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Abstract

Additive manufactured, porous bone implants have the potential to improve osseointegra-

tion and reduce failure rates of orthopaedic devices. Substantially porous implants are

increasingly used in a number of orthopaedic applications. HA plasma spraying–a line of

sight process—cannot coat the inner surfaces of substantially porous structures, whereas

electrochemical deposition of calcium phosphate can fully coat the inner surfaces of porous

implants for improved bioactivity, but the osseous response of different types of hydroxyapa-

tite (HA) coatings with ionic substitutions has not been evaluated for implants in the same in

vivo model. In this study, laser sintered Ti6Al4V implants with pore sizes ofØ 700 μm and Ø
1500 μm were electrochemically coated with HA, silicon-substituted HA (SiHA), and stron-

tium-substituted HA (SrHA), and implanted in ovine femoral condylar defects. Implants were

retrieved after 6 weeks and histological and histomorphometric evaluation were compared

to electrochemically coated implants with uncoated and HA plasma sprayed controls. The

HA, SiHA and SrHA coatings had Ca:P, Ca:(P+Si) and (Ca+Sr):P ratios of 1.53, 1.14 and

1.32 respectively. Electrochemically coated implants significantly promoted bone attach-

ment to the implant surfaces of the inner pores and displayed improved osseointegration

compared to uncoated scaffolds for both pore sizes (p<0.001), whereas bone ingrowth was

restricted to the surface for HA plasma coated or uncoated implants. Electrochemically

coated HA implants achieved the highest osseointegration, followed by SrHA coated

implants, and both coatings exhibited significantly more bone growth than plasma sprayed

groups (p�0.01 for all 4 cases). SiHA had significantly more osseointegration when com-

pared against the uncoated control, but no significant difference compared with other coat-

ings. There was no significant difference in ingrowth or osseointegration between pore

sizes, and the bone-implant-contact was significantly higher in the electrochemical HA than

in SiHA or SrHA. These results suggest that osseointegration is insensitive to pore size,
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whereas surface modification through the presence of an osteoconductive coating plays an

important role in improving osseointegration, which may be critically important for exten-

sively porous implants.

Introduction

Selective laser sintering (SLS) can produce additive manufactured, porous Ti6Al4V structures

of complex geometries [1–3]. This allows the manufacture of implants with lower structural

stiffness to reduce stress shielding [4,5] and porous structures that mimic bone morphology

[6] to optimise bone ingrowth and osseointegration into the implant [1,7] for stable, long-term

fixation [3]. Osseointegration improves the implant-stability [2] and load transfer, redistribut-

ing forces to the bone more physiologically [8,9], and reduces the risk of fibrous tissue forma-

tion [3,5] and implant failure [10,11]. Advances in the fabrication of porous structures using

additive manufacturing [12,13] have led to the increased use of SLS implants in cranioplasty,

spinal fusion, segmental bone defect, and dental implants, among other orthopaedic applica-

tions. The parameters governing bone ingrowth obtained from investigating thin porous coat-

ings onto solid implant surfaces, used for example in hip replacement, may be different from

those governing bone ingrowth into substantially porous structures [14]. The design, implant

location, stress shielding, bone ingrowth and implant failure may be related, as finite element

analysis studies have shown that bone ingrowth into the porous structures can be limited due

to stress shielding and that this can increase stress in the implant, possibly reducing the fatigue

life of the implant [11]. For these reasons, it is important to optimise bone ingrowth into

porous implants, particularly as load bearing structures.

Several studies have investigated the effect of pore size on bone ingrowth into porous

implants. Taniguchi et al. [2] examined the use of a diamond lattice design with porosity of

65% in trabecular bone of the rabbit femurs, and three pore sizes of 300, 600 and 900 μm. The

900 μm pore size had the highest ingrowth at 4 weeks, significantly larger than for 300 μm

pores. However, at 8 weeks, the 600 μm pore size had the highest ingrowth, but not signifi-

cantly higher than the other pore sizes. Van der Stok et al. [15] studied the insertion of porous

scaffolds with fixed pore size of 490 μm and two different porosities of 68% and 88% in cortical

defects of rats and found no significant difference in bone ingrowth. A study on the influence

of different microarchitecture with pore sizes between 700 to 1300 μm and open channels

between 290 to 700 μm also showed excellent osteoconduction and ingrowth in all cases [16].

A pore size of 1500 μm has also been found to be successful in promoting bone ingrowth in

endo-prostheses used for limb reconstruction after bone tumour resection [17]. Taken

together, these results suggest that pore sizes of 300–1500 μm are suitable in the design of

implants to induce bone ingrowth in vivo, while ensuring the development of a vasculature

system that is essential for bone formation [18].

Bone ingrowth in porous implants is not sufficient to ensure direct bone-implant fixation

as several studies using Tantalum (Ta), Titanium (Ti) and Ti-based alloys have reported the

presence of fibrous tissue encapsulating the porous implant [19,20]. One method to improve

the bioactivity of bone bonding is through surface modification of these implants, such as

through chemical and heat treatment [21]. However, this method is not effective for forming

apatite on Ti6Al4V implants, which bonds to both bone and implant surfaces [21], increasing

the rate of bone ingrowth and bone-implant contact [1]. Another method is by coating the

implants with HA or other calcium phosphate (Ca-P) based coatings through porous surface
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coatings such as plasma spraying [5], but the line-of-sight technique produces uneven layers of

coating and does not coat the complex inner porous structure [4]. Electrochemical deposition

of HA provides an alternative method to coat complex geometries [1,4].

Modified coatings and bone graft materials that incorporated various ionic substitutions

within stoichiometric HA have been shown to be effective in increasing the bioactivity, thereby

encouraging more bone growth or surface osseointegration than HA alone [22–24]. Different

anionic and cationic substitutions have been studied, including zinc, fluorine, chlorine, stron-

tium, potassium and silicon, found in natural bone as substituted HA [25]. Various studies

involving silicon substituted HA (SiHA) demonstrated an improvement in osteoblastic cell

proliferation and morphology [26], adhesion of osteoblasts to the coating [27], and improved

bone ingrowth and osseointegration [22,23,28]. Studies that investigated the effect of silicon

concentration for in vitro and in vivo experiments suggested there may be an optimal level of

Si for bone formation. Porous bone graft substitutes implanted in the femoral intercondylar

notch of rabbits showed that the rate and quality of bone formation and adaptive remodelling

were sensitive to the level of Si content in HA [22]. A 0.8 wt% of Si was optimal in achieving

the highest amount of bone ingrowth, and higher Si content (1.5 wt%) decreased the mineral

apposition rate. This could be related to the cellular response to SiHA as 0.8 wt% Si was dem-

onstrated to upregulate genes for osteoblast development, whereas a 1.6 wt% Si led to reduced

proliferation [26].

Strontium (Sr) is also used for substitution within the HA lattice due to its similarity in

chemical and physical behaviour to Ca. Moreover, several pre-clinical and clinical studies have

demonstrated that strontium ranelate increases bone formation while inhibiting bone resorp-

tion [29,30]. Strontium substituted HA (SrHA) coatings have been shown to stimulate osteo-

genic differentiation of mesenchymal stem cells, while having a negative influence on

osteoclasts [31,32]. An optimal Sr content of 3–7 atomic percentage has been suggested [33].

The effect of SrHA with 10 mol % Sr was also shown to improve implant osseointegration and

pull-out strength by more than 50% when compared to stoichiometric HA in an osteoporotic

rat model [34]. The increase in bone-implant contact was also confirmed in SrHA synthesized

using electrochemical methods and implanted in a rabbit model [24].

Several studies have compared SrHA and SiHA in polycaprolactone scaffolds [35] and pure

titanium blocks [36]. However, no animal experiments comparing the effects of SrHA and

SiHA coatings in Ti6Al4V using electrochemical deposition has been reported, and bone for-

mation within extensively porous coated implants may be different from implants with porous

coated surfaces. This study was designed to investigate bone ingrowth into SLS porous struc-

tures, electrochemically coated with SiHA and SrHA in an ovine femoral condylar critical

sized defect model. The hypothesis is that osseointegration and bone formation in porous

implants made from titanium alloy is significantly higher with SiHA and SrHA compared to

plasma sprayed or electrochemically coated HA.

Materials and methods

Study design

Porous cylindrical implants of length 14.5 mm and diameter 8 mm were used in this study

[37]. The implant consisted of one half with small pore sizes (SP), 300μm struts and 700μm

pore size in cross-section, and the other half with large pores (LP), 750μm struts and 1500μm

pore size (Fig 1). The 700 μm and 1500 μm implants were designed with porosities of 75% and

70% respectively, and were manufactured from Ti6Al4V (elastic modulus: 110GPa) using SLS

(Eurocoating, Italy). The effective elastic modulus of the two implants, calculated using finite
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element analysis [11,37], were 18 GPa and 22 GPa for the 700 μm and 1500 μm implants

respectively.

The study design consisted of two control groups of uncoated (U) and plasma sprayed (PS)

implants (negative and positive control, respectively). The latter were plasma sprayed with a

highly crystalline (>85%) hydroxyapatite (Plasma Biotal, UK) that is used routinely for spray-

ing orthopaedic implants. The experimental group comprised of the three different implants—

Fig 1. 3D models of 700 μm (SP) and 1500 μm (LP) Ti6Al4V implants manufactured as one piece with 8 mm

diameter x 14.5 mm length.

https://doi.org/10.1371/journal.pone.0227232.g001
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electrochemically coated with HA, SiHA, and SrHA. All implants were randomly allocated to

each group.

Preparation of electrochemical coatings

The uncoated control implants and the implants for electrochemical coating were etched in

2% hydrofluoric acid for 4 minutes. After the acid was neutralised, the implants were ultrason-

ically cleaned in 10% Decon 90, deionised water, and 99% Industrial Methylated Spirit (IMS)

for 15 minutes and left to air-dry prior to being coated.

The electrochemical deposition process used a two-electrode cell configuration. The work-

ing electrode (cathode) was the implant while the counter electrode (anode) was a platinum

wire 0.063 mm in diameter (Goodfellow Cambridge Ltd, UK). Both electrodes were immersed

in an electrolyte with controlled temperature, and stirred gently throughout using a magnetic

stirrer. A DC dual power source (Peak Tech, Telonic Instruments Ltd, UK) was used to supply

a constant current during the deposition process. The preparation of the electrolytes for the

SiHA and SrHA coatings were based on the methods by Huang et al. [38] and Liang et al. [39].

An optimisation process was conducted by varying the duration and current of the electro-

chemical deposition process to ensure that the thickness of coating formed was even, below

the 50 μm threshold described by de Groot et al. [40] and Wang et al. [41], but thick enough to

prevent complete removal of the coating during surgery. Ti6Al4V discs of 10 mm diameter

and 3 mm thickness were used for the optimisation process. Four discs per coating combina-

tion and 16 individual measurements per discs were conducted (S1 Table). Further details on

the parameters for the electrochemical deposition are detailed in S1 Data. After electrochemi-

cal deposition, all implants were rinsed with deionised water, left to air dry and autoclaved

before implantation.

Coating characterization

Energy dispersive X-ray spectroscopy (EDS) was used to analyse the composition of the coat-

ings on the Ti6Al4V implants (EDX, EDAX Inc, USA). The crystal structures of the coatings

were analysed using X-ray diffractometry (XRD), on a Bruker D8 Advance X-ray diffractome-

ter (Brucker, UK). Cu-Kα radiation at a 2θ range of 0–100˚ was used. The phases present were

identified by comparing the obtained diffraction patterns with the International Committee

for Diffraction Data (ICDD) file cards 9–432 for HA.

Animal and surgical procedures

All procedures were carried out under Home Office Project Licence 70/8247, and approved by

the local Animal Welfare Ethical Review Board, in line with the UK Animal Scientific Proce-

dures Act (1986). All surgery was performed under general anesthesia using isoflurane inhala-

tion (Merial Animal Health Ltd, UK), and all effort was made to minimize suffering. Eight

skeletally mature sheep were used in this study. Following general anesthesia, 8x15mm defects

were drilled in the medial femoral condyles of adult sheep bilaterally. Implants were pushed

into place and the remaining periosteum, fascia and subcutaneous tissues were repaired. The

animals recovered in separate pens and once able, were group housed. All animals recovered

well and were allowed to weight bear immediately post-operatively. A total of 30 implants,

with 6 implants in each group was used in this study. Power analysis based on previous studies

indicates that six samples should be used for each group to prove significance with 20%

between the mean, a power of 0.8, and a standard deviation of 5%. Four implant positions

were possible per sheep (right proximal, right distal, left proximal, left distal) and the position

of implants from each group were changed so that they all occupied different positions in the
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condyles. Furthermore, the implants were also placed with either the smaller 700 μm pore (SP)

size oriented inwards (medially) or outwards (laterally). Table 1 outlines the locations and ori-

entation of the implants for each group. The implants were kept in situ for 6 weeks, at which

point the implants were retrieved for histomorphometric analysis. The animals were eutha-

nized by an overdose of sodium pentobarbital (Merial Animal Health Ltd, UK). To reduce the

number of animals in experiments, only one time period was used to to assess the initial bone

ingrowth and osseointegration of the implants [11].

Histomorphometry

The retrieved implants were stripped of excess soft tissue and fixed in 10% neutral buffered

formalin (NBF) for a minimum period of one week. The specimens were dehydrated in succes-

sively increasing concentrations of Industrial methylated Spirit (IMS), de-fatted with 100%

chloroform, immersed in 100% IMS to exchange the chloroform and then infiltrated with a

50% IMS and 50% resin mixture (LR White Resin, London Resin Company Ltd, UK), followed

by 100% resin. The specimens were embedded in hard grade acrylic resin (LR White Resin,

London Resin Company, UK). The resin blocks were sectioned longitudinally through the

centre to obtain sections of approximately 80 μm thickness. The thin sections were stained

with Toluidine Blue and Paragon to identify soft tissue and bone, and visualised using light

microscopy (Axioskop, Carl Zeiss, UK). Histomorphometric analysis was conducted in ImageJ

(National Institute of Health, USA) to obtain the bone-to-implant contact (BIC), bone area

ratio and soft tissue ratio. BIC was measured as the ratio of the length of bone in direct contact

with the implant and the total implant perimeter within the pores. Bone area ratio and soft tis-

sue ratio were computed as the percentage of surface area within the pores occupied by the

bone and soft tissue respectively. Thick sections were polished and examined using scanning

electron microscopy (JEOL 3500 C, JEOL, Japan). The coating layer identified using SEM was

analysed using EDS (EDX, EDAX Inc, USA).

Statistical analysis

Statistical analysis was performed using SPSS v22 (IBM, USA). As the sample size was small,

non-parametric Mann-Whitney U test or Kruskal-Wallis test was used to compare groups.

Results

Surface morphology

SEM examination of Ti6Al4V discs showed differences in the surface morphology depending

on the coatings (Fig 2). The uncoated, acid-etched implant had a rough surface with the

Table 1. Implant position and orientation within condyle defects. U, uncoated; PS, plasma sprayed HA; HA, electrochemical HA; SiHA, electrochemical SiHA; SrHA,

electrochemical SrHA. SP� (700 μm implant) orientated inwards.

POSITION 1 POSITION 2 POSITION 3 POSITION 4

1 U� PS� HA� SiHA�

2 SrHA� U PS HA

3 SiHA SrHA U� PS�

4 HA� SiHA� SrHA� U

5 PS HA SiHA SrHA

6 U� PS� HA� SiHA�

7 SrHA� U PS HA

8 SiHA SrHA

https://doi.org/10.1371/journal.pone.0227232.t001
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Fig 2. Surface morphology of Ti6Al4V discs with different coatings. (A) Uncoated, roughened, acid-etched. (B) Plasma-sprayed. (C) Electrochemically

deposited HA. (D) Electrochemically deposited SiHA. (E-F) Electrochemically deposited SrHA.

https://doi.org/10.1371/journal.pone.0227232.g002
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presence of micro-pits. The plasma-sprayed surface exhibited globular shaped crystallites

agglomerated together. Plate-like crystals covered the electrochemically HA and SrHA coated

surfaces, but the crystallites were smaller for the SrHA coating. The SiHA coating displayed

needle shaped crystals interspersed with plate-like crystals similar to those found in the HA

coating, except smaller. For the implant, the electrochemical coatings followed the topology of

the pores closely and no loose fragments were seen. None of the pores was blocked by the

coating.

Phase and chemical composition of coating

For the three electrochemical coatings, the molar ratios of the degree of substitution obtained

from EDS analysis are summarized in Table 2. The Ca:P ratio of 1.53 ± 0.04 for the HA coating

lies between that of tricalcium phosphate (TCP) and stoichiometric HA. The XRD spectra showed

that the plasma sprayed HA has the highest level of crystallinity as exhibited by the highest peak

(Fig 3). The XRD patterns of the three electrochemical coatings showed lower crystallinity with

amorphous phases. Among the substituted-HA coatings, the peak of Sr was lower than that of Si,

suggesting that Sr was less incorporated in a crystalline structure than Si in the coatings.

Histological observations

After retrieval at 6 weeks, all coatings were still present on the Ti6Al4V surfaces (Fig 4). The

plasma sprayed HA coating did not fully cover the inner pores of the porous scaffolds, with

increased but incomplete penetration for the larger 1500 μm pore size compared to the smaller

700 μm size structure. The electrochemical coatings completely covered the outer and inner

porous surfaces. For all implants and coatings, bone appeared to have grown directly from the

surrounding cancellous and cortical bone into the porous implant (Fig 4). Bone formation was

highest at the outer regions, at the interface with surrounding bone, and reduced towards the

center of the porous implant. The majority of the pores were only partially filled with bone.

Osseointegration was observed in all implants at the outer regions, with no observable differ-

ence in the level of osseointegration between the two pore sizes. A thin layer of bone covering

the inner struts of the porous structure was observed only for implants with one of the three

electrochemical coating.

SEM images of the implants revealed that all the coating were still present at 6 weeks (Fig

5). There was direct bone attachment with the coatings, and at 6 weeks the bone formed was

lamellar (Fig 5). Bone growth was observed adjacent to the coatings, on both struts and pores,

even within the inner regions of the porous implants (Fig 4). No isolated islands of bone for-

mation were observed within any of the pores, nor were any of the pores completely filled with

bone. Within the inner pores, bone formation was entirely associated with electrochemical

coating.

Histomorphometric analysis

The total implant surface length within the pores for the implants with the 700 μm and

1500 μm pores were 149.3 ± 11.6 mm and 69.4 ± 7.1 mm (mean ± S.D.) respectively, and this

Table 2. Elemental analysis of coatings with the appropriate Ca:P ratio and wt% of substituted element shown.

Coating Ratio (±SD) wt% (±SD)

HA Ca:P 1.53±0.04

SiHA Ca:(P+Si) 1.13±0.07 Si 1.63±0.81

SrHA (Ca+Sr):P 1.31±0.03 Sr 4.08±0.06

https://doi.org/10.1371/journal.pone.0227232.t002
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was significantly larger for the implant with the smaller pores than the implant with the larger

pores (p<0.001). The BIC in implants with the smaller and larger pore size were 47.7 ± 27.4%

and 45.5 ± 31.1% (mean ± S.D.) respectively, not significantly different (p = 0.853). There was

no significant difference in the BIC between the two pore sizes for all 5 types of coating consid-

ered individually (p = 0.811, 0.066, 0.378, 0.936 and 0.298 for uncoated, plasma-sprayed, HA,

SiHA and SrHA respectively). Therefore, the results for both pore sizes were combined together

to test the hypothesis. For the plasma sprayed group, only the results from the larger pore size

were considered in further analysis, as there was a marked difference in BIC (Fig 6), potentially

due to the incomplete coating coverage of the inner pores, especially for the smaller 700 μm size

structure, thereby giving a statistical result that was tending towards significance (p = 0.066).
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Using the Kruskal-Wallis test, there was a significant difference in BIC when all 10 coating-

pore size combinations were analysed (p<0.001) (Fig 6). The plasma-sprayed, electrochemical

HA, SiHA and SrHA of both pore sizes had BIC of 38.1 ± 15.7%, 77.5 ± 10.9%, 55.8 ± 26.4%

and 61.8 ± 15.4% respectively, which were significantly larger than the BIC of 10.3 ± 4.8% in

the uncoated control (p<0.0001 for all cases). Comparing the electrochemical coating against

the plasma-sprayed implants with the larger pore size, the BIC were significantly larger than

plasma sprayed HA for electrochemically deposited HA (p<0.001), and SrHA (p = 0.01) but

not for SiHA (p = 0.1627). The BIC in SiHA and SrHA were both not significantly different to

the BIC for electrochemical deposited HA (p = 0.973 and p = 0.987 respectively). Table 3 sum-

marises the significant results for the individual cases, and showed that significant results were

obtained which supported the first hypothesis, the comparison to the plasma sprayed implants

as positive control.

Evaluation of bone formation (bone within the pores) revealed that the area differences

were very small. No statistically significant difference was found between the implants with the

larger pore size. For the implants with the 700 μm pores, the bone area ratios were significantly

higher only in the electrochemical coated HA and SrHA implants compared with the negative

control (p = 0.007, 0.0464 respectively). None of the electrochemically coated implants had sig-

nificantly higher bone area ratio than the plasma sprayed positive control, and the bone area

ratio for SrHA and SiHA were not significantly higher than for the electrochemical HA

implant.

Discussion

In this study, implants with pore sizes of 700 μm and 1500 μm were electrochemically coated

with HA, SiHA and SrHA, and inserted into an ovine condylar defect model for 6 weeks. The

effect on bone ingrowth and osseointegration against uncoated and plasma-sprayed implants

was compared. Although the performance of SiHA and SrHA had been investigated in polyca-

prolactone scaffolds and pure titanium blocks [35,36], this is the first study that directly com-

pared the in vivo osseoconductivity and ingrowth of three electrochemical coatings in laser-

sintered Ti6Al4V implants of two pore sizes, against two controls. Results showed that bone

formation occurred along the metallic structure and not in the interior pores. There was high

Fig 4. Light microscopy images of histological slices of implants retrieved from ovine femoral condylar defect after 6 weeks: (a) uncoated, (b) plasma sprayed HA, (c)

electrochemical HA, (d) electrochemical SiHA and (e) electrochemical SrHA. Toluidine blue and Paragon used to stain bone and soft tissues pink and purple

respectively. Black regions correspond to locations of the Ti6Al4V struts. Scale bar indicates 1mm.

https://doi.org/10.1371/journal.pone.0227232.g004
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osseointegration of over 50% BIC for the electrochemically coated implants, significantly

higher than the plasma sprayed implants (positive control) for HA and SrHA, but there was no

significant increase in the bone area ratio in any of the electrochemically coated implants com-

pared to the plasma sprayed implants.

Electrochemical deposition offers the advantage of fully coating the interior surfaces of

porous implants, over line-of-sight processes such as plasma spraying, which can only coat the

outer regions. It has also been shown in literature that substituting calcium with strontium

Fig 5. Backscattered scanning electron microscopy (SEM) images of the implant cross-sections for (top)

electrochemical HA (x100), (middle) electrochemical SiHA (x200) and (bottom) electrochemical SrHA (x120)

coatings. Scale bars indicate 100 μm. Yellow, blue and red arrows identify presence of coatings, Haversian canals and

lacuna respectively. P: struts. R: soft tissue. B: bone.

https://doi.org/10.1371/journal.pone.0227232.g005
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Fig 6. Extent of osseointegration measured by bone implant contact. Boxes indicate mean and lines standard deviations. PS, plasma sprayed HA; HA, electrochemical

HA; SiHA, electrochemical SiHA; SrHA, electrochemical SrHA; SP, 700 μm implant; LP, 1500 μm implant. �p< 0.001, ��p< 0.02.

https://doi.org/10.1371/journal.pone.0227232.g006
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and silicon can enhance bone formation compared to plain HA coating. This led to the

hypothesis that electrochemically coated SiHA and SrHA implants would have significantly

higher osseointegration and bone ingrowth than plasma sprayed or electrochemically coated

HA implants. Substituted hydroxyapatites are thought to provide a more physiological min-

eral, as HA found in native bone contains many ionic substitutions. Several studies have dem-

onstrated the potential of SiHA and SrHA coatings to increase the reactivity of osteoblast and

bone apposition rate over unsubstituted HA [22,24,34].

The surface morphologies were different for all the coatings in this study; electrochemically

coated HA and SrHA both displayed plate-like crystalline structures, which were smaller in

scale in SrHA than HA. SiHA had needle-like crystalline structures and plasma-sprayed coat-

ing was present as HA globules. XRD analysis revealed that plasma sprayed coating was the

most crystalline, while the electrochemical coatings had similar XRD spectra, with amorphous

phase present. Highly crystalline structures have improved coating longevity, due to reduced

solubility compared to amorphous ones [34]. However, bone mineral has lower crystallinity

compared to many commercial plasma sprayed HA coatings. The coatings in this study were

present at 6 weeks in the animal model, and the high BIC of above 50% for the electrochemi-

cally coated implants of both pore sizes, and above 35% for plasma-sprayed implants with the

larger pores suggest that implant fixation had occurred. Within the porous structure, bone

occurred only on electrochemically coated surfaces. The lumen of the pores were not filled,

suggesting that the bone response was associated with the osteoconductivty of the surface.

Using the same animal model, Reznikov et al. [42] noted that bone regeneration within the

interior of the scaffold was inversely proportional to scaffold stiffness and was strain driven.

This is in line with the theoretical work carried out by Cheong et al. [37] who used adaptive

finite element algorithms to predict bone ingrowth in additive manufactured porous implants

and showed that stress shielding of porous implants made from conventional titanium alloy

limited ingrowth and osseointegration, reducing the stimulus for bone remodeling in the

inner pores below the minimum level for bone formation for both pore sizes. This would

explain the observation in this study that coating had less effect on overall bone formation

than surface integration (BIC). The finite element analysis also showed that the presence of

coating has a similar effect to lowering the stimulus for bone formation, leading to improved

bone ingrowth. These results suggest that surface modification of porous scaffolds that fully

coats all the porous regions of the implant is influential in encouraging osseointegration, but

overall bone ingrowth depends to a larger degree on the structural stiffness and stress shielding

within the implant.

The results in our current study showed improved osseointegration of electrochemical HA,

SiHA and SrHA, over the negative, uncoated control. Electrochemical HA and SrHA also had

significantly higher BIC over the positive control of plasma-sprayed HA. This could be due to

the increased solubility of the amorphous phase in the electrochemical coatings, as the dissolu-

tion of HA accelerates the formation of biological apatite to bond with bone tissues [24,43].

Table 3. p-values and percentage BIC (mean ± S.D.) for coating compared against uncoated, plasma spray coated, and electrochemical HA implants. Implants

from both pore sizes were grouped together (plasma sprayed only results from larger pore size). U, uncoated PS, plasma sprayed HA; HA, electrochemical HA; SiHA,

electrochemical SiHA; SrHA, electrochemical SrHA.

Implant (% integration ± S.D.) PS (LP only) (38.1 ± 15.7) HA (77.5 ± 10.9) SiHA (55.8 ± 26.4) SrHA (61.8 ± 15.4)

U (10.3 ± 4.8) <0.001 <0.001 <0.001 <0.001

PS (38.1 ± 15.7) <0.001 0.1627 0.01088

HA (77.5 ± 10.9) 0.97345 0.98689

https://doi.org/10.1371/journal.pone.0227232.t003
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The lower BIC in the smaller pore, plasma-sprayed implant is likely due to the coating not

reaching the inner regions of the porous implant as it is a line-of-sight technique.

The results showed no statistically significant difference between the osseointegration (BIC)

among the three electrochemical coatings. Surface morphology is known to affect cell attach-

ment and differentiation of osteoblasts [44], and possible reasons for this finding could be due

to the similarity in surface roughness of these three coatings (4–5 μm (Ra), not statistically dif-

ferent) (S2 Table). However, the control implants were also etched and had the same degree of

surface roughness, and there was no difference in the proliferation or the differentiation of

these cells on electrochemically coated surfaces with the uncoated control in vitro (S3 and S4

Tables). Hence, this effect is more likely associated with the chemical nature of the coatings in

a 3D structure.

The second reason could be due to the composition of the substituted element. The SiHA

coating in this study had a 1.63wt% of Si, which is similar to the results presented by Hing

et al. [22], which showed in a rabbit model that bone graft substituted with 1.5wt% Si had no

significant difference in bone ratio compared to 0wt% Si in bone ratio at 1, 3, 6 and 12 weeks.

A 7.7wt% of Si has been reported to significantly increase MC3T3-E1 osteoblast cell growth in

an in vitro study [38], but the optimum level found for bone formation in an in vivo study is

0.8wt% [22]. Higher levels of Si have been linked with increased cytotoxicity [45], which accu-

mulates faster in 3D porous structures as waste removal is slower than on 2D surfaces. More-

over, if Si substitution increases above 2 wt%, HA starts to destabilise and alpha triclacium

phosphate is formed [46].

The SrHA in this study utilized a Sr/(Sr+Ca) ratio of 10%, but the results obtained are dif-

ferent from literature utilizing the same molar ratio of Sr for the sol-gel-dip coating method,

where significantly higher bone formation was demonstrated compared with non-substituted

controls in rabbit and mouse models [24,34]. The reference methodology for SrHA coating

reported a measured Sr content of 4.7 wt%, which is marginally higher than the 4.08 wt% used

in this study [39]. The authors also reported significantly improved osteoblast proliferation in
vitro and osseointegration around the threads of implant screws, compared to 5% SrHA and

uncoated implants [39]. In our study, SrHA did not perform better than the other electro-

chemically deposited coatings and this could be due to stress shielding within the pores. Sr

concentrations of 6.25 atomic percentage (at%) has been reported to significantly increase

both bone area ratio and BIC in porous implants, but the measured value in this study was

only 1%. The Ca:P ratio of 1.31 obtained in this study is also higher than the value of 1.1 that

Liang et al. [39] obtained, suggesting that the SrHA coating obtained has a closer chemical

resemblance to stoichiometric HA.

The implants were designed with pore sizes of 700 μm and 1500 μm, within the range of

pore sizes that have reported good bone ingrowth in vivo. The implants had porosities of 75%

and 70% respectively, leading to a larger internal surface area for bone attachment in the

smaller pore size. No significant difference for BIC between the two pore sizes was found in

line with literature [2,15].

This study has several limitations. Firstly, the femoral condyle defect model utilised in this

study may not be fully representative of the mechanical forces encountered in functional

implants used in humans. The lower forces in the trabecular bone surrounding the implant

may be the reason for the relatively low amount of bone ingrowth compared with porous

implants in canine diaphysis with above 50% of bone ingrowth reported [47]. The extent of

bone ingrowth was only assessed at one time point, at 6 weeks, which may not be at equilib-

rium [37]. Although this duration is commonly used in small ruminants to assess the initial

success of implants [19,42], further testing at multiple time points would be required to assess

the long-term performance of the implant. Long term testing may also be important as
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previous studies in goats have shown the resorption of apatite coating not in direct contact

with the implant and newly formed bone, after 6 weeks [19,48]. FEA studies using new algo-

rithms for osteoconduction, verified with histology results, showed that the presence of coating

lowers the mechanical stimulus for bone formation [11,37]. Hence, the dissolution of the coat-

ing may affect the mechanical stimulus required to maintain the bone. The histological analy-

sis was conducted with the aim of evaluating bone ingrowth and osseointegration and used

only one type of staining due to the limited sample size. Future studies could also include

other staining methods such as Haemotoxylin and Eosin to better understand the process of

osteogenesis, or fluorochrome labelling to investigate bone apposition and the rate of osteo-

conduction. Nevertheless, this study highlights the importance of coating the inner pores of

substantially porous structures. This study used different conditions to produce the coatings in

order to maximise bone ingrowth. The results showed that further work to develop the electro-

chemical deposition process is required to lower the Si content and increase the Sr content to

optimum levels reported for sol-gel-dip coating. Wettability studies have not been conducted

in this study as HA is osteoconductive, and the low amount of substitution was not expected to

change the surface energy of the coatings significantly. However, this could be considered as

part of future work to determine the effect of substitution on the surface energy of the coatings.

This study only investigated the in vivo response of implants with two pore sizes with similar

porosities. The results in this paper showed that there is a significant difference in BIC and

bone ratio between implants that are HA-coated or uncoated, but porous implants with poros-

ities of 63% and 49% manufactured by EBM and SLM have both shown no significant differ-

ence whether the implants are uncoated or HA-coated in a goat model [1]. The link between

stress shielding and osteoconductivity and bone ingrowth should thus be considered in the

development and design of implants for human use.

Conclusions

This study compared the extent of bone ingrowth and osseointegration of completely porous

implants with electrochemically deposited HA coating with three different ionic substitutions,

in an in vivo model for the first time. The results indicated that unsubstituted HA and SrHA

led to significantly increased osseointegration compared to uncoated and HA plasma sprayed

control groups, whereas there was no significant difference between the pore sizes tested. This

suggests that for porous implants, osseointegration is less driven by pore size than by the pres-

ence of a bioactive coating and the overall stiffness of the implant. For implants electrochemi-

cally coated with HA, over 80% of the inner porous surface was osseointegrated, whereas

osseointegration was about 10% with non-coated implants in the outer pores. The combina-

tion of porous structures with electrochemically deposited coating has the potential to be

developed further as a bone ingrowth region in segmental prostheses, to protect the implant

from failure.
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16. de Wild M, Zimmermann S, Rüegg J, Schumacher R, Fleischmann T, et al. (2016) Influence of Micro-

architecture on Osteoconduction and Mechanics of Porous Titanium Scaffolds Generated by Selective

Laser Melting. 3D Print Addit Manuf 3: 142–151. https://doi.org/10.1089/3dp.2016.0004

17. Mumith A, Coathup M, Chimutengwende-Gordon M, Aston W, Briggs T, et al. (2017) Augmenting the

osseointegration of endoprostheses using laser-sintered porous collars: an in vivo study. Bone & Joint J

99-B: 276–282. https://doi.org/10.1302/0301-620x.99b2.bjj-2016-0584.r1 PMID: 28148673

18. Kanczler JM, Oreffo RO (2008) Osteogenesis and angiogenesis: the potential for engineering bone.

Eur Cell Mater 15: 100–114. https://doi.org/10.22203/ecm.v015a08 PMID: 18454418

19. Barrère F, van der Valk CM, Meijer G, Dalmeijer RAJ, de Groot K, et al. (2003) Osteointegration of bio-

mimetic apatite coating applied onto dense and porous metal implants in femurs of goats. J Biomed

Mater Res B Appl Biomater 67B: 655–665. https://doi.org/10.1002/jbm.b.10057 PMID: 14528464

20. Hacking SA, Tanzer M, Harvey EJ, Krygier JJ, Bobyn JD (2002) Relative contributions of chemistry and

topography to the osseointegration of hydroxyapatite coatings. Clin Orthop Relat Res: 24–38. https://

doi.org/10.1097/00003086-200212000-00004 PMID: 12461353

21. Kokubo T, Yamaguchi S (2015) Growth of Novel Ceramic Layers on Metals via Chemical and Heat

Treatments for Inducing Various Biological Functions. Front Bioeng Biotechnol 3: 176. https://doi.org/

10.3389/fbioe.2015.00176 PMID: 26579517

22. Hing KA, Revell PA, Smith N, Buckland T (2006) Effect of silicon level on rate, quality and progression

of bone healing within silicate-substituted porous hydroxyapatite scaffolds. Biomaterials 27: 5014–

5026. https://doi.org/10.1016/j.biomaterials.2006.05.039 PMID: 16790272

23. Patel N, Best SM, Bonfield W, Gibson IR, Hing KA, et al. (2002) A comparative study on the in vivo

behavior of hydroxyapatite and silicon substituted hydroxyapatite granules. J Mater Sci Mater Med 13:

1199–1206. https://doi.org/10.1023/a:1021114710076 PMID: 15348666

24. Yang GL, Song LN, Jiang QH, Wang XX, Zhao SF, et al. (2012) Effect of strontium-substituted nanohy-

droxyapatite coating of porous implant surfaces on implant osseointegration in a rabbit model. Int J Oral

Maxillofac Implants 27: 1332–1339 PMID: 23189282

25. Yamada MO, Tohno Y, Tohno S, Utsumi M, Moriwake Y, et al. (2003) Silicon compatible with the height

of human vertebral column. Biol Trace Elem Res 95: 113–121. https://doi.org/10.1385/BTER:95:2:113

PMID: 14645993

Bone ingrowth and osseointegration in porous implants due to different hydroxyapatite coatings

PLOS ONE | https://doi.org/10.1371/journal.pone.0227232 January 10, 2020 17 / 19

https://doi.org/10.1016/j.actbio.2010.09.034
http://www.ncbi.nlm.nih.gov/pubmed/20883832
https://doi.org/10.1016/j.actbio.2010.01.046
https://doi.org/10.1016/j.actbio.2010.01.046
http://www.ncbi.nlm.nih.gov/pubmed/20132912
https://doi.org/10.1016/j.medengphy.2016.12.007
https://doi.org/10.1016/j.medengphy.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28087211
https://doi.org/10.1002/(sici)1097-4636(199911)47:2<127::aid-jbm3>3.0.co;2-c
https://doi.org/10.1002/(sici)1097-4636(199911)47:2<127::aid-jbm3>3.0.co;2-c
http://www.ncbi.nlm.nih.gov/pubmed/10449624
https://doi.org/10.1007/s11999-014-4116-6
http://www.ncbi.nlm.nih.gov/pubmed/25634027
https://doi.org/10.1007/s10439-019-02369-z
http://www.ncbi.nlm.nih.gov/pubmed/31549330
https://doi.org/10.1016/j.pmatsci.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31406390
https://doi.org/10.1002/jor.23075
http://www.ncbi.nlm.nih.gov/pubmed/26488900
https://doi.org/10.1016/j.msec.2007.11.010
https://doi.org/10.1016/j.msec.2007.11.010
https://doi.org/10.1002/jor.22293
http://www.ncbi.nlm.nih.gov/pubmed/23255164
https://doi.org/10.1089/3dp.2016.0004
https://doi.org/10.1302/0301-620x.99b2.bjj-2016-0584.r1
http://www.ncbi.nlm.nih.gov/pubmed/28148673
https://doi.org/10.22203/ecm.v015a08
http://www.ncbi.nlm.nih.gov/pubmed/18454418
https://doi.org/10.1002/jbm.b.10057
http://www.ncbi.nlm.nih.gov/pubmed/14528464
https://doi.org/10.1097/00003086-200212000-00004
https://doi.org/10.1097/00003086-200212000-00004
http://www.ncbi.nlm.nih.gov/pubmed/12461353
https://doi.org/10.3389/fbioe.2015.00176
https://doi.org/10.3389/fbioe.2015.00176
http://www.ncbi.nlm.nih.gov/pubmed/26579517
https://doi.org/10.1016/j.biomaterials.2006.05.039
http://www.ncbi.nlm.nih.gov/pubmed/16790272
https://doi.org/10.1023/a:1021114710076
http://www.ncbi.nlm.nih.gov/pubmed/15348666
http://www.ncbi.nlm.nih.gov/pubmed/23189282
https://doi.org/10.1385/BTER:95:2:113
http://www.ncbi.nlm.nih.gov/pubmed/14645993
https://doi.org/10.1371/journal.pone.0227232


26. Honda M, Kikushima K, Kawanobe Y, Konishi T, Mizumoto M, et al. (2012) Enhanced early osteogenic

differentiation by silicon-substituted hydroxyapatite ceramics fabricated via ultrasonic spray pyrolysis

route. J Mater Sci Mater Med 23: 2923–2932. https://doi.org/10.1007/s10856-012-4744-x PMID:

22890519

27. Botelho CM, Brooks RA, Best SM, Lopes MA, Santos JD, et al. (2006) Human osteoblast response to

silicon-substituted hydroxyapatite. J Biomed Mater Res A 79: 723–730. https://doi.org/10.1002/jbm.a.

30806 PMID: 16871624

28. Patel N, Brooks RA, Clarke MT, Lee PM, Rushton N, et al. (2005) In vivo assessment of hydroxyapatite

and silicate-substituted hydroxyapatite granules using an ovine defect model. J Mater Sci Mater Med

16: 429–440. https://doi.org/10.1007/s10856-005-6983-6 PMID: 15875253

29. Bain SD, Jerome C, Shen V, Dupin-Roger I, Ammann P (2009) Strontium ranelate improves bone

strength in ovariectomized rat by positively influencing bone resistance determinants. Osteoporos Int

20: 1417–1428. https://doi.org/10.1007/s00198-008-0815-8 PMID: 19096745

30. Cortet B (2011) Use of strontium as a treatment method for osteoporosis. Curr Osteoporos Rep 9: 25–

30. https://doi.org/10.1007/s11914-010-0042-z PMID: 21120641

31. Capuccini C, Torricelli P, Boanini E, Gazzano M, Giardino R, et al. (2009) Interaction of Sr-doped

hydroxyapatite nanocrystals with osteoclast and osteoblast-like cells. J Biomed Mater Res A 89: 594–

600. https://doi.org/10.1002/jbm.a.31975 PMID: 18437694

32. Qiu K, Zhao XJ, Wan CX, Zhao CS, Chen YW (2006) Effect of strontium ions on the growth of ROS17/

2.8 cells on porous calcium polyphosphate scaffolds. Biomaterials 27: 1277–1286. https://doi.org/10.

1016/j.biomaterials.2005.08.006 PMID: 16143392

33. Capuccini C, Torricelli P, Sima F, Boanini E, Ristoscu C, et al. (2008) Strontium-substituted hydroxyap-

atite coatings synthesized by pulsed-laser deposition: in vitro osteoblast and osteoclast response. Acta

Biomater 4: 1885–1893. https://doi.org/10.1016/j.actbio.2008.05.005 PMID: 18554996

34. Li Y, Li Q, Zhu S, Luo E, Li J, et al. (2010) The effect of strontium-substituted hydroxyapatite coating on

implant fixation in ovariectomized rats. Biomaterials 31: 9006–9014. https://doi.org/10.1016/j.

biomaterials.2010.07.112 PMID: 20800275

35. Surmenev RA, Shkarina S, Syromotina DS, Melnik EV, Shkarin R, et al. (2019) Characterization of bio-

mimetic silicate- and strontium-containing hydroxyapatite microparticles embedded in biodegradable

electrospun polycaprolactone scaffolds for bone regeneration. Eur Polym J 113: 67–77. https://doi.org/

10.1016/j.eurpolymj.2019.01.042

36. Xia W, Lindahl C, Persson C, Thomsen P, Lausmaa J, et al. (2010) Changes of surface composition

and morphology after incorporation of ions into biomimetic apatite coating. J Biomater Nanobiotech 1:

7–16. https://doi.org/10.4236/jbnb.2010.11002

37. Cheong VS, Fromme P, Mumith A, Coathup M, Blunn G (2018) Novel adaptive finite element algorithms

to predict bone ingrowth in additive manufactured porous implants J Mech Behav Biomed Mater 87:

230–239. https://doi.org/10.1016/j.jmbbm.2018.07.019 PMID: 30086415

38. Huang Y, Han S, Pang X, Ding Q, Yan Y (2013) Electrodeposition of porous hydroxyapatite/calcium sili-

cate composite coating on titanium for biomedical applications. App Surface Sci 271: 299–302. https://

doi.org/10.1016/j.apsusc.2013.01.187

39. Liang Y, Li H, Xu J, Li X, Qi M, et al. (2014) Morphology, composition, and bioactivity of strontium-doped

brushite coatings deposited on titanium implants via electrochemical deposition. Int J Mol Sci 15:

9952–9962. https://doi.org/10.3390/ijms15069952 PMID: 24901526

40. de Groot K, Geesink R, Klein CP, Serekian P (1987) Plasma sprayed coatings of hydroxylapatite. J

Biomed Mater Res 21: 1375–1381. https://doi.org/10.1002/jbm.820211203 PMID: 3429472

41. Wang BC, Lee TM, Chang E, Yang CY (1993) The shear strength and the failure mode of plasma-

sprayed hydroxyapatite coating to bone: the effect of coating thickness. J Biomed Mater Res 27: 1315–

1327. https://doi.org/10.1002/jbm.820271012 PMID: 8245046

42. Reznikov N, Boughton OR, Ghouse S, Weston AE, Collinson L, et al. (2019) Individual response varia-

tions in scaffold-guided bone regeneration are determined by independent strain- and injury-induced

mechanisms. Biomaterials 194: 183–194. https://doi.org/10.1016/j.biomaterials.2018.11.026 PMID:

30611115

43. Shah FA, Thomsen P, Palmquist A (2019) Osseointegration and current interpretations of the bone-

implant interface. Acta Biomater 84: 1–15. https://doi.org/10.1016/j.actbio.2018.11.018 PMID:

30445157

44. de Wild M, Schumacher R, Mayer K, Schkommodau E, Thoma D, et al. (2013) Bone regeneration by

the osteoconductivity of porous titanium implants manufactured by selective laser melting: a histological

and micro computed tomography study in the rabbit. Tissue Eng Part A 19: 2645–2654. https://doi.org/

10.1089/ten.TEA.2012.0753 PMID: 23895118

Bone ingrowth and osseointegration in porous implants due to different hydroxyapatite coatings

PLOS ONE | https://doi.org/10.1371/journal.pone.0227232 January 10, 2020 18 / 19

https://doi.org/10.1007/s10856-012-4744-x
http://www.ncbi.nlm.nih.gov/pubmed/22890519
https://doi.org/10.1002/jbm.a.30806
https://doi.org/10.1002/jbm.a.30806
http://www.ncbi.nlm.nih.gov/pubmed/16871624
https://doi.org/10.1007/s10856-005-6983-6
http://www.ncbi.nlm.nih.gov/pubmed/15875253
https://doi.org/10.1007/s00198-008-0815-8
http://www.ncbi.nlm.nih.gov/pubmed/19096745
https://doi.org/10.1007/s11914-010-0042-z
http://www.ncbi.nlm.nih.gov/pubmed/21120641
https://doi.org/10.1002/jbm.a.31975
http://www.ncbi.nlm.nih.gov/pubmed/18437694
https://doi.org/10.1016/j.biomaterials.2005.08.006
https://doi.org/10.1016/j.biomaterials.2005.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16143392
https://doi.org/10.1016/j.actbio.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18554996
https://doi.org/10.1016/j.biomaterials.2010.07.112
https://doi.org/10.1016/j.biomaterials.2010.07.112
http://www.ncbi.nlm.nih.gov/pubmed/20800275
https://doi.org/10.1016/j.eurpolymj.2019.01.042
https://doi.org/10.1016/j.eurpolymj.2019.01.042
https://doi.org/10.4236/jbnb.2010.11002
https://doi.org/10.1016/j.jmbbm.2018.07.019
http://www.ncbi.nlm.nih.gov/pubmed/30086415
https://doi.org/10.1016/j.apsusc.2013.01.187
https://doi.org/10.1016/j.apsusc.2013.01.187
https://doi.org/10.3390/ijms15069952
http://www.ncbi.nlm.nih.gov/pubmed/24901526
https://doi.org/10.1002/jbm.820211203
http://www.ncbi.nlm.nih.gov/pubmed/3429472
https://doi.org/10.1002/jbm.820271012
http://www.ncbi.nlm.nih.gov/pubmed/8245046
https://doi.org/10.1016/j.biomaterials.2018.11.026
http://www.ncbi.nlm.nih.gov/pubmed/30611115
https://doi.org/10.1016/j.actbio.2018.11.018
http://www.ncbi.nlm.nih.gov/pubmed/30445157
https://doi.org/10.1089/ten.TEA.2012.0753
https://doi.org/10.1089/ten.TEA.2012.0753
http://www.ncbi.nlm.nih.gov/pubmed/23895118
https://doi.org/10.1371/journal.pone.0227232


45. Douard N, Detsch R, Chotard-Ghodsnia R, Damia C, Deisinger U, et al. (2011) Processing, physico-

chemical characterisation and in vitro evaluation of silicon containing β-tricalcium phosphate ceramics.

Mater Sci Eng C 31: 531–539. https://doi.org/10.1016/j.msec.2010.11.008

46. Kim SR, Lee JH, Kim YT, Riu DH, Jung SJ, et al. (2003) Synthesis of Si, Mg substituted hydroxyapatites

and their sintering behaviors. Biomaterials 24: 1389–1398. https://doi.org/10.1016/s0142-9612(02)

00523-9 PMID: 12527280

47. Arabnejad S, Burnett Johnston R, Pura JA, Singh B, Tanzer M, et al. (2016) High-strength porous bio-

materials for bone replacement: A strategy to assess the interplay between cell morphology, mechani-

cal properties, bone ingrowth and manufacturing constraints. Acta Biomater 30: 345–356. https://doi.

org/10.1016/j.actbio.2015.10.048 PMID: 26523335

48. Barrère F, van der Valk CM, Dalmeijer RAJ, Meijer G, van Blitterswijk CA, et al. (2003) Osteogenecity of

octacalcium phosphate coatings applied on porous metal implants. J Biomech Mater Res A 66: 779–

788. https://doi.org/10.1002/jbm.a.10454 PMID: 12926029

Bone ingrowth and osseointegration in porous implants due to different hydroxyapatite coatings

PLOS ONE | https://doi.org/10.1371/journal.pone.0227232 January 10, 2020 19 / 19

https://doi.org/10.1016/j.msec.2010.11.008
https://doi.org/10.1016/s0142-9612(02)00523-9
https://doi.org/10.1016/s0142-9612(02)00523-9
http://www.ncbi.nlm.nih.gov/pubmed/12527280
https://doi.org/10.1016/j.actbio.2015.10.048
https://doi.org/10.1016/j.actbio.2015.10.048
http://www.ncbi.nlm.nih.gov/pubmed/26523335
https://doi.org/10.1002/jbm.a.10454
http://www.ncbi.nlm.nih.gov/pubmed/12926029
https://doi.org/10.1371/journal.pone.0227232

