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ABSTRACT
hemocompatibility and osteo-compatibility, and reinforced

Enhanced antiinfection activities, improved

osseointegration are among the most important considera-
tions in designing multifunctional orthopedic biomaterials.
Hereby, anti-infective and osteogenic multifunctional 3D
printed porous Ti6Al4V implant with excellent hemo-
compatibility was successfully designed and fabricated. In
brief, osteogenic micro-arc oxidation (MAO) coatings with
micro/nanoscale porous topography were generated in situ on
3D printed Ti6Al4V scaffolds, on which heparin and vanco-
mycin were easily immobilized. The surface microstructure,
morphology, and chemical compositions were characterized
employing scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR). High loading capacity and sustained
vancomycin release profiles were revealed using high perfor-
mance liquid chromatography (HPLC). Favorable anti-
bacterial and antibiofilm performances against pathogenic
Staphylococcus aureus (S. aureus) were validated in vitro
through microbial viability assays, Live/Dead bacterial stain-
ing, and crystal violet staining. Human mesenchymal stem
cells (hMSCs) were seeded on the scaffolds and their pro-
liferation and viability were assessed using Cell Counting Kit
and Live/Dead cell viability kit. Further, osteoblastic differ-
entiation abilities were evaluated using alkaline phosphatase
(ALP) activity as a hall marker. Additionally, the improved

hemocompatibility of the heparinized scaffolds was confirmed
by activated partial thromboplastin time (APTT), pro-
thrombin time (PT) and thrombin time (TT). Overall, our
results show that the surface-modified 3D printed porous
Ti6Al4V possesses balanced antibacterial and osteogenic
functions while exhibiting extra anticlotting effects, boding
well for future application in customized functional re-
construction of intricate bone defects.

Keywords: 3D printing, porous Ti6Al4V, anti-infection, micro-
arc oxidation, osseointegration, vancomycin

INTRODUCTION

Diseases, traumas, and the elevated life expectation from
the global aging population are continuing to stimulate
the demand for advanced custom implants that renovate
or enhance impaired tissue functions. Because of their
excellent mechanical properties, good biocompatibility
and appropriate costs, titanium and its alloys remain one
of the most popular biomaterials in building orthopedic
implants and devices for such applications in load-bear-
ing anatomic locations such as hip/knee joints. A recent
technical innovation in the fabrication of titanium bio-
materials is 3D printing, such as the electron beam
melting (EBM) and laser beam melting (LBM) [1]. It has
enabled the layer-by-layer creation of designer custom-
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made titanium scaffolds with geometrically complex and
fully interconnected architecture, attracting extraordinary
interest for restoring (some of) the skeleton integrity of
critically defected bone tissues in animals and patients
[2,3]. Implants as fabricated hold unparalled advantages,
including but not limited to adjustable sizes, pores and
shapes, greatly enlarged surface areas, tailored elastic
modulus and mechanical strength, sufficient space for in-
growth of bone and blood vessel, and open channels fa-
cilitating nutrient supply [2,4].

Poor osteointegration and peri-implant infections re-
main leading causes of implant loosing and failure. With
respect to porous titanium, enhancement of bone in-
growth efficiency and biointegration performances and
the prevention/fighting of biomedical device-associated
infections (BAI) are two major keys to overcome implant
looseness and ultimately establish stable functional im-
plant/bone interfaces [4]. BAI is a prominent cause of
clinical implant failure whose occurrences range aver-
agely between 2% and 5% and can reach up to 30% in the
cases of open fractures [5]. The handle of an infected
implant is notoriously excruciating, expensive, and time
consuming [6]. In addition, deep vein thrombosis, in-
flammation and pulmonary embolism, originating pri-
marily from the relatively inferior hemocompatibility of
titanium, are problematic complications after surgery
intervention that can also affect the eventual success of
implantation [7], and this is especially true for the elderly
patients and those with a history of venous throm-
boembolism. The osteointegration issue can be addressed
through tailoring porous macro-architectures and surface
properties. A plethora of earlier efforts were centered on
optimizing titanium scaffolds’ porosity and geometrical
structure [8], and this focus was later shifted towards the
alteration of their surface topography, landscape and
composition to better mimic that of natural boney ex-
tracellular matrix (ECM). Through the use of anodiza-
tion, microarc oxidization (MAQ), acid-alkali treatments
and electrodeposition [9-11], prior researchers have
successfully covered the entire surfaces of porous tita-
nium with micro/nano topography and/or bioactive
composition, displaying appreciable osteogenic and os-
teointegration effects [12]. Particularly, MAO is a simple
and cheap technique that warrants adoption for clinical
use; it is capable of conferring both micro/nanotopo-
graphical features (biophysical cues) and biochemical
cues to metallic objects of complex shapes [13]. In our
previous study, MAO was employed to grow in situ mi-
cro/nanoporous TiO,/CaP coatings on 3D printed porous
Ti6Al4V, leading to excitingly promoted osseointegration
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via altered bone in-growth patterns and interlocked bone/
implant interface [10].

Our aim here is to further add anti-infection, and
concomitantly, anti-thrombosis functionalities to the
abovementioned TiO,/CaP-coated hierarchical porous
titanium, rendering it capable of combating bacterial
biofilm formation and inhibiting thrombosis as well.
Regardless of various anti-infective and osteogenic coat-
ings, such as the plasma spraying coating and layer-by-
layer (LBL) coatings [14,15], are invented, many intricate
issues are far beyond their capability to address, especially
the porous topography characteristic of the 3D printed
Ti6Al4V and the practicability issue. There also exist
studies incorporating Ag to hydroxyapatite/titania coat-
ings to get anti-infective function [16]. Once becoming
sessile and adhered, bacteria can readily multiply to co-
lonize the biomaterial surface and initiate impenetrable
biofilms, eventually producing recalcitrant infections
[17]. Tt is evident that merely 10° CFU Staphylococcus
aureus (S. aureus) bacteria are potent to infect 95% sub-
cutaneous implants in vivo [18]. Implant associated bio-
films are highly tolerant to host immune responses and
systemic antibiotic attacks. Systemic use of orders of
magnitude higher antibiotic dosages are thus demanded
to kill bacteria in a “biofilm mode of growth” compared
to their planktonic counterparts, which however, cannot
be tolerated by the human body [19]. Equipping implants
with antibiotic-eluting coatings possessing active, loca-
lized delivery characteristics hence represents a critical
parallel strategy. Such a strategy is expected to create a
strong antimicrobial microenvironment in the immediate
as-threatened vicinity of an implant while circumventing
injuriously high drug concentrations elsewhere in the
human. In the current study, we elaborately functiona-
lized TiO,/CaP-coated hierarchical porous titanium bio-
materials with a clinically powerful glycopeptide
antibiotic vancomycin (Van) through a convenient
polydopamine (PD)/heparin (Hep) assisted coating route
(Fig. 1), anticipating extremely high drug loading capacity
and tailored release kinetics.

Heparin, a versatile highly-sulfated natural poly-
saccharide, was employed as a charging vehicle of van-
comycin. To date, heparin-functionalized biomaterial
systems have displayed significant merits for loading and
controlled release of collagen, antibiotics, growth factors
(e.g., VEGF, B-FGF, TGF-f) and other biomolecules due
to the dynamic binding interplays (ionic interactions,
hydrogen bonding, and hydrophobic forces, etc.) between
heparin and these substances [20-25]. Importantly, as
heparin has mutual solubility in common antibiotics (e.g.,
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Figure 1 SEM images (x1000 and x5000 magnification) of the surface landscapes of TS (a), TS-M (b) and TS-M/P/V (c) scaffolds.

vancomycin, gentamicin) and can interact actively with
them [26-28], it has been applied as a viable antibiotic
lock solution for long-term therapy of catheter-related
blood stream infections. Meanwhile, heparin is a clinically
popular anticoagulant drug, and materials with surface
heparinization have demonstrated generally improved
anti-inflammatory and anticoagulant properties and
biocompatibility [29,30]. PD is another crucial compo-
nent that mediates heparin immobilization onto porous
titanium and imparted biofunctionalities to the implants.
It is a self-polymerization product of a catechol-rich
molecule “dopamine”, as derived from mussel foot pro-
teins [31]. Interestingly, dopamine is capable of adap-
tively forming crosslinked strongly adhesive PD
nanolayer onto virtually any substrate of any material/
shape at alkaline conditions, proving an advantageous
platform for diverse surface design of biomaterials
[32,33]. PD is rich in reactive quinone, carboxy, amino,
imine, and phenol groups [34]. In particular, because of
the coupling between the amine groups of heparin and
quinone species in PD, heparin have been covalently
immobilized onto various PD-modified substrates
[35,36].

Therefore, in our design, PD serves as an adherent
anchor of heparin immobilized to the underlying TiO,/
CaP MAO layer while heparin acts as an anti-hrombosis
agent and a potent carrier of vancomycin. Through the
interaction of the above substances, an integral hybrid
coating system (MAO-PD-Hep/Van) on titanium scaf-
folds that stores vancomycin molecules efficiently and
liberates them sustainably is created. The successful
functionalization of heparin and antibiotics onto the
scaffold surface was at first verified by thorough material
characterization and in vitro release studies. The antith-
rombogenic properties of the materials were estimated in
vitro by the kinetic clotting experiment and platelet ad-
hesion experiment. The antibacterial and anti-biofilm
performances of the scaffolds were then investigated
using S. aureus as pathogenic bacteria. Further, the cell
culture responses (proliferation, viability, and osteo-
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differentiation activity) of the modified specimens to-
wards human mesenchymal stem cells (hMSCs) were
examined preliminarily for osteogenic applications.

EXPERIMENTAL SECTION

Scaffold fabrication

3D printed macroporous Ti6Al4V scaffolds (@ = 10 mm,
H = 5 mm) were designed by a computer assisted design
(CAD) software (Magics, Materialise, Belgium) and fab-
ricated layer by layer using EBM. The porous architecture
was designed based on a dodecahedron unit cell with a
pore size of 640 um, strut diameter of 400 pm and por-
osity of 73%, which, as found in our previous study, is
beneficial for the in-growth of bone and blood vessels
[37]. All specimens were subjected to air blasting and
successively washed in acetone, alcohol, deionized water
in an ultrasonic cleaner for 20 min each and dried at 60°C
overnight for use. For simplicity, hereafter the Ti6Al4V
scaffolds are denoted as TS.

Surface modification

The MAO process was carried out on a JH-10 pulsing
power supply (Jin-hu-lv-bao Co., Ltd., Beijing, China;
frequency 500 Hz, duty ratio 10%) at a working voltage of
250V for 3 min. The nanoscale porous topography,
especially the size and morphology of the pore, under
different electric parameters was observed with scanning
electron microscopy (SEM) and then we chose the best
electric parameter (Supplementary information, Fig. S1).
The porous TS was used as anode and a stainless plate as
cathode, with a distance of 10 cm in between. The elec-
trolyte was an aqueous solution of 0.065 mol L™ Ca-
(CH,COO0),-H,0, 0.03 mol L' NaH,PO,, 0.065 mol L
EDTA-2Na, and 0.5 mol L' NaOH. For vancomycin
immobilization, scaffolds were first soaked in 10 mL of
freshly prepared dopamine hydrochloride solution
(2mgmL ", pH adjusted to 8.5) in 10 mmol L' Tris
buffer for 24 h to form a PDA layer on the surfaces.
Afterward, samples were oscillated in a mixed solution of
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vancomycin and heparin for 6 h. Scaffolds after MAO,
PDA, and heparin/vancomycin treatments were denoted
as TS-M, TS-M/P, TS-M/P/V, respectively. In addition,
the scaffolds without MAO but identically treated by
PDA and heparin/vancomycin were denoted as TS-P/V.
The scaffold after MAO, PDA, and heparin treatments
but without vancomycin was denoted as TS-M/P/H.

Material characterization

The surface morphology and cross-sectional features of
the outer and inner surface of MAO treated scaffolds
were characterized employing a field emission SEM (FE-
SEM, S-4800, Hitachi). The chemical composition was
identified using X-ray photoelectron spectroscopy (XPS,
Kratos, UK). The functional groups in TS-M/P/V were
analyzed on a Fourier transform infrared spectrometer
(FTIR, ECTOR?22, Nicolet, USA).

In vitro drug release

In vitro vancomycin release test of TS-M/P/V and TS-P/V
were done using high performance liquid chromato-
graphy (HPLC) analysis (HPLC on an Agilent 1200 series
system equipped with a diode array detector DAD, Agi-
lent Technologies). Three samples of each type were
submersed in 2 mL of phosphate buffered saline (PBS, pH
7.4) in 10-mL centrifuge tubes and incubated at room
temperature under constant rotation (100 rpm) over a 21-
day period, respectively. The PBS was removed and re-
placed by the same volume of fresh one at given time
intervals. The mobile phase of the column was composed
of methanol:KH,PO, approximately 5:95, the flow rate of
the mobile phase was 1.0 mL min ', and the detection
wavelength was 236 nm. A calibration curve (concentra-
tion range 0-150 ygmL ', y = 0.0043x+0.0103, R* =
0.9989, y represents OD value and x represents the con-
centration of vancomycin) obtained with known vanco-
mycin concentrations was adopted to determine the
vancomycin concentrations in the PBS. Each test was
repeated three times to ensure reproducibility of the re-
sults. In order to investigate the effect of MAO on the
loading capacity of vancomycin, we also compared the
release kinetics between TS-M/P/V and TS-P/V.

Bacteria culture and inoculation

Gram-positive (G") S. aureus is one of the most common
pathogens causing infections in implants. The bacteria
were cultivated aseptically in Luria—Bertani (LB) nutrient
broth at 37°C and 180 rpm rotation for 12 h, and then
500 pL of the broth was taken out and added to 20 mL of
LB medium for culturing in a 37°C shaker incubator at
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200 rpm for 1h to reach the exponential growth phase
(1x10® CFU mL™). For inoculation, the specimens (n = 3)
were sterilized and immersed in 1 mL of broth containing
bacteria at adjusted concentrations in 24-well plates.
Cultivation was performed in a microbiological incubator
at 37°C in a >95% humidified atmosphere with 5% CO,.

In vitro antibacterial assays

MIC of vancomycin for loading

To guarantee that the TS-M/P/V samples have sufficient
antimicrobial activity, the minimum inhibitory con-
centration (MIC) of vancomycin for loading was de-
termined by a micro-dilution method, against S. aureus.
In brief, six sets of TS-M/P/V samples were prepared by
oscillation in vancomycin with different concentrations,
that is 10, 20, 30, 40, 50, 60 ug mL . Each set of sample in
triplicate was inoculated aseptically in the presence of
2 mL of S. aureus suspension (approximately 1x10° CFU
mL™) at 37°C for 24 h, and the solution turbidities were
distinguished visually to determine the MIC value. The
lowest drug loading concentration absolutely inhibiting
bacterial growth was taken as the MIC and corresponding
TS-M/P/V was qualified for implant application. The
MIC value of vancomycin for loading is 50 ug mL ' and
the corresponding TS-M/P/V is named TS-M/P/V
(50 ug mL™") (Fig. S2).

Antibacterial assays

For antibacterial assays, TS, TS-M and TS-M/P/V
(50 ug mL™') samples were incubated respectively with
1 mL of bacterial suspensions at a concentration of 10°
CFU mL™ per well for 4 and 24 h. The antibacterial rates
(Ra) of different samples against planktonic (Rap) and
adhered (Raa) bacteria were quantitatively evaluated
using a Microbial Viability Assay Kit-WST (Dojindo,
Japan) according to the manufacturer’s directions, which
can calorimetrically detect bacteria metabolic activities
that correspond well with the living bacterial amounts
[34]. Briefly, at the end of incubation, the remaining
culture media were collected, and the scaffolds were
rinsed thoroughly to remove the none-adherent bacteria.
Then, the sample media and the scaffolds themselves
were incubated respectively with LB containing 5% WST
for 2 h, and absorbance at 450 nm (A,5) was read on a
microplate reader (Bio-RAD, Hercules). The Rap and Raa
were calculated by the following equations: Rap (%) = (A
— B)/A x 100; Raa (%)= (C — D)/C x 100, where A, B are
average A, values of testing solutions for bacteria from
collected media for TS and TS-M/P/V (or TS-M), while

April 2018 | Vol.61 No.4



SCIENCE CHINA Materials

ARTICLES

C, D are those for adhered bacteria on the surfaces of TS
and TS-M/P/V (or TS-M). In addition, the 4-h cultures
were rinsed and fixed in 2.5% glutaraldehyde and then
dehydrated in a series of ethanol water mixture (50%,
70%, 95% and 100% ethanol) sequentially for 10 min
respectively. The morphology of bacteria adhered on
scaffolds was observed under SEM. Further, the viable
and dead bacteria cells on samples at 24 h were dis-
tinguished by fluorescent staining using Live/Dead Bac-
Light™ Bacterial Viability Kits (Molecular Probes™,
Invitrogen). Notably, the cell membranes of living bac-
teria were intact and stained green while dead ones with
disrupted cell membranes were stained red.

Anti-biofilm assay

The anti-biofilm capacity of the scaffolds was assayed by
exposing them to S. aureus suspension (approximately
1x10° CFU mL™") at 37°C for 5 days, with medium
changed every two days. The scaffold-bacterium con-
structs were rinsed thrice and fixed in 95% ethyl alcohol
and the biomass of adhered biofilms was quantified by
the crystal violet staining, as described previously [5]. In
short, each scaffold was added with 1% (w/v) crystal violet
at room temperature and kept for 15 min. Excess dyes
were removed and the scaffolds were flushed under tap
water until no color appearing in washing stream. Optical
photographs of the stained specimens were acquired. The
biofilm-associated dyes were dissolved in 1 mL of 95% (v/
v) ethanol under shaking at 37°C for 30 min, followed by
absorbance measurement for the eluates at 570 nm.

APTT, PT and TT tests

APTT, PT and TT were tested to evaluate the influence of
scaffolds on the local coagulation function. In detail, ci-
trate anticoagulated human whole blood from a healthy
volunteer supplied by Peking University Third Hospital
was centrifuged at 3,000 rpm for 15 min to separate the
blood corpuscles, thus the platelet poor plasma (PPP) was
prepared. And then the scaffold sample was immersed
into 2 mL of PPP and incubated at 37°C for 30 min, and
subsequently the APTT, PT and TT were obtained using
an Automatic coagulation analyzer (ACL TOP 700).
Meanwhile, the blank PPP was tested as a control group.

Cell proliferation on scaffold

After cobalt-60 sterilization, the TS, TS-M, TS-M/P/V
samples (n = 4) were seeded with hMSCs (Lonza,
Walkersville) as described previously [8]. Generally, the
samples were firstly immersed in culture medium for an
hour, and then placed in 24-well plates (Ultra Low
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Cluster Plate, Costar, Corning) before 50 uL culture
medium containing 1 x 10° cells was added. After that,
Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 10% FBS and 1% penicillin/streptomycin were sup-
plemented to the samples. The cells were cultured in an
incubator at 37°C with 5% CO,, with cultured medium
refreshed twice per week. After incubating for 3, 7, and 14
days, the viability of cells cultured with the samples were
assessed by the Cell Counting Kit (CCK-8; Dojindo, Ja-
pan). At each time point, the disks were rinsed thrice
using PBS and incubated with 10% CCK-8 solution at
37°C for 3 h. The absorbance was measured at 450 nm.
Further, the amount and morphology of cells on the
scaffolds were identified using SEM. For further in-
vestigating the cell viability on the scaffolds, we stained
the live cells with Calcein AM and the dead cells with
propidium iodide (LIVE/DEAD cell viability kit, Do-
jindo) and visualized the stained samples employing
confocal laser scanning microscopy (CLSM).

Alkaline phosphatase (ALP) activity

Osteoblast differentiation ability was assayed in vitro by
testing the ALP activity of hMSCs on the samples. Cell
culture method and seeding protocol were the same as the
one described above, except that the culture medium was
replaced by the osteogenic one (OM, Lonza, Walkersville)
containing 0.5% ascorbate, 0.5% dexamethasone, and 1%
B-glycerophosphate for inducing osteogenic differentia-
tion. After culturing the cells for 7 days, we detected the
ALP activity employing the Alkaline Phosphatase Assay
Kit (Beyotime, China). The cellular ALP activity was then
normalized to the intracellular total protein level de-
termined by a MicroBCA protein assay kit (Pierce).

Statistical analysis

All experiments were conducted in triplicate and ex-
pressed as mean values * standard deviations (SD). Sta-
tistical significance was analyzed by one-way variance
analysis (ANOVA) or Student’s t-test, and the level of
significance was set at p values less than 0.01 or 0.05.

RESULTS

Sample preparation and characterization

In this study, custom designed 3D hierarchical porous
Ti6Al4V biomaterials functionalized with vancomycin
were realized by taking advantage of a facile MAO reac-
tion and PD/Hep assisted chemistry. The microstructure
and surface morphology of scaffolds at different func-
tionalization stages were studied by SEM. Firstly, mac-
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Figure 2 Chemical composition of the samples: (a) XPS survey spectra of TS (1), TS-M (2), TS-M/P/H (3), and TS-M/P/V (4); (b, c) the high-
resolution spectra of Ca 2p (b) and S 2p (c) for TS-M/P/V; (d, e) the high-resolution spectra of C 1s for TS-M/P/H (d) and TS-M/P/V (e); (f)

representative FTIR spectrum of the TS-M/P/V scaffolds.

roporous TS constructs with hexagonal unit cells of pores
(pore size 682 um) were manufactured layer by layer via
EBM (Fig. 1a). Secondly, ~2-um-thick substrate-adherent
micro/nanoporous CaP coatings (pore sizes 0.1 to 2 um)
were in situ grown from titanium substrate via a rapid
MAO process (Fig. 1b), as previously described [10]. The
self-coating of a PD layer onto MAO, as well as the
subsequent conjunction of heparin and vancomycin
molecules relatively cover the primary porous surface
landscapes (Fig. 1c).

Fig. 2a presents the XPS survey spectra of surface ele-
ments for scaffold samples at respective modification
stages. On the TS, the major surface composition was
identified as Ti, O and C, wherein the latter two were
likely a result of oxidization and environmental con-
tamination [5]. For TS-M, weakened substrate signals
were witnessed while new peaks of Ca, P, and Na
emerged, as thick TiO,/apatite layers (4-5um) were
readily produced via MAO treatment on scaffold surface
[10]. For TS-M/P/H and TS-M/P/V, the intensities for
peaks of Ca and P decreased remarkably whilst peaks of
substrate Ti became almost invisible. However, intensive
new peaks of N 1Is, S 2s and S 2p were observed in the
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spectrum, which, together with the strengthened Na 1s
signals (by heparin sodium), implicated that PD and
heparin had been successfully introduced upon the MAO
layers. Particularly, characteristic high resolution spectra
of Ca 2p and S 2p were given in Fig. 2b, ¢ as unique
indicators of apatite and heparin, respectively. Compared
with TS-M/P/H, a new peak at around 200 eV attribu-
table to CI 2p was specifically detected for the TS-M/P/V,
suggesting the possible existence of vancomycin. In ad-
dition, since the peak shape of C 1s was obviously dif-
ferent for two sample types, their core-level spectra were
acquired and fitted (Fig. 2d, e). Generally, C 1s core-level
spectra for TS-M/P/H can be de-convoluted into three
satellite peaks corresponding to various carbon bonding
environments, namely C=0 at 288.0 eV (15.6%), C-O/C-
N at 286.3 eV (36.5%), and C-C/C-H at 284.7 eV (47.9%)
[38,39]. The same spectral components were identified
for TS-M/P/V. Nevertheless, the portions of C=0 and C-
O/C-N bonds were increased significantly by 6.8% and
9.7% respectively, while that of C-C/C-H was decreased
by 16.5%. Notably, these data were in concert with the
structural characteristics of heparin and vancomycin.
Furthermore, FTIR investigation was conducted for the
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TS-M-P/HV sample, as shown in Fig. 2f. The broad in-
tense peaks observed at 3,441 and 1,631 cm ' were asso-
ciated with hydroxyl groups and adsorbed H,O. The
peaks at 2,924 and 2,853 cm ' were attributed to C-H
vibration. The MAO induced growth of apatite coatings,
as we previously reveled [10], was further corroborated by
the typical peak of PO,” (triply degenerate v4 vibration of
O-P-0O bonds) vibrations emerged at 562 and 604 cm’},
alongside with another two phosphate peaks at 874 (vl
non-degenerate symmetric P-O stretching band) and
1,041 cm ' (triply degenerate v3 antisymmetric P-O
stretching modes). Notably, the existence of CO;" at
around 1,551 (v1), 1,420 (v3) and 802cm ' (v2) im-
plicates that PO,” lattice site is partially substituted by
CO,” (carbonate-substituted apatites). Additionally, the
peaks at 1,329 and 1,234 cm™' correspond to the N-H and
S=0 antisymmetrical stretch vibrations, suggesting the
successful immobilization of heparin mediated by poly-
dopamine. Further, two characteristic peaks of vanco-
mycin, i.e., aromatic C=C (1,481 cm) and C=0
(1,726 cm™) stretching vibration bands were also identi-
fied [40], verifying the feasibility of this drug functiona-
lization strategy. Combined with the results of XPS, it can
be confirmed that vancomycin-loading composite coat-
ings had already been constructed on porous titanium.

Vancomycin release

Release of vancomycin from TS-M/P/V and TS-P/V is
investigated and shown in Fig. 3. The release process is
composed of two time phases: burst release and slow
stable release. In the first hour, 47.47% of vancomycin is
released and then the release gradually decreases and
shows a relatively stable release process over about 19
days. As shown in Fig. 3, release kinetics of vancomycin
from TS-M/P/V went through a burst release (47.47%) in
the first hour. The left 43% is eluated in the rest 450 h. In
contrast, vancomycin release from TS-P/V has always
remained low level, about 0.2 mg throughout.

In vitro antibacterial functions

The initial antibacterial activity of the scaffolds was tested
in vitro by incubating them with S. aureus (1x10° CFU
mL™") for 4 and 24 h. The antibacterial rates against the
adhered (Raa) and planktonic (Rap) were determined and
displayed in Fig. 4. At 4 h, the antibacterial rates of TS
against the adhered (Raa) and planktonic (Rap) were
negative values (Raa = —2.77%, Rap = —3.68%), the Raa
and Rap values for TS-M/P/V were as high as 95.66% and
94.41% respectively. The antibacterial rates at 24 h show
similar results, implying excellent bactericidal ability
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Figure 4 In vitro antibacterial activity against S. aureus on the surface
(a) and in the surroundings (b) for 4 and 24 h (**p < 0.01).

against S. aureus both on surfaces and in surroundings.
Additionally, the amount and morphology of adherent
bacteria on scaffolds were investigated by SEM, as given
in Fig. 5. Typical spherical S. aureus with intact mem-
brane adhered preferentially onto TS and they had
formed bacterium aggregates (red arrows, Fig. 5a, b) at
4h. For TS-M, it seemed bacterial adherence was not
altered too much, but interestingly, adhesion mainly took
place at the porous sunk sites (red arrows, Fig. 5a-d). By
sharp contrast, no visible cells could be observed in TS-
M/P/V, except for debris of disrupted bacterial mem-
brane (red circles, Fig. 5e, f).

As cultivation went on to 24 h, concentration of
planktonic bacteria and adhered bacteria sonicated to
solutions from samples were also detected by Microbial
Viability Assay Kit-WST methods. The antibacterial rates
of TS-M/P/V against the adhered (Raa; Fig. 4a) and
planktonic bacteria (Rap; Fig. 4b), are 92.26% and
95.93%, respectively, significantly higher than that of TS
and TS-M, demonstrating the significant antibacterial
and anti-adhesive efficiency of TS-M/P/V towards S.
aureus for 24 h challenge.

In order to verify that the adherent bacteria were kil-
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Figure 5 SEM images (x4000 and x8000 magnification) of samples with
adhered S. aureus: TS (a, b); TS-M (¢, d) and TS-M/P/V (e, f). In (c-f),
white arrows indicate the micro/nanoporous produced by MAO; black
arrows indicate the S. aureus colonizing within the pores. In (e, ), red
circles indicate the debris of disrupted S. aureus membrane.

led, a CLSM-based Live/Dead fluorescent assay was per-
formed after samples were co-cultured with S. aureus
(1x10° CFU mL™") for 24 h, as demonstrated in Fig. 6.
Bacteria with intact and distored membranes were vi-
sualized green and red, respectively. Apparently, a wealth
of living, green stained S. aureus existed on the surfaces
and within scaffolds of TS and TS-M, ready to evolve into
biofilms. By comparison, bacterial invasion was inhibited
significantly on TS-M/P/V scaffolds, with most adherent
bacteria dead and stained red.

Further, the cultivation was prolonged to 5 days for
estimating the anti-biofilm activities of different scaffolds,
and Gram’s crystalviolet staining assay was carried out to
determine the total amount of biomass (including the

500 um

bacteria and the components of biofilms). Fig. 7a-c de-
picted optical pictures of the tested scaffolds. Obviously,
the TS and TS-M were featured by large areas of deep
blue stains (mature biofilms), which coincided with pre-
vious results. Nevertheless, after vancomycin was in-
troduced, the scaffolds became highly resistant to biofilm
development, as little blue spots could be identified for
the TS-M/P/V. Quantitatively, the biofilm-associated
crystal violet stains were released and spectrochemically
measured (Fig. 7d). Higher absorbance corresponded to
stronger staining and thereby more accumulated biomass.
The biomass for TS-M/P/V scaffolds was reduced re-
markably by 52% and 63% compared to that of TS and
TS-M respectively, confirming the beneficial effects of
vancomycin release on eliminating bacterial growth and
hence biofilm development.

Anticoagulation potency

The in vitro anticoagulation potency of the scaffolds was
assessed using APTT, PT and TT tests, which have been
extensively employed for evaluating the hemo-compat-
ibility of various heparin treated biomaterials [29,41].
APTT and PT indicate the efficacy of intrinsic and ex-
trinsic coagulation pathways, respectively, and TT is
generally employed to test the activity of fibrinolytic
systems. As shown in Fig. 8, the APTT, PT and TT values
of TS-M/P/V were consistently prolonged compared to
TS and TS-M (p < 0.05). The results implied that heparin
maintained its anticoagulant properties during the whole
process.

Osteocompatibility and osteogenic activities

For a bone substitute for mechanical bearing purpose, it is
expected to facilitate favorable osteointegration at the
implant/bone interface. In other words, the implant
coatings should not only deter the adhesion and coloni-
zation of bacteria, but also encourage osteoblasts to ad-
here, proliferate and mature, so as to accomplish long-
term stability of the implanted scaffolds. Fortunately, our
in vitro cell research indicated that the TS-M/P/V had

500 um

Figure 6 3D CLSM images of Live/Dead stained S. aureus on TS, TS-M and TS-M/P/V. Magnification is x200 and the scale bar is 500 um.
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Figure 8 Clotting time test of different samples by APTT, PT and TT
(mean + SD, n = 6, **p < 0.01).

good cytocompatibility with hMSCs.

Initially, we measured the proliferation of hMSCs on
TS, TS-M and TS-M/P/V by testing the cellular metabolic
activity at 1, 7, and 14 days (Fig. 9a). During the first
week, there was no significant difference among the three
groups (p < 0.05). On day 14, the TS-M group showed
significantly better proliferative activity, especially com-
pared to the TS group (p < 0.05). The TS-M/P/V group
also showed relatively better proliferative activity than the
TS group. Moreover, the cell morphology and viability on
day 14 were measured employing SEM and Live/Dead
staining analysis (Figs 10 and 11). Generally, the hMSCs
could survive on all of these scaffolds, as no dead cells

April 2018 | Vol.61 No.4
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Figure 9 (a) Cell proliferation on the TS, TS-M and TS-M/P/V scaffolds
(*p < 0.05). (b) ALP activity of cells on the TS, TS-M and TS-M/P/V
scaffolds after 7 days of culture (*p < 0.05).

20 um

Figure 10 Live/Dead staining results of the TS (a), TS-M (b) and TS-
M/P/V (c) scaffolds after 14 days of cell culture. The right panels are
magnified sections of the left. Live and dead cells appear green and red,
respectively.

(red staining) could be observed. Clearly, the cell density
on the TS-M and TS-M/P/V scaffolds was higher than
that on the TS scaffold. Under SEM, the well-stretched
hMSCs on TS-M and TS-M/P/V scaffolds presented fili-

587



ARTICLES

SCIENCE CHINA Materials

400 pm
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100 um

Figure 11 SEM observations of hMSCs on the TS (a), TS-M (b) and TS-M/P/V (c) scaffolds after 14 days of culture. Arrows point to cells.

form shapes and spread out more evenly on the substrate.
More importantly, the hMSCs not only spread well on the
surface but also extended to the metallic struts inside.
Obviously, compared with the TS scaffolds, the amount
and morphology of hMSCs on TS-M and TS-M/P/V
scaffolds were both improved, which was consistent with
the proliferation and staining analyses.

Furthermore, using ALP as an early phase osteogenetic
marker, we measured the efficiency of our materials in
promoting osteogenic differentiation of hMSCs. It was
found that the TS-M and TS-M/P/V group pre-
sentedhigher ALP activity than the TS group on day 7
(Fig. 9b), indicating that the former two were more fa-
vorable to induce hMSC osteo-differentiation.

DISCUSSION

From perspectives of the orthopedists, a good orthopedic
implant should possess the following merits: (1) Osteo-
conduction. It must be an ideal scaffold allowing for

588 © Science China Press and Springer-Verlag GmbH Germany 2018

blood vessel ingrowth and new bone formation. (2) Sta-
bility. It should have sufficient mechanical strength for
load-bearing and be anatomically matched to minimize
the interfacial micromotions attributable to implant
loosening. (3) Osteoinduction. It can enhance the pro-
liferation and differentiation of hMSCs to promote os-
seointegration by means of providing biological active
factors. (4) Antibacterial functions. While improving host
cell adhesion, it can inhibit or kill bacteria that have the
same adhesive mechanisms as host cells. Besides, favor-
able hemocompatibility and absorbability are also prin-
cipal demands when the materials contact with blood
[42]. 3D printed customized porous Ti6Al4V implants
with interconnected macropores and high porosity can
easily meet the requirements of osteoconduction and
stability for its patient-specific design and bone in-growth
properties [43,44]. In addition, the additive manufactur-
ing technology has good flexibility, reproducibility and
high cost-effectiveness. However, compared to conven-
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tional solid implants, porous implants with large specific
surface area are more susceptible to bacterial coloniza-
tion. But on the flip side of the coin, the large superficial
area can be used as satisfactory substrate for endowing
the scaffolds with multifunctionalities. In our previous
study, micro/nanoporous apatite coatings were fabricated
in situ on the alloy struts by MAO to improve the os-
seointegration of 3D printed porous Ti6Al4V implant
[10]. Similarly, it is feasible to further decorate it with
anti-bacterial and antiagglutinating functions through
loading antimicrobials (antibiotics, silver, organic agents,
bioactive molecules, etc.) and anticoagulants into these
scaffolds simply by surfaces coatings.

Here, an original, feasible method for multiple func-
tionalization of 3D printed Ti6Al4V scaffolds was pro-
posed. First, TS was treated by MAO in the “electrolyte
for osteointegrative coatings, ESOC”, which creates mi-
cro-/nanopores TiO,/CaP coatings in situ on the TiS
macroporous strut walls. In addition, electrolyte con-
taining organic phosphate is proven to develop the bio-
compatibility of the MAO coating [45]. MAO has already
been proven an efficient, convenient method suitable for
the nanostructuring of macroporous surfaces [10]. Next,
vancomycin and heparin were immobilized on the mac-
ro/nanoporous surfaces pre-modified assisted by a PDA
layer, as originated from the self-polymerization of do-
pamine and bound tightly to TiO, [22].The self-poly-
merized PDA layer is stable and biocompatible, but has
poor blood compatibility, which restricts the clinically
application to some extent. Heparin has been widely used
for improving the blood compatibility of implant coating
in clinic and possesses tremendous advantages, such as
anti-inflammatory properties, significant effects on cell
proliferation, and promotion of angiogenesis. The -NH—
groups in heparin molecular chains could form covalent
bonds with the quinone groups in PDA, thus heparin
tightly anchored onto Ti surfaces [46]. Vancomycin, one
of the most widely used antibiotics for prevention and
treatment of postoperative orthopaedic infections, was
charged and delivered through multiple interactions with
PDA/heparin for sustained controlled release, which en-
dowed our implants with excellent antibacterial and an-
tibiofilm functions.

In our study, the improvement in cell attachment,
proliferation and differentiation might originate from
synergistic effects of the surface topography and chemical
composition. Both micro-/nanoporous topography of
MAO and the functional groups of PDA and heparin are
previously shown to direct protein adsorption and cell
adhesion and further promote osteoblast spreading, mi-
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gration and proliferation [5]. Further, the release of Ca™
from the scaffold into the extracellular environment is
beneficial to promoting the osteogenic differentiation of
hMSCs on the scaffold [47]. And the higher ALP activity,
an early phase indicator of the osteoblastic differentiation
of hMSCs, exhibited by the treated group, demonstrates
this point.

Recently, advanced orthopedic porous implants by 3D
printing targeted at functional bone defect restoration
have become a hot research topic; however, the focus is
mainly on endowing them with osteointegration func-
tions rather than antimicrobial activities [13,48,49]. To
impart antimicrobial coatings onto orthopedic implants is
an efficient and versatile approach. Generally, these
coatings can be sorted into two types: inorganic and or-
ganic antimicrobial coatings. As a most widely used in-
organic antimicrobial agent, nanosilver has been loaded
into TiO, micronanopores [5] and nanotubes [4] and
dispersed into graphene oxide coatings [50], which en-
dows bioceramic or biometallic scaffolds with strong
bacteria elimination potencies. Nanosilver-based implant
coatings possess advantages such as excellent antibacterial
efficiency, good stability, and low occurrence of drug
resistance. Nonetheless, the release profiles of silver
should be strictly controlled, otherwise it will have ad-
verse effects on the proliferation of human cells. On the
other hand, organic antimicrobial coatings are alter-
natively applied to 3D printing orthopedic implants, such
as quaternized chitosan-PLGA/HA scaffolds [51]. Of
particular research interest are antibiotic eluting polymer
coatings which hold great clinical translational potential.
However, the drug loading efficiency is limited and
duration of antibiotic release from commonly available
polymer coatings is several hours to a few days [52,53]. In
fact, constant aseptic condition is critical for normal
osseous functions in the early healing stage (3 months).
Hence, high drug-loading amount and sustained drug
release are urgent unmet need for 3D-printed drug elut-
ing implants. In the present study, vancomycin was loa-
ded into the external and internal surfaces of porous
titanium as treated by MAO and functionalized by PDA/
heparin, both of which were simple and facile processes.
The high loading property and sustained delivery char-
acteristics were confirmed in Fig. 3. This was likely en-
abled by the mutual contribution of largely enhanced
specific surface areas (due to scaffold’s macropores and
coating’s micro/nanopores) and versatile surface chem-
istry [5]. Consequently, appreciable antibacterial and
antibiofilm performances were achieved against S. aureus
(Figs 4-8), implicating good potential for the scaffolds’
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long term infection prophylaxis in real application. No-
tably, clinically relevant antibiotic vancomycin was se-
lected and used, which was proved highly effective in
impeding bacterial wall synthesis and killing most pa-
thogenic bacteria. Up to date, it has shown no cross-
resistance to any other antibiotics and bacteria are hard to
develop resistance for it. It should also be mentioned that
the as-prepared scaffolds were stable for months at room
temperature and did not lose their antibacterial potency
(data not shown), indicating their sound shelf-life im-
portant in clinical practice.

Therefore, the multifunctionality of TS-M/P/V was
easily realized, especially the anti-infection and os-
teointegration, by utilizing the merits of the micro/na-
noporous topology of MAO, the bioadhesion and
biofunctionality of PDA, the hemo-compatibility of he-
parin, and further the antibacterial activity of vancomy-
cin. In addition, thanks to the excellent 3D surface
adaptability of MAO and PDA, both the external and
interpores surfaces can be uniformly functionalized,
boding well for future applications for treating complexed
medical devices.

CONCLUSIONS

In this work, we have successfully prepared anti-infection
and osteogenic multi-functional 3D printed porous
Ti6Al4V implants with excellent hemo-compatibility by
MAO together with loading vancomycin and heparin and
further investigated the vancomycin release kinetic, anti-
infection and osteogenic capacity, cytocompatibility and
hemocompatibility. The MAO treatment greatly in-
creased the vancomycin releasing amount, which can
reach 1.26 mg within 19 days. In comparison with blank
control group, the treatment group displayed a remark-
able enhancement in anti-infection and osteogenic capa-
city. Furthermore, the treatment group exhibited good
cytocompatibility and hemocompatibility. In total, this
multi-functional 3D printed porous Ti6Al4V implant can
play a role in customized functional reconstruction of
intricate bone defects.
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