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ABSTRACT

Bio-ceramic hydroxyapatite (HA) coating has been commonly used to repair the

bones or as the functionalized surface of bone substitutes due to its excellent

biocompatibility, superior osteo-inductivity, and great corrosion resistance.

Among many other methods for synthesizing HA coating, coating via the

electrochemical deposition has a high degree of crystallinity and purity, which

fits the nonlinear, complex, and rugged substrates. Furthermore, HA coating can

be adjusted in terms of coating morphology, thickness, and chemical component

via changing the parameters, such as electrolyte ion concentration, electrolyte

composition, deposition current density, and deposition time, etc. Nevertheless,

the properties of electrodeposited HA coating highly pertain to the bubbles

generated by water electrolysis on the substrate surface as well as the concen-

tration polarization of electrolyte ions near the cathode during the electrode-

position process. In this study, the critical factors and mechanisms of HA

coating using the electrochemical deposition method are comprehensively

evaluated, thereby examining the effects of parameter optimization (i.e., current

mode, ultrasonic treatment, and postprocessing). Finally, the influences of ion
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substitution and HA composite coating on the surface structure and properties

of the HA-based coatings are also discussed.

Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2, HA or HAp) is the

prime inorganic constituent of human teeth and

bones and possesses good bioactivity and biocom-

patibility. Therefore, HA is a vital bio-ceramic mate-

rials for the bone and tooth implants in the biological

clinical medicine [1–4]. Besides, due to the intrinsic

osteo-inductivity, HA along with the human soft and

hard tissues can form chemical bonding, which

facilitates the adhesion and growth of osteoblast over

the implant’s surface [5–7]. HA bio-ceramics have

commonly used in the bone fillers, bone scaffolds,

bone cements, as well as drugs and gene delivery

[8–14]. However, HA coatings possess inherent brit-

tleness including the low tensile strength and fracture

resistance, which restricts its clinical application as a

non-bearing or low-load part [15–18].

In particular, the employment of HA coating can

attain optimal efficacy in some biological fields

[19–23]. Liu et al. proposed coating carbon fiber bio-

film supported bioreactor with HA in order to

strengthen the chemical durability of carbon fibers. In

this case, it precluded the microorganism from

flowing out and being damaged by changes in the

environment [24]. In the study by Tian et al. HA

coating was necessitated for magnesium metallic

orthopedic implant, which could be used to manip-

ulate the degradation velocity of magnesium. Sub-

sequently, the implants were decomposed at bone

healing speed accordingly and did not incur the

inflammatory response as a result of the hydrogen

corrosion in the body fluid environment [21]. Addi-

tionally, HA coating has been commonly studied as

one of the surface modification strategy of bone

replacing materials consisting of titanium, titanium

alloy, cobalt–chromium alloy, magnesium alloy, 316

stainless steel, and C/C composites [25–29]. These

materials acquired structure stability in conjunction

with HA coating, preventing atoms (e.g., carbon atom

and metal atom) from being released or diffused from

the implant’s surface so as to jeopardize the sur-

rounding biological tissues, which in turn led to

irritability and inflammation. Furthermore, HA

coating significantly boosted the corrosion resistance

of metallic implants in the body fluid [30, 31].

The major measures used for HA coating were

plasma spraying [32], RF-magnetron sputtering

[33, 34], sol–gel method [35, 36], hydrothermal pro-

cess [37, 38], and micro-arc oxidation [39]. Contro-

versially, these measures could only attain HA

coating with low crystallinity, unpredictable coating

structure, and low adhesion with substrates [40–42].

For example, plasma spraying was the exclusive

technique of coating implants that was commercially

available, yet the use of a relatively higher spraying

temperature rendered the coating with a mixed phase

(e.g., tricalcium phosphate and calcium oxide) and

higher internal residual stress [43, 44]. By contrast,

the employment of RF-magnetron sputtering helped

acquiring an HA coating layer with a high purity, a

high bonding strength, and a great evenness over a

large area, yet the target required a high production

cost and is not worthy of commercial investment

[45, 46]. Comparing to the aforementioned measures,

electrodeposition was capable of adjusting the coat-

ing thickness, ingredient, grain size, and a

microstructure over a nonlinear porous complex

surface [47–49].

In this review, the performances of the electrode-

posited HA coating were characterized in terms of

biocompatibility, osteo-inductivity, corrosion resis-

tance efficiency, and adhesive strength with the

substrate. These properties were highly correlated

with the topography, chemical component, surface

roughness, and degree of crystallinity [50–55]. To

gain HA coating with better properties (i.e., micro-

morphology and crystallinity), the most effective

method was to change the methods and conditions of

electrodeposition [56, 57]. What’s more, the cell per-

formance and biological activity behavior are

strongly dependent on the morphology and crystal

orientation of HA coating [58–60]. Finally, the reac-

tion mechanisms examined with electrochemical

deposition of HA coating were further compared

with the progress in other relative studies that have

been published in the last five years.
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Mechanism of HA coating
by electrochemical deposition

HA coating is commonly conducted using elec-

trodeposition as follows. An aqueous solution that

contains calcium ions, phosphate ions (or dihydrogen

phosphate, hydrogen phosphate ions) is electrified

directly. During the electrolysis, sodium or potas-

sium is added in order to obtain a higher solution

conductivity [61]. The electrodeposition system can

be divided into a traditional two-electrode system

and three-electrode system. The former is used for

galvanostatic electrodeposition, while the latter can

realize accurate potentiostatic electrodeposition pre-

cisely [62–65]. Figure 1 shows the experimental

device and reaction mechanism of electrodeposition

with different electrode systems. The main chemical

formulae of the electrode reaction are as follows

[66, 67].

2H2Oþ 2e� ! H2 " þ2OH�1 ð1Þ

H2PO
�
4 þOH� ! HPO2�

4 þH2O ð2Þ

HPO2�
4 þOH� ! PO3�

4 þH2O ð3Þ

10Ca2þ þ 6PO3�
4 þ 2OH� ! Ca10 PO4ð Þ6 OHð Þ2 HAð Þ

ð4Þ

In the electrodeposition process, the cathode gen-

erates bubbles and this phenomenon is consistent

with Eq. (1) as the hydrogen is produced. Next, the

presence of hydroxy radicals increases the pH value

near the cathode. Moreover, the concentration of

hydrogen phosphate and phosphate increases as a

result of a rise in the hydroxide ion concentration as

given in Eqs. 2 and 3. Simultaneously, calcium ions

move toward the cathode and then interact with

phosphate group and hydroxide, thereby generates

hydroxyapatite (HA) as given in Eq. 4 [68]. Of note,

characteristic peak of carbonate has been manifested

by infrared spectroscopy in many studies, which

suggests that the electrodeposited coating is formed

by carbonated hydroxyapatite (CHA) [62]. Hence, the

formation of carbonate is ascribed to carbon dioxide

from the air as given in Eqs. 5, 6, and 7 [68]. For the

sake of mitigating the carbonate contamination, inert

gas (e.g., nitrogen) is constantly infused to the elec-

trolyte before and during the electrodeposition

[69, 70].

Figure 1 Schematic diagram

of the experimental device and

reaction mechanism of

electrodeposition.
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CO2 þH2O ! H2CO3 ð5Þ

H2CO3 þOH� ! HCO�
3 þH2O ð6Þ

HCO�
3 þOH� ! CO2�

3 þH2O ð7Þ

In electrodeposition of HA, the electrolysis of water

provides the required hydroxyl group to form

hydroxyapatite and simultaneously generates a great

amount of hydrogen gas bubbles [71]. A contradic-

tion of electrodepositing HA coating between the

reaction efficiency and coating quality thus arises. For

instance, a rise in the current density or ion concen-

tration helps expedite the reaction and accelerates the

rate of hydroxide production considerably.

Nonetheless, the more the hydroxide, the more the

bubbles in the electrodeposition system. These bub-

bles are adsorbed over the substrate, which in turn

hampers nucleation and the sequent growth of HA

crystals severely. As a result, the loose and porous

coating layer causes low adhesion with the substrate,

which compromises the purity and crystallinity of

HA coating (Fig. 1c) [69, 72]. The surface morphol-

ogy, crystallinity, and crystal orientation of HA

coating determine the biological properties. Accord-

ingly, in recent years, one way to improve the bio-

logical properties and cell behavior of HA coating

prepared by electrochemical deposition is to elimi-

nate the bubbles on the substrate surface and

homogenize the electrolyte ions during

electrodeposition.

Methods to improve the properties
of electrodeposited HA coating

Electrodeposition parameter optimization

As the key steps of HA coating via electrodeposition,

the nucleation and growth of HA crystals are asso-

ciated with deposition temperature, pH value of

electrolyte, ion concentration, deposition time, and

current density [65, 73–76]. A high deposition tem-

perature is beneficial to the crystallinity, compact-

ness, corrosion stability, and hydrophilia for HA

coating [56]. To prolong the deposition time helps

increase the coating thickness and influences the cell

adhesion and proliferation behavior remarkably,

because the variation in the deposition time may

change the HA coating structure and surface mor-

phology. The surface of HA coating with different

morphology and roughness will play an important

role in the bioactivity behavior, and rough surface

provides the cell and coating layer with a great con-

tact area that facilitates the cell adhesion. However, a

rough surface composed of an acicular or a flaky

structure may harm the cells as it may damage the

cytoderm and thus hinders the proliferation and

vitality of cells [77, 78]. Similarly, the variation in pH

value of electrolyte also changes the coating features

[79]. Vladescu et al. focused on the flake- and

needlelike morphology for HA coating. With pH = 6,

the samples had higher corrosion resistance and

greater in vitro biomineralization capacity, and they

did not incur severe inflammation after being grafted

in rats for 21 days, which suggested that the HA

coating had extraordinary biocompatibility [79].

The surface morphology, coating crystallinity, and

nanostructure of HA coating are heavily dependent

on the current density and ion concentration. Table 1

compares current density, ion concentration, and

corresponding coating characteristics that were

reported in some recent studies on HA coating via

electrodeposition employing a galvanostatic mode. Li

et al. used ultrasonic-assisted electrodeposition to

form HA coating with a current density changing

from 2.5 to 7.5 mA/cm2, which resulted in a

decreasing grain size from 413.65 ± 63.12 to

264.56 ± 65.33 nm (Fig. 2) [80]. In addition, with a

low current density, HA crystals exhibit a retardant

precipitation rate near the cathode, and thus the

crystal particles grow steadily and were not subject to

breakage, showing a greater crystal texture. A high

current density likewise expedites the nucleation and

growth rate of HA crystals, so in the later stage, the

latter born crystal nucleus prevents the previously

formed crystals from further growth. Based on the

crystal growth theory of electrodeposition, a high

current density gives rise to a comparatively higher

overpotential, which in turn incurs higher deposi-

tional resistance that then facilitates the growth of the

new crystal nucleus while refraining the growth of

crystal particle [81, 82]. A low overpotential helps the

ionic aggregation that is caused by the slow charge

transfer process near the cathode. This is also bene-

ficial to crystal growth [83, 84].

On the other hand, to optimize the electrolyte

composition, such as the incorporation with hydro-

gen peroxide (H2O2) at different concentrations, is

proven to be effective for electrodepositing HA

coating. There is no hydrogen gas in the electrolytic
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product of H2O2, and the presence of H2O2 at dif-

ferent concentrations in the electrolyte is helpful to

adapt alkaline deposition conditions and eliminate

hydrogen bubbles that are detrimental to the bonding

strength of HA coating layer [69]. Without H2O2 in

the electrolyte, the coating layer is composed of

Table 1 HA coating in recent studies using galvanostatic mode

Substrate Ca2? ion concentration Current density Coating characteristics Ref.

cp-Ti 0.6 mM 1.0 mA/cm2 Rodlike 2018 [85]

Carbon fibers 0.635 mM 1.0–9.0 mA Rodlike 2018 [24]

cp-Ti 8.0 mM 15 mA/cm2 Platelike 2018 [86]

NiTi rod 8.0 mM 1.5, 3, 5 mA/cm2 Platelike 2017 [70]

cp-Ti 8.0 mM 15 mA/cm2 Platelike 2019 [20]

C/C composites 20 mM 8.0 mA/cm2 Flake-like 2019 [87]

cp-Ti 25 mM 1.0 mA/cm2 Flake-like 2018 [85]

cp-Ti 42 mM 15 mA/cm2 Needlelike 2018 [88]

Ti64 42 mM 1.25 * 3.61 mA/cm2 Flake-like 2015 [89]

NiTi rod 42 mM 1.5/5/15 mA/cm2 Needlelike 2017 [70]

SS316 42 mM 0.5/3.0 mA/cm2 Flake-like 2012 [69]

SS316 150 mM 5 mA/cm2 Spherical particle 2018 [90]

SS316 150 mM 10 mA/cm2 Flake-like 2018 [90]

SS316 150 mM 5/10/20 mA/cm2 Spherical particle 2019 [91]

Figure 2 Bright-field TEM image, SAED image, and particle size

distribution of HA crystals under different current densities by

ultrasonic-assisted electrodeposition, a–d 2.5 mA/cm2, e–

h 5.0 mA/cm2, and i–l 7.5 mA/cm2 Adapted from Ref. [80],

with permission from Elsevier.
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calcium phosphate at a mixed phase, which results in

a lower purity and crystallinity of HA. The electrol-

ysis would generate more hydroxy radicals,

improving the crystallinity and purity of HA coating.

Li et al. found that increasing the concentration of

H2O2 from 0 to 4.0 ml/L transformed the electrode-

posited HA crystal from being spindle-, flake-, to

being wrinkle-like. The degree of crystallinity then

increased from 52.34 ± 2.50 to 73.18 ± 5.75% with a

significantly decreasing surface roughness that was

as low as 0.877 lm (Fig. 3) [92]. Mokabber et al.

examined the HA coating as related to the concen-

tration of H2O2 (i.e., 0.1, 0.5, 1.0, and 1.5 wt%) using

X-ray diffraction analyses (Fig. 4). With 0.1 wt%

H2O2, the deposited layer was composed of DCPD,

OCP, and HA with a mixed phase. There exists an

optimal concentration of hydrogen peroxide, and

once it exceeds a certain threshold, calcium phos-

phate coating mainly consisted of HA and OCP,

which made the H2O2 concentration irrelevant to the

composition of coating [72].

HA coating made with electrochemical deposition

exhibits excellent cell adherence rates in both in vivo

and in vitro cell viability assay, yet HA coating is

more susceptible to dissolution as expected, indicat-

ing a low long-term stability [93]. This problem could

be addressed using a hydrothermal alkali

posttreatment [87, 94, 95]. To begin with, samples are

immersed coated in 80 �C 1 M sodium hydroxide for

one hour, rinsed with deionized water, and dried

[96]. The sodium hydroxide alkali posttreatment

urges the highly soluble DCPD and b-TCP to trans-

form into a stable calcium phosphate phase as given

in Eqs. 1 and 2. Sodium ions have a smaller radius

than calcium ions, which enables them to penetrate

the crystalline structure. The presence of Na? in the

biological apatite improves the cell adsorption

capacity and bone metabolism [97].

Figure 3 SEM images and 3D profiles of electrodeposited HA coatings at different H2O2 concentrations of a 0, b 0.5, c 2.0, and

d 4.0 mL/L. Adapted from Ref. [92], with permission from Elsevier.

Figure 4 XRD patterns of HA coatings deposited in 30 min at

-1.4 V with various concentrations of H2O2. Adapted from Ref.

[72], with permission from Elsevier.
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10CaHPO4 þ 12OH�

! Ca10 PO4ð Þ6 OHð Þ2þ4PO3�
4 þ 10H2O

ð8Þ

10Ca PO4ð Þ2þ6OH� ! 3Ca10 PO4ð Þ6 OHð Þ2þ2PO3�
4

ð9Þ

Deposition with pulse current and pulse
reverse current

The current forms utilized for electrochemical depo-

sition of HA coating include a continuous direct

current, a pulse current, and a pulse reverse current

[68, 71, 91]. For the direct current deposition, suit-

able ion concentration of electrolyte, deposition time,

and current density can avoid uneven, rough crystal

texture, and surface topography that are ascribed to

the electrolyte ion concentration polarization in the

near the cathode [69, 98]. There are two factors for the

presence of concentration polarization. One factor is

that the electrolyte ions near the cathode are con-

sumed by degrees, which prevents the ion concen-

tration in the reacting region from being

supplemented in time. The other factor is the varia-

tion in the motion tendency between the positive and

negative ions in the static electric field, which leads to

an excessive concentration difference in positive and

negative ions.

The continuous direct current deposition generates

H2 bubbles near the cathode, which blocks the mass

transportation in the chemical reaction. Comparing to

the direct current deposition, pulsed electrochemical

deposition rather yields a HA coating layer with a

greater homogeneity and better porosity [99]. The

peak current density, pulse on time, and pulse off

time account for the pulsed electrodeposition

[100–102]. With a low current density and a long

pulse off time, the pulsed electrochemical deposition

is capable of increasing the coating crystallinity as

well as the bonding strength between the substrate

and coating layer. A sufficient pulse off time is ben-

eficial to the growth of HA crystals, which allows the

diffusion of electrolyte ions from the bulk solution to

the electrode surface, which subsequently reduces

the concentration polarization of the next pulse [69].

As for the direct current electrodeposition, water

bath heating and magnetic stirring are used to make

electrolyte ions even, avoid ion vacancy, and

decrease the concentration polarization. The pulse

electrodeposition makes the most of pulse off time.

When a pulse current is given, the consumed ions in

the cathode/electrolyte interface can be supple-

mented during the pulse off time, thereby gaining a

high peak current density. The intermittent reaction

of the cathode is advantageous to the ion diffusion,

which then reduces the concentration polarization

and improves the deposition efficiency. Besides, the

presence of pulse interval retards the process of

crystal nucleation and epitaxial growth. At the same

time, it changes the growing trend and as such pre-

vents the occurring of abnormally structured HA

crystal (Fig. 5a, b).

It is more easily obtain nanocrystalline coating of

HA nanocrystals to use a pulse current than to use a

direct current [103]. Using the pulse reverse elec-

trodeposition means equivalently changing the

polarity of current and as such to improve the

adhesive force between the coating layer and the

substrate as well as facilitate the process of electro-

crystallization. Etminanfar et al. examined the elec-

trodeposited HA coating layer over nickel–titanium

superelastic alloy employing the pulse reverse elec-

trodeposition. The pulse off time was changed to

reverse current time, while the power of reverse

current was only 1/30 that of a forward current.

However, when the reverse duration was increased

two times higher than the forward time (i.e., 3.0 mA/

cm2*1 s ? 0.1 mA/cm2*2 s), the two factors that

incurred concentration polarization were successfully

counteracted, and the coating layer composed of HA

nano-wall was yielded afterward. The results indi-

cated that using the pulse reverse electrodeposition

helped acquire HA coating layers with ultrafine

pores and a specific surface area of 38.5 m2/g. Sub-

sequently, the higher the reverse pulse current den-

sity, the greater the porosity [104].

During the pulse deposition, a reverse current

forms unstable phase of calcium phosphate which is

detrimental to the porosity and microstructure. The

biggest advantage of pulse reverse electrodeposition

is to outperform the electrodeposition process while

efficiently assembling electrolyte with opposite

charges. With the aim of this method, in situ syn-

thesis of organic/inorganic nanoparticles is con-

ducted, allowing the nanoparticles to attach to

nanofilms or coatings [91]. The pulse reverse elec-

trodeposition, commonly called as layer-by-layer

pulse electrodeposition method (LBL-PED), is used to

combine substances of different polarities in recent

studies. For example, polydopamine (PDA) and HA

6358 J Mater Sci (2020) 55:6352–6374



are separately made by anodic deposition and cath-

ode deposition. By means of LBL-PED method, PDA

and HA are in situ synthesized by two continuous

oxidation and reduction pulses so are alternatively

deposited over the substrate. The employment of

HA–PDA multilayered nanocoating contributes to a

higher osteo-inductive activity for both in vitro and

in vivo [105]. Zhou et al. employed the LBL-PED

method to in situ synthesis polypyrrole-dopamine-

hydroxyapatite (PPy–PDA–HA) nanofilms. The

nanofilms demonstrated electroactivity, cell affinity,

persistent ROS-scavenging, and osteoinduction dur-

ing the production of porous Ti scaffold (Fig. 6). PPy

has negative charges and is made by anodic deposi-

tion, contrary to which HA is made by cathode

deposition. Hence, it is proven that LBL-PED method

has a great potential in the field of tissue regeneration

implants [106].

Ultrasonic-assisted electrodeposited coating

Interacting in a liquid medium, ultrasonic waves

generate a cavitation effect that can affect electro-

chemical reaction process and are thus commonly

used in the production of nanostructured materials

[107–109]. Figure 7a shows that the ultrasonic treat-

ment is conducted during the electrodeposition pro-

cess. An ultrasonic probe with an acoustic frequency

of 20 kHz is positioned 30 mm away from the

deposited sample near the cathode. Furthermore, the

ultrasonic power of the ultrasonic probe can be

manipulated in order to adjust the efficacy of elec-

trodeposition [110]. The employment of ultrasonic

treatment can significantly eliminate the presence of

bubbles caused by the electrolysis of water, which in

turn improves the diffusion process of electrolyte ion

and makes up for the consumed ions near the cath-

ode. As a result, HA crystals with low bond strength

are removed and the coating layer is even and dense

(Fig. 7b). With an ultrasonic field, bubbles can per-

form radial, uniform linear vibration and radiate

Figure 5 Current density–time curves as well as the distribution of positive and negative ions with mechanism of reducing concentration

polarization of (A/B) pulse electrodeposition and (C/D) pulse reverse electrodeposition.

J Mater Sci (2020) 55:6352–6374 6359



subordinate homogeneous spherical waves toward

the electrolyte. When the bubbles move and disperse

over the surface of HA microparticles in the elec-

trolyte, the resulting homogeneous spherical waves

activate the mesoscopic vortex of electrolyte, thereby

attains a uniform distribution of ions and then elim-

inates the concentration polarization of electrolyte

(Fig. 7c) [111].

With ultrasonic-assisted pulse electrodeposition,

the yielded HA crystals present a denser and evener

needlelike structure. Without ultrasonic treatment,

however, the resulting coating layer is rough and

irregular needle-, flake-, or platelike calcium phos-

phate crystal at a mixed phase. Accordingly, Fig. 7d

shows the mechanism how the ultrasonic treatment

influences the electrodeposited HA crystal structure,

suggesting that it precludes the possibility of inter-

granular agglomeration. In addition, ultrasonic

waves also lead to local energy fluctuations while

raising the nucleating energy required by the for-

mation of crystals over the substrate surface, and

increasing the nucleation probability. When the sub-

strates have an identical area, the sample group with

the ultrasonic treatment forms more nucleation sites

with correspondingly smaller distance among

nucleation sites, which subsequently forms a more

delicate microstructure (d1[ d2, Fig. 7d) [112].

In our latest study, the ultrasonic-assisted elec-

trodeposition is used in order to coat a HA layer over

the rugged braided structure [80]. The experimental

group (i.e., conducting the ultrasonic treatment) and

the control group are compared. After 7-day simu-

lated body fluid (SBF) immersion, the experimental

group acquires a smaller and more delicate apatite

crystal size with a stoichiometric ratio of calcium to

phosphorus (C/P ratio) being 1.59 that is close to C/P

ratio of HA (1.67). This result indicates that the

employment of ultrasonic treatment provides the HA

coating layer with greater in vitro biomineralization

and bioactivity (Fig. 8). To further analyze XRD pat-

tern, the control group (w/o conducting the ultra-

sonic treatment) obtains a mixed phase of OCP and

Figure 6 PPy–PDA–HA composite nanofilm made by LBL-PED method Adapted from Ref. [106], with permission from Willey.
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HA as mineralization in vitro (Fig. 8f). OCP is highly

soluble, which does not meet the stability require-

ments by orthopedic grafts [80]. The in vitro

biomineralization is also called biomimetic mineral-

ization, which means the process that in an SBF

environment, the surface of materials is able to form

bone-like apatite crystals [113]. In this study, bioac-

tive HA ceramic crystal is induced into the surface of

biodegradable braid scaffolds with HA crystal as the

nucleation center, which incurs the polymerization of

SBF ions (e.g., Ca2?, OH-, and PO4
3-) over the braid

surface, from which apatite is precipitated. This

complete process is defined as in vitro biomineral-

ization. The results of this observation can be

instructive for the biocompatibility in the further

clinical application [114].

Moreover, ultrasonic waves provide HA coating

with better cell adhesion capacity, facilitating the cell

proliferation and differentiation. Figure 9 shows

more fibroblasts adhesion and growth with ultra-

sonic-assisted electrodeposited coating. Namely,

ultrasonic waves increase the crystallinity of elec-

trodeposited HA. A higher crystalline degree of HA

crystals accelerates cell growth for better biological

response behaviors. Besides, the surface morphology

and roughness of coating layers are correlated with

cell adhesion behaviors. When composed of a more

densely needlelike crystal structure with a smaller

surface, HA coating layer contains a greater amount

of hydroxyl groups and calcium ions, which is likely

to allow the coating layer to adsorb more protein that

is beneficial for cell growth, which in turn facilitates

the cell attachment and proliferation [86].

HA composite coating layer

In the compact human bone are structure and com-

position of hydroxyapatite ceramics that include

other trace elements and other functional groups

(e.g., CO3
2-, F-, Mg2?, Na?, K?, Sr2?, and Zn2?) in

addition to Ca2?, PO4
3-, and OH- [115]. In addition,

Figure 7 Assembly and mechanism of ultrasonic-assisted electrodeposited coating Adapted from Ref. [80, 92], with permission from

Elsevier.
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Figure 8 SEM images and EDS analysis of 7-days immersion in

SBF solution: a the blank group (PVA/PLA braid without

electrodeposited HA), b, d 7.5 mA/cm2-0 W and c, e 7.5 mA/

cm2-20 W. (F)XRD pattern of 7-days immersion in SBF solution

at 7.5 mA/cm2-20 W and 7.5 mA/cm2-0 W Adapted from Ref.

[80], with permission from Elsevier.

Figure 9 SEM micrographs

of the attached cells on a, b no

ultrasonic treatment and c,

d ultrasonic treatment coating

Adapted from Ref. [86], with

permission from Elsevier.
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bone formation ability, bone bonding strength,

inflammatory response, and weak bones of the

implant material surface are susceptible to the

bioactive trace elements [116–119]. Therefore, many

studies synthesize anion or cation substitution mod-

ified hydroxyapatite ceramics, thereby obtains higher

bioactivity and biological response behaviors [120].

On the other hand, despite the acquisition of greater

biocompatibility and osteo-inductivity for metallic

implant materials, HA coating also helps bacteria to

proliferate on the coating surface, which is why

antibacterial material is required to improve the

antibacterial property of HA coating [121, 122].

Due to low fracture toughness and stiffness, pure

hydroxyapatite ceramics are subject to friction

because of the exogenic action, which subsequently

causes implanting failure. The incorporation with

some functional elements or co-deposited reinforcing

materials is helpful to enhance the bonding strength

between HA composite coating and the substrate,

anti-corrosion capability, cell adhesion and prolifer-

ation behavior, and antibacterial efficiency [123–125].

In recent years, biological multifunctional materials

used for HA composite coating include metallic

oxide, medical polymer, and inorganic nonmetal

(e.g., zirconium dioxide, chitosan, carbon nanotube,

graphene, and its derivatives) [126–131]. On one

hand, these reinforcing materials can increase the

specific surface area of HA coating, which helps the

cells with surface adhesion, proliferation and differ-

entiation. On the other hand, they can serve as a

reinforcing medium that provides HA coating with

physiological stability and mechanical property, or

combines with substrate firmly, thereby improving

the adhesion, adhesive strength and wear resistance,

or helping protein to build signal channels over the

coating surface, strengthening the cytocompatibility

and antibacterial efficacy (Fig. 10) [132–135].

Ion-substituted HA coating

There are two methods to complete ion-substituted

HA coating. One method is to add corresponding

ions to the electrolyte. During the electrodeposition

process, the specified ions either are precipitating

over the surface of cathode or enter the HA

nanocrystalline structure. The other method is to

conduct hydrothermal posttreatment to a solution

containing related ions after the deposition. HA

crystals have unique hexagonal structure, which

contributes possibility to multi-element ion substitu-

tion. Ca2? ions are located between two unit cell

locations, which provides sites to the interchange of

divalent cation [138]. For example, both Sr2? and

Ca2? have the same charge with similar ionic radius

that are 1.2 Å and 1.0 Å, respectively. Hence, Sr2? can

be embedded into the nanocrystalline structure

effectively [139].

Silver (Ag) possesses good antibacterial activity

and constrains both of gram-positive and gram-neg-

ative bacterium [63, 140]. The incorporation of Ag

and manganese element with HA coating can coun-

teract the potential cytotoxicity of silver [141]. Simi-

larly, strontium (Sr) likewise can counteract the

potential cytotoxicity [142–144]. The presence of the

trace active element of Sr can refrain the osteoclast

activity and bone resorption while stimulating the

stimulate osteoblast differentiation, which in turn

reduces the fracture probability of osteoporosis

patients [144]. Owing to good bactericidal perfor-

mance, Sr prevents the possible inflammation

[145, 146]. Besides, Sr and Ag can be evenly combined

over the electrodeposited HA coating, granting the

Sr/Ag/HA coating layer with more active antibac-

terial behavior, corrosion resistance efficiency, and

biocompatibility, which subsequently stimulates the

cell adhesion, cell attachment, proliferation and dif-

ferentiation of MC3T3-E1 cell [142].

The trace active element of microelement silicon

(Si) demonstrates indispensable functions for the

growth of the human skeleton. Si accelerates con-

nective tissue in terms of the secretion of

mucopolysaccharide and collagen, and thus expe-

dites the mineralization of new bone [147]. Si/HA

coating exhibits higher bioactivity than pure HA

coating and possesses a great potential application

prospect of bioactive coating [87, 148]. Furthermore,

Si may interfere with cell response at the implant/

bone interface, which increases the bone connection

between organism and the implant and speeds up the

rate of bone reconstruction around Si/HA composite

coating [101]. Conversely, when the body lacks of Si

content, the osteoblast formation is reduced accord-

ingly, which in turn causes skeletal abnormality

[149].

Zinc (Zn) is one of the most important microele-

ments. It strengthens the alkaline phosphatase activ-

ity, while stimulating the growth of ECM collagen

and expressing sodium-dependent vitamin C trans-

porter 2 (SVCT 2) [150]. Coating Zn/HA layer over
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the implant surface triggers the osteoblast growth

and proliferation, while reducing inflammation. The

presence of Zn also causes osteoclast apoptosis. Use

of Zn along with Sr prevents the occurring of osteo-

porosis. Zn is also proven to be antibacterial so that it

hampers the growth of streptococcus mutans, staphy-

lococcus aureus, escherichia coli, and candida albicans

[151–153].

Inorganic nonmetallic/HA composite
coating

As one of the graphene derivatives, graphene oxide is

a two-dimensional nanomaterial with a honeycomb

structure and has extraordinary biocompatibility,

mechanical property, and marginal cytotoxicity [154]

[155]. It has a higher specific surface area and abun-

dant oxygen-containing functional group (e.g.,

hydroxyl and carboxyl groups), which provide elec-

trodeposited HA coating with plenty of nucleation

centers that facilitate the nucleation of grains. When

applied to tissue engineering, graphene oxide is

helpful to the adhesion, proliferation and differenti-

ation of stem cells [156, 157]. With the bridging effect,

graphene nanosheets can build a reinforcing network

that enhances the structural stability of composite

coating as well as load transfer efficiency (Fig. 10d)

[158]. Fathyunes et al. used the pulsed electrochemi-

cal deposition and studied the influences of graphene

oxide on the surface morphology and biological

behavior of HA coating. They found that GO/HA

composite coating outperformed the pure HA coating

in terms of biocompatibility. This result might be

ascribed to the low surface roughness and high

hydrophilicity of the composite coating, which could

form carbonized hydroxyapatite phase in a biological

environment efficiently [159]. Xiang et al. reported

that GO/HA electrodeposited coating demonstrated

greater adhesive strength with the substrate

(25.4 ± 1.4 MPa) when compared to pure HA coating

(13.7 ± 1.25 MPa). The presence of chlorophyll could

be dispersed and simultaneously functionalize

Figure 10 Strategies for electrodepositing HA composite coating:

(a) Ag/Si-HA coating Adapted from Ref. [136], with permission

from Elsevier; (b) CS/HA coating Adapted from Ref. [137], with

permission from American Chemical Society, and (c, d) GO/HA

electrodeposition assembly and mechanism Adapted from Ref.

[110], with permission from Elsevier.
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carbon nanostructure in the electrodeposition. In this

case, it adjusted the integrating capacity between

carbon nanocrystals and HA crystals [160]. Chakra-

borty et al. conducted electrodeposition to produce

GO/carbon nanotubes/HA composite coating, dur-

ing which chlorophyll is added as a surfactant. They

acquired a greater amount of stabilized hydroxyap-

atite phase that provided the coating layer with

greater corrosion resistance and osteo-inductivity

[161].

In the natural bone, the constitutional hydroxyap-

atite is composed of collagen fibers that reinforce the

mechanical strength and elasticity modulus of hard

bone tissue. For a simulation, carbon nanotube (CNT)

is added to HA coating as a reinforcing material to

make most of CNT’s high specific surface area, high

mechanical strength, and stiffness in order to

improve the abrasive resistance, fracture toughness,

and long-term stability of HA coating over the

implant surface [162, 163]. The presence of carbon

nanotube can increase the number of nucleation sites,

and thus improves the crystallinity of hydroxyapatite

in the composite coating [164]. Khazeni et al. used the

pulsed electrodeposition to attain CNT/HA com-

posite coating, and the surface of magnesium alloy

had a maximal crystallinity of 71.2%. Comparing to

pure HA coating, composite coating separately

exhibited 42% and 130% greater modulus of elasticity

and hardness. The fracture toughness reached

1.96 ± 0.72 MPa/m0.5 that resembled the mechanical

strength of natural bones [164]. On the other hand,

the failure of metallic orthopedic graft is commonly

pertinent to the osteo-inductivity. Following the

growth of surrounding tissue, the coating surface

energy changes and the implants have a debilitated

connection with surrounding bones or tissues.

Chakraborty et al. also conducted pulsed electrode-

position to have composite coating of hydroxyapatite,

calcium hydrophosphate and multi-walled carbon

nanotubes (MWCNT) over SS316 stainless steel. The

results of cell proliferation experiment proved that

cells showed better uniform-ductility over the com-

posite coating layers, rather than the bare metal

implant. The electrochemical impedance spectrum

(EIS) also proved that the composite coating had

better corrosion resistance than the bare metal

implant [165].

Medical polymer/HA composite coating

The biomedical polymers that are used in the elec-

trodeposited HA coating involve chitosan, gelatin,

collagen, and conductive polymer, and thus can

provide good biocompatibility and mechanical sta-

bility [166–171]. Chitosan is derived from chitin, and

it is a natural high polymer polysaccharide with

sources which is ranked only less than the sources of

cellulose. Moreover, chitosan has similar gly-

cosaminoglycan structure required by the bone min-

eralization for bone repair. With good

biodegradability, antibacterial property, and protein

affinity, chitosan as well has a great diversity of

application, especially as drug delivery in the bio-

medicine [172]. During the electrodeposition, the

addition of chitosan reinforces the adhesion between

the composite coating and the substrate and can

combine the good biocompatibility of HA and

diverse advantages of chitosan [173–175]. When chi-

tosan presents in the electrolyte during the elec-

trodeposition coating of silver/HA composite, a

silver-contained clathrate is formed, preventing the

excessive deposition of silver elements. In addition,

the electrostatic repulsion from chitosan molecules

also blocks Ag nanoparticles from aggregation,

causing an even distribution of silver elements

(Fig. 10b) [137].

Ling et al. discovered that hydroxyapatite/nano-

Ag/chitosan electrodeposited composite coating

featured good antimicrobial and abrasion resistance

and could adjust the Ca2? and Ag? release rate,

which had a positive influence on the physiological

stability of composite coating [137]. Jia et al. reported

that the incorporation of RuCl3 with the electrolyte of

electrodeposited HA/chitosan composite coating

could refine HA grain size, fortifying the corrosion

resistance of the coating layer [176]. With the aid of

electrical stimulation, conductive polymer helped

with the cell adhesion, proliferation and osteogenic

differentiation and had a good application prospec-

tive [177, 178]. Used as an antioxidant, conductive

polymers could protect cells and tissues from being

damaged by excessive reactive oxygen species (ROS)

[179]. Nevertheless, conductive polymers fall short of

cellular affinity and osteo-inductivity and are sus-

ceptible to overoxidation. Subsequently, they loss

inoxidizability and fail to gain satisfactory osteana-

genesis efficacy, which has engaged many scholars to

explore the compensation for the composite coating
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on the implant surface [106]. Polypyrrole (PPy), one

of conductive polymers, possesses good in vitro and

in vivo biocompatibility and can be easily synthe-

sized to have high physical stability and body fluid

resistance. The co-deposition of PPy and HA

improves the corrosion resistance of the implant

surface, which realizes the rapid growth of MG63

[180, 181]. Because PPy is made by anodic deposition

and hydroxyapatite by cathode deposition, Chakra-

borty et al. employed the pulsed reverse electro-

chemical deposition. Monomer pyrrole was used as

the raw material to in situ synthesize HA/PPy com-

posite coating over the stainless steel. The combina-

tion of pyrrole ring’s stretching effect and submicron

HA ceramic matrix provided the HA/PPy composite

coating with an elasticity modulus that was close to

90 GPa. Namely, the yielded elasticity modulus was

between metal (* 200 GPa) and bone (6–30 GPa) and

qualified as good gradient coating [91]. Similarly,

among conductive polymers, poly (3, 4-ethyl diox-

ophene) (PEDOT) has unique biocompatibility and

doping ability, and PEDOT/HA composite coating is

thus suitable for reinforcement of bonding strength

between the coating and the substrates as well as for

increasing coating hardness. Meanwhile, PEDOT/

FHA coating provides MG63 fibroblast with an

appropriate surface for adsorption and propagation,

displaying greater biocompatibility than pure

PEDOT coating layers [182].

Conclusion

Hydroxyapatite has good biocompatibility, bioactiv-

ity, and osteo-inductivity. The employment of elec-

trochemical deposition leads to a high degree of

crystallinity of a nonlinear HA coating layer at a low

temperature. Pure HA coating has a relatively lower

elasticity modulus, fracture toughness, mechanical

strength, which in turn restricts its application as

implant surface. It is inevitable that electrodeposition

method is accompanied by the presence of hydrogen

bubbles, which adversely affects the bonding

strength and surface topography of HA coating layer.

The optimal HA coating can be yielded by means of

optimized electrodeposition parameters, technologi-

cal conditions, adjusted current form, and ultrasonic

treatment. Moreover, the use of ion substitution,

inorganic nonmetallic materials, medical polymers,

and HA composite coating can also improve the

antibacterial property, wear resistance, and corrosion

resistance of substrates, as well as the bonding

strength between the coating layer and substrate

significantly. In this study, summaries and compar-

isons are made according to the improvements in the

electrodeposition, HA coating, manufacturing meth-

ods, and mechanisms. It is hoped that the proposed

novel strategy makes a contribution to the bioactive

ceramic coating that is used as a graft surface.
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