
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
2:

17
:2

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Mussel-inspired
aDepartment of Orthopaedic Surgery, The

Institute, Soochow University (South Cam

Suzhou, Jiangsu 215006, China. E-mail:

edu.cn; Fax: +86-512-6778-1163; Tel: +86-5
bCollege of Chemical Engineering, Nanjing

Nanjing 210094, Jiangsu, China. E-mail:

025 84315514
cDepartment of Materials Science and En

Angeles, CA, USA
dChina Orthopaedic Regenerative Medicine

China

† These authors contributed equally to th

Cite this: RSC Adv., 2017, 7, 51593

Received 13th September 2017
Accepted 16th October 2017

DOI: 10.1039/c7ra10203h

rsc.li/rsc-advances

This journal is © The Royal Society of C
deposition of copper on titanium
for bacterial inhibition and enhanced
osseointegration in a periprosthetic infection
model

Lei Wang,†a Xing Yang,†a Weiwei Cao,b Chen Shi,c Pinghui Zhou,a Qiang Li,b

Fengxuan Han,a Junying Sun,*a Xiaodong Xing*b and Bin Li *ad

Periprosthetic infection represents one of the most devastating complications in orthopedic surgeries.

Implants that have both anti-bacterial and bone-forming capability and may function to simultaneously

clear infection and repair bone defect, therefore, are highly desirable. In this study, titanium (Ti)

substrates were fabricated deposited with different amounts of copper (Cu) using polydopamine (PDA)-

based chemical modification technology. In vitro, Ti implants that were treated with PDA and deposited

with Cu (Ti-PDA-Cu) showed excellent antibacterial performance against both S. aureus and E. coli

compared with pristine Ti. They also markedly promoted adhesion and spreading of MC3T3-E1 cells,

implying good biocompatibility of such Ti-PDA-Cu materials. In vivo, results from an animal model of

implant-related osteomyelitis clearly demonstrated that Ti-PDA-Cu implants not only effectively

inhibited bacterial infection, but also promoted osseointegration at the bone/implant interface. Taken

together, these findings show that Ti-PDA-Cu possesses outstanding biocompatibility and antibacterial

activity, and are candidate materials for preventing periprosthetic infection.
1. Introduction

Titanium (Ti) and its alloys are widely used as orthopedic
implant materials because of their superior properties
including high corrosion resistance, considerable mechanical
strength, and outstanding biocompatibility.1,2 However,
implant-associated infections oen accompany common
orthopedic surgeries such as internal xation of fractures or
total joint arthroplasty.3–5 Bacterial infection and colonization
on implant surfaces and subsequent biolm formation are
considered to be the main causes of serious complications.6

Once biolms have formed on implant surfaces, it becomes
difficult to eradicate the adhered bacteria as they have reduced
sensitivity toward immune responses and systemic antibiotic
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therapies.7 Prolonged infection and inammation reaction
(osteomyelitis) can also lead to bone destruction (osteolysis)
around the implants, which impairs implant osseointegration
and may result in loss of implant stability.8,9 Consequently,
implant removal and/or repeated surgeries are oen inevitable,
resulting in extended hospitalization with a heavy socioeco-
nomic burden.10,11 Therefore, design of implant surfaces that
can effectively clear bacterial infection and promote osseointe-
gration is highly desirable (Scheme 1).

Recently, copper (Cu) and its ionic compositions have
attracted attention because of their excellent antibacterial
Scheme 1 Schematic of preparation of Ti-PDA-Cu substrate for
bacterial inhibition.
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properties and superior biological activity. Cu possesses a broad
spectrum against microorganisms such as S. aureus, E. coli, S.
enterica, C. jejuni, and M. tuberculosis.12–15 Appropriate doses of
Cu have also been shown to promote various regenerative
processes such as angiogenesis and osteogenesis.15,16 Burghardt
et al. revealed the dual functions of Cu ions, which promoted
bone regeneration at lower concentration and prohibited
bacterial infections at higher concentration.17 Compared with
ions such as Ag+, Zn2+, Co2+, Al3+, and Hg2+, Cu2+ delivered the
best compromise between antibacterial effectiveness and cyto-
toxicity.18 As a result, Cu is considered an effective antibacterial
component for incorporation within various biomaterials.19–22

For example, Wu et al. found that Cu-containing mesoporous
bioactive glass scaffolds showed angiogenic, osteo-stimulating
and antibacterial activities, which facilitated bone defect
repair.15 Li et al. found that biodegradable Mg–Cu alloy
implants inhibited expression of biolm-associated and
antibiotic-resistant genes, and suppressed formation of bio-
lm.23 Therefore, Cu may be a useful supplement to endow
implants both anti-microbial and regenerative capability.
However, while it has been proven that Cu can promote bone
regeneration at lower concentration and inhibit bacterial
infection at higher concentration in vitro,17 its possible simul-
taneous antibacterial activity and bone repair capacity requires
further investigation in vivo using an infection animal model.

To date, a variety of approaches for surface modication of
metal implants, including plasma spraying,24,25 direct ion
implantation,26 magnetron sputtering,27 plasma immersion ion
implantation,28,29 oxidation,30 and covalent bonding,31,32 have
been developed to achieve enhanced biological activities.
However, most of these approaches require special equipment
or complicated procedures. In contrast, polydopamine (PDA)
coating, inspired by the adhesive protein of marine mussels, has
been explored as a versatile technique for surface functionali-
zation of materials.33,34 Under dened conditions, dopamine can
undergo oxidative self-polymerization, creating a thin polymer-
ized coating layer via covalent and non-covalent bonding on
a wide range of materials, including metals, polymers, oxides,
semiconductors and ceramics, regardless of their chemical and
physical properties.35 PDA coatings have been shown to promote
cell adhesion, spreading, proliferation, and even mineraliza-
tion.36,37 Moreover, PDA can participate in reduction reactions
with noblemetal ions under basic conditions.38 For example, Lee
et al. found that PDA coating had sufficient reduction capacity in
solution and required no other reducing agents for reduction of
silver (Ag) ions.39 Recently, Wu et al. showed that PDA/Ag
nanocomposite particles have excellent biocompatibility and
robust antibacterial capability, making them promising anti-
bacterial materials for future biomedical applications.40 Many
studies have shown that PDA can be used to successfully
immobilize metal ions (e.g. Ti4+, Fe3+, Cu2+).41,42 These studies
have highlighted the advantages of PDA-based chemical modi-
cation technology, including ease-of-use, versatility, and high
stability under physiological conditions.

The present study aimed to prepare Cu-functionalized Ti
substrates using PDA coating technology to achieve both anti-
microbial and osseointegration properties under simulated
51594 | RSC Adv., 2017, 7, 51593–51604
periprosthetic infection conditions. Various PDA-coated Ti
substrates were prepared functionalized with different amounts
of Cu, and in vitro studies were conducted to examine the
antibacterial activity and biocompatibility of these materials. In
vivo, their antibacterial and osseointegration performance in
the presence of S. aureus was evaluated using a model of
implant-related osteomyelitis in the tibia of rats. Many previous
studies have focused on the interaction between S. aureus and
osteoblasts, with the interplay between S. aureus and osteoclasts
being much less explored. Therefore, this study also considered
the direct effect of S. aureus on osteoclast activity in vivo.

2. Materials and methods
2.1 Sample preparation

Ti disks (99.6% purity) with diameters of 5.8 and 13 mm, and
thickness of 1 mm were used in this study. For in vivo experi-
ments, pure Ti rods of 10 mm length and 1.2 mm diameter were
used. These materials were supplied by Tianjin Zhengtian
Medical Device Company (Tianjin, China). Prior to PDA coating,
Ti disks and rods were rst ultrasonically cleaned stepwise using
acetone, ethanol, and deionized water. Then the cleaned disks
and rods were air-dried and stored in a desiccator to avoid
contamination. Dopamine solutions were prepared by dissolv-
ing dopamine (Sigma, MO) at a concentration of 2 mg mL�1 in
10 mM Tris–HCl buffer solutions (pH ¼ 8.5). The Ti disks and
rods were then soaked in the dopamine solution overnight for
PDA coating. The PDA-coated Ti substrates (Ti-PDA) were
collected and ultrasonically cleaned using deionized water and
air-dried at room temperature. Cu ions were immobilized in PDA
coating via the soaking method. CuCl2 (Adama Reagent Co. Ltd.
Shanghai, China) was mixed with deionized water to prepare
solutions with different Cu concentration of 0.02 mmol L�1,
0.1 mmol L�1 and 0.5 mmol L�1. Then the Ti-PDA samples were
immersed in the different Cu solutions for 1 h to anchor Cu onto
the surface, with the products named as Ti-PDA-Cu 0.02, Ti-PDA-
Cu 0.1, and Ti-PDA-Cu 0.5, respectively. Pure Ti was used as
a control group. The samples were then ultrasonically cleaned
using deionized water and air-dried. All the samples were ster-
ilized by irradiation before further experiments.

2.2 Surface characterizations

Scanning electron microscopy (SEM, S-3400, Hitachi, Tokyo,
Japan) was used to study the surface morphology of the
samples. The surface chemistry of the samples was examined
qualitatively using X-ray photoelectron spectroscopy (XPS, PHI
5802, Physical Electronics, London, UK). The Cu, N, C, O, and Ti
proles were acquired by XPS in conjunction with argon ion
bombardment at a sputtering rate of about 4 nmmin�1. Surface
wettability was assessed using a tensiometer (Kruss, Germany).
Distilled water was used as the media and three replicates were
performed on each specimen for statistical accountability.

2.3 Release of Cu ions

The Ti-PDA-Cu 0.02, Ti-PDA-Cu 0.1, and Ti-PDA-Cu 0.5 samples
were immersed in 3.5 mL phosphate buffer saline (PBS,
This journal is © The Royal Society of Chemistry 2017
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Hyclone, Utah, USA) solution at 37 �C for 7 days. The released
amount of Cu2+ ions from different Ti-PDA-Cu samples was
measured at 1, 2, 4, 8, 12 hours and from 1 to 7 days using an
Ultraviolet Spectrophotometer (TU-1900, Persee, Beijing,
China). At each time point, 3 mL of immersion solution was
taken out for analysis and the solution was lled up with the
same volume of PBS. The cumulative release amount of Cu ions
was calculated as the sum of released Cu ions from each sample
within different immersion time intervals. Three replicates were
used for each group.

2.4 Cell culture

MC3T3-E1 mouse preosteoblasts (CRL-2594, subclone 14,
ATCC) were cultured in a-minimum essential medium (a-MEM,
Gibco, Grand Island, New York, USA) supplemented with 10%
fetal bovine serum (Gibco) and 1% penicillin/streptomycin at
37 �C in a 5% CO2 environment. Themedia were refreshed every
3 days. When cells reached conuence, a trypsin–EDTA solution
(0.5 g L�1 trypsin and 0.2 g L�1 EDTA, Gibco) was used to detach
cells from the bottom of the culture asks, and one-third of the
total cells were transferred into a new tissue culture ask. Cells
were then seeded onto the different experimental substrates.
Disks of diameter 5.8 mm were placed on 96-well polystyrene
plates with an initial density of 1 � 104 cells per well. The
13 mm disks were placed on 24-well polystyrene plates at
a concentration of 2 � 104 cells per well.

2.5 Cell morphology observation

MC3TE-E1 cells were cultured on the surfaces of disks of
diameter 5.8 mm for 24 h. Aer washing with PBS, the samples
were xed in 2.5% glutaraldehyde (Sigma, St. Louis, MO, USA)
in PBS for 1 h and then rinsed three times with PBS for 10 min.
Aer that, the cells were dehydrated in a graded series of
ethanol concentrations (30%, 50%, 70%, 90% and 100%) for
30 min each and le in 100% ethanol. The samples were dried
using a Critical Point Dryer (CPD030, Leica, Wetzlar, Germany)
and sputter-coated gold using an Ion Sputter (SC7620, Quorum
Technologies, Lewes, UK) prior to SEM examination. The
morphology of cells on surface of disks was observed by SEM
(SEM, S-3400, Hitachi, Tokyo, Japan).

2.6 Cytoskeletal observation

Each material was incubated with 2 � 104 cells for 24 h. The
cells were xed with 4% paraformaldehyde in PBS for 15 min at
room temperature. The cells were then washed twice using PBS
and permeabilized with 0.2% Triton X-100. Aer that, they were
incubated with FITC-labeled phalloidin (5 mg mL�1 in PBS)
containing 1% BSA for 1 h at room temperature. The cell nuclei
were then stained with DAPI. Finally, cell morphology and
cytoskeletal arrangement were observed using an EVOS uo-
rescence microscope (AMG, Thornwood, NY, USA).

2.7 Cell viability assays

CCK-8 cell viability assay was conducted according to the
manufacturer's protocol (CCK-8, Dojindo Laboratories, Tokyo,
This journal is © The Royal Society of Chemistry 2017
Japan). In brief, 100 mL cell suspension with a cell concentration
of 1 � 104 mL�1 was pipetted into a 96-well plate and cultivated
at 37 �C with 5% CO2 in air for 1, 3, 5, 7 days, respectively. At
predetermined time points, the samples were washed three
times with PBS to remove non-viable cells. Then 10 mL CCK-8
reagent was added to each sample and incubated at 37 �C for
2 h. Aer that, the yellow supernatant was pipetted into
a microplate and the absorbance was measured at 450 nm using
a microplate reader. Three duplicates were used for each
sample. The cell viability was expressed by relative growth rate
(RGR), which was calculated as follows.

RGR ¼ (ODsample/ODblank) � 100%

where ODsample is the optical density of the Ti, Ti-PDA, Ti-PDA-
Cu samples and ODblank is the optical density of blank control
sample (a-MEM medium). A material with cytotoxicity of Grade
0 or Grade 1, i.e., RGR of 90–100% and 75–90%, respectively, has
no toxicity to cells and can be considered as biocompatible.

2.8 In vitro antibacterial tests

The antibacterial property of samples was investigated by
a bacteria counting method using both S. aureus and E. coli. The
samples were rst sterilized in 75% ethanol for 2 h and rinsed
three times with sterile PBS. Then solutions of bacteria at
a concentration of 106 CFU mL�1 were dripped onto the
surfaces at a density of 100 mL cm�2. Aer 24 h of incubation at
37 �C, the dissociated bacteria were collected and inoculated
onto a standard agar culture plate for 24 h. The antibacterial
rate was determined as follows.

Antibacterial rate (%) ¼ (CFU of control � CFU of experimental

group)/CFU of control � 100%

where pristine Ti sample served as the control and Ti-PDA, Ti-
PDA-Cu 0.02, Ti-PDA-Cu 0.1, and Ti-PDA-Cu 0.5 samples
constituted the experimental groups.

2.9 Animal studies

Forty male SD rats (from Soochow University Animal Center)
weighing from 300 to 350 g were used for in vivo assays. All SD
rats were randomly divided into ve groups (of eight) as follows;
Ti, Ti-PDA, Ti-PDA-Cu 0.02, Ti-PDA-Cu 0.1, and Ti-PDA-Cu 0.5.
The operation was conducted under general anesthesia induced
intraperitoneally with 4% chloral hydrate (0.9 mL/100 g). The
metaphysis of le tibiae was chosen as the surgical site. The
operating eld was shaved and sterilized with betadine scrubs.
A skin incision was made over the tibial tuberosity. A longitu-
dinal incision was made at the proximal tibial metaphysis of the
tibia. To access the tibial medullary cavity, a hole was drilled
using a circular drill (1.2 mm diameter) to make a channel from
the proximal tibial metaphysis into the medullary canal. For
bacterial inoculation, 20 mL of S. aureus suspension at
a concentration of 104 CFU mL�1 was injected into the medul-
lary cavity with a microsyringe. Following inoculation, sterile Ti
rods (1.2 mm in diameter and 10 mm in length) were inserted
into the medullary cavity until they were beneath the growth
RSC Adv., 2017, 7, 51593–51604 | 51595
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plate. Incisions were closed by interrupted sutures with 4-
0 nylon. Aer surgery, the rats were housed in ventilated rooms
and allowed to eat and drink ad libitum. This study was per-
formed in strict accordance with the NIH guidelines for the care
and use of laboratory animals (NIH Publication no. 85-23 Rev.
1985) and was approved by the Institutional Animal Care and
Use Committee of Soochow University (Suzhou, China).

2.10 Micro-CT evaluation

To investigate the newly formed bone at 4 weeks aer surgery,
the rods were scanned using high-resolution micro-computed
tomography (micro-CT; Skyscan 1176, Skyscan, Belgium).
Scanning was performed at 65 kV using the Al 1 mm lter with
a resolution of 18 mm. The three dimensional (3D) high-
resolution reconstructed images were obtained by the so-
ware provided by the manufacturer. The relevant data were
obtained by analyzing the bone formation at a range of 1.4 mm
around the rods.

2.11 Histological analysis and immunohistochemistry

All animals were euthanized by overdose of chloral hydrate at
2 and 4 weeks post surgery. Eight le tibiae of each group were
removed and separated from the so tissue, and xed in 4%
paraformaldehyde for 48 h. Then the proximal tibias were
decalcied in ethylenediaminetetraacetic acid (EDTA) for 28
days. Aer that, all the Ti-rods were carefully pulled out without
destroying the newly formed bone tissue, and the samples were
dehydrated with graded ethanol and embedded in paraffin.
Transverse sections were cut into sections (5 um thick) and then
stained with hematoxylin-eosin (H&E), Masson's Trichrome
staining. Osteoclasts were identied using a tartrate-resistant
acid phosphatase (TRAP) staining kit (Sigma, St. Louis, MO,
USA). The S. aureus was visualized using diaminobenzidine
(DAB) staining of murine monoclonal antibody (ab37644;
Abcam plc, Cambridge, UK) as previously reported.43 Each
section was examined using a Nikon 80i light microscope
(Nikon Instruments, Melville, NY).

2.12 Statistical analysis

All in vitro experiments were performed in triplicate and the
data are given as mean� standard deviation. Statistical analysis
was performed using one-way analysis of variance (ANOVA) and
Student t-test where appropriate using Graphpad Prism so-
ware. A difference of p < 0.05 was considered to be statistically
signicant.

3. Results
3.1 Surface characterizations of Ti-PDA-Cu substrates

The surface morphology of samples was examined using SEM.
There was no apparent difference among the surfaces of Ti, Ti-
PDA, and Ti-PDA-Cu samples, meaning that coating with PDA
and deposition of Cu did not markedly change the surface
topography of the Ti samples (Fig. 1). The feature peaks of Ti, O,
and C elements can be seen clearly in the XPS spectra of all the
coated samples (Fig. 2). The C signal on pristine Ti sample was
51596 | RSC Adv., 2017, 7, 51593–51604
attributed to surface contamination. The presence of the peaks
of N and Cu indicates successful coating of PDA and deposition
of Cu on Ti. The content of Cu was estimated to be about 4.28%,
6.01%, and 8.47% for Ti-PDA-Cu 0.02, Ti-PDA-Cu 0.1 and Ti-
PDA-Cu 0.5 samples, respectively. To examine the wettability
of samples, the water contact angles were measured (Fig. 3).
Compared with Ti (80� 6.76�), Ti-PDA, Ti-PDA-Cu 0.02, Ti-PDA-
Cu 0.5, and Ti-PDA-Cu 0.1 samples all showed higher hydro-
philicity, with contact angles of 45 � 2.81�, 49 � 4.38�, 54 �
4.38� and 60 � 5.45�, respectively.

3.2 Release of Cu ions from Ti-PDA-Cu substrates

To study release of Cu ions from the different Ti-PDA-Cu
samples, they were immersed in PBS for 7 days and the
concentration of released Cu2+ ions was periodically monitored
(Fig. 4). Aer the initial 24 h, Ti-PDA-Cu 0.02, Ti-PDA-Cu 0.1 and
Ti-PDA-Cu 0.5 samples released 0.16 � 0.01, 0.45 � 0.01 and
0.84 � 0.02 mmol L�1 of Cu2+ ions, respectively. Rapid Cu2+ ion
release occurred at day 1. Aer that, release of Cu2+ ions grad-
ually slowed. Compared with Ti-PDA-Cu 0.02 and Ti-PDA-Cu 0.1
samples, Ti-PDA-Cu 0.5 released many more Cu2+ ions at all
periods of time. Aer immersion for 7 days, the released Cu2+

ions from Ti-PDA-Cu 0.5 were signicantly higher than those of
Ti-PDA-Cu 0.02 and Ti-PDA-Cu 0.1. The total amount of Cu2+

ions released in 7 days were 0.32 � 0.01, 0.65 � 0.01, and 1.17 �
0.04 mmol L�1 for the substrates of Ti-PDA-Cu 0.02, Ti-PDA-Cu
0.1 and Ti-PDA-Cu 0.5, respectively.

3.3 Cell morphology and cytoskeletal structures

When cultured on Ti, Ti-PDA, and different Ti-PDA-Cu samples
for 24 h, MC3T3-E1 pre-osteoblastic cells display different
morphology (Fig. 5). The cells showed relatively round shape
when cultured on Ti. However, they exhibited a much atter
shape on the surfaces of Ti-PDA and Ti-PDA-Cu samples with
different Cu contents, which could be attributed to enhanced
biocompatibility from the PDA coating. Further, the cytoskeletal
structures of MC3T3-E1 cells cultured on different samples were
examined using uorescence microscopy (Fig. 6). Cells adhered
well on these samples, as indicated by the well-spreading cyto-
plasm and development of numerous lamellipodia and lopo-
dia processes. The cells cultured on Ti substrates were not fully
spread and showed relatively round morphology which seemed
to lack microlaments. However, on Ti-PDA and different Ti-
PDA-Cu substrates the cells exhibited much attened and
irregular morphology, implying stronger cell adhesion on the
samples. The actin laments seemed to be better developed
within the cells on Ti-PDA and Ti-PDA-Cu substrates than in
those on Ti substrates.

3.4 Cell proliferation

The proliferation of MC3T3-E1 cells on Ti, Ti-PDA and different
Ti-PDA-Cu substrates was studied using CCK-8 assays. The
results clearly show that the number of cells steadily increased
within 7 days of culture for all ve groups (Fig. 7A). At day 1, cell
proliferation on Ti substrates was superior to that on Ti-PDA
and different Ti-PDA-Cu substrates. No signicant difference
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of Ti (A), Ti-PDA (B), Ti-PDA-Cu 0.02 (C), Ti-PDA-Cu 0.1 (D), and Ti-PDA-Cu 0.5 (E) substrates. Scale bars, 20 mm.

Fig. 2 XPS survey spectra of Ti (A), Ti-PDA (B), Ti-PDA-Cu 0.02 (C), Ti-PDA-Cu 0.1 (D), and Ti-PDA-Cu 0.5 (E) substrates. The insets in (C–E) show
the high-resolution spectra of Cu 2p.
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existed between the Ti-PDA and different Ti-PDA-Cu groups. At
day 3, the cell numbers were much lower for Ti-PDA and
different Ti-PDA-Cu 0.02 substrates, compared with Ti
substrates. In addition, cell numbers were lower for Ti-PDA-Cu
Fig. 3 Water contact angles of Ti, Ti-PDA, and Ti-PDA-Cu substrates.
*p < 0.05; **p < 0.01.

This journal is © The Royal Society of Chemistry 2017
0.1 and Ti-PDA-Cu 0.5 substrates compared with Ti substrates.
Upon 5 days of culture, cell proliferation on Ti substrates was
markedly higher than that on different Ti-PDA-Cu substrates.
Cell proliferation on Ti-PDA substrates was also lower than that
on Ti. However, aer 7 days of culture, no differences could be
found in OD values among Ti, Ti-PDA, and different Ti-PDA-Cu
substrates. The calculated RGRs of MC3T3-E1 cells on different
samples at different culture times were all higher than 75%,
meaning that Ti-PDA, and Ti-PDA-Cu with various Cu contents
all possess good biocompatibility, as does Ti (Fig. 7B).
3.5 In vitro antibacterial property

The antibacterial activity of Ti-PDA and different Ti-PDA-Cu
substrates was tested against S. aureus and E. coli. The
bacteria were incubated on the samples for 24 h and the viable
bacteria were then detached and re-cultivated on agar plates to
count the colonies. The number of bacterial colonies decreased
with Cu content on Ti-PDA-Cu substrates (Fig. 8). On Ti, Ti-PDA,
and Ti-PDA-Cu 0.02 samples, there were a large number of
bacterial colonies, which indicates that the samples did not
RSC Adv., 2017, 7, 51593–51604 | 51597
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Fig. 4 Cumulative release profiles of Cu2+ ions from Ti-PDA-Cu
substrates on immersion in PBS at 37 �C.
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effectively impede the survival of bacteria. In contrast, fewer
colonies were found on Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5
samples, suggesting that high Cu concentration effectively
inhibited the survival and growth of bacteria. The antibacterial
Fig. 5 Morphology of MC3T3-E1 cells cultured on Ti (A), Ti-PDA (B), Ti-PD
24 h as observed using SEM. Scale bars, 200 mm.

Fig. 6 Immunofluorescence images of MC3T3-E1 cells after being cultured
for 24 h. The actin filaments were stained with FITC-labeled phalloidin (gr

51598 | RSC Adv., 2017, 7, 51593–51604
rates of Ti-PDA and different Ti-PDA-Cu substrates against S.
aureus and E. coli were quantitatively referenced to Ti. As shown
in Fig. 9, the average antibacterial rates against S. aureus of Ti-
PDA-Cu 0.5 and Ti-PDA-Cu 0.1 are 99.4% and 91.9%, which are
remarkably higher than the 41.5% for Ti-PDA-Cu 0.02 and
10.2% for Ti-PDA substrates. A similar tendency was observed
for E. coli, with the average antibacterial rates measured to be
11.9%, 46.2%, 92.3% and 98.3% for Ti-PDA, Ti-PDA-Cu 0.02, Ti-
PDA-Cu 0.1, and Ti-PDA-Cu 0.5, respectively.

3.6 Micro-CT evaluation

Fig. 10A shows 3D reconstructed micro-CT images of the ve
implanted samples at 4 weeks aer surgery. Little bone was
found around Ti and Ti-PDA implants. However, more bone
could be observed around the Ti-PDA-Cu 0.02 implant, and the
highest amount of newly formed bone was seen in images of Ti-
PDA-Cu 0.1 and Ti-PDA-Cu 0.5. Fig. 10B shows the calculated
bone volume to tissue volume (BV/TV) under the same
threshold and volume interest (VOI) for CT scanning. Notably,
A-Cu 0.02 (C), Ti-PDA-Cu 0.1 (D), and Ti-PDA-Cu 0.5 (E) substrates for

on Ti, Ti-PDA, Ti-Cu 0.02, Ti-PDA-Cu 0.1, and Ti-PDA-Cu 0.5 substrates
een) and nuclei were stained with DAPI (blue). Scale bars, 200 mm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Proliferation of MC3T3-E1 cells on Ti, Ti-PDA, Ti-PDA-Cu 0.02, Ti-PDA-Cu 0.1, and Ti-PDA-Cu 0.5 substrates. (A) OD values in CCK-8
tests; (B) RGR values. Cells cultures on Ti substrates were used as control. **p < 0.01 and *p < 0.05 vs. Ti; #p < 0.05 vs. Ti-PDA; and &p < 0.05 vs.
Ti-PDA-Cu 0.02.

Fig. 8 Re-cultivated S. aureus and E. coli colonies collected from different substrates that were previously implanted in vivo. Culture time, 1 day.

Fig. 9 Antibacterial rates of Ti-PDA, Ti-PDA-Cu 0.02, Ti-PDA-Cu 0.1, and Ti-PDA-Cu 0.5 substrates against S. aureus (A) and E. coli (B) after 24 h
re-cultivation. **p < 0.01 vs. Ti-PDA, and ##p < 0.01 vs. Ti-PDA-Cu 0.02.
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Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5 rods exhibited the highest
percentage of BV/TV, indicating the best performance of
osseointegration among these groups.

3.7 Histological analysis and immunohistochemistry

H&E and Masson's trichrome staining were used to evaluate
bacterial infection and osseointegration in vivo. H&E staining
images of the ve groups are presented in Fig. 11. Numerous
neutrophils emerged around the tibia medullary cavity in the Ti,
Ti-PDA, and Ti-PDA-Cu 0.02 groups, suggesting that bacterial
infection occurred during the 2 weeks. Many chronic inam-
matory cell inltrations were also observed aer 4 weeks. In
contrast, no sign of infection was seen in the Ti-PDA-Cu 0.1 and
Ti-PDA-Cu 0.5 groups. Newly formed bone at the bone/implant
This journal is © The Royal Society of Chemistry 2017
interface was evaluated by Masson's trichrome staining
(Fig. 12). At week 2, brous tissue was seen at the bone/implant
interface in the Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5 groups. Aer 4
weeks, a large amount of woven bone with diminishing brous
tissue was observed at the bone/implant interface in the Ti-PDA-
Cu 0.1 and Ti-PDA-Cu 0.5 groups. As a comparison, new bone
tissue could hardly be found for the other groups. Osteoclast
activity was identied based on tartrate-resistant acid phos-
phatase (TRAP) staining (Fig. 13). Typical signs of bone
resorption could be clearly seen, as indicated by accumulation
of osteoclasts around Ti, Ti-PDA, and Ti-PDA-Cu 0.02 samples at
2 weeks. However, the number of osteoclasts decreased aer 4
weeks. In contrast, there was no sign of osteoclasts for the Ti-
PDA-Cu 0.1 and Ti-PDA-Cu 0.5 groups, suggesting that
RSC Adv., 2017, 7, 51593–51604 | 51599
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Fig. 10 Reconstructed 3Dmodels showing bone formation on Ti (A), Ti-PDA (B), Ti-PDA-Cu 0.02 (C), Ti-PDA-Cu 0.1 (D), and Ti-PDA-Cu 0.5 (E)
substrates at 4 weeks post-implantation. (F) The peri-implant bone formation quantified according to the percentage bone volume (BV) among
tissue volume (TV) (BV/TV). **p < 0.01 vs. Ti, #p < 0.05 and ##p < 0.01 vs. Ti-PDA, &&p < 0.01 vs. Ti-PDA-Cu 0.02.

Fig. 11 H&E staining of tissues surrounding various implants at 2 and 4 weeks post implantation. Scale bars, 500 mm.
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negligible bone resorption occurred in these cases. Finally, the
inoculated S. aureus was visualized using immunohistochem-
ical analysis (Fig. 14). Despite the same initial number of
bacteria upon cultivation, there were evidently abundant
bacteria in the Ti, Ti-PDA, Ti-PDA-Cu 0.02 groups 2 weeks aer
surgery, whereas only a trace number of bacteria was found in
the Ti-PDA-Cu 0.1 group and no bacteria was found for Ti-PDA-
Cu 0.5. The bacteria were primarily located at the center of the
inammation. Aer 4 weeks, bacterial infection could be
evidently observed in Ti, Ti-PDA, Ti-PDA-Cu 0.02 groups.
However, no bacterial survival, either as single organisms or in
colonies, could be detected in the Ti-PDA-Cu 0.1 and Ti-PDA-Cu
0.5 groups.
51600 | RSC Adv., 2017, 7, 51593–51604
4. Discussion

Implanted biomaterials play a key role in successful xation of
bone fractures, spinal reconstruction, joint arthrodesis, total
joint arthroplasty, and many other orthopedic applica-
tions.1,11,25,44,45 However, implant-related infection is one of the
most severe complications of reconstructive orthopedic surgery.
Of the infectious bacteria, Staphylococcus aureus (S. aureus) is
one of the most prevalent causative pathogens inducing bone
infection (osteomyelitis).8,46 Periprosthetic infection and osteo-
myelitis rates of total hip and total knee arthroplasties have been
reported to reach about 1%, but accounted for more than 25% of
revision surgery.10,23 Moreover, about 10% of surgical revision
This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Masson's trichrome staining of tissues surrounding various implants at 2 and 4 weeks post implantation. Scale bars, 500 mm.

Fig. 13 TRAP staining of tissues surrounding various implants at 2 and 4 weeks post implantation. Scale bars, 500 mm.
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procedures for infected hip prostheses experienced re-infection
within 2 years.47 Therefore, for a successful implant, to win
“the race for the surface” tissue integration must occur prior to
viable bacterial adhesion, thereby inhibiting colonization of
bacteria on the surface of implants.48 Thus, preventing infection
and promoting osseointegration are the most desirable features
for ideal implantable biomaterials, and ultimately determine the
long-term success of implants.49 From the perspective of clinical
applications, the ideal implanted biomaterial against prophy-
laxis periprosthetic infection must meet various requirements.
First, the implant biomaterial must have long-term continuous
antibacterial effects without exhibiting toxicity to eukaryotic
cells, as periprosthetic infection debridement surgery always
leaves residual bacteria in the bone tissue, and conventional
implant aer revision surgery can lead to a high recurrence rate
of infection. Second, it must exhibit broad-spectrum antibacte-
rial performance as periprosthetic infections are oen caused by
various bacterial species, both Gram-positive and Gram-
This journal is © The Royal Society of Chemistry 2017
negative. Third, the implanted biomaterial must perform two
biological activities, promoting osseointegration and inhibiting
osteoclast activity caused by infection, because implant-related
osteomyelitis can lead to bone damage around the prosthesis
and may nally contribute to implant loosening.8,9,29,50

In this study, Ti substrates were functionalized with PDA
coating and Cu ions to achieve both biocompatibility and
antibacterial performance. The Cu ions were anchored inside
the PDA coating through coordination interaction, and sus-
tained release of Cu ions was observed. To determine the anti-
bacterial properties of different Ti substrates, S. aureus and E.
coli were utilized as model bacteria as implanted biomaterials
oen face infections from a wide variety of Gram positive and
Gram negative bacteria.51 The present results clearly demon-
strate that the antibacterial rates of the different Ti-PDA-Cu
samples evidently improved with the increment of Cu content,
in which the Ti-PDA-Cu 0.5 and Ti-PDA-Cu 0.1 groups exhibited
the best antibacterial activity against both S. aureus and E. coli
RSC Adv., 2017, 7, 51593–51604 | 51601
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Fig. 14 Immunohistochemical staining of tissues surrounding various implants at 2 and 4 weeks post implantation. Scale bars, 500 mm.
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aer 24 h (Fig. 8 and 9). This is in accordance with a number of
studies which show that the antibacterial activity of Cu or Cu-
modied surface is closely related to the Cu content.17,21 At
the same time, the Cu2+ ions release assay showed that the Cu2+

ion concentration increased with extension of the immersion
time (Fig. 4). Previous studies revealed that increased inux of
Cu2+ into bacteria generated reactive oxygen species, which
could destroy the integrity of cytoplasmic membrane, inhibit
respiration, and cause DNA degradation.52,53 Du et al. reported
that the minimal inhibitory concentration (MIC) of Cu ion
against S. aureus and E. coli was 448 mg mL�1 and 256 mg mL�1,
respectively.54 Burghardt et al. showed that when Cu concen-
tration was 0.8 mM, planktonic S. aureus could be completely
cleared and no re-growth was found with 4 days.17 In our case, it
is believed that the released Cu2+ ions effectively inhibited the
bacteria in contact with the surface of Ti-PDA-Cu substrates.

Cu is a trace element in the human body, and low-level Cu is
essential as a cofactor for enzymes and metalloproteins.23

However, excess Cu intake can be harmful to the human body,
causing inhibition of cell growth, tissue injury and disease.
Thus, biocompatibility of a biomaterial must be considered
before its clinical application. In this study, MC3T3-E1 cells,
mouse preosteoblasts, were used for the cytocompatibility
assay. Contact and interaction between cells and biomaterial
surfaces are important physiological processes affected by the
biocompatibility of materials. SEM images showed that cells
adhered well to the surface of different Ti substrates (Fig. 5).
The cells had relatively round morphology on Ti, whereas they
exhibited a much atter irregular shape on the surfaces of Ti-
PDA and different Ti-PDA-Cu samples. Consistent with the
uorescence microscopy results (Fig. 6). MC3T3-E1 cells
adhered well on these surfaces, as demonstrated by the well
spreading cytoplasm and development of numerous lamelli-
podia and lopodia processes. The cells cultured on Ti
substrates showed relatively round morphology which seemed
to lack microlaments. In contrast, MC3T3-E1 cells exhibited
a much atter and irregular morphology on Ti-PDA and
51602 | RSC Adv., 2017, 7, 51593–51604
different Ti-PDA-Cu substrates, which suggested better devel-
opment of actin laments within MC3T3-E1 cells. These results
are in line with previous studies and revealed that PDA-coated
Ti surfaces could promote cell adhesion and spreading.
Furthermore, the quantitative CCK-8 and RGR results clearly
proved the non-cytotoxicity of different Ti substrates (Fig. 7).
MC3T3-E1 cell proliferation on Ti-PDA and different Ti-PDA-Cu
substrates were slightly lower than that on Ti substrates at 1, 3,
5 days, but no difference was found in OD values among Ti, Ti-
PDA, and Ti-PDA-Cu substrates aer 7 days of culture. The
cytotoxicity scale is ranked as Grade 0 for Ti substrates, and
Grade 1 for Ti-PDA and different Ti-PDA-Cu samples at all
incubation time points. Previously, Cortizo et al. reported a 40–
50% decrease in surviving MC3T3-E1 cells at 104 mg mL�1 Cu2+

ions.55 The present results indicate that all the Ti-PDA-Cu
substrates did not show apparent cytotoxicity to MC3T3-E1
cells, which might be attributed to relatively lower Cu ion
concentration. Zhang et al. reported that Cu content up to
25 wt% in Ti–Cu alloys has no cytotoxicity to MG63 cells.56 In
addition, the total body Cu in adults is approximately 80mg and
the acceptable daily intake is suggested to be 1.3–8.0 mg per day
by the World Health Organization (WHO).57 Based on the above
results, it is believed that Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5
successfully combine the functionalities of both excellent anti-
bacterial effects and good cell biocompatibility.

An intramedullary implant approach was chosen that
mimics periprosthetic infection of total joint replacements to
evaluate the performance of the implants in vivo. At 2 weeks
post surgery, typical signs of numerous neutrophils exudate in
the tibia medullary cavity and osteoclasts emerged near the
trabecular bone in Ti, Ti-PDA and Ti-PDA 0.02 groups, demon-
strating the presence of bacterial infection and bone resorp-
tion.58,59 The immunohistochemical analysis also showed
similar results, which were in line with the antibacterial
experiment in vitro. In the Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5
groups, brous tissues were detected at the bone/implant
interface, which indicated inhibition of infection and
This journal is © The Royal Society of Chemistry 2017
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stimulation of new bone formation. Aer 4 weeks, the presence
of osteomyelitis in the Ti, Ti-PDA and Ti-PDA 0.02 groups was
conrmed by histological analyses on tibiae, including chronic
inammatory cell inltration, osteoclastic bone resorption, and
extracellular bacteria surrounding the implants.60 On the
contrary, no sign of bacterial infection and bone resorption was
found in the Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5 groups. More-
over, a large amount of woven bone with diminishing brous
tissue was observed at the bone/implant interface of Ti-PDA-Cu
0.1 and Ti-PDA-Cu 0.5 groups, in consistency with microCT
results. Despite much research being devoted to the interaction
between S. aureus and osteoblasts, the interplay between S.
aureus and osteoclasts is much less well explored.61,62 Hence,
this study focused on the direct impact of S. aureus on osteoclast
activity in vivo and elucidated the underlying mechanisms. The
results of immunohistochemical and TRAP staining are
consistent with the nding from the study by Trouillet et al.,
who reported that infected mature osteoclasts caused by S.
aureus upregulated bone resorbing capacity and increased the
number of osteoclasts at the site of infection caused by proin-
ammatory and pro-osteoclastogenic factors resulting from
immune responses.61 Collectively, these results from the animal
model of implant-related osteomyelitis clearly demonstrated
that Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5 groups possess both
excellent antibacterial properties and osseointegration capacity
in the presence of S. aureus in vivo.

In the present study, results from both in vitro and in vivo
studies show that Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5 had excel-
lent antibacterial activity, good biocompatibility, as well as
enhanced osseointegration performance. Therefore, the present
ndings support use of Ti-PDA-Cu for prophylaxis of peri-
prosthetic infection such as revision or tumor surgery, which
are considered as high infection risk of total joint
replacements.45,63

5. Conclusion

In conclusion, Cu-deposited Ti substrates have been prepared
using PDA-assisted surface modication technology. The anti-
bacterial activity, biocompatibility as well as osseointegration
performance of the materials in the presence of bacterial
infection were evaluated both in vitro and in vivo. The func-
tionalized Ti-PDA and Ti-PDA-Cu substrates with different Cu
contents exhibited decent biocompatibility to MC3T3-E1 cells.
The Ti-PDA-Cu 0.1 and Ti-PDA-Cu 0.5 substrates showed
excellent antibacterial activity against both S. aureus and E. coli.
In vivo studies based on an animal model of implant-related
osteomyelitis revealed that the Ti-PDA-Cu 0.1 and Ti-PDA-Cu
0.5 substrates possessed both excellent antibacterial perfor-
mance and enhanced osseointegration even in the presence of
bacterial infection. Together, ndings from this study provide
valuable insights toward the design of orthopedic implants
which possess both anti-microbial and regenerative properties.
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