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Abstract Biofilm-associated infections and the lack of

successful tissue integration of biomaterial surfaces are the

two main barriers to the long-term service of implanted

biomaterials. Development of novel biocompatible

antimicrobial materials has provided insights into their

potential biomedical applications. Many clinical studies

have successfully proved that hydroxyapatite coating has

excellent osteogenic activity but lacks antibacterial infec-

tion in the early stages after implantation. Rare earth (Re)

elements have become promising antibacterial biocides and

bone-forming effects. Antibacterial capacity of 14 rare

earth elements (Eu, Gd, Ce, Nd, Y, La, Pr, Er, Sm, Ho, Tb,

Yb, Lu, Dy) was assayed. The gadolinium (Gd) showed

outstanding broad-spectrum antibacterial activity against

both Gram-positive and Gram-positive bacteria. Here, we

report Gd-HA coatings deposited on titanium (Ti) substrate

by liquid thermal spraying. The grain size of Gd-HA

decreased slightly after Gd3? incorporation. The antibac-

terial properties of Gd-HA composite coatings were

determined against Gram-negative pathogens Escherichia

coli and Gram-positive pathogens Staphylococcus epider-

midis. The anti-infection performances were assessed by

examining bacteria adhesion and biofilm formation on the

coatings. The in vitro cytotoxicity of the Gd-doped HA

coatings was further measured on human osteoblast cell

line by CCK-8 method. The thermal sprayed HA-Re

composite coatings show improved antimicrobial and bio-

compatible properties and great applicable potential in

orthopedics.
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Introduction

Due to dramatical growth of the global elderly population

and orthopedic device market (Ref 1, 2), the implanted

biomaterials have become one of the most clinically

demanded medical materials (Ref 2). The development of

bone tissue engineering relies on the development of

alternative materials for implanted biomaterials (Ref 3).

The ideal implanted materials should possess good bio-

compatibility, low cytotoxicity, inducibility, regeneration,

and mechanical wear resistance (Ref 4). Hydroxyapatite

(HA) is a biologically active ceramic material, possessing

good biocompatibility, high osteo-conductivity, and

osteoinduction (Ref 5). It improves the formation of

chemical bonds between artificial implants and host bone

and easily adsorbed by osteoblasts to promote the growth
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of osteoblasts owing to its chemical similarity to the bone

mineral components (Ref 6, 7). Therefore, it has been

widely applied in the biological field (Ref 8). Biomaterials

incorporated in the human body should possess antibacte-

rial properties as they are exposed to bacterial colonization.

Bacteria can easily develop a biofilm structure on implants

and protect themselves from environment conditions and

human immune system, making the implant invalid and

even threatening the life of the patient (Ref 9), which

requires the implant material have long-lasting antibacte-

rial properties (Ref 10). Whereas, pure hydroxyapatite

itself does not possess antibacterial properties. Conse-

quently, many authors have conducted antibacterial modi-

fication studies on hydroxyapatite, hoping to endow HA

with antibacterial property (Ref 11).

Based on the study of the crystal structure of HA,

doping antibacterial elements in hydroxyapatite is a com-

mon method for antibacterial modification (Ref 12), in

which a variety of metal ions can replace calcium ions. As

reported, many antibacterial ions have been used to modify

HA to make it antibacterial, such as Ag?, Cu2?, Mg2?,

Ce3?/Ce4?, Y3? etc. (Ref 13). Among them, Ag? and

Cu2? are most studied which are antibacterial elements that

discovered and applied earlier with broad-spectrum and

excellent antibacterial properties, Recent studies suggested

that their doping attribute to HA good antibacterial prop-

erties, but because of the poor biological properties and

certain cytotoxicity of Ag? and Cu2?, their application

were limited (Ref 14, 15). To avoid these drawbacks, new

elements are to be explored.

Rare earth elements (Re) possess quite strong broad-

spectrum antibacterial properties in the ionic state, so the

doping of rare earth element ions to modify HA is a

research hotspot (Ref 16). Re refers to 15 elements in the

lanthanides, as well as two elements related to the lan-

thanides scandium (Sc) and yttrium (Y). The peculiarity of

their electron shells structure makes them unique physio-

logical and biochemical characteristics (Ref 17). They

show positive effects on anti-inflammatory, antibacterial,

anti-cancer and anti-tumor (Ref 18). Moreover, studies

have found that trace amounts of rare earth elements (La,

Ce, Gd, Yb, etc.) were contained in the inorganic salt

components of human hard tissues, which play an impor-

tant role in regulating the functions of cells or tissues (Ref

19, 20). Based on the above characteristics, doping a cer-

tain amount of rare earth elements into hydroxyapatite as a

bone repair materials can not only improve the antibacterial

properties of the material, but also ensure its good bio-

compatibility (Ref 21). Recently, various rare earth ele-

ments and their compounds have been studied for

biomedical field.

Gadolinium (Gd) is a rare earth element belonging to the

lanthanide series, which has been employed in microwave

technology and energy industry (Ref 22, 23). The current

research indicates the Gd possesses antimicrobial perfor-

mance, especially well synergistic antibacterial properties,

low cytotoxicity, and well biocompatibility, has been

applied in tumor treatment, drug delivery, and biomedical

imaging (MRI, x-raying imaging) (Ref 24, 25). Gd-con-

taining magnesium alloys and Gd-doped scaffolds as

orthopedic implants exhibited no cytotoxicity to L929,

MG63, VSMC cells and animal test. Furthermore, the

addition of Gd element effectively activated the Wnt/b-
catenin signaling pathway and subsequently improve bone

marrow mesenchymal stem cell proliferation and osteo-

genic differentiation (Ref 26, 27). Gd ion is exist in the

form of Gd3? (0.0938 nm) is similar to Ca2? (0.1000 nm)

in ionic radius and characters, it possesses higher charge

and a larger ion potential compare to Ca2?. Furthermore,

the binding stability of Gd3? is higher than Ca2? for

compounds bound by ionic bonds, makes it feasible to

replace Ca2? into the crystal lattice of HA (Ref 13).

Besides, according to the Born-Lande formula (Ref 28):

U = KZ1Z2A(1 - 1/n)/r, where A is the Madelung con-

stant, K is 138,940, |Z1| is the Cation charge, |Z2| is the

Anion charge, r is the nucleus distance, n is the Born index.

The incorporation of Gd3? increases the lattice energy of

HA and improves its crystal stability. In these regards,

incorporating Gd3? into HA is an appropriate method to

make it a promising biomaterial possesses good biocom-

patibility, antibacterial performance, and good stability.

The coating technology has been recognized as a com-

mercial method to improve the functional performance and

service life of artificial implants for tissue engineering (Ref

29, 30). Specifically, thermal spraying is a industrialized

coating process whereby heat sources (flame, plasma,

electric arc, etc.) are used to adjust the molten state of

feedstocks that are accelerated in a fluid stream (Ref 31).

Thermal spray coatings from powders require it suit-

able particle size range and good fluidity that need a series

of cumbersome processes to be achieved (Ref 32). The use

of suspension feedstock is one of the most recent and

promising innovations in the thermal technology (Ref 33),

due to it no need for secondary granulation, controlling

grain growth, simplify the process, high deposition effi-

ciency and the prepared coatings are nanostructure (Ref

34), most remarkably, suspension spraying gives the pos-

sibility to deposit thin (\ 20 lm) and dense layers for

surface modification of medical devices (Ref 35).

At the present work, the antibacterial effects of 14 rare

earth elements on Gram-positive bacteria and Gram-nega-

tive bacteria were initially screened. Then, Gd3? doped HA

into precursors were synthesized by liquid precipitation

method (Ref 36) and their composite coatings on titanium

were further prepared by liquid thermal spraying (Ref 37).

The antibacterial properties of as-sprayed coating were
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investigated against the typical bacterial strains Escher-

ichia coli and Staphylococcus epidermidis. The adhesion

and colonization phenomena of bacteria were observed.

The results demonstrate that a bio-coating material with

excellent antibacterial properties and promoted bone

growth was prepared, which show potential for the

antimicrobial applications in tissue engineering.

Materials and Methods

Commercially available rare oxide powders (YumYi Rare

Earth Inc., Ganzhou, China) were used for biocides. Nano-

HA, Gdx-HA powder was synthesized by thermal precipi-

tation method (Ref 38) utilizing Gd(NO3)3�6H2O (Jiangxi

Academy of Sciences, China), Ca(NO3)2�4H2O (Aladdin,

China) and (NH4)2HPO4 (Aladdin, China). The ammonia

water (NH3�H2O, Sinopharm Group Co., Ltd., China) was

used for PH regulation. According to the theoretical cal-

culation of molar ratio, HA slurry, 5 mol.% Gd-HA,

7.5 mol.% Gd-HA, and 10 mol.% Gd-HA slurries were

prepared. Titanium alloy with 15 9 15 mm2 in length and

width as well as 2 mm in thickness was used as the sub-

strates. Prior to coating deposition, the substrates were

mechanically roughened via sand blasting and ultrasoni-

cally cleaned in acetone. The coatings were subsequently

produced by liquid flame spraying. The Gd-HA composite

slurry was atomized and injected into the flame source with

liquid feed rate of 80 mL�min-1 and a nitrogen flow rate of

0.01 L�min-1. Preparation process of feedstock and sub-

sequent coating has been schematically depicted (Fig. 1).

The spray parameters were conducted at a spray distance of

150 mm, an oxygen flow rate of 42.9 L�min-1, and a

propane flow rate of 7.34 L�min-1.

The phase composition of the powders and coatings was

evaluated by x-ray diffraction (XRD) with German Bruker

AXS D8 Advance diffractometer using Cu Ka1 radiation

(k = 1.54060 Å). Scanning electron microscopy with

energy-dispersive x-ray spectroscopy (SEM–EDX, Quanta

FEG 250, FEI, Oxford, Ohio, USA) was used to analyze

the surface morphology, elemental distributed of the

powders and coatings. The surface morphology and

roughness Ra of as-sprayed coatings were measured via

laser confocal microscope (3D optical Proficometer, UP-

Lambda 2, Rtec Instruments, San Jose, USA). The lattice

structure of Gd0.1-HA powders was investigated through

high-resolution transmission electron microscope

(HRTEM, Tecnai F20, USA).

Gram-positive bacteria Staphylococcus epidermidis

(CMCC(B)26069) and Gram-negative bacteria Escherichia

coli (ATCC25922) were employed to evaluate the

antibacterial properties of the rare oxide powders and

coatings. The bacterial concentration of 106 CFU/ml was

used in the sterilization and adhesion testing. The strains

Escherichia coli and Staphylococcus epidermidis were sub-

cultured in LB and TSB medium, respectively. The bac-

terial suspension was further seeded on specimen surfaces

and cultured at 37 �C in a rocking incubator (Ref 20). The

antibacterial performances were evaluated by the anti-ad-

hesion properties and sterilization rates. For directly visu-

alizing the bacterial adhesion behavior and accumulation

morphologies, the bacteria were fixed using 2.5% glu-

taraldehyde for 24 h, dehydrated gradually in 10, 30, 50,

75, 100% alcohol and further dried at critical point at

25 �C. The obtained samples were coated with Au, then

observed by SEM (S4800, Japan). The sterilization rates

were analyzed by the spread plate method. The cytotoxicity

of the Gd-doped HA coatings was measured by CCK-8

method. Human osteoblast-like cells (hFOB 1.19, National

Centre for Cell Science (NCCS), Shanghai, China) were

cultured in DME/F-12 1:1 medium with 10% FBS (Gibco,

America), 2% double resistance (TransGen Biotech, Bei-

jing) solution, in cell incubator with 37 �C and 5% CO2

atmosphere. 3 9 104 cells/mL osteoblast were seeded on

coatings.

Fig. 1 Schematic depiction of

the preparation process of Gd-

HA slurry and subsequent

coating
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Results and Discussion

To gain a comprehensive understanding of the influence of

rare earth elements on bacterial behaviors, the antibacterial

effects of 14 rare earth elements (Eu, Gd, Ce, Nd, Y, La,

Pr, Er, Sm, Ho, Tb, Yb, Lu, Dy) on both Gram-positive

bacteria and Gram-negative bacteria were initially

screened. After 12 h incubation, rare earth elements

showed remarkable influence on growth viability of E. coil

and S. epidermidis (Fig. 2). The antibacterial rate against

E. coil is 67% for Eu, 42% for Gd, and 33% for Ce,

respectively. Noticeably, rare earth elements show differ-

ent effect on S. epidermidis. The antibacterial rate is 30%

for Gd, 30% for Nd, and 25% for Er, respectively. Among

14 rare earth elements, the Gd could dramatically inhibit

bacterial survival of both Gram-positive bacteria and

Gram-negative bacteria.

Consequently, Gd3? doped HA nano-crystallite with

different Gd concentrations (5, 7.5 and 10 mol.% Gd

incorporation) were synthesized by hydrothermal method

to inhibit bacterial infection. The TEM image of the syn-

thesized Gd0.1-HA slurry shows an ultra-fine needle-like

shape for the Gd3? doped HA nanoparticles (Fig. 3a). In

order to characterize the chemical composition distribution

of Gd-HA, further EDX analysis of the Gd0.1-HA com-

posite powders suggests the presence of Gd, Ca and P was

detected (Fig. 3b, c and d). Additionally, the Gd elements

are uniformly distributed in the composite powder (Fig. 3),

suggesting that Gd3? uniformly enters the HA lattice

structure or ion-substituted HA during the synthesis pro-

cess. The chemical composition, crystal size and lattice

structural of biomimetic apatite could be regulated after

incorporation of second phases (Ref 38, 39).

To further disclose the effects of Gd incorporation on

shape, grain size and lattice structure of Gd-HA

nanocrystalline, TEM, HRTEM and XRD were conducted.

It is noted that, based on the TEM characterization, HA and

Gd-HA nanoparticles present similar needle-like shape.

However, the Gd-containing HA nanoparticles show finer

grains (Fig. 4a-1 versus b-1). Mean grain size in the Gd0.1-

HA is * 100 nm in length and * 10 nm in diameter,

while the Gd-free HA sample shows the grains of * 100

nm in length and * 30 nm in diameter. Recent studies

already reported that high concentrations of rare earth Ce

ions in HA resulted in reduction in crystallite size (Ref 40).

In this study, it has been realized that during the synthesis

of the Gd-HA nanocomposite powder, Gd inhibits HA

grains nucleation and growth along diameter (Ref 24). The

size of the Gd3?of 0.0938 nm is close to that of Ca2? of

0.1 nm. Surprisingly, the lattice spacing for Gd-HA

slightly increased when Ca2? ions are replaced by Gd3? in

the HA framework. The addition of Gd3? ions interferes

with the crystallization and increases vacancies and dislo-

cations of nano-sized HA grains (Fig. 4a-2 versus b-2).

The chemical composition of 14 rare earth oxide pow-

ders was identified (Fig. 5a and b). Phase analysis of syn-

thesized HA, Gdx-HA (x = 0.05, 0.075, 0.1) powders and

as-sprayed coatings was further characterized. Due to

extremely low Gd3? doping content, almost identical

diffraction peaks are presented for HA and Gd-HA feed-

stocks. The sharp diffraction peaks were identified as the

(002), (211), (300), (222) plane of HA located at 26.102�,
31.952�, 32.661�, 46.660�, respectively (Fig. 5c). Mean-

while, peak broadening attributed to the decreased grain

size in the powders (Ref 41). The results of XRD were

consistent with the results of TEM, both of which revealed

the phenomenon of grain refinement after Gd incorporation

in HA.

Figure 5(d) shows the XRD patterns of HA and Gd-HA

coatings on Ti substrate. The diffraction peaks at 25.893�,
31.850�, 32.891�, 46.659� were identified as the (002),

(211), (300), (222) planes of Gd-HA. Of special interest is

peak location, which move slightly to the left in compar-

ison with that of the pure HA powders, implying changed

lattice distance of HA. As the increase doping of Gd3?, the

position of diffraction peaks move to smaller 2h, namely,

larger d-spacing values.

Fig. 2 Antibacterial rate of rare

earth oxide for Gram-positive E.
coil and Gram-negative S.
epidermidis
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Additionally, the diffraction peaks become narrower and

sharper obviously after thermal spraying process. Some

peaks display significant enhancement, especially at

40.728�, which indicated as the (311) crystal plane. This

suggests possible recrystallization and grain growth of

nanograins during thermal spraying process. Interestingly,

with the increase of Gd content, the intensity of (311) plane

gradually decreases. It can be attributed to Gd doping

prevent the crystal growth along certain crystal plane.

Furthermore, the high temperature process causes partial

component decomposition and formation of DCPD

(CaHPO4�2H2O) and DCPA (CaHPO4) in as-sprayed

coatings (Ref 42). These peaks correspond to hydroxyap-

atite (JCDPS 9-432), DCPD (JCPDS 9-77), DCPA (JCPDS

9-80), Gd(OH)3 (JCPDS 83-2037) and Gd2O3 (JCPDS

43-1014).

The HA, Gd0.05-HA, Gd0.075-HA, and Gd0.1-HA

coatings were fabricated from synthesized HA slurry,

5 mol.% Gd-HA slurry, 7.5 mol.% Gd-HA slurry, and

10 mol.% Gd-HA slurry, respectively. Figure 6 presents

the cross-section microstructure of as-sprayed coatings.

The coatings are tightly bonded to the Ti substrates at their

interfaces. The thickness of the coatings is less than 10 lm,

which is enough to induce the biological response on the

modified surface of the implant material. The porosity of

the coatings is about 28-36% by image method. Surface

morphology and roughness are key factors substantially

influencing the interaction between cells and coating sur-

faces. The suspension flame sprayed coatings present

broadened curves with slightly enhanced peak intensity,

suggesting the retention of the initial nano-HA and nano-

Gd-HA powders as well as well crystallinity of nanograins.

Furthermore, the coatings deposited using Gd-free and Gd-

based feedstocks show similar surface morphologies

(Fig. 7a-1, b-1, c-1 and d-1). The nanosphere particles of

50 nm were retained in the as-sprayed coatings, illustrating

recrystallization and crushing occurred during spraying

process. Liquid flame spraying is a promising method for

preparing nanostructured biological coatings (Ref 43).

Surface texture and roughness are critical parameters

that physically affect bacterial sensing, attachment and

adhesion on material surfaces. Recently, various

Fig. 3 TEM image and EDS

mapping showing morphology

(a) and element distribution of P

(b), Gd (c) and Ca (d) of the

Gd0.1-HA powder
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Fig. 4 TEM and HRTEM

micrographs of the HA and

Gd0.1-HA nanocrystalline. (a-1)

TEM bright-field image shows

needle-like HA nanograins, and

(a-2) HRTEM image of (a-1)

shows the lattice spacing of

(202) plane of HA crystals. (b-

1) TEM bright-field image

shows ultra-fine needle-like

Gd0.1-HA nanograins, and (b-2)

HRTEM image of (b-1) reveals

increased doping and vacancies

of Gd0.1-HA crystals

Fig. 5 XRD pattern curves of

(a, b) original rare earth oxide

powders, (c) synthesized HA

and Gd-HA composite powders,

and (d) as-sprayed HA and Gd-

HA composite coatings
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mechanisms involving relationship between surface

roughness and bacterial adhesion have been proposed.

Generally, most scholars revealed that adhesion forces

increased with increasing surface roughness and greater

cell adhesion to rougher surfaces by providing more anchor

points for bacterial fimbriae (Ref 44). Nevertheless, others

argued a contrary result that an increase of surface

roughness did not influence or even inhibited the adhesion

of bacteria. Average surface roughness (Ra) is the most

frequently used parameters for characterizing surface

topography (Ref 45). The topographical morphology was

further examined by laser confocal microscope and dis-

closed roughness parameters as well as height distribution

maps of the coating surfaces (Fig. 7a-2, b-2, c-2 and d-2).

The roughness Ra show average values of approximately

4.5, 5, 10 and 6.5 lm for HA, Gd0.05-HA, Gd0.075-HA and

Gd0.1-HA coatings, respectively. Although rougher sur-

faces of thermal sprayed biological coatings usually facil-

itate bacterial adhesion, the antimicrobial effect of Gd

element plays a more dominant role.

The antibacterial performances were evaluated by anti-

adhesion and sterilization capacity of the coatings against

Gram-negative E. coil and Gram-positive S. epidermidis.

The interaction between the bacteria and coating were

visualized by SEM through bacterial attachment. And, the

viable microbial populations and antibacterial rate of sus-

pended bacteria surrounding the coatings were estimated

using the standard plate count (SPC) agar method (Ref 46).

Fig. 6 Cross-section view of

liquid flame sprayed coating:

(a) HA coating, (b) Gd0.05-HA

coating, (c) Gd0.075-HA

coating and (d) Gd0.1-HA

coating. 1. Low magnification,

2. High magnification
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After being exposed in bacteria suspension for 4 h,

E. coli and S. epidermidis bacteria already attached on the

coating surfaces. The bacterial adhesion and colonization

were realized underlying the partially biofilm formation

(Fig. 8a-1 and a-2). Accordingly, the number of the

adhered bacteria on HA and Gd-HA coating surfaces was

counted by virtue of captured SEM images. More Gd in the

coatings results in less recruited E. coli. The results show

significantly prohibited attachment and survival of Gram-

negative bacteria on the Gd0.1-HA coating for 12 and 24 h

as compared with that for 4 h (Fig. 8b-1 and c-1). In

contrast, the Gd0.1-HA coating slightly inhibited S. epi-

dermidis bacterial adhesion (Fig. 8b-2 and c-2). Compared

with Gram-positive bacteria, the Gd-HA coating tends to

inhibit the adhesion of Gram-negative bacteria.

Fig. 7 Surface views of the

(a) HA coating, (b) Gd0.05-HA

coating, (c) Gd0.075-HA

coating, and (d) Gd0.1-HA

coating. 1. FESEM images, 2.

Laser confocal microscope

images

J Therm Spray Tech

123



In this case, it seems clear that contact of E. coli and S.

epidermidis bacteria with the Gd-containing surface

destroys the cellular structures of the bacteria by contact

killing (Ref 47, 48) (Fig. 8c-1 and c-2). The dead bacteria

are highlighted by the circles. The damage of cell wall of

the bacteria and cell structure collapse could be the major

regimes of the Gd3?-induced bacteria-killing. Contact

killing is an efficient way to inhibit the microbial survival

and biofilm formation on the Gd-containing coatings.

To gain further insight into antifouling performances of

the Gd-containing coatings, viability of planktonic bacteria

surrounding the coatings in the bacterial suspension was

used to test release-killing (Ref 49) properties of Gd3?

doped HA coatings. The white regions in agar plates were

identified as the bacterial colonies. Through counting the

colonies, the sterilization rates of the coatings for E. coil

were calculated (Ref 45). After being incubated in bacteria

solution for 4 h, the antibacterial rate is 3.8% for Gd0.05-

HA, 39.5% for Gd0.75-HA, and 37.9% for Gd0.1-HA. The

antibacterial rate increases with the antibacterial time

increasing. Further being cultured for 12 h, the

antibacterial rate increases to 6.9% for Gd0.05-HA, 52.1%

for Gd0.75-HA, and 64.4% for Gd0.1-HA, indicating the

more Gd doping, the more Gd3? releasing at the same time

and the higher antibacterial rate (Fig. 9a and b). This

results in rare earth-based bactericidal coatings bearing

both chemical-releasing bacteria-killing capacity and con-

tact bacteria-killing capacity. However, after 24, 36 and

48 h of exposure, the antimicrobial activity of planktonic

bacteria surrounding the coatings tends to be

stable (Fig. 9a), suggesting that the Gd-HA coatings inhibit

Gram-negative bacteria mainly by contact-killing or further

enhanced Gd3? concentration.

The Gd0.1-HA coatings have no effect on significantly

reduce the number of S. epidermidis bacterial attachments

(Fig. 8). However, it is noted that excellent sterilization

performances were further revealed for the Gd-containing

coatings against S. epidermidis. After 4 h of exposure, the

antibacterial rate are 10% for Gd0.05-HA, 35.8% for Gd0.75-

HA, and 50% for Gd0.1-HA. Interestingly, after 12 h

exposure, * 100% S. epidermidis are already killed by the

10 mol.% Gd-HA coating (Fig. 10a). In contrast,

Fig. 8 SEM images of bacteria

adhered on the Gd0.1-HA

coatings after incubation for

(a) 4 h, (b) 12 h and (c) 24 h. 1.

E. coli, 2. S. epidermidis. (The
yellow arrows highlight typical

E. coli adhered on coating

surface. The red arrows

highlight typical S. epidermidis
adhered on coating surface. The

cell structure collapse of dead

E. coli are marked by yellow

circles, while the cell membrane

shrinkage of dead S. epidermidis
are enveloped by the red circles)

(Color figure online)

J Therm Spray Tech

123



antibacterial rate of 10 mol.% Gd-HA coating against

E. coli is 64.4% (Fig. 9a), indicating Gram-negative bac-

teria are more sensitive to Gd3? ion invasion. For 12 h

incubation, the higher the Gd dosage is the lower the

number of S. epidermidis colonies proliferation and growth

(Fig. 10b). Moreover, it is observed that the Gd-HA coat-

ings have 90-100% extinguishing efficiency against Gram-

positive bacteria S. epidermidis after being incubated in

bacteria solution for 24, 36 and 48 h (Fig. 10a). The results

show remarkably inhibited bacterial survival of S. epider-

midis surrounding Gd-HA coatings which could be mainly

attributed to Gd3? release-killing. The HA as a degradable

bioactive ceramic material can enhance the release and

diffusion of Gd3? ions into the surrounding environment.

The accumulation of Gd3? ion release increases gradually

with the increase of degradation time. In view of the dif-

ferent cell structure and proliferation rate of Gram-negative

bacteria and Gram-positive bacteria, Gd3? ions are more

likely to attack the cell walls of Gram-positive bacteria and

thus exhibit higher antimicrobial efficiency.

Biocompatibility of element Gd is still controversial.

The toxicity of Gd3? depends on its concentration. In this

study, osteoblast cells (hFOB 1.19) were used for cyto-

toxicity evaluation of Gd-containing coatings. The effects

of the Gd-doped HA coatings on cell proliferation

performances were measured by CCK-8 method using pure

HA coating as control. Compared with HA coating, Gdx-

HA (x = 0.05, 0.075, 0.1) coatings exhibited no cytotoxi-

city and even promoted bone cell proliferation with the

incubation time of 24, 48 and 72 h (Fig. 11). Consequently,

liquid flame sprayed Gd-HA coatings exhibited great

Fig. 9 (a) Examination of the

sterilization rate of the Gd-HA

coatings against bacteria E. coli
and (b) the optical picture of the

colony suspension diluted 103

times and cultivated on the agar

plate for 12 h incubation. 1.

Pure HA coating, 2. Gd0.05-HA

coating, 3. Gd0.075-HA coating,

4: Gd0.1-HA coating

Fig. 10 (a) Examination of the

sterilization rate of the Gd-HA

coatings against bacteria S.
epidermidis, and (b) the optical

picture of the colony suspension

diluted 103 times and cultivated

on the agar plate for 12 h

incubation. 1: pure HA coating,

2: Gd0.05-HA coating, 3:

Gd0.075-HA coating, 4: Gd0.1-

HA coating

Fig. 11 Osteoblast viability assay at 24, 48 and 72 h by CCK8

analysis
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potential to be used as antibacterial materials with appro-

priate Gd content.

Conclusions

Nanostructured Gd-HA composite coatings were success-

fully deposited on titanium alloy by liquid flame spraying.

The original nanostructure of the feedstock was obviously

retained in the HA and Gd-HA coatings. The incorporation

of Gd showed excellent cytocompatibility and promoted

osteoblasts proliferation. The Gd-containing bioactive

ceramic coatings performed both chemical-releasing bac-

teria-killing capacity and contact bacteria-killing capacity.

Gd-HA coatings significantly inhibited Gram-negative

bacteria E. coli adhesion and survival mainly by contact-

killing. The S. epidermidis surrounding Gd-HA coatings

were rapidly killed by Gd3? ions release. The development

of the novel rare earth-based composite coatings by the

thermal spray approach could provide more opportunities

for promotion of medical devices with excellent antibac-

terial infection properties on condition that Gd dosage

should be carefully controlled.
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