osteoblastic cells even under conditions of H2O2-

induced oxidative stress in vitro. We believe this effect

is attributed to two favourable properties of our functio-

nalized Ti substrate. Firstly, the incorporation of both

HA and CS (both of which are hydrophilic substrates)

onto the Ti substrate significantly increased the hydro-

philicity (decreased water contact angle) of the Ti sub-

strate surface. High hydrophilicity of substrates has been

shown to be a desirable trait for cell adhesion by

increasing the contact area between substrate surface

Figure 10 Histological analysis of the decalcification samples around Ti (A, B, E, F) and PAC-loaded (C, D, G, H) implants.

Notes: (A-D) H&E staining; (E-H) Masson staining; (I) BF %. B, D, F and H depict zoomed areas of black box in A, C, E and G, respectively. Bars indicate 50 µm (A,C, E,G) and 20

µm (B, D, F, H). The black arrow denotes new bone formation; white arrow denotes osteoblast cell. Histological morphology analyses based on H&E staining after 2 weeks

implantation was expressed as was BF % and shown in (I). Data are expressed as mean ± SD (n=3), *A statistical significance compared to the Ti group (P<0.05).
Abbreviations: PAC, proanthocyanidins; Ti, titanium; BF%, bone formation percent.
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and the cell, and to promote osteo-conductivity.31,48,49

Although PAC incorporation reduced hydrophilicity

compared to HA/CS substrates alone, the contact surface

was still markedly more hydrophilic than uncoated pure

Ti substrates. Secondly, the controlled and sustained

release of PAC from the HA/CS substrates will have

provided the necessary means for the cells to combat the

deleterious effects of H2O2-induced oxidative stress.

HA/CS multi-layer has been shown to exhibit high load-

ing capacity allowing the controlled release of incorpo-

rated agents to achieve a long-term effect.50 The release

of PAC from a multi-layered HA/CS system can occur

by the diffusion through the layers and/or by the degra-

dation of the weakly attached surface layers. Sustained

PAC release was measured for up to 14 days which we

believe was sufficient in conveying protection against

generated ROS species, improving cellular survival, and

osteogenic potential. The Western blotting results sug-

gested that HA/CS-PAC surface could attenuate the

ROS-induced down-regulation of anti-apoptotic related

protein contents, and overproduction of pro-apoptotic

critical executioners.

These favourable in vitro outcomes also translated to

promising in vivo results. Previous reports have suggested

that the formation of new bone is most active in the early

post-operative stage.51 Thus for our in vivo model, we

selected two weeks postoperatively as the time-point for

evaluation of the various Ti substrates on bone remodeling.

Micro-CTanalysis of femoral bone tissues following femoral

intramedullary implantation model showed that Ti substrates

multi-layered with HA/CS and PAC significantly improved

osteo-integration with enhanced bone volume around the

implant. Similarly, histological examination provided clear

evidence for new bone formation around implant-bone inter-

face with significant reduction in inflammatory response and

tissue fibrosis was also noted when compared to uncoated

pure Ti substrates. The sustained released of PAC from the

multi-layered HA/CS substrate would have no doubt con-

tributed favorably against potential ROS-induced inflamma-

tory response following surgery. The p53 signaling

pathway52,53 and the subsequent downstream induction of

the pro-apoptotic protein Bax54,55 are widely known for its

role in H2O2-induced apoptosis. In this study, we showed that

cells cultured on HA/CS-PAC substrates were protected

against the deleterious effects of H2O2 at least in part due

to the suppression of the p53-Bax-mediated apoptotic pro-

gram. We believe that such effect is likely attributed to the

anti-oxidant, anti–inflammatory and osteogenic properties of

the multi-layered HA/CS-PAC coating. Both PAC and chit-

osan have been suggested to alter multiple signaling path-

ways involved in osteogenesis and inflammation including

BMP2/RUNX2, and Wnt/β-catenin, MAPK, NF-kB, and

PI3K/Akt signaling pathways.56,57 However, more in-depth

analysis of these pathways will need to be conducted to

delineate the underlying molecular mechanism responsible

for the effects seen in our study.

Conclusion
The electrochemical redox processes that occur at metallic

implant surfaces can exacerbate local inflammatory response

and local tissue destruction leading to failure of the implants.

Our study has provided evidence for the effective use of the

LBL assembly for the multi-layering of HA/CS-PAC coating

onto Ti or Ti-based surfaces for the enhancement of implant

osseo-integration, promoting osteogenesis and local bone for-

mation around the implant by mitigating ROS-mediated

inflammatory response and p53-Bax-mediated apoptosis, so

as to prolong the stability and lifespan of the implant. This

study provides new insights for future applications in the field

of joint arthroplasty. Future research is needed to further

determine the optimal drug concentration on the surface of

the implant and to determine the underlying molecular

mechanism responsible for the osteogenic and anti–inflamma-

tory effects.
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