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A B S T R A C T   

Titanium (Ti) and its alloys have been widely used as orthopedic implants, because of their favorable mechanical 
properties, corrosion resistance and biocompatibility. Despite their significant success in various clinical appli
cations, the probability of failure, degradation and revision is undesirably high, especially for the patients with 
low bone density, insufficient quantity of bone or osteoporosis, which renders the studies on surface modification 
of Ti still active to further improve clinical results. It is discerned that surface physicochemical properties directly 
influence and even control the dynamic interaction that subsequently determines the success or rejection of 
orthopedic implants. Therefore, it is crucial to endow bulk materials with specific surface properties of high 
bioactivity that can be performed by surface modification to realize the osseointegration. This article first re
views surface characteristics of Ti materials and various conventional surface modification techniques involving 
mechanical, physical and chemical treatments based on the formation mechanism of the modified coatings. Such 
conventional methods are able to improve bioactivity of Ti implants, but the surfaces with static state cannot 
respond to the dynamic biological cascades from the living cells and tissues. Hence, beyond traditional static 
design, dynamic responsive avenues are then emerging. The dynamic stimuli sources for surface functionaliza
tion can originate from environmental triggers or physiological triggers. In short, this review surveys recent 
developments in the surface engineering of Ti materials, with a specific emphasis on advances in static to dy
namic functionality, which provides perspectives for improving bioactivity and biocompatibility of Ti implants.   

1. Introduction 

Biomaterials commonly refers to materials that have been engi
neered to direct the course of any diagnostic or therapeutic procedure by 
regulation of interactions with components of living systems [1]. Bio
materials can be well classified into various types according to multiple 
principles. For instance, according to the material sources, biomaterials 
include synthetic, nature-derived and semi-synthetic or hybrid mate
rials, where synthetic biomaterials show a big market share [2]. Further, 
synthetic biomaterials can be divided into the following types: metals, 

ceramics, polymers and composites [2]. Amongst all these, metal-based 
materials are widely used as orthopedic replacements because of the 
superior tolerance, stability and load-bearing properties, whose appli
cation as dental, spinal, hip and knee implants is extremely high. It is 
reported that more than 70% of implant devices—even including about 
95% of orthopedic devices—are still comprised of metals [3]. The or
thopedic implants and devices already shared the biggest amount in the 
global implants market in 2015, and the size continued to rapidly grow 
because of the increased number of the injured, aging and overweight 
groups, which is estimated to reach $116 billion by 2022 [4]. There is 
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tremendous growth in the demand for long-lasting implants, as the 
example collected from the total joint replacements surgery. It is re
ported that primary total hip arthroplasty (THA) and primary total knee 
arthroplasty (TKA) in the United States will increase by 71% (up to 
0.635 million procedures) and 85% (up to 1.26 million procedures) in 
2030 according to basis of 2000-to-2014 data, respectively [5]. Besides 
the replacement surgeries have increased, the revision surgeries have 
also greatly increased, which induce great pain for the patient. The main 
reasons for the revision surgeries are related to several factors, such as 
debris generation and metal ions release caused by wear or corrosion, 
mismatch in modulus between bone and implants, low fatigue strength 
and lack of biocompatibility [6]. In addition, the increased life expec
tancy is another factor that requires a longer useable lifetime of im
plants. Hence, orthopedic replacements especially for load-bearing 
applications tend to require appropriate mechanical properties, high 
corrosion and wear resistance, excellent osseointegration to extend 
useable lifetime and avoid revision surgeries. 

Presently, 316L stainless steel, cobalt-chromium alloys and Ti and its 
alloys still constitute the main materials for orthopedic applications. 
Amongst these, Ti and its alloys are the first choice for the majority of 
implants, because of the high fatigue strength, high corrosion resistance, 
low modulus and density, and favorable biocompatibility. The me
chanical properties and corrosion resistance of Ti-based materials 
combine to provide implants with high damage tolerance; the low 
modulus reduces bone resorption; the biocompatibility benefits bone 
integration. Since 1950s, Ti and its alloys have been widely used in 
orthopedic applications. Besides the well-known use as hip and knee 
prostheses, Ti-based materials are also applied as trauma plates, dental 
implants and bone screws. It is reported that more than 1000 tonnes of 
Ti-based materials are implanted in human body worldwide every year, 
and its amount is expected to increase gradually [7]. Although it is a 
type of traditional biomaterials, the advances in surface engineering 
may allow for the further development of Ti-based materials as bioactive 
implants. This paper first provides an overview of physicochemical 
properties and biocompatibility of Ti-based materials, and then presents 
various surface modification methods from both conventional and dy
namic responsive aspects. 

1.1. Physicochemical and mechanical properties 

Ti and its alloys are encapsulated by an oxide layer of 3–10 nm on the 
surface, which typically contains three different oxide layers, with TiO 
(inner layer), Ti2O3 (intermediate layer) and TiO2 (outer layer) [8]. The 
superior chemical inertness, corrosion resistance and even biocompati
bility of Ti and its alloys are mostly related to the chemical stability and 
structure of such a native oxide layer, because the repassivation can 
occur immediately in 30 ms even the oxide layer is destroyed [9]. The 
suboxides, including TiO and Ti2O3, are easily turned into TiO2 when Ti 
is immersed into an oxidizing medium, and the native layered structure 
composed of TiO (inner layer), Ti2O3 (intermediate layer) and TiO2 
(outer layer) is reestablished. The oxidation process obviously increases 
the amount of TiO2 even the underlying suboxides cannot be detected, 
but the layered organization is not changed. 

The mechanical properties greatly determine the type of materials 
selected for a specific application in the living organism. In case of or
thopedic implants, the tolerance to repeated cyclic loads and strains in 
the long term is of prime importance. The materials used as ideal bone 
replacements are expected to show a modulus equivalent to that of bone. 
The mismatch in modulus between bone and implants usually leads to 
bone resorption and subsequent implant loosening. The modulus of 
natural bone generally ranges from 4 to 30 GPa based on the bone types 
and the measurement direction [10]. The current implants with much 
higher modulus than bone prevent appropriate stress being transferred 
to surrounding bone, and thus cause the death of bone cells and bone 
resorption, which is also known as ‘‘stress shielding effect” [10]. 
Amongst all the metals, Ti and its alloys are the preference for 

orthopedic implants, because their elastic moduli ranging from 48 to 
112 GPa are much lower compared with 316L stainless steel of 210 GPa 
and cobalt-chromium alloys of 240 GPa, as shown in Fig. 1 [10]. The 
more similar modulus to bone would significantly reduce loosening of 
implants and prolong the lifetime to avoid revision surgery. In addition, 
all metal-based implants undergo various corrosion reactions once after 
implantation because the body environment involves salt solution (e.g., 
Na+, K+, Cl− and PO4

3− ) and proteins [11,12], including pitting corro
sion, crevice corrosion, fatigue corrosion and fretting corrosion [10,11]. 
As to the long-term usage, the corrosion resistance of Ti implants also 
influences its lifetime in human body. For instance, the wear ions and 
particles from Ti-based joints have disseminated to the liver and spleen 
via blood circulation, with induced inflammatory responses [13,14]. 
Therefore, it is noteworthy to improve the thickness and stability of 
passive oxide layers by various means to prevent the release of metal 
ions and particles, which would reduce the inflammation and osteolysis. 

1.2. Biocompatibility and clinical challenges 

1.2.1. Biocompatibility 
Biocompatibility as the most important characteristic of biomaterials 

generally applies to the ability of a material to fulfill its desired function 
with an appropriate host response [15]. For orthopedic implants, 
biocompatibility is mostly related to biotolerability, which indicates the 
ability of a material to reside in the living body for long periods of time 
with relatively low degrees of inflammatory response [16]. Compared 
with stainless steel and Co-Cr alloys, Ti and its alloys display superior 
biocompatibility, which is mostly determined by the surface properties. 
Ti and its alloys form a stable passive oxide layer (mainly TiO2) on its 
surface and the immediate repassivation would happen even if the 
passive layer is destroyed, to protect the underlying metal from corro
sion [17]. As a result, the physicochemical characteristics of surface 
oxide layer, such as crystallinity, impurity segregation and stoichiom
etry of oxide, markedly influence the biocompatibility and stability. 
Upon implantation, a cascade of biological reactions would occur be
tween Ti surface and bone tissue. The first step is that proteins from body 
fluids would rapidly adsorb on Ti surfaces to minimize the interface free 
energy, whose inner hydrophobic regions and hydrophilic domains are 
exposed to the surface and aqueous medium, respectively [18]. The 
initially adsorbed proteins may aggregate with or be replaced by pro
teins approaching later, forming a hydrated layer of various composition 
and conformation. Such a hydrated surface would trigger the attach
ment of different types of cells (e.g., macrophases, bone marrow cells 
and osteoblasts) and subsequent tissue responses that include foreign 
body reaction and fibrous capsule formation around the implants [19]. 
Fibrous capsules generally are formed on large impervious implant 
surfaces, including breast prostheses and bulk bionert materials. Hence, 

Fig. 1. Elastic moduli of biomedical metals and bone [10]. Reprinted with 
permission from Ref. [10]. 
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it is clear that a critical factor modulating the appropriate tissue 
response is the characteristics of implant surface, where the first body 
contact occurs [20]. 

Ti and its alloys present well tolerated, but they are bioinert because 
the passive oxide layer shows unreactive on both the cellular and tissular 
levels. The smooth Ti surface lacks osseointegration with bones, with an 
intervening fibrous or connective layer between them that tends to 
induce implantation failure and caused great pain to the patients [21]. 
In orthopedic surgery, the higher the level of osseointegration, the better 
mechanical stability and the longer useable lifetime are exhibited. To 
achieve this, specific biomolecular adsorption and osteogenesis-related 
cell regulation are of great importance, whereas fibroblast adhesion 
and micromotions at the early stage should be avoided. It is commonly 
noted that the initial interface developed between the Ti surface and the 
attached tissue rules the ultimate success or failure of implants. The 
formation of required interface is influenced both by the nature of 
implant surfaces and the response of living body, between which the 
former is regulated in a much controllable way. Hence, in order to 
improve the interface interaction, surface modification is the most 
efficient way to modulate the biocompatibility. 

1.2.2. Clinical challenges 
Orthopedic implants have demonstrated great successful application 

in vivo, but most artificial implants show a life expectancy of 10–15 
years [22]. For instance, Ti dental implants present a success rate of 
greater than 90%, whereas a cumulative complication rate of about 
33.6% after 5 years has been observed according to both mechanical and 
biological complications [23]. The reasons for implant failure mainly 
result from aseptic loosening and infection [24]. Aseptic loosening is 
caused by various reasons, such as micromotion between the implant 
and the surrounding bone during loading, production of wear particles 
from implants, stress shielding from mechanical mismatching between 
implant and bone, and insufficient osseointegration of the interface 
between the implant and the bone [24,25]. The occurrence of micro
motion during a postoperative stage may jeopardize the long-term sta
bility that hampers healing process and results in callus/fibrous tissue 
formation, while it also endangers the stable osseointegrated implants 
that may induce fibrocartilage or fibrous tissue encapsulation in some 
areas [25]. Wear particles can induce macrophage to secrete cytokines 
(TNF-α, IL-1 and IL-6 etc.) that activate osteoclasts, and thus initiate 
bone resorption and inflammation [26]. Stress shielding mainly caused 
by the elastic mismatching can transfer inappropriate stress from the 
implant to surrounding bone, and generally lead to less bone minerali
zation adjacent to the implant [10]. Insufficient integration between the 
implant and the bone may result from the poor design of the functional 
interface and poor patient health besides the above factors. For instance, 
age-related diseases or disorders for the aging patients, including oste
oporosis, diabetes and rheumatoid arthritis, complicate bone’s capacity 
for self-healing and compromise the healing outcomes [27]. In short, 
aseptic loosening generally is the consequence of a combination of 
several factors once established. 

Implant infection is another substantial cause of morbidity in clinic. 
It is reported that the values of infection rate for hip and knee arthro
plasty are 0.4–2.4% and 1–2%, respectively, whereas the value is 
2.4–8.9% for ankle arthroplasty because of the delayed wound healing 
[28]. The infection risk becomes much higher in revision cases. For 
instance, the values can reach up to 12% and 22% for revision hip and 
knee arthroplasty, respectively [28]. These statistics suggest that 
implant-related infections are a type of “chronic diseases” as a detri
mental role in human health field. The contamination sources are 
various, including incomplete disinfection of surgical instruments, 
contamination from patient’s soft tissues and poor hygiene after surgery 
etc [29]. Among all the pathogenic species, S. aureus and S. epidermidis 
are key pathogens to cause orthopedic prosthetic infections that account 
for 31–52% [30]. The adhesion of microbial cells to implant surfaces can 
accumulate to form biofilm that consists of a three-dimensional 

extracellular matrix and enmeshed organized microbial communities 
[31]. The formed biofilm benefits microbial adhesion and growth, and 
even protects them from antibacterial cleaning and host immune re
sponses. Therefore, biofilm with multi-drug resistance characteristics 
makes implant infection as one of the most challenging problems to 
orthopedic doctors. How to endow implants with antibacterial property 
with the aims of preventing or treating bacterial colonization and bio
film formation, has attracted great considerations in biomedical field. 

Aseptic loosening and implant infection seem to be mutually exclu
sive, however, the two problems about osseointegration and infection 
prevention are closely correlative. As suggested by Gristina et al., the 
phrase of “race for the surface” has been well introduced to describe the 
contest between host cells and bacteria to adhere, replicate and colonize 
the device surface [32]. If the host cells adhere and occupy the implant 
surface first, an interface integration will be established while a defen
sive barrier will also be obtained against bacterial adhesion and colo
nization. The rapid integration of biomaterials with host tissues is key 
for successful implantation, and the prompt osseointegration is crucial 
for inhibiting bacterial attachment as well [33]. Hence, strong 
osseointegration is the fundamental step to realize successful implant 
applications, and furthermore, there is an increasing need for multi
functional strategies to resolve the issues of osseointegration, implant 
infection and long-term mechanical and biological stability [22]. It is 
noteworthy that the balance between the different factors is challenging. 
Because some surface characteristics that benefit host cell adhesion and 
growth are also favorable to microbial cells and in turn, some surfaces 
with antibacterial property may hamper host cell activities [34]. Surface 
modification is the most effective strategy to achieve the above goals. In 
some cases, an optimal surface is able to bond directly with bone tissue 
[35]. Surface modification can alter one or more than one properties, 
including surface chemistry, wettability and topography, which greatly 
affect the implant performance both in vitro and in vivo [36]. For 
instance, implant surfaces with nanometer and micrometer scale fea
tures can achieve profound effects on bone integration [36]. The 
appropriate surface modification not only endows the implant with 
specific functions satisfying the requirements of osseointegration, but 
also preserves the superior characteristics of the underlying bulks, such 
as proper mechanical properties and corrosion resistance. In addition, 
the manufacturing process may introduce local contamination and de
fects, which may be stressed and plastically deformed. Such surfaces are 
unsuitable for the biomedical application, thus requiring for proper 
surface modification. In the following sections, various methods for 
improving bioactivity and biocompatibility of Ti implants are discussed 
in detail. Basically, the conventional modification strategies with static 
properties are grouped into three categories: mechanical, physical, and 
chemical methods. An overview about the conventional surface mod
ification methods is listed as Table 1. In addition, because the cell and 
tissue require different signal cascades on demand at different time 
periods, dynamic responsive surfaces with stimuli regulation are dis
cussed as well, with the signal originating from environmental triggers 
(e.g., light, X-ray, electrical field, piezoelectricity, ultrasound and 
magnetic/electromagnetic field) and physiological triggers (e.g., pH and 
enzyme). 

2. Surface modification 

2.1. Mechanical methods 

Mechanical methods generally refer to treating, shaping or removal 
of the surface by use of physical forces performed via the action of 
another solid material. Such methods are to remove surface contami
nation and/or obtain specific surface topographies, which usually 
include machining, grinding, polishing, and grit blasting [17,37]. 
Amongst them, grit blasting is the most common approach used to form 
roughed topographies on Ti surfaces to improve the bioactivity. Hence, 
grit blasting is discussed in detail. 
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2.1.1. Grit blasting 
Grit blasting that is also known as sandblasting is considered as the 

application of abrasive particles, like hard ceramic materials, against 
smooth surfaces by high pressure and compressed air [38]. The surface 
roughness and topography generated by such a crash depend on the 
shape and size of the grit particles, and the air pressure used. The grit 
particles should be chemically stable, biocompatible and should not 
hinder the osseointegration of Ti implants [39]. Generally, the particles, 
including Al2O3, TiO2, SiC and hydroxyapatite (HA), are normally used 
for the blasting [17,36]. 

Some studies have used particles of different sizes to treat the sur
faces, and the influence of surface roughness on the bone attachment 
was investigated. For instance, Wennerberg et al. have added four 
different values of roughness to the implant surfaces by using TiO2 (25 
μm) and Al2O3 (25, 75, and 250 μm) as the abrasive particles, with the Sa 
values ranging from 0.6 to 2.1 μm [40–42]. The strongest bone inte
gration according to removal torque and bone-to-implant contact tests 
was detected for a blasted surface with a Sa value of 1.5 μm in rabbit 
bone after a follow-up time of 1 year, suggesting the moderate roughness 
benefitted implant bioactivity. Similar results were observed by Ronold 
et al. that the tensile strength in vivo of Ti implants showed a positive 
correlation with the increasing roughness produced by TiO2 blasting, 
but the further increase in roughness was to decrease the effect [43]. The 

above results both provide the notion that a moderate roughed surface 
favors bone response. Blasting tends to introduce the contamination and 
alter the surface composition because of particle residues. For example, 
some previous studies have indicated that the presence of Al3+ inhibited 
the expression of the osteoblastic phenotype in vitro [44–46], and 
exerted an adverse effect on tissue reactions in vivo [47–49]. Therefore, 
to reduce the toxicity, some bioactive materials of bioceramics such as 
HA and biphasic calcium phosphate (BCP) have been used to blast the 
surfaces [50,51]. Grit blasting is more commonly combined with other 
methods to modify Ti surfaces, such as acid etching and anodization. 

2.2. Physical methods 

Physical methods generally refer to the layers directly formed on Ti 
surfaces almost without the occurrence of chemical reactions. In this 
case, the formation of layers are mainly driven by thermal, kinetic and 
electrical energy. Conventional physical methods include thermal 
spraying and plasma immersion ion implantation (PIII) and deposition 
(PIII&D). 

2.2.1. Thermal spraying 
Thermal spraying refers to a coating process that feedstock materials 

are loaded into a heating zone, accelerated and propelled from the torch 
towards the substrate in molten or semi-molten state by the high- 
temperature and high-velocity gas stream [52,53]. The feedstock in
cludes metallic and nonmetallic materials in the form of powders, sus
pensions, rods, wires or liquids [53]. Thermal spraying technologies for 
medical coatings contain plasma spraying, high-velocity oxygen fuel 
(HVOF) spraying and cold spraying [53,54]. 

2.2.1.1. Plasma spraying. Plasma spraying has been introduced to treat 
the material surface for several decades [55,56]. This method utilizes 
plasma beam at a high temperature ranging from 6000 ◦C to 15,000 ◦C, 
to melt the supplied particles [54]. The melted powders then impinge 
onto the Ti substrates with a particle velocity ranging from 20 to 500 
m/s where they are condensed and fused together with the kinetic en
ergy turned into thermal and deformation energy [57], as shown in 
Fig. 2A [58]. The formed coating produced by plasma spraying tends to 
show a thickness varying from several micrometers to millimeters [59]. 
In general, to improve the bonding strength of the coating, the substrate 
surfaces are degreased and roughened in prior to plasma spraying. 
Plasma spraying contains atmospheric plasma spraying (APS), vacuum 
plasma spraying (VPS) and controlled atmospheric plasma spraying 
(CAPS) [56]. 

Since 1970s, a titanium plasma-spraying (TPS) technique was 
developed to treat titanium implants [60]. The titanium plasma by 
injecting the powder into a plasma torch was projected onto the implant 
surface where it formed a condensed coating of 30–50 μm thickness. The 
value of TPS-treated surface roughness can reach as high as 7 μm with 
extremely rough and irregular appearance, which is due to the existence 
of large areas of sheets, globular outcroppings, frequent fissures, deep 
pits and cracks [61,62], as shown in Fig. 2B [39]. In a clinical research, 
TPS-coated dental implants displayed a success rate of 86.7% of after the 
5-year follow-up study, showing an acceptable success result [63]. 
However, some works have revealed the controversy on the binding 
strength and on granule release from TPS coatings into the host tissue, 
owing to the mechanical friction between the implant surface and the 
host bone. The detachment of metallic wear particles or the dissolution 
of metal ions arousing concern is because they may potentially induce 
local and systemic carcinogenic effects [64,65]. In order to reduce the 
dissolution and release of titanium particles, some post processing of the 
TPS surface is explored, including the introduction of another protective 
coatings. For instance, an additional coating of fluorohydroxyapatite 
(FHA) on the TPS surface can effectively reduce the detachment of ti
tanium particles in the bone medullary spaces around the implants after 

Table 1 
An overview of conventional surface modification methods for Ti and its alloys.  

Techniques Advantages Limitations 

Grit blasting Low-cost and simple 
operation 

Blasting particle residues, 
hard to form nanoscale 
topography 

Plasma spraying Large-scale production, 
appropriate bioactivity 

Low crystallinity, high 
tensile residual stress, hard 
to control composition and 
structure of the coatings 

HVOF spraying Large-scale production, 
appropriate bioactivity 

Moderate crystallinity, 
moderate tensile residual 
stress, hard to control 
composition and structure 
of the coatings 

Cold spraying Improved bioactivity, 
suitable for oxygen- and 
heat-sensitive compounds. 

Hard to form nanoscale 
topography, moderate 
adhesion of coatings to Ti 
substrates 

PIII&D Easy composition control, 
high bonding strength 

Hard to form microscale 
topography, expensive 
machinery 

Acid etching Low-cost and easy 
operation 

Hard to form nanoscale 
topography, poor 
uniformity 

Alkali-heat treatment Low-cost and easy 
operation, uniform 
distribution 

Time consuming, easy loss 
of sodium ions under the 
moisture 

Anodization Uniform nanoscale 
topography with defined 
pore diameters 

Hard to form microscale 
topography, moderate 
bonding strength 

Micro-arc oxidation High strength, micro- 
hardness and wear 
resistance 

Hard to form nanoscale 
and suitable topography 

Electrodeposition Low-cost and easy 
operation, controllable 
thickness with broad 
range 

Moderate bonding 
strength, limited coating 
diversity 

Electrophoretic 
deposition 

High deposition rate, 
controllable thickness 
with broad range 

Uniformity limited by size 
of particles, hard to form 
nanoscale topography 

Chemical covalent 
immobilization of 
biomolecules 

Precise immobilization of 
various biomolecules 

Complex operation in some 
cases, special storage 
conditions 

Layer-by-layer 
assembly 

Simple operation, 
controllable layered 
structures 

Difficult-to-scale 
preparation, low bonding 
to substrates, special 
storage conditions  
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implantation in the femoral and tibial diaphysis of mongrel sheep for 12 
weeks [66]. 

Some bioinert ceramic powders, such as Al2O3, ZrO2 and TiO2, have 
been widely used for the spraying because of favorable mechanical 
properties [67]. Although the wear resistance and corrosion resistance 
of Al2O3 and ZrO2 are excellent, such coatings cannot directly bind to 
human bone tissues due to the bionert nature. Hence, bioactive HA is 
mostly chosen as a coating on metallic bulks to improve the osseointe
gration, because it constitutes the main inorganic component of bones. 
Plasma-sprayed HA coatings have been widely used in dental and or
thopedic prostheses (e.g., hip and knee implants), whose typical 
morphology is as shown in Fig. 2C [39]. A lot of short-term and 
long-term investigations have been conducted on clinical behaviors of 
HA coatings [68–71]. For example, studies on the 15-years minimum 
follow-up of HA-coated fermoral componets (Ti alloy implant) by 
Capello et al. [70] and Epinette et al. [71], revealed (1) a high survival 
rate (over 99.20%), (2) a fast and painless bone ingrowth, and (3) su
perior bone tissue modelling and remodeling quality. However, the 
concerns on the durability, bonding strength and degradability of the 
HA coatings are still under discussion. 

The structure, composition, crystallinity and bonding strength of HA 
coating strongly rely on the quality of HA powder and processing pa
rameters of plasma spraying. The morphology, crystal structure and 
phase composition of plasma-sprayed HA coatings obviously differ from 
those of the original starting powders. This result arises because the 
plasma spraying process contains melting of particles that leads to 
thermal decomposition and phase changes of the individual particles. 

HA particles subjected to the high temperature within a plasma jet al
ways undergo dehydroxylation and decomposition. Table 2 lists the 
main reactions that take place at the elevated temperature [72,73], and 
Table 3 gives out the reactions occurring as HA is heated from room 
temperature up to 1730 ◦C [73]. It is difficult to detect the accurate 
temperatures for those reactions because they arise over a wide tem
perature range that is influenced by factors related to the spraying 
environment and the HA composition. One major concern is about the 
effect of the crystallinity of HA on bioactivity. The existence of amor
phous and metastable compounds in prepared HA coatings has both 
advantages and disadvantages. The advantage is that it accelerates fix
ation of the implant and promotes bone remodeling and attachment, 
because of its higher solubility than that of crystalline HA. The disad
vantages is that the excessive dissolution would affect the long-term 
reliability and biocompatibility of the implants. From the viewpoint of 
long-term stability, a high crystallinity of HA coating is required. It is 
generally accepted that the minimum crystallinity of the HA coating for 
biomedical applications is 62% as described in the Food and Drug 
Administration (FDA) guidelines as well as in the International Orga
nization for Standardization (ISO) standards [74]. Hence, to improve the 
crystallinity, some post processing has also been developed, such as 
furnace heating [75], and hydrothermal treatment [76]. In addition, 
another concern is about the influence of bonding strength and thickness 
of the HA coating on stability. The bonding strength between the HA 

Fig. 2. (A) Schematic diagram of a non-transferred 
arc plasma setup [58]. Reprinted with permission 
from Ref. [58]. (B) SEM images of a titanium plasma- 
sprayed (TPS) surface (Courtesy of Cam Implants BV, 
The Netherlands) [39]. 
(C) SEM images of a plasma-sprayed hydroxyapatite 
(HA) coating surface (Courtesy of Cam Implants BV, 
The Netherlands) [39]. Reprinted with permission 
from Ref. [39]. 
(D) SEM images of surface morphology of APS, HVOF 
and CS HA coatings before and after cell culture for 1 
and 7 days [86]. Reprinted with permission from 
Ref. [86]. (E) Schematic diagram of HA/nano- 
diamond/BMP-2 coating via vacuum CS [87]. 
Reprinted with permission from Ref. [87].   

Table 2 
Thermal decomposition of HA. V represents a vacancy and x < 1 [72].  

Ca10(PO4)6(OH)2 → Ca10(PO4)6(OH)2-2xOxVx + xH2O (1) 
Hydroxyapatite → Oxyhydroxyapatite (OHA) 
Ca10(PO4)6(OH)2-2xOxVx → Ca10(PO4)6OxVx + (1-x)H2O (2) 
Oxyhydroxyapatite → Oxyapatite (OA) 
Ca10(PO4)6OxVx → 2Ca3(PO4)2 + Ca4O(PO4)2 (3) 
Oxyapatite → Tricalcium phosphate (TCP) + Tetracalcium phosphate (TTCP) 
Ca3(PO4)2 → 3CaO + P2O5 (4a) 
Tricalcium phosphate → Calcium oxide + Phosphorus pentoxide 
Ca4O(PO4)2 → 4CaO + P2O5 (4b) 
Tetracalcium phosphate → Calcium oxide + Phosphorus pentoxide  

Table 3 
Thermal effects of HA [73].  

Temperature 
(◦C) 

Reactions 

25–200 Evaporation of absorbed water 
200–600 Evaporation of lattice water 
600–800 Decarbonation 
800–900 Dehydroxylation of HA to form partially or completely 

dehydroxylated oxyhydroxyapatite 
1050–1400 HA decomposes into β-TCP and TTCP 
<1120 β-TCP is stable 
1120–1470 β-TCP is turned into α-TCP 
1550 Melting temperature of HA 
1630 Melting temperature of TTCP and leaving behand CaO 
1730 Melting of TCP  
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coating and substrates is relatively poor which ranges from 5 to 35 MPa, 
because of the high residual stress gaining from the mismatch of coef
ficient of the thermal expansion between HA (13.3 × 10− 6 K− 1) and 
titanium ((8.4–8.8) × 10− 6 K− 1) [17]. In order to improve the bonding 
strength, some ceramic nanoparticles (e.g., ZrO2 [77], TiO2 [78] and 
CaSiO3 [79]), were introduced to augment the HA properties. Such 
coatings exhibited enhanced cohesion as the existence of the particle 
reinforcement and the reduced residual stress state from the functional 
gradient coatings. The thickness of the HA coating also influences the 
resorption and mechanical properties. Although the value varies, a 
thickness ranging from 50 to 75 μm is commonly applied for orthopaedic 
implants by such technique [17]. Plasma spraying of HA is the only 
FDA-approved technique to coat implants in clinic, however, some dis
advantages still exist, including thermal decomposition during spraying, 
the inability to modulate pore sizes and porosity as well as the difficulty 
to prepare coatings with less than 20 μm thickness [72]. Hence, the 
careful engineering of HA coatings via regulating plasma-spraying pa
rameters is still under exploration to improve mechanical, microstruc
tural and biological behaviors. 

2.2.1.2. High-velocity oxygen fuel spraying. High-velocity oxygen fuel 
(HVOF) spraying ignites a mixed flow of oxygen and fuel gases inside a 
combustion chamber, producing a supersonic gas jet with a temperature 
up to 3000 ◦C and particle velocities up to 1000 m/s [53]. The high 
particle velocity at a moderate temperature makes coatings with low 
porosity, high bonding strength and high abrasive resistance, because of 
the short dwell time of particles during the spraying. Similar to plasma 
spraying, HA is still the predominant materials for coating Ti implants 
via HVOF technique. Luma et al. observed that the HVOF-HA coating on 
Ti6Al4V presented high crystallinity (84%), low porosity (1.4%), high 
bonding strength (24 MPa) and low degradation, because the HA par
ticles flowing through the HVOF flame did not undergo phase trans
formations, whose average surface temperature was only 1826 ± 346 ◦C 
[80]. The high crystallinity, low degradation and dense coating benefit 
the long-term stability of Ti implants. A recent study conducted by 
Ghadami et al. revealed that HA coating prepared by HVOF method 
showed an enhanced crystallinity, hardness and elastic modulus than 
that of APS method [81]. However, the in vivo rabbit study presented no 
significant differences between the two methods even though the HVOF 
coating showed a slight higher values of pull-out force and bone-implant 
contact (BIC). Hence, it still needs more studies in the future to optimize 
the HVOF coatings. In addition, some ceramic-reinforced HA coatings, 
such as TiO2/HA composite coating [82], can be facially prepared by 
this technique, which improves the mechanical properties but without 
compromising the bioactivity of HA composites. 

2.2.1.3. Cold spraying. Cold spraying (CS) is a kinetic-spray and solid- 
state deposition process where particles are accelerated by a pre- 
heated gas with a low temperature (25–1100 ◦C) and propelled to
wards a substrate with supersonic velocities (300–1200 m/s) [83]. Cold 
spraying is suitable for depositing oxygen-sensitive metals, 
heat-sensitive organic compounds, because the temperature is generally 
lower than the thermal decomposition or melting point of the feedstock. 
Feedstock particles including metals, ceramics, composites and organic 
compounds have been successfully deposited on Ti surfaces, providing 
the coatings with various functionalities. Metallic particles, such as Ti 
[84] and Ta [85], that show exceptional corrosion resistance and 
non-toxic track record have been coated on Ti6Al4V implants to 
improve the chemical stability in physiological solution, in vitro bio
mineralization and osteoblast activities. However, metallic particles 
appear bioinert, and thus, bioactive HA and its composites attract great 
attention. For instance, Vilardell et al. prepared HA coatings on Ti6Al4V 
surfaces via APS, HVOF and cold spraying, respectively (Fig. 2D) [86]. It 
is found that the HA coatings with higher crystallinity by HVOF and CS 
methods presented higher proliferation and differentiation of human 

osteoblastic cells than that of lower crystallinity by APS method. Beyond 
conventional metal and ceramic particles, it is suitable to prepare HA 
composite coatings containing temperature-sensitive drugs and bio
molecules, such as growth factors [87] and antibiotics [88], because 
feedstock particles can be sprayed at room temperature. For instance, Li 
et al. prepared the composite coating consisting of nano-diamond, 
BMP-2 and HA via vacuum cold spraying (Fig. 2E), [87]. The presence 
of nano-diamond and BMP-2 significantly improved the attachment and 
proliferation of human osteoblast cells compared with the pure HA 
coating. In short, cold spraying is one of the newest thermal techniques 
and more researches on the process are yet to be carried out. 

2.2.2. Plasma immersion ion implantation and deposition (PIII&D) 
Plasma immersion ion implantation and deposition (PIII&D) is a 

flexible technique that can perform multiple processes, including 
simultaneous and consecutive implantation, deposition and etching, 
because of its combining advantages of other conventional plasma and 
ion beam methods [89,90]. A PIII&D system contains a vacuum chamber 
with a workpiece stage, a high-voltage pulse modulator and a plasma 
source (Fig. 3A) [89]. During the processing, a workpiece is placed in 
plasma at a high bias voltage, repelling electrons away from the work
piece and driving the positive ions toward it, thus a plasma sheath 
formed around the workpiece [91]. Then ions bombard the sample 
surfaces provided that the dimensions of plasma sheath are small 
compared with the feature sizes of workpiece. The plasma sheath has a 
critical impact, because it determines the implantation operation and 
foresees the process parameters and results, such as implantation cur
rent and dose as well as impurities profile [89]. Many elements have 
been implanted into the titanium surface, including non-metallic 
element (e.g., N and O) and metallic elements (e.g., Ca, Ag and Zn) [92]. 

Non-metallic elements generally induce polar functional groups and 
change the physicochemical properties but without altering surface 
topography [92]. The implantation of N and O is able to improve the 
corrosion resistance, wear resistance and cell activities. Huang et al. 
used N-PIII treatment to add a TiN film (<1 μm in thickness) to improve 
the surface hardness and corrosion resistance of Ti6Al4V [93]. Together 
with the modified mechanical strength, the N-PIII-treated surface 
enhanced the adhesion, proliferation and mineralization of human bone 
marrow mesenchymal stem cells (hMSCs) but prevent the adhesion of 
Streptococcus salivarius. Similarly, two oxygen ions with low and high 
doses were implanted into the Ti surface to form compact oxide layers 
that higher oxygen ions dose obtained higher thickness and amount of 
rutile phase [94]. The high oxygen-treated surface enhanced differen
tiation of hMSCs and in vivo osseointegration. Additionally, the 
O-PIII-treated surface with a rutile phase can also enhance 
blood-clotting and platelet activation but reduce the adhesion of Strep
tococcus mutans [95]. Beyond N and O, non-metallic species including 
H2O have been used to modify the hydroxyl groups on Ti surfaces to 
improve the adhesion, spreading and growth of human osteoblastic 
OPC-1 cells [96]. 

Metallic elements are generally implanted to the Ti surface to 
improve the osteogenesis and antibacterial activity [92]. Ca is generally 
ion-implanted to favor osteogenic response [97], while Ag and Zn are 
sources to reduce bacterial infection [98–100]. For instance, Cao et al. 
prepared Ti surface embedded with Ag nanoparticles (Ag NPs) by 
one-step silver plasma immersion ion implantation (Ag-PIII) (Fig. 3B–E) 
[98]. When placed in a physiological solution, a Ti-Ag micro-galvanic 
couple would appear, where α-Ti matrix and Ag NPs served as the anode 
and cathode, respectively. The cathodic reactions would generate a 
proton-depleted region between bacterial membrane and Ag-embedded 
Ti substrate, which may destroy the proton electrochemical gradient 
across the intermembrane space, interfere with the synthesis of adeno
sine triphosphate (ATP) and ultimately lead to bacteria death. However, 
the promoted proliferation of MG-63 cells may be due to the difference 
in structure and size between bacteria and osteoblast-like cells. MG-63 
cells have a much more complex endomembrane system compared with 
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bacteria, making it unaffected but with enhanced energy-dependent 
proliferation. In addition to single metallic element, two types of ele
ments can be co-implanted into Ti surfaces. Jin et al. modified Ti sur
faces with Zn and Ag co-implantation by PIII&D [101]. The Zn/Ag 
co-implanted Ti surface not only significantly induced the prolifera
tion, differentiation of rat bone mesenchymal stem cells (rBMSCs) and 
effectively killing bacteria in vitro, but also exhibited strong osteogenic 
activity and antibacterial ability in vivo. The excellent performance was 
related with the synergistic effects from the long-range and short-range 
interactions of the released Zn2+ and Ag NPs, respectively. Similarly, Ag 
and Ca were co-implanted into Ti surface to produce bifunctional gal
vanics, which synergistically hindered bacterial activity and enhanced 
osteoblastic differentiation [102]. Besides the treatment of smooth Ti 
surfaces after polishing, PIII&D can treat roughed Ti surfaces after other 
modification, including acid etching [103], anodization [104], plasma 

spraying [105] and acid etching/sandblasting [106]. 

2.3. Chemical methods 

Chemical modification is mainly based on the occurrence of chemical 
reaction at the interface between Ti substrate and the immersed me
dium. Such kind of modification generally involves acid etching, alkali- 
heat treatment, electrochemical methods and biochemical methods. 

2.3.1. Acid etching 
Acid treatment is commonly used to remove surface oxide and 

contamination to clean and uniform surface finishes. Some strong cor
rosive acids, such as H2SO4, HCl, HNO3 and HF, are adopted to roughen 
the Ti surface with a micro-scale feature, because H+ ions attack TiO2 
and Ti with the production of soluble Ti compounds and hydrogen. 

Fig. 3. (A) Schematic diagram of ion implantation and deposition setup [89]. Reprinted with permission from Ref. [89] with minor modification. 
(B) SEM images of surface morphology of Ti surfaces after Ag-PIII: (a) Cp Ti, (b) 0.5 h-Ag-PIII, (c) 1.0 h-Ag-PIII, and (d) 1.5 h-Ag-PIII [98]. 
(C) Re-cultivated bacterial colonies on agar:S. aureus colonies are previous dissociated from (a) Cp Ti and (b) 0.5 h-Ag-PIII. The E. colicolonies are previous 
dissociated from (c) Cp Ti and (d) 0.5 h-Ag-PIII [98]. 
(D) The alamarBlue™ assay for MG63 cells on the various surfaces [98]. 
(E) Schematic diagram for the possible toxicity mechanism of the Ag NPs embedded surfaces [98]. Reprinted with permission from Ref. [98]. 
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However, the adsorption of hydrogen generally forms titanium hydride, 
which may lead to hydrogen embrittlement [107,108]. Table 4 lists 
typical reactions of Ti substrates subjected to H2SO4 etching [109]. The 
micro-scale feature relies on acid concentration, solution temperature 
and etching time. The micropits created by acid etching varying from 
submicron to several microns tend to favor cell activities (red blood cells 
and osteoblasts) and bone integration [17,36,110]. Many studies have 
revealed the positive effect of the acid etching on bone regeneration. For 
instance, Lamolle et al. cultured MC3T3-E1 cells on the Ti surface that 
was treated with weak HF (0.2 vol%) solution, and observed the lower 
cytotoxicity level and better cell attachment compared with smooth 
control surface, as shown in Fig. 4A [111]. The reason may be due to the 
fact that the micro- and nano-level topography and the surface compo
sition that included low hydrocarbon content and presence of fluoride, 
hydride and oxide, produced a favorable microenvironment together for 
cell growth with enhanced biocompatibility. 

More commonly, acid etching is performed after a sandblasting step 
to remove blasting residues and to refine the surface morphology and 
roughness. Many studies have indicated that the combined treatment of 
sandblasting and acid etching (SLA) on Ti surfaces significantly 
improved osseointegration [112–115]. A typical morphology after SLA 
treatment is shown in Fig. 4B [115], with irregular micropits in a few 
microns. For instance, the TiO2 grit-blasted surface after HF modifica
tion significantly promoted osteoblastic differentiation and interfacial 
bone formation, when compared with the TiO2 grit-blasted surface 
(Fig. 4C) [112]. Therefore, acid etching provides an efficient way to 
improve the bioactivity of sand-blasted Ti surfaces. In a clinic study, a 
10-year follow-up study of SLA dental implants has suggested the sur
vival and success rate of 511 implants was 98.8% and 97.0%, respec
tively, and the prevalence of peri-implantitis was low with 1.8% [116]. 

2.3.2. Alkali-heat treatment 
Since 1990s, alkali-heat treatment is used to modify Ti surface by 

immersing the substrate in 5–10 M NaOH or KOH solution at 60 ◦C for 
24 h and subsequently heating treatment at 600 ◦C for 1 h [117–119]. 
The typical process of alkali-heat treatment is shown in Fig. 5A [120]. In 
the first step, the Ti substrate can react with the NaOH to form an 
alkalinic titanate hydrogel layer and the corresponding reactions are 
described in Table 5 [117]. After heat treatment, the hydrogel layer 
undergoes dehydration and densification to form a stable amorphous or 
crystalline sodium titanate layer, whose scratch resistance is increased 
from 5 to 50 mN [120,121]. Heat treatment significantly impoves the 
bioactivity of Ti substrates in vivo after alkali treatment [122,123]. The 
reason may be due to the unstable reactive and mechanically weak layer 
of the alkali-treated surface, while subsequent heat treatment reinforced 
the stability of the sodium titanate layer [122]. 

The sodium titanate layer undergoes ion exchange with H3O+ ions 
upon immersion in SBF to form a titania gel layer rich in Ti-OH groups, 
thus inducing apatite nucleation and deposition via alternative adsorp
tion of positively charged calcium ions and negatively charged phos
phate ions [118]. However, the apatite-forming ability of Ti surface with 
alkali-heat treatment tends to decrease when stored in a humid envi
ronment over a long time period, because the Na + ions can exchange 
with the H3O+ in the moisture. Hence, in some cases, the Na + ion is 
replaced by Ca2+ ion to strength the apatite-forming ability. Kizuki et al. 
immersed the alkali-treated Ti surface in a CaCl2 solution for replacing 
Na+ with Ca2+ to form calcium hydrogen titanate [124]. After heat 
treatment, the calcium hydrogen titanate was transformed into calcium 
titanate. Because of the tight structure, the release of Ca2+ from calcium 

titanate was slow and made it hardly to induce apatite formation in SBF. 
To enhance the mobility of Ca2+ ions, the calcium titanate layer was 
further subjected to hot-water treatment, and thus its apatite-forming 
ability was obviously restored (Fig. 5C), and strongly maintained even 
in the humid environment (Fig. 5D). Furthermore, Ti alloys after this 
treatment led to their direct bonding with bone without an intervening 
fibrous layer after implantation in rabbit tibia for 26 weeks [125,126]. 
Tian et al. also noted that the NaOH-CaCl2-heat-water-treated surface 
showed a similar bone-bonding ability to the alkali-heated surface at 2 
and 3 weeks after implantation in rabbit tibias, but it presented a greater 
bonding ability at 4 weeks [127]. Therefore, such a method enriches the 
originally-developed alkali-heat treatment to improve the bioactivity of 
Ti implants. Alternatively, other bioactive ions, such as Ag+ [128] and 
Sr2+ [129], can be incorporated into the calcium-deficient calcium 
titanate layer by introducing them either into the CaCl2 solution or into 
the hot water of the last step, and thus a multifunctional surface with 
bifunctional ions can be achieved to improve osteogenetic and anti
bacterial activity [128,129]. 

Since September 2000, a series of 70 artificial total hip joints with an 
alkali-heat treatment was carried out in clinical trials [130,131]. A ti
tanium macroporous structure was generated on the surface of a Ti alloy 
as a proximal site stem, and on the entire surface of a Ti alloy covering a 
polyethylene cup, and then the joints underwent alkali-heat treatment 
[130], as shown in Fig. 5B [118]. Although a gap between the host tissue 
and the socket existed in over 70% cases, it disappeared and closed 
within one year [131]. During the average 4.8-year follow-up study, 68 
hips (97%) were considered as bone ingrowth fixation and only two hips 
(3%) as stable fibrous ingrowth, indicating the good osteoconduction 
[131]. As the time prolonged to 10 years, the overall survival rate was 
98% of the 67 hips (two patients were lost) [132]. No obvious signs 
appeared of osteolysis, loosening, or formation of a reactive line. 

2.3.3. Electrochemical methods 

2.3.3.1. Anodization. Anodization is a traditional method to form 
compact and protective oxide films on valve metals. In a typical pro
cedure, the Ti serves as an anode and an inert materials as a counter 
electrode, such as graphite and platinum. In 2001, a well-aligned TiO2 
nanotube arrray was prepared on pure Ti sheet by anodization in HF 
solution [133]. Since then, the preparation and application of TiO2 
nanotubes have been extensively studied. The F− ion is needed in 
nanotubular formation and the mechanism can be explained as follows, 
as shown in Table 6 [134,135]. Firstly, a compact oxide layer is formed 
with the reactions shown by Eqs (1-4). Secondly, F− in the electrolyte 
can react with Ti4+ dissolved at the oxide-electrolyte interface and 
attack the formed TiO2 to form irregular nanoscale pores with Eqs (5-6). 
Finally, the competition between oxidation and dissolution reaching 
steady leads to the formation of a regular nanopore or nanotube layer. 
The tube geometry, diameter and length of the nanotube array can be 
varied by regulating the anodization parameters, such as applied 
voltage, anodization time and electrolyte [134,136]. 

The biomedical application of TiO2 nanotube array has been widely 
investigated. Park et al. cultured rat mesenchymal stem cells on TiO2 
nanotubes with defined diameters between 15 and 100 nm, as shown in 
Fig. 6A [137]. The best performance in cell adhesion, spreading, growth, 
and differentiation was obtained on the nanotube array with a diameter 
of 15 nm, because such a size effectively accelerated integrin assembly 
into focal contacts and therefore induced actin filament assembly and 
signaling conduction to the nucleus. However, tube size larger than 50 
nm severely impaired cell activity, and the diameter of 100 nm almost 
completely hindered integrin clustering and focal adhesion formation, 
resulting in a high degree of anoikis that is the adhesion-dependent type 
of apoptosis. Oh et al. noted that the small nanotube array (~30 nm) 
enhanced the adhesion without noticeable differentiation of human 
mesenchymal stem cells (hMSCs), but larger nanotube array (70–100 

Table 4 
Ti substrates subjected to concentrated H2SO4 etching [109].  

TiO2 + H2SO4 → Ti(SO4)2 + 2H2O (1) 
Ti + 2H2SO4 → Ti(SO4)2 + 2H2 (2) 
Ti + H2 → TiH2 (3)  
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nm) obviously accelerated cytoskeletal stress and differentiation into 
osteoblast-like cells [138]. The mechanism was related with the fact that 
small-diameter nanotubes induced protein aggregate adhesion config
urations and thus caused adhesion and growth of hMSCs with minimal 
differentiation, while large-diameter nanotubes made cells elongate and 
stretch to seek protein aggregates and thus were forced to differentiate 
into osteoblasts. The inconsistent results are common of the effect of 
diameters on the osteoblast response [139–142]. The reason for the 
differences is associated with the processing parameters, surface 
chemistry, crystal phase of TiO2 as well as cell origins [143]. As to in 
vivo studies, Ti implants with TiO2 nanotube array positively induced 
molecular response and osseointegration at the bone-implant interface 
[144–147]. It is noted that the overexpression of purinergic receptor 
P2Y6 caused by TiO2 nanotubes can increase osteogenic differentiation 
of bone marrow mesenchymal stem cells (BMSCs) through activating 
PKCα-ERK1/2 signal pathway, and thus enhance bone tissue deposition 
around the implant in vivo [147]. In addition, the crystalline phase of 
TiO2 nanotubes strongly affects the cell activity. For instance, Yu et al. 
prepared the anatase and anatase/rutile TiO2 nanotubes by annealing at 
450 ◦C and 550 ◦C, respectively [148]. They observed the better pro
liferation and mineralization of MC3T3-E1 cells on anatase and anata
se/rutile surfaces than on smooth and amorphous nanotube surfaces, 
and even the anatae/rutile surface showed slightly better performance 
compared with the anatase surface. However, in Park et al.’s study, 

adhesion and proliferation rates of rat bone marrow mesenchymal cells 
(MSCs) presented somewhat higher adhesion and proliferation rates on 
amorphous than on anatase nanotubes [149]. Hence, it is still necessary 
to investigate the influence of crystalline phase on cell behaviors and 
osseointegration in vivo, thus optimizing the bioactivity of Ti implants. 

Because of the unique tubular structure, TiO2 nanotube array is 
usually loaded with drug and biomolecules to strength bioactivity. Some 
model drugs, such as large-molecular proteins (e.g., BMP-2 [150], 
PDGF-BB [151] and FGF-2 [152]) and common small-molecular anti
biotics (e.g., gentamicin [153] and sirolimus [154]), have been loaded 
into the nanotube array to enhance osteogenic response and antibacte
rial property. For instance, the nanotube array loaded with PDGF-BB 
that was released for at least 14 days, promoted adhesion, prolifera
tion as well as differentiation of bone marrow stem cells (BMSCs) in vitro 
and induced fast new bone formation in vivo, as shown in Fig. 6B [151]. 
Although the nanotube structure provides a smart platform for the local 
drug release, unsatisfying results on the release kinetics still occur, 
including burst release, because the drug is usually immobilized by 
repeated lyophilization or vacuum extraction. Therefore, a barrier 
coating with degradation is exploited to improve the release kinetics. 
Biopolymers, such as poly(lactic-co-glycolic acid) (PLGA), have been 
applied to coat the TiO2 nanotube after loading BMP-2 [155] or cipro
floxacin [156], respectively, to enhance the release patterns. 

Besides in F− -containing solution, anodization can also be conducted 

Fig. 4. (A) Blue light interferometer, SEM and AFM images of the modified Ti disks in 0.2 vol% HF [111]. Reprinted with permission from Ref. [111]. (B) SEM 
images of the untreated SLA implants at different magnifications [115]. Reprinted with permission from Ref. [115]. (C) SEM images of (a) TiO2 grit-blasted Ti surface 
and (b) fluoride ion-modified TiO2 grit-blasted Ti surface. Histological assessment of bone-to-implant contact of (c) TiO2 grit-blasted implant surface and (d) fluoride 
ion-modified TiO2 grit-blasted implant surface [112]. Reprinted with permission from Ref. [112]. 
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in NaOH solution to form nanostructures on Ti surfaces [157,158]. The 
nanonetwork-structured TiO2 layers, with average lateral pore sizes of 
70 ± 30 nm (~200 nm thickness) and 90 ± 50 nm (~300 nm thickness), 
were formed depending on the anodized current [158]. The 
nanonetwork-structured surfaces favored focal adhesion formation and 
signaling conduction via integrins and activated FAK and ERK1/2 
pathways, and thus obviously improved the motility, spreading, prolif
eration as well as differentiation of human bone marrow mesenchymal 
stem cells (hBMSCs) (Fig. 6C) [158]. 

2.3.3.2. Micro-arc oxidation. The electrode process obeys Faraday’s law 
and Ohm’s law at relatively low voltages, however, increased gas evo
lution, sparks and micro arc discharges would appear when the voltages 
are beyond the dielectric breakdown limit of the grown oxide [159,160]. 
This kind of anodization is usually referred to micro-arc oxidation 
(MAO), anodic spark oxidation or plasma electrolytic oxidation (PEO). 
In MAO, the voltage usually varies in 150–1000 V and in 0–100 V in the 

Fig. 5. (A) Structural change of the surface of Ti metal after NaOH and heat treatments [120]. Reprinted with permission from Ref. [120]. 
(B) A total hip joint system of Ti-6Al-2Nb-Ta alloys after NaOH and heat treatments (left), and its clinical application (right) [118]. Reprinted with permission from 
Ref. [118]. 
(C) SEM images of various Ti surfaces after immersion in SBF for 1 day [124]. 
(D) SEM images of the Ti surfaces soaked in SBF for 1 day after storage at 95% relative humidity for 1 week with NaOH-heat and NaOH-CaCl2-heat-water treatments 
[124]. Reprinted with permission from Ref. [124]. 

Table 5 
Ti substrates subjected to alkali treatment [117].  

TiO2 + OH− → HTiO3
− (1) 

Ti + 3OH− → Ti(OH)3
+ + 4e- (2) 

Ti(OH)3
+ + e− → TiO2⋅H2O + 0.5H2 (3) 

Ti(OH)3
+ + OH− → Ti(OH)4 (4) 

TiO2•nH2O + OH− ↔ HTiO3
− •nH2O (5)  

Table 6 
TiO2 TNTs formation in fluoride-containing electrolyte [134,135].  

2H2O → O2 + 4H+ + 4e- (1) 
Ti → Ti4+ + 4e- (2) 
H2O → O2− + 2H+ (3) 
Ti4+ + 2O2− → TiO2 (4) 
Ti4+ + F− → [TiF6]2- (5) 
TiO2 + 6F− + 4H+ → [TiF6]2- + 2H2O (6)  
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anodic and cathodic half circles, respectively [17]. The local tempera
ture and pressure generated inside the discharge channel can reach up to 
103-104 K and 102-103 MPa, respectively, which induces the plasma 
thermochemical reactions between the substrate and the electrolyte 
[161]. Interestingly, the porous surface morphology usually shows 
crater-like with holes at the center, whose size tends to be a few microns 
[135]. The quality and characteristics of MAO coating are associated 
with processing parameters, such as applied voltage, electrolyte 
composition, and anodization time. 

Many studies have focused on the preparation of oxide coatings on Ti 
surfaces by MAO treatment with improved bioactivity, biocompatibility 
and antibacterial properties. The electrolyte formulation greatly affects 
the composition of surface oxide coatings, so some bio-functional ele
ments, such as Ca, P, Mg and S, can be readily incorporated into the 
oxide layer by introducing their corresponding compounds to the elec
trolyte [135]. For instance, Fe3+-incorporated TiO2 film significantly 
enhanced proliferation, osteogenic differentiation and extracellular 
matrix mineralization of osteoblasts (hFOB1.19) [162]. Ca- and P- 
incorporated oxide layers showed an improved bone-implant contact 
and removal torques [163,164]. In order to reduce infection, some 
antibacterial elements, such as Ag [165], Zn [166], Cu [167] and Mn 
[168], can be incorporated into the oxide film to hinder bacterial 
adhesion and biofilm formation. In one case, the TiO2-Ag coatings with 
different concentrations of Ag NPs (designated as TiO2-0.3Ag and 
TiO2-3.0Ag) showed an effective antibacterial activity against 
methicillin-resistant Staphylococcus aureus (MRSA), with percentage 
killing as high as 98.0 ± 2% for TiO2-0.3Ag and 99.75 ± 0% for 
TiO2-3.0Ag, respectively [165]. As to cell viability, the TiO2-0.3Ag 
presented no obvious cytotoxicity to human osteoblastic cells (SV-HFO), 

but TiO2-3.0Ag significantly inhibited cell adhesion and proliferation, 
because higher concentration of Ag NPs may disrupt normal cell be
haviors. Because Ag as a strong bactericide may induce the cytotoxic 
risk, some mild bactericides, such as Zn and Cu, may be safer towards 
mammalian cells. For instance, Ye et al. prepared Zn-doped TiO2 coat
ings with Zn existing in the form of weaken Zn-O bonds in the outer layer 
and Zn2TiO4 underneath, respectively, as shown in Fig. 7 [166]. The 
reactive oxide species (ROS) induced by the Zn2+ ions released from 
Zn-doped coatings can break the cell walls and plasma membranes, and 
further strength the intracellular ROS level of S. aureus, resulting in 
bacteria death. In contrast to the overdose of Zn-doped coating (MZn-530 

V), the moderate doses of Zn ions (MZn-300 V and MZn-400 V) did not 
generate intracellular ROS and reduce viability of osteoblasts, but it 
inversely enhanced proliferation of osteoblasts and osseointegration in 
both S. aureus-uninfected and infected rat tibias. 

Ti implants subjected to MAO treatment have been successfully 
applied in clinic. In a long-term study, 210 implants of TiUnite with a 
porous anodized surface were implanted in 59 patients [169]. During a 
10-year follow-up study, 47 (22.38%) implants were lost because these 
patients refused to continue the study, and another 5 implants were lost. 
Based on the final follow-up, the cumulative survival rate of the implants 
placed in healed and postextractive sites were 98.05% and 96.52%, 
respectively, suggesting a positive result in terms of bone maintenance 
and integration. 

2.3.3.3. Electrodeposition. Electrochemical deposition can be divided 
into electrodeposition (ED) and electrophoretic deposition (EPD). ED is 
an electrochemical reduction process of metallic ions hydrolyzed or 
metal complexes by cathodic reactions to generate dispersive particles 

Fig. 6. (A) SEM images (a) of TiO2 nanotubes with different diameters created by controlling potentials ranging from 1 to 20 V. (b) Schematic model showing the 
lateral spacing of focal contact formation on nanotubes of different diameters [137]. Reprinted with permission from Ref. [137]. (B) Immobilization and release of 
rhPDGF-BB: (a) schematic diagram of vacuum extraction, (b) SEM images of rhPDGF-BB-loaded nanotube surface, (c) cross-sectional SEM image of the protein 
particles loaded into the nanotubes in the PDGF + Vacuum group, (d) corresponding EDS of the rectangular region, and (e) the decrease trends of PDGF-BB 
fluorescence intensity on the Ti plates from 1 to 24 h after immersion in PBS [151]. Reprinted with permission from Ref. [151]. (C) SEM images (a) of the Ti 
surfaces with (I1 and I2) and without (I0) electrochemical anodization treatment. (b) Cell (hBMSCs) motility by the wound healing assay on Ti surfaces with (I1 and I2) 
and without (I0) anodization treatment [158]. Reprinted with permission from Ref. [158]. 
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or continuous film on the substrates, whereas EPD uses an electric field 
to drive the charged organic or inorganic particles in suspended solution 
towards the oppositely charged electrode to form thin and thick films 
[135]. Distinctions of such two techniques are displayed in Table 7  
[135]. 

ED not only can fabricate various metallic coatings on the electrodes, 
but also is able to construct organic or inorganic films on the conductive 
materials by controlling electrochemical condition and electrode inter
facial environment. As a powerful modification method, ED is widely 
used to deposit CaP-based coatings on Ti surfaces to improve the 

Fig. 7. (A) SEM images of MZn-300 V, MZn-400 V and MZn-530 V and MZn-free coatings prepared by micro-arc oxidation [166]. (B) Micro-CT (a) and histological analyses 
(b) of the coated pillars implanted in rat tibias under S. aureus-infected and uninfected conditions at week 4 of surgery. OB: original bone, NB: new bone and BM: bone 
marrow [166]. Reprinted with permission from Ref. [166]. 
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bioactivity under galvanostatic processing. The typical reactions of CaP 
deposition can be described as follows [170–173], as shown in Table 8. 
The cathodic polarization produces OH− and H2 (Eqs 1-5), and then the 
produced OH− makes the local pH around the cathode increase to 
facilitate reactions (Eqs 6-7) and move the ionization equilibrium for
ward of H2PO4

− and HPO4
2− (Eqs 8-9), thus generating PO4

3− . In addition, 
PO4

3− can also be produced by reduction of H2PO4
− (Eqs 10–11). The 

accumulated Ca2+, HPO4
2− , PO4

3− and OH− ions lead to local supersat
uration and subsequent nucleation and growth of CaP based on the 
applied current density (Eqs 12). The composition, morphology, crys
tallinity and stability of CaP are associated with the deposition param
eters, such as current density, deposition time and temperature, and 
electrolyte properties (e.g., pH, additives, ion concentrates) [135]. In 
some cases, low current density produces HA precursors, including 
CaHPO4⋅2H2O (DCPD) (Eqs 12a), Ca8H2(PO4)6⋅5H2O (OCP) (Eqs 12b), 
and Ca2(PO4)3⋅nH2O (TCP) (Eqs 12c), high current density facilitates HA 
(Eqs 12d) formation [170,172]. 

The bioactivity of HA and other CaP-based coatings by ED has been 
widely investigated. HA-coated Ti surfaces significantly improve oste
oblast adhesion, spreading and gene expression of ALP as well as 
osteocalcin related with differentiation in vitro [174–176]. The in vivo 
studies have also indicated the superior bone regeneration and apposi
tion [177,178]. Chai et al. modified a three-dimensional porous Ti6Al4V 
scaffold with HA by perfusion electrodeposition with different current 
densities (1.54, 5, 10 and 20 mA/cm2) [178]. After in vitro test, they 
implanted HA-Ti hybrids (5 and 10 mA/cm2) seeded with human 
periosteum-derived cells on the backs of mice in the cervical region. The 
absolute volume and the percentage of bone formed on the hybrids 
produced at 10 mA/cm2 were significantly higher than that of hybrids 
produced at 5 mA/cm2. It was assumed that the osteoclastic resorption 
may occur earlier on the hybrids produced at 10 mA/cm2, resulting in a 

faster initiation of ectopic bone formation. Because various elements 
exists as ionic substitutions in bone mineral, such as Na+, Mg2+, Sr2+, 
Zn2+, CO3

2− , F− and Cl− [179,180], which obviously influence the bio
logical activity of bone mineral, some ion-substituted HA materials are 
facilely prepared via adding corresponding ions into the electrolytes. 
Such ion-substituted HA significantly improves coating stability, cell 
activity, and antibacterial properties. For example, Sr-HA via addition of 
Sr2+ obviously enhanced cell adhesion, proliferation and differentiation 
in vitro, and induced superior new bone formation as well as 
bone-implant contact in vivo [181]. Similarly, Ag+ [182], Cu2+ [183], 
Cu2+/Zn2+ [184] and Sr2+/Mg2+/Zn2+ [185], are introduced into the 
HA by single- or co-substitution to promote the osteoblast activity as 
well as to reduce bacterial infection [182–185]. In addition, some 
HA-based composite coatings have been obtained on Ti surfaces by ED to 
better mimic the inorganic/organic hierarchical structure and compo
sition. For instance, after addition of collagen I into the electrolyte, the 
electrolyte viscosity was increased, which would benefit the stability of 
the H2 bubbles on the interface as a dynamic porous template [186]. 
During the nucleation and growth, the collagen might act as a “glue” to 
chemically bond with HA and hinder the fast growth of HA, and thus 
produced a gel-crystal hybridized and micro-nano porous coating with 
fiber-like crystals orderly arranged together, as shown in Fig. 8A. 
Similarly, by introducing the soluble chemicals, such as chitosan [187], 
heparin [188] and amino acids [189], the corresponding HA-based 
composite coatings can be realized via the incorporation during the 
nucleation and growth, to construct a bioactive platform [187–189]. 

Besides HA-based coatings, some other CaP-based composites have 
been prepared as well. Some inorganic/organic hierarchical structures 
based on octacalcium phosphate (OCP) coatings have been obtained by 
assembling from fiber-like nanocrystals, such as OCP/collagen [190, 
191], OCP/silk fibroin (SF) [192,193]. For instance, the OCP/SF coating 
with a bioinspired nano-micro structure was formed because the pro
duced hydrogen bubbles functioned as a template during ED process, as 
shown in Fig. 8B [192]. The OCP/SF coating improved adhesion, 
spreading and proliferation of MC3T3-E1 cells and human umbilical 
cord-derived mesenchymal stem cells (HUMSCs), because of the multi
scale structure and proper chemical composition. 

2.3.3.4. Electrophoretic deposition. Electrophoretic deposition (EPD) is a 
typical colloidal processing technique usually used in ceramic produc
tion with many advantages, such as short formation time and little re
striction of the substrate shape [194]. The charged particles are first 
dispersed or suspended in a liquid medium, and then moved towards the 
electrode of opposite charge under an electric field to form a deposited 
film [195]. A major difference between the EPD and ED is that, the 
electrolyte of EPD is a suspension of particles in a solvent but the latter is 
a solution of salts (e.g., ionic species) [196]. The EPD is usually carried 
out in organic solvents with the advantages of low conductivity, favor
able chemical stability of the suspension and absence of the electrolytic 
reactions, because water tends to cause the electrolysis and evolution of 
H2 and O2, resulting in formation of incompact coating [197]. Many 
factors influence the coating properties, such as particle size, dielectric 
constant of liquid, conductivity of suspension, Zeta potential, deposition 
time and applied voltage [198]. 

The EPD of HA or HA-based composited coating has been widely 
developed since 1986 [199]. Compared with other techniques, the 
advantage of EPD-prepared HA coating shows fine stoichiometry con
trol, high purity of the deposited coating, and wide range of coating 
thickness varying from 0.1 μm to more than 100 μm [200]. The prepared 
HA coating obviously promoted cell adhesion, spreading, proliferation, 
differentiation and cytoskeleton organization [201,202], suggesting 
favorable cell-substrate interaction. In order to endow the coating with 
better bioactivity as well as antibacterial activity, some other one or two 
components (inorganics or organics) were incorporated to form 
HA-based composite coatings, such as polyetheretherketone/HA [203], 

Table 7 
Distinctions of electrodeposition and electrophoretic deposition [135].   

Electrodeposition Electrophoretic 
deposition 

Medium Solution Suspension 
Moving species Ions or complexes Particles 
Electrode 

reaction 
Reduction of metal ions or 
hydrolyzation by electrogenerated base 

None 

Preferred liquid 
bath 

Mixed solvent (water-organic) Organic solvent 

Required 
conductivity 

High Low 

Deposition rate 10− 3 - 1 μm/min 1–103 μm/min 
Deposition 

thickness 
10− 3 - 10 μm 1–103 μm 

Deposition 
uniformity 

On nanometer scale Limited by size of 
particles  

Table 8 
Typical reactions of preparation of CaP coating by ED [170–173].  

2H2O + O2 + 4e− → 4OH− (1) 
2H2O + 2e− → H2 + 2OH− (2) 
2H+ + 2e− → H2 (3) 
NO3

2− + H2O + 2e− → NO2− + 2OH− (4) 
H2PO4

− + H2O + 2e− → H2PO3
− + 2OH− (5) 

H2PO4
− + OH− → HPO4

2− + H2O (6) 
HPO4

2− + OH− → PO4
3− + H2O (7) 

H2PO4
− ↔ HPO4

2− + H+ (8) 
HPO4

2− ↔ PO4
3− + H+ (9) 

2H2PO4
− + 2e− → 2HPO4

3− + H2 (10) 
H2PO4

− + 2e− → PO4
3− + H2 (11)  

Overall reactions: 
Ca2+ + HPO4

2− + 2H2O → CaHPO4⋅2H2O (DCPD) (12a) 
8Ca2+ + 6HPO4

2− + 5H2O → Ca8H2(PO4)6⋅5H2O (OCP) (12b) 
3Ca2+ + 2PO4

2− + nH2O → Ca3(PO4) ⋅nH2O (TCP) (12c) 
10Ca2+ + 6PO4

3− + 2OH− → Ca10(PO4)6(OH)2 (HA) (12d)  
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graphene oxide/HA [204], chitosan/HA [205], Ag/amorphous calcium 
phosphate/HA [206], Fe3O4/chitosan/HA [207] and poly-l-lysine/3, 
4-dihydroxybenzylaldehyde/HA [208]. In one case, Suo et al. modi
fied the Ti surface with a graphene oxide/chitosan/hydroxyapatite 
(GO/CS/HA) composite coating with a thickness of 10 μm by one-step 
EPD, as shown in Fig. 9A-B [209]. Such a crack-free GO/CS/HA com
posite displayed a bonding strength of 27.1 ± 1.2 MPa, much higher 
than that of HA, GO/HA, CS/HA coatings with a value of 16.8 ± 1.5 
MPa, 24.5 ± 1.3 MPa and 17.3 ± 1.7 MPa, respectively. The GO/CS/HA 
coating significantly enhanced not only the extension, proliferation, ALP 
activity and mineralization of bone marrow stromal cells (BMSCs), but 
also the bone area ratio, bone-to-implant ratio and the biomechanical 
properties after implantation in rat tibia for 12 weeks. In addition, some 
drugs or proteins are easily incorporated into the coatings by EPD 
[210–214]. For instance, gentamicin was loaded to the chitosan/HA 
coating by dissolving it in the electrolyte, and such coating effectively 
inhibited growth of Staphylococcus aureus and Escherichia coli, without 
inducing obvious cytotoxicity towards fibroblast cells (L929 and MRC-5) 
[210]. 

Beyond CaP-based coatings, some polyelectrolyte components have 
been deposited on Ti surfaces as well. Chitosan/gelatin [215] and chi
tosan/silk fibroin [216], can form polyelectrolyte complex by electro
static interaction in acidic aqueous solution. After the pH value around 
the cathode increased higher than chitosan’s pKa with the applied 
voltage, the amino groups of chitosan were deprotonated, leading to the 
decreased solubility and subsequent co-deposited coatings of the chi
tosan/gelatin [215] and chitosan/silk fibroin [216]. Similarly, Zhang 
et al. observed comparable and positive behaviors of MC3T3-E1 cells on 

the porous chitosan/gelatin coating with various surface porosity. The 
best cell response was observed in small pores with integral and 
continuous structure of G1 group, because of the synergistic effects of 
the porous structure and component, as shown in Fig. 9C [217]. 
Furthermore, some inorganic elements, such as Mg [218], Sr [219] and 
Zn [220], were able to incorporate into the chitosan/gelatin to form 
organic/inorganic composites, and the promoted cell proliferation and 
differentiation as well as antibacterial activity were obtained via the ion 
release. In addition to inorganic elements, drug-loaded nanoparticles 
can be co-deposited to realize the controlled release of functional mol
ecules [221,222]. For instance, Cheng et al. loaded vancomycin into the 
silk fibroin (SF) nanospheres via electrostatic and hydrophobic in
teractions, and then deposited nanospheres on Ti surfaces by oxidation 
of water near the anode to neutralize the negatively charged SF nano
spheres to induce irreversible aggregation and deposition, as shown in 
Fig. 9D [222]. The drug-loaded coating effectively inhibited S. aureus for 
at least 21 days, but it did not show cytotoxic to fibroblasts. In short, the 
EPD process has gained considerable interest for fabrication of func
tional coatings on Ti surfaces in 2-D and 3-D substrates, because of the 
simple and easy-to-use properties. 

2.3.4. Biochemical methods 

2.3.4.1. Chemical covalent immobilization of biomolecules. Chemical co
valent immobilization of biomolecules usually binds selective bio
molecules onto the surfaces by chemical grafting approach to realize 
specific cell or tissue response [18,36]. In contrast to the non-covalent 
methods (physical adsorption or entrapment), such a covalent 

Fig. 8. (A) SEM images (a–c) of the hydroxyapatite coatings: (a) without collagen, and (b, c) with collagen prepared by electrodeposition method. (d) XRD patterns 
of (1) hydroxyapatite coating, (2) collagen-modified hydroxyapatite coating, and (3) bovine cortical bone [186]. Reprinted with permission from Ref. [186]. (B) 
Schematic diagram of mechanism in the formation of OCP/SF composite coatings [192]. Reprinted with permission from Ref. [192]. 
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immobilization method has some advantages, such as high specificity, 
low competitive replacement and the relatively low-loss rates [18]. It 
has been noted that the amount grafting on the surfaces should exceed 
the threshold levels to induce cellular activity. The Ti metal does not 
possess surface functional groups (e.g., -NH2 and -COOH) required for 
the covalent immobilization of biomolecules by most of the binding 
strategies, but the passive oxide films on the metals can form surface 
hydroxyl groups upon immersion in aqueous environments, which 
provide potential binding sites for covalent attachment of a linker 
molecule for further bio-functionalization. In general, a pre-treatment 
step (e.g., acid or alkali immersion and O2 plasma) is needed to enrich 
the surface hydroxyl groups for the dehydration/condensation reactions 
to covalently attach the linker molecules, which are either synthetic 
compounds, including silane and polyethylene glycol, or 
biologically-derived compounds, including heparin, dopamine and chi
tosan [18]. By reacting with the linker molecules, biomolecules, such as 
peptides and proteins, are immobilized on the Ti surface to promote the 
bioactivity. 

Silanization is a most widely-used approach to link the surface with 
biomolecules. Typically, silane undergoes a condensation reaction be
tween head groups of silane and -OH groups on the surface, leading to 
formation of Si-O bonding on the interface [223]. Because silane can be 
chemically tailored either on the head groups or on the alkyl tail, many 

types of functional groups on the tail (e.g., -NH2 and -SH) can be 
introduced onto the Ti surface by using various kinds of coupling re
agents for subsequent modification, such as aminosilanes, mercaptosi
lanes and glycidoxysilanes [18]. Biomolecules, such as peptides 
[224–226], collagen [227], BMP-2 [228] or ulvan polysaccharides 
[229], can be immobilized on the surface by one- or multiple-step post 
reactions with the tail group of silane to realize the improved osteoblast 
or stem cell activity and the reduced infection both in vitro and in vivo. 
As to the one-step post coupling, biomolecules are facilely attached to 
the silanized surface. For instance, the Ti surface was first modified with 
a silane reagent with alkynyl groups, and then conjugated with a fusion 
peptide (FP) containing antibacterial sequence and angiogenic sequence 
via Cu(I)-catalyzed azide–alkyne cycloaddition. Such a FP-engineered 
implant can kill up to 99.63% of S. aureus, and simultaneously 
enhance vascularization and osseointegration both in infection and 
non-infection bone-defect models (Fig. 10A and B) [230]. As to the 
multiple-step post coupling, one typical processing is the 
surface-initiated atom transfer radical polymerization (SI-ATRP) to 
introduce polymers on the surface for subsequent immobilization, where 
silanes containing halogen groups can act as initiators. For instance, 
Zhang et al. first added trichlorosilane on the hydroxylated Ti surface as 
an initiator to conduct the surface-initiated polymerization of meth
acrylic acid sodium salt (MAAS), and then conjugated sericin to the 

Fig. 9. (A) SEM images of HA-Ti, GO/HA-Ti, CS/HA-Ti, and GO/CS/HA-Ti prepared by electrophoretic deposition [209]. (B) Stained histological sections of the 
proximal tibiae (a: HA-Ti; b: GO/HA-Ti; c: CS/HA-Ti; d: GO/CS/HA-Ti) and the quantitative results (e) after implantation for 12 weeks [209]. Reprinted with 
permission from Ref. [209]. (C) Topography of chitosan/gelatin coating including (a) optical photographs, (b) SEM images and (c) fluorescence images [217]. 
Reprinted with permission from Ref. [217]. (D) Assembly mechanism of (a) pre-assembly and (b) conventional assembly of SF EPD coatings [222]. Reprinted with 
permission from Ref. [222]. 
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pendant carboxyl groups of poly-(methacrylic acid) (P(MAA)) via car
bodiimide chemistry, as shown in Fig. 10C [231]. The P(MAA) brushes 
obviously inhibited bacterial adhesion (Staphylococcus aureus and 
Staphylococcus epidermidis), but the silk sericin significantly enhanced 
attachment, proliferation, and ALP activity of MC3T3-E1 cells. Similar 
SI-ATRP was performed via using the silanes containing halogen groups 
including (6-(2-bromo-2-methyl)propionyloxy) hexyldimethyl
chlorosilane) [232] or 12-(2-bromoisobutyramido)dodecanoic acid 
[233] as an initiator, which was followed by the conjugation of 
ECM-derived peptide or osteoblast-binding motif peptide, respectively. 
It is noteworthy that the incorporation of peptide onto Ti surfaces with a 
polymer intermediate layer significantly improved cell adhesion pro
liferation and osteogenic mineralization. 

Mussel-inspired dopamine and its analogues are another broadly 
adopted molecules to connect the surface with biomolecules. The 
mechanism of dopamine attached to Ti surface, which is still under 
exploration, is generally considered that the catechol groups react with 
hydroxyl groups on the TiO2, resulting in bridged bidentate bonding 
[234]. Similar to silanes, biomolecules are immobilized on the surface 
by one- or multiple-step post reactions with the tail group of dopamine 

[235]. As to the one-step post coupling, peptides, proteins, poly
saccharide and drugs are able to attach to the Ti surface via direct 
conjugation with the dopamine-based linker molecules. For instance, 
Wang et al. first pretreated Ti6Al4V surface with polydopamine (PDA) 
and then deposited fibrinogen (Fg), which was more stable than the 
physically adsorbed Fg (Ti-Fg) [236]. The Ti-PDA-Fg surface can greatly 
weaken soft tissue response and strengthen angiogenesis in subcutane
ous parts of Sprague-Dawley (SD) rats, compared with Ti-Fg and Ti-PDA 
surfaces. The further implantation in percutaneous tibial parts indicated 
the Ti-PDA-Fg surface enhanced bone regeneration and inhibited 
epithelial downgrowth, maybe because Fg positively regulated hemo
stasis, inflammation and wound repair. As to the multiple-step post 
coupling, some other components with bioactivity can be used to link 
the biomolecules and dopamine-functionalized surfaces to achieve a 
multi-functional strategy. For example, oxidized dextran [237] and 
carboxymethyl chitosan [238], were used to bridge the BMP-2 and 
dopamine-functionalized surface to realize improved osteoblast 
response and reduced infection together. Because conventional chemical 
conjugation generally involves tedious chemical reactions and sophis
ticated technologies that require more than one reaction step for 

Fig. 10. (A) Schematic diagram of engineering titanium with fusion peptide (FP) by CuAAC-SB method [230]. (B) In vivo assay of implants with infection model: (a) 
antimicrobial activity against S. aureus by the agar plate method, and (b) H&E staining images of the decalcified bone sections after implantation for 7 days [230]. 
Reprinted with permission from Ref. [230]. (C) Schematic diagram (a) of the processes including silanization of the Ti-OH surface, surface-initiated ATRP of MAAS 
chains, and immobilization of silk sericin on the Ti surface. (b) The quantitative results of adherent of S. aureus and S. epidermidis cells on the different Ti substrates 
[231]. Reprinted with permission from Ref. [231]. 
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surface-initiated immobilization, one-step modification of Ti surfaces 
with similar “grafting to” strategy has been developed to reduce reaction 
procedures and improve immobilization efficiency on surfaces. 
Recently, synthetic peptides that contain 3,4-Dihydrox
y-L-phenylalanine (DOPA) have been widely investigated in this way 
[239–242]. The catecholic DOPA units can adhere the substrates to 
realize one-step modification if the bioactive peptides were conjugated 
with DOPA in advance. For instance, Pan et al. added mussel-derived 
bioactive peptides containing DOPA units, integrin-targeted sequence 
(RGD) or/and osteogenic growth sequence (OGP), to Ti surface by the 
catechol/TiO2 coordinative interactions [239], as shown in Fig. 11A and 
B. The single- or co-existence of the two kinds of peptides can obviously 

enhance the adhesion, proliferation and differentiation of human bone 
marrow-derived mesenchymal stem cells. After implantation in the 
femoral condyles of rabbits for 4 weeks, the OGP/RGD (3:1) dual-treated 
Ti screws displayed 1.5-fold improvement in bone-implant contact (73.3 
± 8.9%), compared with the ones attached with single peptide (46.9 ±
6.7% and 47.2 ± 7.5% for the RGD-treated and OGP-treated screws, 
respectively), and even more than 2-fold improvement compared with 
the untreated screws (30.5 ± 5.7%). Furthermore, the dual-treated Ti 
screws presented the highest average value (155.3 ± 18.5 N) of 
maximum pull-out force, nearly 2-fold improvement compared with that 
of the untreated ones (79.7 ± 10.9 N), which suggested an enhanced 
synergism on osteogenicity and osseointegration. 

Fig. 11. (A) Structural formula (a) of mussel foot proteins (Mfp-1). (b and c) The biomimicry of mussel-derived peptides (DOPA)4-G4-GRGDS and (DOPA)4-G4- 
YGFGG. (d) Schematic diagram of the surface dual-biomodification of Ti implants by using the mussel-derived peptides b and c [239]. (B) The assay of osteogenesis 
and mechanical stability in vivo: (a) Micro-CT 3D reconstructed images, (b) quantitative evaluations of the percentage bone volume (BV) among tissue volume (TV) 
(BV/TV), (c) histological images of Ti screws with toluidine blue stain, (d) average histomorphometric values of bone-implant contact (BIC), and (e) results of 
biomechanical pull-out testing. Implant NO. 1–4 refer to untreated (control), OGP-treated, RGD-treated, and OGP/RGD (3:1) dual-treated Ti screws, respectively 
[239]. Reprinted with permission from Ref. [239]. 
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Some other linking methods have also been well developed. PEGy
lation with terminally-modified PEG molecules has previously been 
explored to immobilize peptides or proteins, but the main application is 
to endow the surface with antifouling property by the hydrophilic na
ture of PEG [9,243,244]. In addition, phosphonic acids have been used 
as grafting groups as well, because it forms bidentate and tridentate 
phosphonate species by condensation and coordination of phosphonate 
coupling reagents with the hydroxyl groups on the oxide surface [245]. 
The multi-functional groups on the tail of phosphonate-based linkers can 
conjugate with biomolecules to obtain a versatile Ti platform with 
improved osteogenesis and decreased bacterial adhesion [246–249]. 
Because chemical covalent immobilization generally cannot greatly 
alter the substrate morphology, in some cases, this method is combined 
with other treatments to further improve the bioactivity of the original 
substrates, such as anodization [250], sandblasting/acid attacking (SLA) 
[251], and alkaline etching [252]. 

2.3.4.2. Layer-by-layer assembly. Layer-by-layer (LBL) assembly de
pends on a multitude of forces existing between two or more various 
materials that hold complementary interactions [253,254]. Typically, 
the LbL assembly is conducted by electrostatic interactions in which a 
charged material is first adsorbed onto a substrate, and after careful 
washing, an oppositely charged material is subsequently attracted on 
the first layer [255]. Such processing forms a single bi-layer, and it can 
be cycled to obtain a multilayer film of desired structure and thickness. 
Beyond electrostatic assembly, preparing multilayer films may result 
from short-range interactions, such as hydrogen bonding and van der 
Waals forces [253]. Many types of charged objectives can be coated onto 
the substrates, such as polymers, colloids, nanoparticles, biomolecules 
and even cells [254]. The widespread application of LbL assembly has 
produced several technologies to satisfy the various processing re
quirements related to the substrates (e.g., porous membranes, nano
particles and solid plates), such as dipping, spinning, spraying, 
electrodeposition, centrifugation and immobilization [254,255]. The 
assembly technologies heavily affect the process parameters (e.g., time 
and scalability) and the physicochemical characteristics of the films (e. 
g., thickness and homogeneity) [255]. 

LbL assembly has been widely used to integrate Ti surfaces with 
versatile functions, such as osteogenesis, angiogenesis and antibacterial 
property. Polyelectrolytes, such as chitosan, hyaluronic acid and gelatin, 
are commonly applied as the components to construct the multilayered 
platforms. For instance, hyaluronic acid (HA) and chitosan (CH) were 
alternatively deposited on the Ti surface to form polyelectrolyte multi
layers (PEMs), and arginine-glycine-aspartic acid (RGD) peptide was 
then immobilized on the outermost layer [256]. Such a surface not only 
significantly reduced S. aureus attachment, but also enhanced the pro
liferation and alkaline phosphatase activity of MC3T3-E1 cells by 
100–200% over that of pristine Ti surface. Because of the unique pro
cessing, it is ready to incorporate bioactive components during the LBL 
deposition, such as peptides, proteins and drugs. For instance, Chen 
et al. first conjugated chitosan (Chi) with β-cyclodextrin (β-CD) as a 
reservoir of pitavastatin (PTT) to form Chi-β-CD@PTT, and then 
assembled the multilayered structure (LBL@PTT) comprised of 
Chi-β-CD@PTT and gelatin (Gel) [257]. The released pitavastatin 
improved osteogenic differentiation of mesenchymal stem cells (MSCs) 
and angiogenic capacity of endothelial cells (ECs). Additionally, the 
LBL@PTT might indirectly mediate the paracrine signaling that induced 
crosstalk effect between MSCs and ECs, which enhanced the angiogenic 
gene expression (VEGF, PDGF-bb, SDF-1α, and CXCR4) in MSCs and 
promoted the osteogenic gene expression (BMP-2, BMP-4, Wnt3a and 
Wnt5a) in ECs, respectively. The subcutaneous and femur implantation 
suggested that the maturity degree of bone for LBL@PTT surface was 
34.1 ± 8.8%, much higher than the values of LBL (26.0 ± 7.7%) and 
pristine Ti (14.3 ± 3.8%) surfaces. In addition, nanomaterials with 
much larger sizes than biomolecules, including CaP-based or 

drug-loaded nanoparticles, are easily loaded via this technique during 
the preparation as well. For example, hydroxyapatite nanofibers [258], 
raloxifene-loaded MOFs [259] and β-estradiol loaded mesoporous silica 
nanoparticles [260], have been widely exploited to increase osteo
genesis. Xing et al. first prepared a siRNA-decorated gold nanoparticles 
with polyelectrolyte multilayer coatings composed of chitosan (Chi) and 
gelatin (Gel), (AuNP@siRNA-CTSK)cg, and then embedded it into the 
multilayers of Chi and Gel on Ti surface, [(AuNP@siRNA-CTSK)cg]CG 
[261], as shown in Fig. 12. The release of the siRNA that targeted the 
regulation of cathepsin K (CTSK) expressed in osteoclasts obviously 
enhanced the behaviors of osteogenesis-related gene expressions and the 
key vascular regeneration factors in vitro, by regulating the 
CTSK-PDGF-BB-bone remodeling pathways, and it even significantly 
improved the osteogenesis and angiogenesis when implanted in ovari
ectomized rat and comprehensive beagle dogs. 

LbL assembly usually integrates with other methods, such as acid 
etching [262], plasma spraying [263], and EPD [264], to improve the 
bioactivity of Ti surfaces. For instance, TiO2 nanotube arrays produced 
by anodization have been widely used as nanoreservoirs for loading 
proteins or drugs, but in some cases, the release kinetics are unsatis
factory. Hence, LBL multilayers are prepared to cover the nanotube ar
rays to control the release and maintain the bioactivity of loaded 
molecules. The drugs with either large molecular weight (e.g., BMP-2 
[265]) or small molecular weight (e.g., deferoxamine [266]) have 
been loaded into the TiO2 nanotubes, where the outer surface was 
covered by multilayers composed of one or two biocompatible polymers 
(e.g., PLGA and Chi/Gel). Notably, such a construction can efficiently 
reduce the burst release and improve the antibacterial, 
anti-inflammatory and osteoblast activities. Briefly, LBL technique can 
realize high degrees of functionalization and diversity with superior 
performance and flexibility. 

2.4. Micro/nanostructured surfaces 

From the bionic viewpoint, it is better to construct a hierarchical 
hybrid micro/nanostructured surface on Ti implants to regulate osteo
blast response in various scales. Recently, such a combination of micro- 
and nano-sized features has become a most promising strategy. It usually 
requires combined methods of the above techniques of the micro- and 
nano-scale morphology creation, such as acid etching and anodization 
[267], plasma spraying and anodization [268], acid etching and cathode 
sputtering [269], sandblasting and alkaline treatment [270], sand
blasting/acid etching and calcination [271], etc. For instance, Zhao 
et al. prepared a hybrid micropitted/nanotubular surfaces by acid 
etching and anodization, and it is suggested that multiple functions of 
primary rat calvarial osteoblasts, including adhesion, proliferation, 
differentiation and mineralization, were somewhat similar or promoted 
compared with cells on micropitted and smooth surfaces [267]. Gittens 
et al. used a calcination treatment to add nanoscale protuberances to a 
micro-/submicro-scale surface via sandblasting/acid etching [271], as 
shown in Fig. 13B. Such nano-modified surfaces obviously improved 
differentiation and local factor production of MG63 cells, but depressed 
proliferation. Similar elevated regulations of cell functions were 
observed on micropitted/nanonetwork surface [272], and micro
pitted/nanospongelike surface [273]. In addition, some studies have 
tried to vary either the nanoscale or microscale features of the hierar
chical surfaces and to investigate the corresponding osteogenic response 
because cells are sensitive to the surface scale dimensions. As to nano
scale feature regulation, TiO2 nanonodules with different sizes (100, 300 
and 500 nm) were sputter-deposited onto a micropitted Ti surface 
created via acid etching, producing a micropit-and-nanonodule hybrid 
morphology, as shown in Fig. 13A [269]. Such nanonodule-in-micropit 
surfaces all selectively improved both proliferation and differentiation 
of osteoblast (rat bone marrow-derived) but not fibroblast activities. The 
strength of bone-implant integration further showed more than two 
times greater for all the hybrid surface than for the micropitted surface. 

P. Jiang et al.                                                                                                                                                                                                                                    



Bioactive Materials 27 (2023) 15–57

33

Fig. 12. (A) Particle-based nanostructured implant coatings: (a) Synthesis of siRNA-CTSK-loaded AuNPs by layer-by-layer assembly of chitosan and gelatin (cg) 
multilayers. (b) TEM images of monodispersed AuNPs, siRNA-loaded AuNPs, and (AuNP@siRNACTSK)cg. (c) Preparation of [(AuNP@siRNA-CTSK)cg]CG coatings by 
the assembly of (AuNP@siRNA-CTSK)cg on the implant surface. (d) SEM images of the Ti implant surface functionalized with [(AuNP@siRNA-CTSK)cg]CG [261]. 
(B) The application of Ti surface functionalized with [(AuNP@siRNA-CTSK)cg]CG as dental implants in a comprehensive beagle dog model. (a) The implantation of 
various Ti materials into the tooth extraction sockets. (b) Micro-CT images of dog maxillary bone after three months. (c) Micro-CT analysis of new bone formation 
around the implants after 12 weeks. (d) The quantitative data from the micro-CT analysis, including BV/TV, Tb.Th., Tb.N. (trabecular number), and Tb.Sp. 
(trabecular separation) [261]. Reprinted with permission from Ref. [261]. 
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Amongst them, the surface of micropits with 300-nm nodules displayed 
the most pronounced biological effects, probably because the 300-nm 
nodules provided optimal inter-structure space, surface area and 
roughness for efficient osteoblast attachment and behaviors. As to 
microscale feature regulation, Zhang et al. first prepared various 
bowl-shaped microholes on Ti surface by electrochemical etching with 
average sizes ranging from 12.01 μm to 36.34 μm, and then similar 
sub-micro and nano structures were further introduced by chemical 
etching and electrochemical anodization without altering the original 
microholes (Fig. 13C) [274]. It is noteworthy that smaller microholes 
with lower roughness of the hierarchical micro/nanostructured surfaces 
benefitted faster cell propagation. However, larger cell-match-size 
microholes with higher roughness significantly enhanced 
osteogenic-related gene expressions despite of slight delay of cell 
growth, The reason may be related to the factor that the hierarchical 
morphology with larger microholes have a stronger effect on activating 
Wnt/β-catenin pathway for osteoblast differentiation. In short, a posi
tive effect of the hierarchical hybrid surfaces is observed in all presented 

papers, even though some specific expressions of osteogenic activities 
are different. 

Beyond positive effects on osteoblast behaviors, micro/nano
structured titania surfaces also obviously reduce inflammation and 
osteoclastogenesis [275,276], and even promote osteogenesis under 
oxidative stress conditions such as osteoporosis, and diabetes [276,277]. 
For instance, micro/nano-scale (MNS) titania with fiber-like network on 
Ti surface suppressed the expression of pro-inflammatory cytokines 
(IL1β, IL-6, and TNF-α) and activated autophagy-related genes, and thus 
downregulated inflammatory response [275]. Meanwhile, it enhanced 
the expression of osteogenic/angiogenic markers (VEGFA, RUNX2, 
TGF-β1, and BMP-2) of macrophages (MΦs). Additionally, bone marrow 
stromal cells (BMSCs) on the MNS surface induced an obvious immu
nomodulatory effect on MΦs by reducing IL-6 expression in 
inflammation-related signaling pathways. Thereafter, MNS showed a 
superior osteoimmune microenvironment to facilitate osteogenesis and 
angiogenesis via the crosstalk of multiple signaling pathways in vivo, 
which presented much better bone-implant contact and osteocyte 

Fig. 13. (A) SEM images of micro-nano-hybrid topography created by deposition of TiO2 nanonodules (100, 300 and 500 nm) onto the acid-etched (micropit) surface 
[269]. Reprinted with permission from Ref. [269]. (B) SEM images of SLA samples (a,c,e), and of NMSLA samples (b,d,f) generated via oxidation at 740 ◦C for 90 min 
[271]. Reprinted with permission from Ref. [271]. (C) SEM images of the prepared ordered micro-nano hierarchical Ti surfaces with varying micro-scaled pits [274]. 
Reprinted with permission from Ref. [274]. (D) SEM images of micropitted/nanospongelike TiO2 surfaces with different crystalline phases after hydroxyapatite 
modification [283]. Reprinted with permission from Ref. [283]. (E) Schematic diagram of modification of Ti surfaces with micro/nanoscale bionic morphology and 
miR-21 nanocapsules coating [284]. Reprinted with permission from Ref. [284]. 
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accumulation compared with single nanofiber structure (NS) and pris
tine Ti surfaces. In addition, the hierarchical micro/nanostructured 
surfaces can enhance osseointegration under osteoporotic conditions. 
Dai et al. prepared a micro/sub-micro-textured surface (EE-CE) by 
combined electrochemical etching and acid etching, and a 
sub-micro-roughened surface (CE) by only acid etching, respectively 
[276]. The EE-CE surface can inhibit pro-inflammatory reactions of M1 
macrophage by suppressing TLR2/NF-κB signaling pathway, with 
downregulated expression of M1 markers (iNOS, CCR7 and TNF-α), and 
reduce osteoclast formation with low expression of the osteoclasto
genesis regulator NFATc-1. Further, the EE-CE surface showed much 
higher values of bone-implant-contact (BIC) and bone volume around 
implants than the values from CE surface in osteoporotic rats. There
after, the hierarchical surface greatly mitigated inflammatory micro
environment, inhibited osteoclastogenesis, and thereby activated 
implant-bone integration in osteoporotic models. 

It is still necessary to optimize surface components to tailor the 
micro/nanostructured surfaces because of the bioinert property of TiO2, 
although such hierarchical hybrid structures provide promising strate
gies. As a result, some bioactive compounds are further added to enrich 
the biocompatibility of the micro/nanostructured surfaces. Normally, 
inorganic ions [278–280], metal nanoparticles [281], calcium phos
phate compounds [282,283], and nucleic acids [284] were additionally 
deposited to improve bacterial resistance, angiogenesis and osteo
genesis. As to the inorganic ions, the release of bio-functional ions, such 
as Mg2+ [278], Sr2+ [280], and Fe3+ [279], obviously influences cell 
activities and tissue response. For example, Sr-incorporated micro/
nanostructured surface (SLA-Sr) not only improved proliferation and 
differentiation of human mandible bone marrow stromal cells 
(hBMSCs), but also enhanced angiogenic capacity of human umbilical 
vein endothelial cells (HUVECs) by elevated expression of HIF-1α and 
Erk1/2 phosphorylation [280]. The in vivo data suggested that the 
SLA-Sr significantly enhanced early vascularized bone integration with 
increased type H vessel formation, with a much higher vessel area than 
that of without Sr-incorporated SLA surface, because of the synergistic 
effect of the micro/nanoscale topography and the release of Sr2+. In the 
case of metal nanoparticles, Ag NPs were incorporated deeply into TiO2 
nanotubes prepared on the sandblasted and etched (SLA) Ti surface to 
realize both the “release bactericidal” and “contact bactericidal” effects, 
but without toxicity towards MC3T3-E1 cells [281]. Additionally, 
because of the bioactive and osteoconductive properties, CaP com
pounds, including OCP [282], and HA [283], are also applied. Jiang 
et al. first prepared micropitted/nanospongelike TiO2 surfaces with 
different crystalline phases, and then added HA nanorods by a 
spin-assisted LBL assembly method [283], as shown in Fig. 13D. Inter
estingly, the added HA component greatly stimulated differentiation 
and mineralization of MCT3-E1 cells, but it cannot obviously influence 
the trend of cell proliferation caused by the different crystalline phases 
of the initial micro/nanostructured TiO2 surfaces. Recently, 
biological-derived nucleic acids, such as MicroRNAs, were used to 
modify the surface as well [284]. Geng et al. immobilized miR-21 
nanocapsules on the micro/nanoscale roughed surface, and observed 
that the combination of micro/nanoscale morphology and miR-21 
coating synergistically improved MG63 cell adhesion and MSC angio
genic differentiation in vitro and promoted blood vessel growth and 
bone formation after implantation into the distal femur and tibia of New 
Zealand White rabbits [284], as shown in Fig. 13E. 

The construction of a hierarchical hybrid structure on Ti surfaces is 
of great interest, because the interaction that occurs at the bone-implant 
interface with various scales mainly influences the long-term outcome. 
The combination of both micro- and nano-scale roughness provides 
feature sizes comparable to the structure of natural extracellular matrix, 
which positively regulates cell functions by acting on the protein and 
cell membrane receptors from multiple scales. More importantly, during 
bone remolding, resorption lacunae created by osteoclast possesses a 
hierarchical structural complexity. Generally, the resorption pits contain 

microscale pits (~100 μm in diameter and ~50 μm in depth [285,286]), 
submicro-scale features by the irregular acid-dissolution at the ruffled 
border of the osteoclast [287,288], and nanoscale roughness formed by 
undigested collagen fibrils on the surface [289,290]. Such a 
multiple-scale bone surface is sequentially for osteoblast to differentiate 
and secrete molecules that finally form new bone [291]. Hence, the 
micro/nanostructured modification, one of the most promising ways, is 
able to synergistically improve cell behaviors from various dimensions 
and to satisfy the requirements of bone-implant interaction. Addition
ally, the hierarchical hybrid structure may be more easily to combine or 
anchor other functional molecules, nanoparticles and coatings to fulfil 
multiple functions including bacterial resistance, angiogenesis and 
osteogenesis, because of the larger specific surface area and wider range 
of pore sizes, which indicates great possibility to reduce the healing 
period and improve the quality of implants in near future. 

3. Dynamic responsive surfaces 

Beyond control of materials with specific structure and size scales, 
biomaterials are evolving from a traditional static design to those having 
dynamic properties [292]. Historically, orthopedic implants tend to 
provide consistent functions, including mechanical support and bone 
integration. Such approaches have induced the successful application of 
Ti implants in clinic; however, advances in materials design, dynamic 
chemistry and nanomedicines allow us to introduce dynamic responsive 
properties into surface modification, because the implants need to 
respond to cues characteristic of specific cells and tissues spatiotempo
rally [293]. Spatial and temporal regulation of biomaterials provides 
unique avenues to recapitulate the dynamic features of the microenvi
ronments in biological tissues, which plays a critical role in modulating 
cell behaviors and functions [294]. It is noted that dynamic biomaterials 
have been designed in response to a diverse set of stimuli. According to 
the stimuli sources, the signals can be divided into environmental trig
gers and physiological triggers [292,295]. The environmental triggers 
are introduced as external stimuli typically absent from living systems, 
which include the signal from light, electrical field, ultrasound or 
magnetic/electromagnetic field etc [292]. Under this mode, materials 
can be modulated with spatial and temporal control, even in four di
mensions. Alternatively, as to physiological systems, it is generally 
triggered by pH, enzyme, redox conditions or hydrolysis [296]. Mate
rials autonomously responding to cues show the ability to communicate 
and interact with cells at bodily locations, which can enrich bio
responsive behaviors for material design. In short, dynamic responsive 
materials greatly satisfy the requirement of the development of medical 
devices, with the aim to improve the biocompatibility on demand (e.g., 
osseointegration, antibacterial and anti-inflammation capability). Many 
efforts have been made to construct responsive surfaces on Ti substrates, 
which can modulate temporal signals to cells, reduce infection by 
controlled drug release or understand complex cellular processes, 
beyond control of Ti surfaces with specific morphology, wettability and 
composition. In this section, dynamic responsive surfaces on Ti implants 
are discussed, and such surfaces are grouped into eight types based on 
the triggers, namely light, X-ray, electrical field, piezoelectricity, ultra
sound, magnetic/electromagnetic field, pH and enzyme. 

3.1. Light 

Light that functions as a type of non-invasive physical signal with 
precise control in microscale dimension [297], can spatiotemporally 
modulate Ti surfaces to induce cell or tissue behaviors because of the 
photocatalytic activity of TiO2 and other added photo-responsive com
ponents. In general, the light is used to regulate the drug-release ki
netics, improve the antibacterial ability, or to conduct cell and tissue 
repair on Ti surfaces. As stated above, TiO2 TNTs can be served as drug 
carriers, however, the burst release usually occurs. As a strategy, hy
drophobic molecules are used to achieve a “smart” platform. Among one 
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of the early studies, horseradish peroxidase was linked onto the lower 
part of TNTs via APTES/vitamin C monolayer linker, and octadecyl
phosphonic acid (ODPA) was for nanotube capping, forming an 
amphiphilic drug release platform [298]. Once exposure to UV-light 
irradiation, the ODPA and APTES linkers were decomposed by the 
produced peroxides and hydroxyl radicals due to the photocatalytic 
nature of TiO2, leading to the controlled release of enzyme molecules. 
Because of the inherent limitations of UV wavelength, such as poor 
tissue penetration, some noble metals (e.g., Au and Ag) producing sur
face plasmon resonance (SPR) were deposited on TiO2 TNTs to allow 
drug release upon using visible or infrared light [299,300]. The same 
group further improved the release kinetics of ampicillin from the 
amphiphilic TNT platform by using the (Au-SPR)-induced 

photocatalytic scission of the hydrophobic chain of ODPA cap and the 
drug-grafting linker in the hydrophilic bottom layer, under the visible 
light illumination (Fig. 14A and B) [299]. Beyond regulation of drug 
release, SPR-based hybrid surfaces can be directly used to achieve rapid 
biofilm elimination but without cytotoxicity towards tissues, namely 
photodynamic therapy with the production of reactive oxygen species 
(ROS). Ag NPs-based hybrid coatings, including graphene oxi
de/Ag/collagen [301] and tannic acid/Fe3+/Ag [302] coatings, pre
pared on Ti surfaces showed an antibacterial efficiency of higher than 
94% against both Escherichia coli and Staphylococcus aureus, under the 
synergistic action of visible-light-inspired photodynamic therapy and 
the innate antibacterial ability of Ag+. In addition to SPR, hetero
structures have also been explored, such as TiO2-Bi2WO6 [303], 

Fig. 14. (A) Preparation of TiNTs with visible-light-controlled drug-release property: (I) first anodization to prepare TiNTs, (II) deposition of Au NPs and hydro
phobic monolayer to TiNTs, (III) second anodization for drug storage, (IV) link of hydrophobic monolayer to Au NPs by mercaptan, (V) silanization of lower nanotube 
layer with GPMS, and (VI) AMP loaded by GPMS linker [299]. 
(B) Optic images of bactericidal assay from drug-loaded amphiphilic TiNTs with (a) or without (b) treatment by visible light irradiation [299]. Reprinted with 
permission from Ref. [299]. 
(C) Schematic diagram of RGD-CO@MPDA-Ti surface for improving infected bone repair by CO-potentiated antibiosis, CO-induced anti-inflammation, and the 
cascade of immunomodulation-osteogenic differentiation [314]. Reprinted with permission from Ref. [314]. 
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MnO2/g-C3N4/Ti [304], and TiO2/AgNPs/g-C3N4 [305]. For instance, 
the addition of MnO2 to the g-C3N4 not only improved the photo
conversion efficiency by 21.11% under visible-light irradiation, but also 
helped the oxidation of glutathione (GSH) to glutathione disulfide 
(GSSG) via thiol-disulfide that assisted oxidative stress in bacteria [304]. 
Hence, this coating displayed a high antibacterial efficiency but little 
influence on osteoblast viability, with an efficiency of 99.96% and 
99.26% against S. aureus and E. coli, respectively. 

Despite of great potential for clinical application, single mode of 
photodynamic action has some disadvantages that include short life 
span and limited diffusion distance [306]. Hence, other studies have 

focused on deposition of hybrid compounds with photodynamic and 
photothermal properties onto Ti surfaces to achieve synergistic systems, 
such as Bi2S3@Ag3PO4/Ti [307], red phosphorus/ZnO/Ti [308], chito
san/Ag/MoS2-Ti [309], and Ti-polydopamine nano
particles/indocyanine green/RGD [310]. In one case, a 
red-phosphorus–IR780–RGDC coating was prepared on the Ti surface, 
with red phosphorus (RP) as a photothermal agent and IR780 as a 
photosensitizer [311]. Under NIR (808 nm) light irradiation, the incre
ment of temperature (up to 50 ◦C) and the production of singlet oxygen 
(1O2) caused the biofilm eradication of Staphylococcus aureus, with 
antibacterial efficiency of 89.3% in vitro and 96.2% in vivo, 

Fig. 15. (A) Schematic diagram of preparation process of Ti-BS and Ti-BS/HAp [315]. (B) Evaluation of in vivo bone formation of Ti, Ti-BS/HAp-dark, and Ti-BS/ 
HAp-light implants after 4 weeks: (a) Micro-CT images of bone formation, (b) quantitative results by measurement of micro-CT 3D images, (c) Van Gieson’s picro- 
fuchsin staining, (d) Safranin-O/Fast Green staining, (e) histomorphometric results of bone area rate, and (f) histomorphometric results of osteogenesis [315]. 
Reprinted with permission from Ref. [315]. 
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respectively. Similarly, a MoS2-IR780-RGDC phototherapeutic system 
was developed as well [312]. Beyond the combination of photodynamic 
and photothermal therapy, other two synergetic modes were also 
developed, including photothermal and gas therapy [313,314]. The Ti 
surface was first integrated with a CO nanogenerator layer which con
tained mesoporous polydopamine (MPDA) nanoparticles loaded with a 
typical thermosensitive CO donor of Fe3(CO)12, and then covalently 
immobilized with RGD polypeptide as RGD-CO@MPDA-Ti (Fig. 14C) 
[314]. Under near-infrared (NIR) irradiation, RGD-CO@MPDA-Ti sur
face showed a strong antibacterial activity against planktonic MRSA by 
the CO gas-potentiated mild photothermal therapy at 42 ◦C. After bac
teria elimination, CO inhibited M1 macrophages to secrete 
pro-inflammatory cytokines via activating heme oxygenase (HO-1) and 
inducing the down-regulation of p38 MAPK and NFκB (p50/p65). 
Thereafter, the co-existence of CO and RGD induced the polarization of 
M1-phenotype towards anti-inflammatory M2-phenotype by the 
JAK1/STAT6 pathways. In an implant-infected model in rat, the pho
totherapeutic platform not only introduced CO gas to synergistically 
eliminate residual bacteria, but also alleviated the inflammation and 
mediated immunomodulation which stimulated osteogenesis. 

Alternatively, the light-responsive surface can also be used to 
modulate the osteogenic differentiation of mesenchymal stem cells 
[315], neuronal differentiation [316], and vessel repair as well as 
inflammation reduction [317]. As to osteogenic regulation, one example 
noted that bismuth sulfide and hydroxyapatite were deposited on Ti 
surface to form a photoelectric-responsive coating (BS/HAp) [315], as 
shown in Fig. 15. The HAp can reduce the recombination of photo
generated electrons and holes produced by BS under NIR light irradia
tion and help transfer the photoelectrons to the cell membrane, 
enhancing the photocatalytic capability of the hybrid film. The electrons 
not only influenced Na+ channel and membrane potential which 
changed cell shape, but also made Ca2+ inflow from extracellular to 
intracellular compartments to activate the Wnt/Ca2+ signaling pathway, 
thus leading to the upregulation of the osteogenic differentiation of stem 
cells. After implantation in bilateral femurs of Sprague-Dawley (SD) rats, 
the osteogenic expression of such a Ti-BS/HAp-light substrate reached 
82.41% compared with the values of 65.10% and 6.5% for 
Ti-BS/HAp-dark and blank Ti substrates, respectively. In another 
neuronal regulation, a heterointerface of rGO/g-C3N4/TiO2 nanocoating 
was prepared on the Ti surface that can produce photoinduced separa
tion of electron-hole pairs under blue LED irradiation [316]. The elec
trons moved towards cells can activate plasma membrane Ca2+ channels 
to enhance neural differentiation and neurite outgrowth of PC12 cells, 
which showed a higher aspect ratio, a larger cell area and a lower 
circularity level. The upregulated calcitonin gene-related peptide 
(CGRP) secreted by PC12 in turn benefitted osteogenic differentiation of 
MC3T3-E1 cells, because of its function as an anabolic agent to bone. 

3.2. X-ray 

X-ray as a typical electromagnetic radiation that is emitted by elec
trons around the atomic nucleus, has been widely applied in clinical 
diagnosis and treatment [318]. X-ray offers unique merits of a high 
tissue-penetrating capability and a minimal autofluorescence back
ground compared with optical stimuli [319]. In general, X-ray is able to 
regulate osteoblast activities, trigger drug release, and assist implant 
infection imaging. It is noted that low-dose X-ray irradiation (<1 Gy) 
benefits differentiation and mineralization of osteoblast in vitro and 
favors mineralization of fracture callus in vivo [320,321]. For instance, 
She et al. investigated the influences of low-dose X-ray irradiation and 
added Ti particles on the osseointegration of hydroxyapatite-coated 
Ti6Al4V prosthesis after implantation in distal femurs of rabbits for 8 
weeks [322]. As to the implant groups without addition of Ti particles, 
low-dose irradiation with 0.5 Gy X-ray obviously enhanced bone 
ingrowth into the prosthesis surface (Fig. 16A). Though the improved 
effects of bone formation modulated by low-dose irradiation were 

compromised by the introduction of wear particles, the thickness of 
interface membrane around the implant caused by Ti particles was 
significantly reduced when exposed to X-ray irradiation. Hence, the 
low-dose X-ray irradiation maybe helped promote the prosthesis sta
bility in the presence of wear particles and inhibited the early devel
opment of aseptic loosening caused by wear particles. As to the triggered 
drug release, one typical example is based on the photocatalytic prop
erty of TiO2 in response to X-ray irradiation. Schmidt-Stein et al. used 
the X-ray to induce the generation of electron-hole pairs of compact TiO2 
layer and TiO2 nanotube arrays [323]. The improved production of 
separated electron-hole pairs observed in anatase phase can degrade 
organic compound Acid Orange 7 in both compact and nanotubular 
surfaces. Similarly, the TiO2 nanotubular surface silanized with a 
monolayer of zinc porphyrin containing a triethoxysilane functional 
group (Zn-TESP) can even undergo monolayer chain scission to release 
attached Zn-porphyrin molecules under X-ray stimulation. It is clear that 
about 50% of the attached Zn-TESP units were removed after X-ray 
irradiation for 20 min, suggesting the feasibility of X-ray activation for 
regulating potential drug release patterns. Recently, X-ray excited 
luminescent chemical imaging (XELCI) is used to detect and monitor 
bacterial infection on implant surfaces in a non-invasive way [324]. 
XELCI is a combined technique consisting of X-ray excitation to produce 
high-resolution images and optical detection of infection degree, which 
is composed of an X-ray scintillator layer and pH-sensing layer [325]. 
The mechanism lies on that once exposure to an X-ray beam, the scin
tillator layer produces luminescence, and the emitted light is partially 
adsorbed by the pH-sensing layer that modulates the spectrum in 
response to the pH variation [325]. For instance, Uzair et al. first pre
pared an X-ray scintillator layer containing Gd2O2S:Eu in epoxy on or
thopedic implant surfaces, and then added another PEG layer containing 
pH indicator dyes (bromocresol green (BCG) or bromothymol blue 
(BTB)) [326]. Under X-ray irradiation, the scintillator layer emitted 620 
nm and 700 nm light, and the pH indicator layer presented different 
adsorption of 620 nm luminescence responding to different pH values 
but without adsorbing 700 nm light in all pH range, thus producing pH 
mapping. Both the pH dyes can obviously exhibit pH mapping effects 
when one half of the coated plate was immersed in pH 4 solution and 
another half in pH 7 solution with and without tissue covering, but only 
BTB dye layer can show appreciable pH mapping change with the for
mation of S. aureus biofilm under both the optical and XELCI imaging, 
because the BCG responded best during pH 3–5 while BTB responded 
best during pH 5–8 (Fig. 16B). Thereafter, such an epoxy-PEG pH film 
containing BTB on an implant rod can successfully image the acidic and 
basic pH regions after implantation in rabbit tibia parts. Hence, the 
XELCI technique shows a potential application for detecting local pH 
variations under acidosis conditions including tumors, inflammation 
and ischemia etc. In addition, X-ray excited luminescent chemical im
aging can be combined with photodynamic therapy. Wang et al. pre
pared five layers of X-ray functional materials that can be coated on the 
surface of implantable medical devices [327]. The order of layers from 
the bottom to the top is (1) red fluorescence material of Eu3+-doped Y 
(PO3)3, (2) green fluorescence material of Tb3+-doped Y(PO3)3, (3) ul
traviolet fluorescent material of Gd3+-doped Y(PO3)3, (4) nanometer 
titanium oxide, and (5) dye layer of methyl orange. The efficient fluo
rescent materials of Tb3+-, Eu3+-doped Y(PO3)3 combined with fluo
rescent dye were able to label color change under pH 5–7 under X-ray 
irradiation even in the presence of meat tissue, while another two 
compounds of Gd3+-doped Y(PO3)3 and TiO2 were able to realize 
bactericidal effects because of the photocatalytic production of singlet 
oxygen and hydroxyl radicals. Therefore, such a precise treatment 
strategy may provide a new paradigm for implant infection. In short, 
X-ray provides promising applications for activating implant osteo
genesis and monitoring surface infection, with minimum attenuation by 
the soft tissue and elevated spatial resolution. 
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Fig. 16. (A) In vivo bone regeneration results. (a) Fluorescent images of implants in distal femur sections with the xylenol (red) and calcein (green) labels. Scale bars, 
100 μm. (b) The mineral apposition rate (MAR) of different groups. (c) The mineralized surface (MS) of different groups. (d) The bone formation rate (BFA) of 
different groups. Note: NS = injection of sterile saline group, Ti = addition of Ti particles [322]. Reprinted with permission from Ref. [322]. (B) pH imaging of 
orthopedic plates with an epoxy-PEG pH film. (a and b) Photograph of a respective plate with the epoxy-PEG film containing (a) BCG dye and (b) BTB dye with one 
half of the plate in pH 4 solution and the other half in pH 7 solution. XELCI images of the respective plate at 620 nm, 700 nm, and ratio of 620/720 nm without tissue 
and with porcine tissue (1 cm). (c and d) Photographs of a respective (c) epoxy-PEG-BCG-coated plate and (d) epoxy-PEG-BTB-coated plate after growing a biofilm on 
the left half and keeping the right half in agar (pH 7.4) after 24 h. XELCI images of the respective plate of biofilm growth (at 620 nm, 700 nm, and ratio of 620/720 
nm) without tissue and with porcine tissue (1 cm) after 24 h [326]. Reprinted with permission from Ref. [326]. 

P. Jiang et al.                                                                                                                                                                                                                                    



Bioactive Materials 27 (2023) 15–57

40

3.3. Electrical field 

Electrical stimulation refers to an external electric signaling to 
regulate cell or tissue response, because a variety of behaviors and 
mechanisms involve electric signaling, such as angiogenesis, mitosis, 
migration and would healing [328]. As to the Ti implants, the applied 
electrical signaling can stimulate cell and tissue activities or trigger the 
release of drugs. One of the early studies indicated that the proliferation, 
and differentiation (ALP synthesis and calcium deposition) of osteo
blasts were enhanced upon both the creation of a nanotubular surface 
and biphasic electrical stimulation (15V, pulses) [329]. Although such 
application of electric signaling to stimulate cell behaviors has been 
widely observed, the molecular mechanism to osteogenic differentiation 
remains elusive. Park et al. noted that osteogenic differentiation of 
clonal rat MSCs (mesenchymal stem cells) was obviously improved on 
TiO2 nanotubular surface by triggering of constant electric fields (EFs), 
even in the absence of osteogenic chemical supplements [330]. This was 
explained by the fact that EFs induced membrane protrusions with 
Connexin 43 (Cx43) transported to plasma membrane, and Cx43 
appeared to mediate extracellular Ca2+ influx and rapid propagation of 
intracellular Ca2+ increase by gap junctions. The increased Ca2+ ions 
further modulated downstream signaling, calcineurin/CAMKII phos
phorylation and NFAT dephosphorylation, resulting in osteogenic gene 

expressions. Because the above TiO2 on the outer surface is a type of 
semiconductors, the conductivity and electron transport are unsatis
factory in some cases, which may require a long-term EF application in 
terms of days. Hence, in order to promote sensitivity and reduce stim
ulation time, Mazare et al. prepared Ar/H2-reduced black TiO2 nanotube 
arrays, with a strongly decreased resistivity (15.5 kΩ) compared with 
the as-formed TNTs (1.17 MΩ) [331]. The faster proliferation and 
intracellular Ca2+ level elevation of clonal rat MSCs were observed on 
black TiO2 TNTs under a lower EF intensity in contrast to the as-formed 
TNTs, suggesting the enhanced substrate sensitivity, as shown in 
Fig. 17A and B. The hypothetical mechanism was that the enhanced 
conductivity of the reduced TiO2 nanotube surface can provoke elevated 
Ca2+ influx via calcium channels under minimal EF stimulation. As the 
increase in intracellular Ca2+ level, downstream signaling cascades 
containing calmodulin (CaM)/calcineurin may improve cell prolifera
tion via the transcriptional activation including NFAT/NFκB. 

Electric stimulation can also be used to regulate surface wettability, 
osteogenic and antibacterial activity based on the added coating func
tions beyond TiO2 properties. The polymers with switchable orientation 
transformation by the electrochemical oxidation/reduction process are 
commonly used to generate a reversible surface to dynamically regulate 
on-demand properties, such as polypyrrole (PPy) [332,333] and poly
dopamine [334]. For instance, Liao et al. doped an amphiphilic 

Fig. 17. (A) Illustration (a) of electric field stimulation of MSC. (b) Schematic diagram of EF-triggered calcium influx. (c) The voltage-dependent elevation of 
intracellular calcium in as formed and reduced TiO2 after 10 min-EF stimulation [331]. (B) Cell proliferation in reduced and as formed TiO2 nanotubes under EF 
stimulation: (a) Cell proliferation analysis by WST1 test, and (b) a hypothetical diagram of EF-triggered MSC cell proliferation [331]. Reprinted with permission from 
Ref. [331]. (C) The chair conformation (a) of TCA. (b) The possible mechanism of preparing 1D NAPPy/TCA (b3). (c) Schematic diagram of the electrical-potential- 
induced wettability of 1D NAPPy/TCA: c1-c2) the random orientation of TCA without an applied potential, c3) the switch-off state, and c4) the switch-on state [332]. 
(D) SEM images of NAPPy/TCA prepared in PBS containing 0.01 M (a), 0.07 M (b), and 0.20 M (c) of TCA [332]. (E) Immunofluorescence staining images of MC3T3- 
E1 cells on 1D NAPPy/TCA in the original state (a), and cycles between switch-off (b, d, and f) and switch-on states (c, e, and g) [332]. Reprinted with permission 
from Ref. [332]. 
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biomolecule, taurocholic acid (TCA) into 1D nano-architectured poly
pyrrole (NAPPy) array on Ti surface [332], as shown in Fig. 17C–E. The 
doping TCA enabled the surface with reversible wettability between 
superhydrophobic (152◦, switch-on state) and hydrophilic (55◦, 
switch-off state) in response to two weak electrical potentials (+0.50 
and − 0.80 V applied as a swtich-on and swtich-off potential, respec
tively), which was caused by potential-tunable orientation between 
α-face (hydrophobic) and β-face (hydrophilic) of TCA. Such a 
potential-switchable surface induced preferential protein adsorption 
and subsequently modulated the adhesion and spreading of MC3T3-E1 
cells in situ. Similarly, another hybrid PPy coating was prepared on 
Ti-5Al-2.5Fe surfaces containing negatively charged chondroitin sul
phate (CS) and positively charged antibacterial peptide (OP-145) [333]. 
The PPy underwent reversible switching between the oxidation state 
(+0.5 V) and the reduction state (− 0.5 V) in response to the electrical 
stimuli, which resulted in the preferential presence of CS (− 0.5 V) or 
OP-145 (+0.5 V) on the outmost surface. Interestingly, the coating in 
switch (− 0.5 V) facilitated osteogenic activity of MC3T3-E1 cells 
because of the exposure of osteocyte-philic CS, while it in switch (+0.5 
V) exhibited strong antibacterial property due to the exposure of 
OP-145, suggesting a dynamic switching between enhanced osteogenic 
and antibacterial activity on demand. In addition, some drugs can be 
incorporated into the conductive polymer coatings and released once 
exposure to the electric stimulation [335]. For instance, Wu et al. pre
pared a polypyrrole/dexamethasone (Ppy/Dex) composite coating on Ti 
surface by electrochemical deposition, and further added the composites 
of extracellular matrix (ECM) to gain a Ppy/Dex/ECM coating [336]. 
The release of Dex can be realized by changing redox status of Ppy, 
whose positively charged surface was reduced to neutrality to reduce 
electrostatic attraction under the negative pulse electrical stimulation. 
Therefore, the on-demand released Dex and the Ppy/Dex/ECM coating 
with three-dimensional nano-network structure synergistically 
improved osteogenic differentiation and reduced inflammatory factors 
secreted by RAW264.7 cells. In short, electrical stimulation provides an 
approach of dynamically manipulating the Ti interfaces. 

3.4. Piezoelectricity 

Piezoelectricity as a biomimetic mode to regulate bone tissue 
regeneration is based on the fact that natural bones show piezoelectric 
properties. The piezoelectric properties of bone mainly originate from its 
specific dense fibrillar assembly of non-centrosymmetric collagenous 
matrix with embedded apatite nanocrystals [337]. The piezoelectric 
response of bone presents anisotropic because of its structural anisot
ropy, and also relies on the direction, frequency and intensity of the 
stimuli [338]. It is reported that the highest piezoelectric coefficient 
(d14) of femoral bone is 0.7 pC/N− 1 measured in shear mode [337]. 
According to previous studies, natural bone accumulates negative 
charges under physiologic conditions due to piezoelectric potential in 
bone, with a zeta potential of − 5 mV [339]. Because compression of 
collagen produces negative charges on the surface that augment the zeta 
potential under bone compression and enhance dynamic bone stiffness 
[339]. On the contrary, the tensile force likely generates positive 
charges that attenuate the zeta potential and may reduce dynamic bone 
stiffness [339]. Once it undergoes damage, the fractured region of bone 
displays more electronegative than other regions. It is reported that the 
accumulated charges benefit the functionality of osteoblast cells, 
enhance matrix mineralization at the fractured parts and thus promote 
bone regeneration [340]. In addition, molecular physiological analysis 
shows that a cascade of cellular events (namely galvanotaxis) also pro
duce endogenous electrical signal, which include cell membrane depo
larization and hyperpolarization, Ca2+/Mg2+ ions influx through 
hyperpolarized ends and actin depolymerization, etc [337]. Hence, from 
both cellular and tissular levels, piezoelectric stimulation can effectively 
regulate osteoblast and bone activities. 

The piezoelectric responses of Ti surfaces are realized by 

introduction of piezoelectric coatings. Piezoelectric materials can be 
divided into three groups, such as piezoceramics, piezopolymers and 
piezocomposites [337,341]. Piezoceramics contains BaTiO3, KNbO3, 
MgSiO3 and ZnO etc., piezopolymers include polyvinylidene fluorid 
(PVDF), poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)), 
poly(l-lactic acid) (PLLA) and collagen etc., and piezocomposites usually 
comprise of the above piezoceramic and piezopolymers [337,341]. 
Piezoelectric materials are able to modulate cellular behaviors through 
surface charges produced in response to deformation induced by cellular 
communication, vibration stimulus or both [342]. Piezoelectric coatings 
generally need polarization to achieve unidirectional orientation of 
randomly aligned dipoles via corona poling (1–10 kV) or thermal poling 
(25–1000 ◦C) before the biological studies [337]. The piezoelectric 
coatings on Ti surfaces are used to stimulate osteoblast and bone be
haviors, and improve antibacterial activities. As to osteogenesis regu
lation, a BaTiO3 coating was deposited on a porous Ti6Al4V 
(pTi/BaTiO3) to investigate its effect on osteogenesis and angiogenesis 
[343]. The pTi/BaTiO3 (poled) by corona polarization with a surface 
potential of − 30 mV promoted the migration, proliferation and osteo
genic differentiation of mesenchymal stem cells of rat femurs via the 
Ca2+/p38MAPK/osterix axis, compared with the functions observed 
from pTi/BaTiO3 (unpoled) and pTi. Meanwhile, the migration, prolif
eration and secretion of VEGF and PDGF-BB of human umbilical vein 
endothelial cells were promoted via the PDGF-BB/PDGFR-β axis. In vivo 
results suggested that pTi/BaTiO3 (poled) implant was covered by new 
bone with an area ratio of 58.68% after 8 months using interbody fusion 
cage implantation model in sheep, which was much higher than that of 
pTi/BaTiO3 (unpoled) (46.88%) and pTi (33.16%). Because the above 
animal model lacked a physiological loading environment where the 
material acted as interbody cages and bone fillers, the same group 
implanted such a poled BaTiO3/Ti6Al4V (BT/Ti) scaffold in a sheep 
cervical corpectomy model (Fig. 18A) [344]. As such, piezoelectric ef
fects can be effectively produced by dynamic pressure from cervical 
movement. The in vitro and in vivo data both indicated that the BT/Ti 
(poled) scaffold can suppress MAPK/JNK signaling cascade but activate 
oxidative phosphorylation (OXPHOS) and ATP synthesis of macro
phages, and thus facilitate macrophage M2 polarization. The new bone 
volume ratio (BV/TV) of BT/Ti (poled) group was 33.97% compared 
with the value of 23.97% of the Ti group after one year, suggesting an 
active immunoregulatory bone repair. Beyond only using the piezo
electric property, it can be combined with other stimuli to achieve 
synergetic or switching efforts on osteogenesis, such as ultrasound and 
magnetic field. For instance, Cai et al. prepared a BaTiO3 coating on TC4 
titanium substrate (BT/TC4) with a piezoelectric coefficient (d33) of 
0.42 pC/N [345]. The mechanical wave introduced by LIPUS not only 
stimulated the BT/TC4 to produce a microcurrent of 10 μA/cm2, but also 
positively affected cell activities. As a result, the piezoelectric BT/TC4 
surface with LIPUS stimulation synergistically enhanced osteogenic ex
pressions of MC3T3-E1 cells which were mediated by the elevated influx 
of calcium ions. Similar LIPUS-induced synergetic effects of BaTiO3-
coated Ti surfaces on osteogenesis and osseointegration were also 
observed by Chen et al. [346] and Fan et al. [347]. Recently, an elec
trical stimulation platform of BaTiO3 nanoarrays on Ti surface for 
selectively regulating antiosteosarcoma and osteogenesis was rele
galized by switching on and off ultrasound assistance (Fig. 18B), 
respectively [348]. In the switch-on state, the polarized BaTiO3 nanorod 
arrays under US stimulation can produce a high-intensity output po
tential (− 237− 139 mV) to dynamically disturb the tubulin orientation, 
disrupt the spindle structure and arrest the G2/M phase of mitosis of 
osteosarcoma cells (143B). Therefore, a mouse survival rate of ~60% 
was obtained in the PNBTO + US group after 60 days, but none survived 
after 25 days observed in the control groups. In the switch-off state, the 
positively charged PNBTO surface with a surface potential of ~530.8 
mV can form a static electrical stimulation towards the negatively 
charged bone defect. As a result, the combination of mechano
conduction from 1-D nanorod structure and the static electrical 

P. Jiang et al.                                                                                                                                                                                                                                    



Bioactive Materials 27 (2023) 15–57

42

Fig. 18. (A) Schematic diagram of porous Ti6Al4V scaffolds coated with BaTiO3. (a) Preparation of porous Ti6Al4V scaffolds coated with BaTiO3 and the im
plantation in a cervical en-bloc spondylectomy model of sheep. (b) BT/Ti (poled) artificial vertebrae bodies enhanced M2 polarization during bone repair process. (c) 
Piezoelectric stimulation suppressed MAPK/JNK signaling but activated OXPHOS of macrophages [344]. Reprinted with permission from Ref. [344]. (B) One- 
dimensional ferroelectric nanoarrays with switchable effects for selectively regulating osteogenesis (US switch-off) and antiosteosarcoma (US switch-on) under 
static and dynamic electrical stimulation, respectively [348]. Reprinted with permission from Ref. [348]. 
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stimulation synergistically promoted osseointegration in the femoral 
condyle parts of rats. For instance, the value of bone volume to tissue 
volume (BV/TV) in PNBTO group (29.3 ± 0.25%) was 1.7- and 2.3-fold 
higher than that in the BaTiO3 flat coating (PBTO) group (17.5 ±
0.61%) and pure Ti group (13.0 ± 1.37%), respectively, after 4 weeks. 
Beyond US mode, magnetic field can also be introduced to strengthen 
the piezoelectric effects. P(VDF-TrFE)-based magnetoelectric coatings 
consisting of piezoelectric polymer and magne-tostrictive phase, were 
prepared to unite ferromagnetism and ferroelectricity, including 
CoFe2O4/P(VDF-TrFE) [349], and TbxDy1− xFe2 alloy/P(VDF-TrFE) 
[350]. Once exposure to magnetic field, the charged magne-tostrictive 
phase would be elongated or contracted along the magnetic field di
rection, and it thus causes the stress/strain transferring between the 
magne-tostrictive and piezoelectric phases, finally increasing surface 

potential [351]. Hence, the expended range of surface potential can 
provide an accurate platform to investigate the relationship between 
surface potential and osteogenic differentiation of mesenchymal stem 
cells. In short, piezoelectric response provides a biomimetic method to 
activate osteogenesis efforts. 

3.5. Ultrasound 

Ultrasound, as a mechanical wave, can directly modulate the cell- 
material interaction or control the release of drugs from the surface in 
a non-intrusive manner. Amongst them, low-intensity pulse ultrasound 
(LIPUS) has been approved by the US Food and Drug Administration 
(FDA) to improve fresh fracture healing and bone nonunion reconsti
tution [352]. As to the regulation of cell-material interaction, one 

Fig. 19. (A) Schematic diagram of ultrasound-stimulated drug release from TiO2 nanotubes (TNTs) arrays [354]. Reprinted with permission from Ref. [354]. (B) 
Preparation of the MSN coating on Ti–RP and the synergetic antibacterial results of sonothermal and NO therapy: (a) the preparation method of Ti–RP-SNO, (b) SEM 
images of Ti–RP-SNO, (c) the corresponding temperatures of different samples under US stimulation, (d) schematic diagram of the antibacterial test in vivo, (e) 
Micro-CT image of the position of implant in the tibia, (f) the antibacterial efficiency and corresponding spread plate photographs under continuous US in vivo, and 
(g) H&E staining images of the bone tissues around implants in rats [357]. Reprinted with permission from Ref. [357]. 
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example observed the combined effect of MAO method and LIPUS on 
MG63 cell behaviors [353]. Cells under LIPUS stimulation bound more 
tightly to the surface with more pseudofeet, and showed a faster pro
liferation and higher expressions of osteogenic differentiation compared 
with the only MAO-treated surface, which may be related with the fact 
that LIPUS vibration could influence the permeability and the diffusion 
process of the cell membrane as well as intracellular material move
ment. Another application is that the ultrasonic wave can modulate the 
release of drugs on demand. Aw et al. loaded micelles carried with 
water-insoluble drug (indomethacin) into the TNTs [354], as shown in 
Fig. 19A. Under ultrasonic stimulation, the drug-micelles were released 
in a responsive way, with even 100% release in a desirable time of 5–50 
min. The mechanism might involve a combination of cavitations and 
thermal processes produced by mechanical vibration of ultrasound 
waves in interaction with the aqueous buffer and rigid TNTs structures. 
In another study, Zhou et al. first prepared superhydrophobic TNT ar
rays by modifying hydrophilic TNTs with 1H,1H,2H,2H-perfluor
ooctyl-triethoxysilane (POTS), and then loaded different amounts of 
tetracycline hydrochloride [355]. The loaded drug can be triggered in 

response to the multiple and controlled ultrasonic waves, because of the 
selective removal of the trapped air layer. Alternatively, ultrasonic 
stimulation can also be combined with sonothermal therapy and trig
gered gas therapy for infected bone regeneration models. Compared 
with phototherapy, ultrasonic waves can penetrate deeply into tissues 
and be focused to a single discrete point spatially [356]. Recently, 
red-phosphorus-coated Ti surface (Ti-RP) exhibited an obvious sono
thermal activity of more than 20 ◦C increase under continuous ultra
sound excitation (1.0 W cm− 2, 1 MHz), which was related with the fact 
that ultrasound-activated electron motion in the RP was able to turn the 
mechanical energy of ultrasound into phonons in the forms of lattice 
thermal vibration [357], as shown in Fig. 19B. To achieve a more 
effective antibacterial treatment, the Ti-RP was functionalized with 
another nanomesoporous silica nanoparticle (MSN) coating that con
tained thermal-responsive NO precursor. Such a hybrid surface under 
ultrasound excitation showed an antibacterial efficiency of more than 
93.40% against multidrug-resistant Staphylococcus aureus (MRSA) in 
vitro and validly combatted bone infection by MRSA in vivo without side 
effect, because of the synergism of the hyperthermia and the released 

Fig. 20. (A) Schematic diagram of the responsive drug release from TNTs by magnetic stimuli [359]. (B) Release profile of indomethacin encapsulated micelles at 
different stages of release process by addition of magnetic stimuli: a) at the beginning, and b) during 50–60% of release [359]. Reprinted with permission from 
Ref. [359]. (C) SEM images (a) of the overall topography and (b) CLSM images of cells stained with DAPI (blue) and FITC (green) [362]. (D) Schematic diagram of the 
effects of the PEMF on cell adhesion [362]. Reprinted with permission from Ref. [362]. 
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NO. Briefly, ultrasonic stimulation provides an attractive approach 
because ultrasonic waves can target the region in a precise, narrow and 
deep way. 

3.6. Magnetic and electromagnetic field 

The magnetic field is derived from either static magnets or the flow 
of electric charges through the wires or electrical devices (electromag
netic field) based on the sources, which shows high tissue penetration 
and minimum adverse effects under low strength magnetic field [358]. 
Magnetic and electromagnetic field can be used to trigger drug release 
with the assistance of magnetic NPs, and to stimulate cell and tissue 
behaviors. In one case, a magnetic-responsive delivery platform was 
prepared on TNT arrays by loading dopamine-modified iron oxide 
nanoparticles (MNPs) at the bottom and indomethacin-encapsulated 
polymer micelles at the top, respectively [359], as shown in Fig. 20A. 
Upon addition of a magnet on top of the TNTs, immediate 100% release 
of drug-encapsulated micelles was observed within 1–1.5 h, and similar 
triggered-release result was achieved at desirable times during the 
release process (Fig. 20B). This strategy shows some limitations 
including uncontrolled release triggered by external magnetic field, but 
it may satisfy the requirement where on-demand release is needed 
without delay. In another application, the magnetic field produced by 
movement of electric charges can stimulate cell functions or tissue 
regeneration. For instance, Fassina et al. observed the higher prolifera
tion and the increased of matrix deposition via upregulated 
osteogenic-related expressions (type-I collagen, decorin, and osteo
pontin) of SAOS-2 cells on Ti fiber-mesh scaffolds [360] or titanium 
plasma-spray surface [361], under the pulse electromagnetic field 
(PEMF). Although some positive results have been reported on the 
osteogenic effects, few works have concerned about the combination of 
the electromagnetic stimulation and different surface topographies. As a 
result, Wang et al. cultured primary rat calvarial osteoblast on three 
types of Ti surface, namely micro-structured surface (Micro) by sand
blasting/acid etching, nanotubular-structured surface (Nano) by anod
ization, and a polished surface (Flat) [362], as shown in Fig. 20C. 
Interestingly, osteoblasts were oriented perpendicular to the electro
magnetic field lines, with more microfilaments and stress fibers as well. 
The proliferation, expressions of osteogenesis-related genes and extra
cellular mature were promoted to different extents in respect to different 
topographies by the PEMF, where greater promotion was observed on 
Micro and Nano surfaces. The mechanism may be explained as follows 
(Fig. 20D): (1) the PEMF stimulation endowed the Ti/TiO2 surface with 
oriented dipoles and amplified surface potential gradient; (2) the 
polarized surface adsorbed more cations and proteins; (3) polarized cells 
were drift to the charged surface; and (4) specific binding occurred at the 
focal adhesion. The further study revealed that the PEMF may enhance 
osteoblast activities and the skeletal anabolism via a Wnt/β-catenin 
signaling-induced mechanism [363]. In addition to healthy cell and 
animal models, it is noteworthy that PEMF is able to efficiently reduce 
osteopenia and osteoporosis, and to promote bone defect/fracture 
healing. Cai et al. adopted two animal modes of osteoporosis, including 
rabbits with Type 1 diabetes mellitus (T1DM) [364] or rabbits with 
glucocorticoids (GC) treatment [365]. The PEMF can reverse the adverse 
effects of T1DM or GC on bone formation via activating canonical 
Wnt/β-catenin signaling, which obviously promoted bone anabolism 
(mass, architecture and mechanical properties) between bone and 
porous implant interaction to a similar levels observed from healthy 
controls. 

Beyond regulation mode based on TiO2 and Ti properties, magnetic- 
responsive cell regulation can also be realized by the introduction of 
surface coatings containing magnetic NPs. Lin et al. prepared a 
magnetized collagen coatings (MCCs) containing Fe3O4 NPs, and 
investigated the effects of magnetic drive (MA) direction on osteogenic 
differences [366]. The MA parallel to the randomly-oriented MCC sur
face can significantly improve osteogenic differentiation of bone 

marrow mesenchymal stem cells (BMSCs) in contrast to the 
down-regulated behavior under the perpendicular direction. The reason 
may be related to the fact that the tensile status of collagen fibers 
responded differently to MA direction under parallel or perpendicular 
modes, resulting in strengthening or weakening the α5β1 integrin 
expression. The elevated expression of α5β1 as a receptor as mechanical 
conduction can activate order arrangement of cytoskeletons and osteo
genic differentiation. In short, the external magnetic or electromagnetic 
stimulation provides a valuable approach to improve the interaction 
between Ti surfaces and biological tissues. 

3.7. pH 

The pH-responsive strategy is generally realized on Ti surfaces by 
single or combined modes of pH-triggered protonation and deprotona
tion of chemical groups in polymer caps, pH-sensitive chemical bonds, 
pH-induced dissolution of nanoparticles [367]. As to pH-triggered pro
tonation and deprotonation, chitosan with abundant amino groups is 
one of the commonly-used molecules for modifying Ti surfaces 
[368–370]. For example, Zhou et al. first prepared a micelles composed 
of tobramycin (Tob) and heparin (HET), and then alternatively depos
ited positively charged chitosan (CHT) and negatively charged HET on 
the polydopamine-modified Ti surface [368]. The release of Tob from 
Tob-loaded CHT/HET multilayer coatings showed a pH-dependent 
pattern, with the total amount of 72.52 μg/cm2 (~66.7%, pH 4.3) and 
108.77 μg/cm2 (~100%, pH 7.3) over the 320 h, respectively. The 
reason is related with the fact that more amino groups that were pro
tonated in acid condition made CHT higher positively charged and 
strengthened the electrostatic interaction with micelle-loaded HET 
layer, thus hindering Tob release. Such a coating not only inhibited 
initial bacterial adhesion (E. coli and S. aureus) and disrupted biofilm 
formation, but also showed a “long-term antibacterial” pattern (up to 10 
days) in acid condition, whereas slight decreases in adhesion and pro
liferation of MC3T3-E1 cells were observed. Other chitosan-based sur
faces can realize the responsive release of Cu2+ [369], and 
Ag+/gentamicin [370], to reduce the bacterial adhesion and prolifera
tion. Beyond chitosan, poly(methacrylic acid) (PMAA) is also used as a 
gate molecule. PMAA undergoes swelling at pH 7.4 because the depro
tonation of the carboxyl groups (-COOH) into carboxylate ions (-COO-) 
produces strong electrostatic repulsion and high degree of hydration, 
but it collapses in acidic aqueous solution because the protonation re
duces the electrostatic repulsion [371]. Chen et al. loaded the AMPs 
(HHC36 peptides) inside the TiO2 nanotubes and encapsulated the sur
face with PMAA as a gate, which turned the TNT surface into a Pandora’ 
box (Fig. 21 A-C) [372]. The box extended the release time from dozens 
of hours to 10 days under physiological conditions where PMAA 
swelled. However, when the pH value decreased to the simulated 
infection conditions, it was opened to release an adequate amount of 
AMPs to kill bacteria immediately. The in vitro results showed the 
“on-demand” bactericidal activity against a panel of four clinical bac
teria of the Pandora’ box, and the vivo data confirmed that the system 
can inhibit bacterial activity during the acute infection period using a 
bacterial infection/bone defect model. 

Furthermore, some pH-sensitive chemical bonds, such as metal- 
coordination bonds [373] and schiff base [374], are exploited in the 
prepared coatings. For instance, a hybrid TNT array system with loaded 
vancomycin or nanosilver particles was sealed with 1,4-bis (imidazo
l-1-ylmethyl) benzene (BIX) via the Zn2+- or Ag+-induced coordination 
bond between TNTs and BIX [373], as shown in Fig. 21D. Once exposure 
to an acidic environment, the caps on TNTs underwent erosion by 
cleaving the ion-induced bonds to open and release drugs from TNTs, 
which efficiently killed the S. aureus and E. coli but without significantly 
inhibiting proliferation and differentiation of MC3T3-E1 cells. As to 
pH-induced dissolution, one typical approach is to use ZnO nano
particles on Ti surface for triggered release. For instance, Xiang et al. 
coated vancomycin-loaded TNTs with folic acid/ZnO quantum dots 
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(TNTs-Van@ZnO-FA surface) [375]. A greater extent of improved 
antibacterial ratio against Staphylococcus aureus was obtained on such a 
surface when the pH switched from 7.4 to 5.5 compared with the one 
without capping, because of the both accelerated release of Van and 
Zn2+ via the dissolution of ZnO-FA caps under acidic environments. In 
addition, beyond single mode, two above modes are facilely combined 
to achieve a responsive way. One case with the combination of 
pH-sensitive boronic ester bonding and pH-induced dissolution of ZnO 

nanoparticles is that ZnO NPs were conjugated with naringin (NG) via 
using 3-carboxyphenylboronic acid (PBA) as a bridging molecule 
(ZnO-PBA-NG NPs), where dynamic boronic ester structure was induced 
[376], as shown in Fig. 21E. The Ti surface immobilized with these NPs 
showed “off-on” release patterns of Zn2+ and NG responding to bacterial 
infections and tumor extracellular acidity, where both dissolution of 
ZnO and hydrolysis of boronate ester bonding took place. The released 
Zn2+ and NG can obviously increase oxidative stress in both bacteria 

Fig. 21. (A) Schematic diagram of the release of AMPs from the Pandora’s box under bacterial infection [372]. (B) Release profile of HHC36 peptides from Ti-NTs-P- 
A (Ti-NTs treated with dopamine, PMAA and HHC36) at different pH [372]. 
(C) Release profile of HHC36 peptides from Ti-NTs-P-A with a pH trigger at 48 h and 96 h [372]. Reprinted with permission from Ref. [372]. 
(D) Schematic diagram of preparation of the metal ion coordination polymer/titania nanotube system and SEM images of the samples before and after release for 400 
h at different pH values of 6.4, 5.4, and 4.0, respectively [373]. Reprinted with permission from Ref. [373]. (E) Schematic diagram of (a) the preparation process of 
Ti-ZnO-PBA-NG system and (b) SEM images of the prepared samples [376]. Reprinted with permission from Ref. [376]. 
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(Escherichia coli and Staphylococcus aureus) and osteosarcoma (Saos-2 
cells) with the production of ROS, which caused damage of bacteria and 
apoptosis of osteosarcoma cells. However, the proliferation and differ
entiation of neonatal rat calvaria osteoblast were promoted. The result 
suggested that ZnO-PBA-NG-modified surface provided a prospective 
strategy to prevent implants from infection and tumor recurrence when 
applied in reconstruction and osteosarcoma resection. 

Beyond the above patterns, pH-sensitive strategy can also combine 
catalytic therapy and gas therapy for infected arthroplasty model. For 
instance, the CaO2 nanoparticles were first functionalized with tannic 
acid (TA), and then deposited on Ti surface to prepare a nano-painting 
with the assistance of mussel-bioinspired adhesion and Cu2+-facili
tated metal-phenolic network (interparticle locking) [377]. The 
nano-painting was rapidly disassembled upon exposure to 
bacteria-induced acidic niche. Thereafter, ROS from Cu2+-mediated 
Fenton-like reactions and O2 from CaO2-induced hydrolysis were 
promptly triggered during the degradation of the nano-painting. The 
produced ROS can effectively eradicate methicillin-resistant staphylo
coccus aureus (MRSA), and the released O2 can relieve the hypoxic 
infected microenvironment and even induce pro-inflammatory polari
zation of macrophages together with Cu2+ ions. The arthroplasty rat 
model suggested that the nano-painting surface obviously inhibited 
periprosthetic joint infection and enhanced the peri-implant osteo
genesis by aborting the immunosuppressive milieu [377]. In short, the 
pH-responsive strategy provides a smart platform mainly for the infected 

model therapy. 

3.8. Enzyme 

Enzyme-responsive way usually takes the advantage of the secreted 
enzymes by prokaryotic or eukaryotic cells to hydrolyze the coating to 
trigger drug release or activate specific cell behaviors. One of the bio
logical enzymes, hyaluronidase secreted by a variety of bacteria, is 
commonly used to cleave the hyaluronan-contained caps to regulate 
drug release kinetics. For instance, Yuan et al. first loaded vancomycin 
(Van) into the TNTs, and then sealed the array by alternatively depos
iting 3,4-dihydroxyhydrocinnamic acid-modified chitosan (Chi-c) and 
dopamine-modified hyaluronic acid (HA-c) [378]. In the presence of 
HAase or S. aureus, the degradation of the multilayer films caused more 
than 50% Van released from the TNTs during 24 h, with an antibacterial 
rate of higher than 80%. Meanwhile, the hybrid surface obviously 
improved the initial adhesion of rat calvaria osteoblast, and significantly 
cleared infection from the surrounding medulla because of the 
self-responsiveness after implantation in distal femur of Sprague-Dawley 
(SD) rats. In some cases, hyaluronate can be further conjugated with 
antibacterial agents as the capping component, while another drug 
facilitating osteogenic differentiation is loaded into the TNTs to a ach
ieve a bi-functional property. For instance, the sodium 
hyaluronate-lauric acid (SL) conjugates [379] or hyaluronic acid 
(HA)-gentamicin (Gen) conjugates along with chitosan [380], were used 

Fig. 22. (A) Schematic diagram of micrococcal-nuclease-triggered vancomycin from implant coating [381]. 
(B) Eradication assay of S. aureus inoculated in the part of mouse femoral canal: (a) IVIS images of femurs injected with S. aureus and implanted with IM pins modified 
with PEGDMA-Oligo-Vanco or PEGDMA-Oligo coatings, (b) quantitative results of longitudinal bioluminescence signals of femurs injected with S. aureus and 
implanted with different hydrogel-coated pins, and (c) S. aureus recovery of explanted pins after 21 days [381]. Reprinted with permission from Ref. [381]. 
(C) Schematic diagram of a “bridge-burning” coating consisting of acetyl glucomannan (acBSP) and alendronate (ALN) on Ti surface to switch on and off macro
phages during bone healing [384]. Reprinted with permission from Ref. [384]. 
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to cap the BMP-2- or deferoxamine (DFO)-loaded TNTs, respectively. 
Such constructed surfaces not only showed antifouling and antibacterial 
properties, but also exhibited improved osteogenic differentiation. In 
addition, other enzymes including micrococcal nucleases [381,382] and 
serine protease-like protease (SplB) [383] both secreted by S. aureus, 
have been exploited to trigger the surface response as well. For instance, 
Ghimire et al. conjugated vancomycin to a poly(ethylene glycol) dime
thacrylate hydrogel coating on Ti6Al4V surface with an oligonucleotide 
linker sensitive to S. aureus micrococcal nuclease (MN) [381], as shown 
in Fig. 22A and B. The coating effectively prevented S. aureus infection in 
mouse femoral canals, because the released vancomycin triggered by 
MN caused the timely eradication of S. aureus around the implant sur
face and inhibited the subsequent development of osteomyelitis. The 
effective tethering vancomycin dose (0.6 μg/mg PEGDMA) was >200 
times lower than the prophylactic antibiotic amounts used in bone ce
ments, suggesting a potential application in timely bacterial elimination. 
Beyond the bacteria-related enzymes, another osteoblast-related en
zymes, including ALP [384], are also used to modify the surface 
response. A “bridge-burning” coating consisting of acetyl glucomannan 
(acBSP) and alendronate (ALN) was constructed on Ti surface to switch 
on and off macrophages during bone healing, where ALN served as a 
linker molecule to bridge the acBSP and Ti surface, as shown in Fig. 22C 
[384]. In vitro evaluations showed that acBSP activated macrophages 
(primary murine bone marrow-derived) to express pro-osteogenic cy
tokines that contained oncostatin M (OSM). OSM as a member of 
pro-inflammatory interleukin-6 (IL-6) family cytokines can directly 
induce osteogenesis, which greatly stimulated the expression of ALP and 
osteocalcin (OCN) of MC3T3-E1 cells during 14 days (“switch-on”). The 
gradually elevated ALP contents in turn hydrolyzed the ALN linker to 
release ALN-acBSP complexes (“switch-off”), which killed the 
pro-inflammatory macrophage. In vivo results in an osteoporotic rat 
model showed that such a bioresponsive coating significantly improved 
bone-implant contact ratio (94.35% at day 28) via regulating local in
flammatory niches, which provided a strategy for immunomodulatory 
surface modification. 

4. Conclusions and perspectives 

Ti and its alloys have been widely used as orthopedic implants for 
several decades. Though diverse applications have been realized such as 
artificial joints, dental implants and bone fixtures, there are still many 
avenues available for further development of the current approaches to 
meet the clinical requirements. Recent explorations in connecting fields 
open such interdisciplinary reach up to new strategies and methods. The 
development of new alloying and additive methods, the emergence of 
various types of biological molecules (biomolecular chemistry) and the 
deep understanding towards regulatory mechanism of bone-implant 
interaction, make Ti-based implants more potent multifunctional and 
high-performance, which provide emerging and prospective approaches 
for surface engineering. 

Some new types of Ti-based alloys have been developed by adding 
specific elements, to improve the mechanical properties, corrosion 
resistance and biocompatibility. As stated above, the modulus of pure Ti 
is ~120 GPa, which is much higher than that for cortical bone of 10–30 
GPa. The mismatched modulus between implants and adjacent bone 
tissue can induce stress shielding effect with bone resorption sur
rounding the materials [37]. Therefore, it is necessary to develop low 
modulus Ti-alloys to reduce modulus mismatch. Historically, Ti6Al4V is 
the first developed alloy for artificial implants, however, the toxicity of 
Al and V have aroused great concern because both of them may cause 
long-term side effects, including Alzheimer and neuropathy diseases 
[385]. Instead of such toxic components, less toxic elements as β-stabi
lizers are involved, including Nb, Mo, Ta, Zr, Mn as well as Sn [386]. 
Some types of multi-element alloys, such as Ti-Mo-Ta, Ti-Mn-Mo, 
Ti-Nb-Zr and Ti-Mo-Zr-Fe series, were designed to lower elastic 
modulus, enhance corrosion resistance, and advance biocompatibility 

[387]. Amongst them, Ti-Nb-Ta-Zr alloys show the moduli within the 
range of 40–80 GPa, suggesting a great improvement in modulus 
matching [386]. In addition, many studies have focused on the prepa
ration of surface coatings with good antibacterial properties; however, 
the added coatings have some disadvantages that include susceptibility 
to exfoliation and attenuation of antibacterial effect. Alternatively, 
antibacterial-type Ti alloys become an increasing interest as a promising 
strategy [388], by the addition of bio-functional elements including Cu, 
Ag and Zn during the alloying [389]. For instance, Cu [390], Ag [391] 
and Au [392] powders have been mixed with Ti powders to form Ti-Cu, 
Ti-Ag and Ti-Au sintered binary alloys, respectively, all of which have 
significantly inhibited bacterial adhesion and growth. Beyond binary 
alloys, the additions of Cu and Ag to Ti-13Nb-13Zr to form 
Ti-13Nb-13Zr-10Cu and Ti-13Nb-13Zr-12.5Ag, not only show enhanced 
antibacterial activity, but also exhibit a low elastic modulus of 66 GPa 
and 79 GPa, respectively [388]. Hence, it is facile to prepare titanium 
oxide layers with specific structures containing bio-functional elements 
on the substrate, which avoids further doping processing and also pro
vides a rich content of the components. As such, the appearance of new 
types of functional Ti alloys with lower modulus and better biocom
patibility, and its combination with advanced surface modification 
methods would greatly enrich the applications as orthopedic implants. 

The advancement in biological molecules provides great potential 
for further innovation in implant modification, although the field of 
biomimetic functionalization has achieved great progress. De
velopments in protein and peptide chemistry allow synthesis of more 
specific and targeted molecules by chemical approach or recombinant 
expression methods [393,394]. Some recombinant proteins and syn
thetic peptides have the advantages over their full protein counterparts, 
such as the increased yielding and the decreased base sequences without 
compromising bioactive domain. The reduction in the length of amino 
acid sequences favors its biochemical stability by attenuating 
peptide-bond hydrolysis and conformation destruction. The peptides 
with various functions, including pro-angiogenic, anti-inflammatory 
and pro-adherence properties, can endow Ti surfaces with desirable 
regulations after placement in vivo [394]. Another kind of biomolecules 
such as oligonucleotides beyond double-stranded nucleic acids may 
enrich the surface modification as well. Aptamers obtained by SELEX 
(systematic evolution of ligands by exponential enrichment) are short 
oligonucleotide sequences that can bind with various targets with high 
affinity and high specificity, ranging from small metal ions, amino acids, 
proteins to even whole cells and live animals [395]. Amongst them, 
aptamers targeting some physiologically related molecules, such as 
VEGF, PDGF, coagulation factor IXa and thrombin, have been exploited 
and developed [396]. One typical aptamer (Macugen/pegaptanib) 
binding VEGF has even been approved by FDA for ophthalmic use [397]. 
Hence, some aptamers that target against physiologically related mol
ecules can be applied to Ti implants to regulate the angiogenesis and 
osteogenesis. In one case, an aptamer (Apt19s) binding mesenchymal 
stem cells (MSCs) was used to modify porous hydroxyapatite-coating Ti 
surface via oxidize hyaluronic acid (OHA) as a linker [398]. The intro
duced Apt19s obviously promoted the migration towards Ti surface of 
bone marrow mesenchymal stem cells (MSCs) for subsequent osteo
genesis differentiation. In vivo results confirmed that 
aptamer/hydroxyapatite-functionalized Ti surface was able to enhance 
MSC recruitment around the peri-implant interface to promote new 
bone mineralization. As such, the future development of aptamers 
aiming to osteogenesis-related cells or tissues may provide routines to 
improve the bioactivity of Ti surfaces. In addition, other classes of bio
molecules including polysaccharides beyond chitosan are biological 
active when coating Ti surface [399]. In brief, for successful osseointe
gration, cells must undergo a series of cascade reactions, implying that 
more than one type of biological molecules and cells involve. The deeper 
understanding of biomolecular chemistry shows the opportunity to 
innovate by the selection of biomolecules to form potent interface. 

The further understanding towards regulatory mechanism of bone- 
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implant interaction brings about new advances from different aspects. It 
is well known that one critical step for deciding successful implantation 
is no adverse host immune response occurred during the early wound 
healing [400]. The interaction between implants and host immune 
system is currently an intense field for exploration. The production of 
osteoimmunology is due to the fact that the immune and skeletal sys
tems are closely related, both sharing a variety of cytokines, receptors, 
signaling molecules as well as transcription factors [401,402]. As a 
foreign body, orthopedic implants are discerned by immune cells and 
thus induce an obvious immune reaction which influences biological 
activities of osteogenesis-related cells. Such a correlative event may 
affect the final fate of orthopedic implants. However, the immune 
response used to be ignored when examining the osteogenic behavior of 
orthopedic implants. Therefore, the design approaches for advanced 
orthopedic implants should switch from being “immune friendly” to 
having “immunomodulatory reprogramming” capacity, which is able to 
regulate local immune environment and thus stimulate osteogenesis and 
osseointegration [403]. The immune cells exert the effects on osteogenic 
regulation by releasing various cytokines, thus enhancing or depressing 
bone formation. Amongst different immune cells, macrophages act as a 
significant role in the immune response, whose polarization patterns 
greatly influence the wound healing process [401]. The majority of 
macrophages typically display pro-inflammatory M1 phenotype at the 
early stage after injury, and thereafter, the phenotype shifts to 
anti-inflammatory M2 polarization [404]. The timely switching from 
M1 to M2 phenotype leads to the release of osteogenic cytokines that 
favor osteogenesis, whereas the prolonged M1 state causes the expres
sion of fibro-enhancing cytokines that benefit the formation of fibrous 
capsules [405]. From the viewpoint of material design, surface proper
ties of biomaterials, such as surface wettability, charge and morphology, 
significantly regulate biological behaviors of immune cells [401]. 
Generally, hydrophilic surfaces tend to tune macrophage activation in 
addition to the improved osteoblast behaviors in vitro. Hydrophilic Ti 
surfaces tend to downregulate the expression of pro-inflammatory cy
tokines including TNF-α and IL-1α, and upregulate the secretion of 
anti-inflammatory cytokines such as interleukins IL-4 and IL-10 [406, 
407]. Surface charge also influences immune response, because immune 
cells similar to other mammalian cells are negatively charged. The 
changes in surface charge of the cell membranes by the adhesion to 
positively charged implant surface may affect protein location and 
conformation, thus altering signal transduction and immune response 
[408]. In some cases, the movements of holes and electrons between Ti 
surface and cell membranes induce M2 polarization of macrophages, 
leading to favorable bone formation [409]. Surface morphology is of 
great concern for immune regulation, because surface modification 
about constructing specific structures plays a dominant role in 
improving the biocompatibility and bioactivity of orthopedic implants 
[407]. Ti surfaces with various dimensions ranging from nanoscale to 
microscale features greatly influence the attachment, spreading, cyto
kine/chemokine secretion of macrophages [410–412]. For instance, 
TiO2 honeycomb-like structure were prepared on Ti surfaces, with 
various diameters of 90, 500, 1000 and 5000 nm [410]. Amongst them, 
90-nm surface performed the highest expression levels of CD206, IL-4, 
IL-10 and BMP-2 with the polarization of macrophage towards M2 
phenotype, because smaller scale provided more anchor points and 
minor spatial confinement for cells that benefitted filopodia formation 
and mechanotransduction, and activated the RhoA/Rho-associated 
signaling pathway. In addition, proper surface modification by 
improving both surface roughness and hydrophility can even compen
sate for the compromised function of M2 macrophage in Type 2 diabetic 
rat by reducing the pro-inflammatory activity and enhancing 
anti-inflammatory response, which restored macrophage homeostasis 
and provided a favorable cellular environment for osseous healing 
[413]. As such, the optimized relationship between osteoimmunology 
and surface physicochemical properties via modification not only favors 
the design of bioactive implants, but also polarizes the adaptive immune 

response towards a pro-would healing phenotype. The Ti surface with 
dynamic properties may spatiotemporally regulate immune system with 
timely macrophage phenotype transition, resulting in faster resolution 
of inflammation and better stem cell recruitment around implants [414]. 

In short, surface modification is still the dominant strategy for 
improving the bioactivity and biocompatibility of Ti implants. Herein, 
an overview of surface modification methods has been performed. 
Firstly, according to the formation mechanism of surface layers, con
ventional methods are grouped into mechanical, physical, and chemical 
approaches. These methods endow Ti surface with some specific prop
erties, but it is still far from the ideal. With the development of surface 
engineering, surface modification methods are needed to move forward 
to meet the requirements of spatiotemporal modulation. Secondly, the 
construction of dynamic responsive surfaces is introduced as well, to 
satisfy the dynamic growth requirements of living cells and tissues. Such 
responsive surfaces are classified into light, X-ray, electrical field, 
piezoelectricity, ultrasound, magnetic/electromagnetic field, pH and 
enzyme based on the stimuli sources derived from environmental trig
gers or physiological triggers, which render Ti surface “smart” and 
responsive to surrounding environments on demand. Finally, the prog
ress of new alloying processing, the advancement in biological mole
cules and the deep understanding of osteoimmunology are prospected, 
and all thus provide new avenues to program Ti surface with osteoin
tegretion, which would help produce more potent bioactive implants to 
satisfy various clinical requirements. 
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[39] L. Le Guéhennec, A. Soueidan, P. Layrolle, Y. Amouriq, Surface treatments of 
titanium dental implants for rapid osseointegration, Dent. Mater. 23 (7) (2007) 
844–854. 

[40] A. Wennerberg, T. Albrektsson, B. Andersson, An animal study of c.p. titanium 
screws with different surface topographies, J. Mater. Sci. Mater. Med. 6 (5) 
(1995) 302–309. 

[41] A. Wennerberg, T. Albrektsson, J. Lausmaa, Torque and histomorphometric 
evaluation of c.p. titanium screws blasted with 25- and 75-μm-sized particles of 
Al2O3, J. Biomed. Mater. Res. 30 (2) (1996) 251–260. 

[42] A. Wennerberg, T. Albrektsson, Effects of titanium surface topography on bone 
integration: a systematic review, Clin. Oral Implants Res. 20 (s4) (2009) 172–184. 

[43] H.J. Rønold, J.E. Ellingsen, Effect of micro-roughness produced by TiO2 
blasting—tensile testing of bone attachment by using coin-shaped implants, 
Biomaterials 23 (21) (2002) 4211–4219. 

[44] G. Thompson, D. Puleo, Ti-6Al-4V ion solution inhibition of osteogenic cell 
phenotype as a function of differentiation timecourse in vitro, Biomaterials 17 
(20) (1996) 1949–1954. 

[45] Z.L. Sun, J.C. Wataha, C.T. Hanks, Effects of metal ions on osteoblast-like cell 
metabolism and differentiation, J. Biomed. Mater. Res. 34 (1) (1997) 29–37. 

[46] A. Canabarro, M.G. Diniz, S. Paciornik, L. Carvalho, E.M. Sampaio, M.M. Beloti, 
A.L. Rosa, R.G. Fischer, High concentration of residual aluminum oxide on 
titanium surface inhibits extracellular matrix mineralization, J. Biomed. Mater. 
Res. 87A (3) (2008) 588–597. 

[47] S. Stea, L. Savarino, A. Toni, A. Sudanese, A. Giunti, A. Pizzoferrato, 
Microradiographic and histochemical evaluation of mineralization inhibition at 
the bone-alumina interface, Biomaterials 13 (10) (1992) 664–667. 

[48] M. B, F. K, B. S, I. S, A. W, H.Jr P, K. K, Adverse tissue reactions to wear particles 
from Co-alloy articulations, increased by alumina-blasting particle contamination 
from cementless Ti-based total hip implants, The Journal of Bone and Joint 
Surgery. British 84-B (1) (2002) 128–136. 

[49] M. Rüger, T.J. Gensior, C. Herren, M.v. Walter, C. Ocklenburg, R. Marx, H.-J. Erli, 
The removal of Al2O3 particles from grit-blasted titanium implant surfaces: 
effects on biocompatibility, osseointegration and interface strength in vivo, Acta 
Biomater. 6 (7) (2010) 2852–2861. 

[50] A. Citeau, J. Guicheux, C. Vinatier, P. Layrolle, T.P. Nguyen, P. Pilet, G. Daculsi, 
In vitro biological effects of titanium rough surface obtained by calcium 
phosphate grid blasting, Biomaterials 26 (2) (2005) 157–165. 

[51] I. Bajpai, I. Hidayat, I. Song, J. Lee, S. Kim, Comparison of hydroxyapatite and 
alumina grits blasted Ti surface for in-vitro cell adhesion and proliferation, 
Journal of Biomaterials and Tissue Engineering 5 (5) (2015) 403–410. 

[52] R.K. Guduru, U. Dixit, A. Kumar, A critical review on thermal spray based 
manufacturing technologies, Mater. Today Proc. 62 (2022) 7265–7269. 

[53] T.-Y. Liao, A. Biesiekierski, C.C. Berndt, P.C. King, E.P. Ivanova, H. Thissen, 
P. Kingshott, Multifunctional cold spray coatings for biological and biomedical 
applications: a review, Prog. Surf. Sci. 97 (2) (2022), 100654. 

[54] N. Jagadeeshanayaka, S. Awasthi, S.C. Jambagi, C. Srivastava, Bioactive surface 
modifications through thermally sprayed hydroxyapatite composite coatings: a 
review of selective reinforcements, Biomater. Sci. 10 (10) (2022) 2484–2523. 

[55] S. Kuroda, J. Kawakita, M. Watanabe, H. Katanoda, Warm spraying—a novel 
coating process based on high-velocity impact of solid particles, Sci. Technol. 
Adv. Mater. 9 (3) (2008), 033002. 

[56] A.S.M. Ang, C.C. Berndt, A review of testing methods for thermal spray coatings, 
Int. Mater. Rev. 59 (4) (2014) 179–223. 

[57] D. Tejero-Martin, M. Rezvani Rad, A. McDonald, T. Hussain, Beyond traditional 
coatings: a review on thermal-sprayed functional and smart coatings, J. Therm. 
Spray Technol. 28 (4) (2019) 598–644. 

[58] S.R. Paital, N.B. Dahotre, Calcium phosphate coatings for bio-implant 
applications: materials, performance factors, and methodologies, Mater. Sci. Eng. 
R Rep. 66 (1–3) (2009) 1–70. 

[59] A.H. Choi, S. Akyol, A. Bendavid, B. Ben-Nissan, 2.3 - nanobioceramic thin films: 
surface modifications and cellular responses on titanium implants, in: F.H. Froes, 
M. Qian (Eds.), Titanium in Medical and Dental Applications, Woodhead 
Publishing, 2018, pp. 147–173. 

[60] A. Schroeder, E. van der Zypen, H. Stich, F. Sutter, The reactions of bone, 
connective tissue, and epithelium to endosteal implants with titanium-sprayed 
surfaces, J. Maxillofac. Surg. 9 (1981) 15–25. 

[61] J.Y. Martin, Z. Schwartz, T.W. Hummert, D.M. Schraub, J. Simpson, 
J. Lankford Jr., D.D. Dean, D.L. Cochran, B.D. Boyan, Effect of titanium surface 

P. Jiang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2452-199X(23)00083-X/sref3
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref3
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref3
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref4
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref4
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref4
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref4
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref5
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref5
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref6
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref6
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref7
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref7
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref7
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref8
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref8
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref8
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref9
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref9
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref10
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref10
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref10
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref11
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref11
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref11
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref12
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref12
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref12
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref13
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref13
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref13
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref13
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref14
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref14
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref14
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref14
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref15
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref15
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref16
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref16
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref16
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref17
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref17
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref17
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref18
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref18
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref18
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref19
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref19
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref20
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref20
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref20
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref21
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref21
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref22
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref22
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref22
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref23
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref23
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref23
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref24
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref24
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref24
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref25
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref25
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref25
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref26
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref26
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref26
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref27
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref27
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref28
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref28
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref29
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref29
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref29
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref30
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref30
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref30
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref30
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref31
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref31
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref31
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref31
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref31
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref32
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref32
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref33
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref33
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref34
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref34
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref35
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref35
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref35
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref36
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref36
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref36
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref37
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref37
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref37
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref38
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref38
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref38
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref39
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref39
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref39
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref40
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref40
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref40
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref41
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref41
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref41
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref42
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref42
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref43
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref43
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref43
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref44
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref44
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref44
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref45
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref45
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref46
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref46
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref46
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref46
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref47
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref47
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref47
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref48
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref48
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref48
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref48
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref49
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref49
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref49
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref49
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref50
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref50
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref50
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref51
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref51
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref51
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref52
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref52
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref53
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref53
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref53
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref54
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref54
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref54
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref55
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref55
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref55
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref56
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref56
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref57
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref57
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref57
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref58
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref58
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref58
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref59
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref59
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref59
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref59
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref60
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref60
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref60
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref61
http://refhub.elsevier.com/S2452-199X(23)00083-X/sref61


Bioactive Materials 27 (2023) 15–57

51

roughness on proliferation, differentiation, and protein synthesis of human 
osteoblast-like cells (MG63), J. Biomed. Mater. Res. 29 (3) (1995) 389–401. 

[62] A. Bagno, C. Di Bello, Surface treatments and roughness properties of Ti-based 
biomaterials, J. Mater. Sci. Mater. Med. 15 (9) (2004) 935–949. 

[63] M.V. Capilla, M.N.R. Olid, M.V.O. Gaya, C.R. Botella, C.Z. Romera, Cylindrical 
dental implants with hydroxyapatite- and titanium plasma spray–coated surfaces: 
5-year results, J. Oral Implantol. 33 (2) (2007) 59–68. 

[64] M. Browne, P.J. Gregson, Effect of mechanical surface pretreatment on metal ion 
release, Biomaterials 21 (4) (2000) 385–392. 

[65] M. Franchi, E. Orsini, D. Martini, V. Ottani, M. Fini, G. Giavaresi, R. Giardino, 
A. Ruggeri, Destination of titanium particles detached from titanium plasma 
sprayed implants, Micron 38 (6) (2007) 618–625. 

[66] D. Martini, M. Fini, M. Franchi, V.D. Pasquale, B. Bacchelli, M. Gamberini, 
A. Tinti, P. Taddei, G. Giavaresi, V. Ottani, M. Raspanti, S. Guizzardi, A. Ruggeri, 
Detachment of titanium and fluorohydroxyapatite particles in unloaded 
endosseous implants, Biomaterials 24 (7) (2003) 1309–1316. 

[67] R.B. Heimann, Structure, properties, and biomedical performance of 
osteoconductive bioceramic coatings, Surf. Coating. Technol. 233 (2013) 27–38. 

[68] F. Ma, P. P.-B, Early migration and late aseptic failure of proximal femoral 
prostheses, The Journal of Bone and Joint Surgery. British 76-B (3) (1994) 
432–438. 

[69] D.D. D’Lima, R.H. Walker, C.W. Colwell Jr., Omnifit-HA stem in total hip 
arthroplasty. A 2- to 5-year followup, Clin. Orthop. Relat. Res. (363) (1999) 
163–169. 

[70] W.N. Capello, J.A. D’Antonio, W.L. Jaffe, R.G. Geesink, M.T. Manley, J. 
R. Feinberg, Hydroxyapatite-coated femoral components - 15-year minimum 
followup, Clin. Orthop. Relat. Res. (453) (2006) 75–80. 

[71] J.-A. Epinette, M.T. Manley, Uncemented stems in hip replacement - 
hydroxyapatite or plain porous: does it matter? Based on a prospective study of 
HA Omnifit stems at 15-years minimum follow-up, HIP Int. 18 (2) (2008) 69–74. 

[72] R.B. Heimann, Plasma-sprayed hydroxylapatite-based coatings: chemical, 
mechanical, microstructural, and biomedical properties, J. Therm. Spray Technol. 
25 (5) (2016) 827–850. 

[73] C.C. Berndt, F. Hasan, U. Tietz, K.P. Schmitz, A review of hydroxyapatite coatings 
manufactured by thermal spray, in: B. Ben-Nissan (Ed.), Advances in Calcium 
Phosphate Biomaterials, Springer Berlin Heidelberg, Berlin, Heidelberg, 2014, 
pp. 267–329. 

[74] W.S.W. Harun, R.I.M. Asri, J. Alias, F.H. Zulkifli, K. Kadirgama, S.A.C. Ghani, J.H. 
M. Shariffuddin, A comprehensive review of hydroxyapatite-based coatings 
adhesion on metallic biomaterials, Ceram. Int. 44 (2) (2018) 1250–1268. 

[75] X. Liu, D. He, Z. Zhou, G. Wang, Z. Wang, X. Guo, Effect of post-heat treatment on 
the microstructure of micro-plasma sprayed hydroxyapatite coatings, Surf. 
Coating. Technol. 367 (2019) 225–230. 

[76] C.-W. Yang, T.-S. Lui, T.-M. Lee, E. Chang, Effect of hydrothermal treatment on 
microstructural feature and bonding strength of plasma-sprayed hydroxyapatite 
on Ti-6Al-4V, Mater. Trans. 45 (9) (2004) 2922–2929. 

[77] R. Kumar, P. Cheang, K.A. Khor, Radio frequency (RF) suspension plasma sprayed 
ultra-fine hydroxyapatite (HA)/zirconia composite powders, Biomaterials 24 (15) 
(2003) 2611–2621. 

[78] S. Singh, C. Prakash, H. Singh, Deposition of HA-TiO2 by plasma spray on β-phase 
Ti-35Nb-7Ta-5Zr alloy for hip stem: characterization, mechanical properties, 
corrosion, and in-vitro bioactivity, Surf. Coating. Technol. 398 (2020), 126072. 

[79] J. Singh, S.S. Chatha, H. Singh, Characterization and corrosion behavior of 
plasma sprayed calcium silicate reinforced hydroxyapatite composite coatings for 
medical implant applications, Ceram. Int. 47 (1) (2021) 782–792. 

[80] R.S. Lima, K.A. Khor, H. Li, P. Cheang, B.R. Marple, HVOF spraying of 
nanostructured hydroxyapatite for biomedical applications, Mater. Sci. Eng., A 
396 (1) (2005) 181–187. 

[81] F. Ghadami, S. Saber-Samandari, G. Rouhi, M. Amani Hamedani, M.M. Dehghan, 
S. Farzad Mohajeri, F. Mashhadi-Abbas, H. Gholami, The effects of bone implants’ 
coating mechanical properties on osseointegration: in vivo, in vitro, and 
histological investigations, J. Biomed. Mater. Res. 106 (10) (2018) 2679–2691. 

[82] R.S. Lima, S. Dimitrievska, M.N. Bureau, B.R. Marple, A. Petit, F. Mwale, 
J. Antoniou, HVOF-sprayed nano TiO2-HA coatings exhibiting enhanced 
biocompatibility, J. Therm. Spray Technol. 19 (1) (2010) 336–343. 

[83] A.M. Vilardell, N. Cinca, A. Concustell, S. Dosta, I.G. Cano, J.M. Guilemany, Cold 
spray as an emerging technology for biocompatible and antibacterial coatings: 
state of art, J. Mater. Sci. 50 (13) (2015) 4441–4462. 

[84] A.M. Vilardell, N. Cinca, N. Garcia-Giralt, S. Dosta, I.G. Cano, X. Nogués, J. 
M. Guilemany, Osteoblastic cell response on high-rough titanium coatings by cold 
spray, J. Mater. Sci. Mater. Med. 29 (2) (2018) 19. 

[85] J. Tang, Z. Zhao, X. Cui, J. Wang, T. Xiong, Microstructure and bioactivity of a 
cold sprayed rough/porous Ta coating on Ti6Al4V substrate, Sci. China Technol. 
Sci. 63 (5) (2020) 731–739. 

[86] A.M. Vilardell, N. Cinca, N. Garcia-Giralt, S. Dosta, I.G. Cano, X. Nogués, J. 
M. Guilemany, In-vitro comparison of hydroxyapatite coatings obtained by cold 
spray and conventional thermal spray technologies, Mater. Sci. Eng. C 107 
(2020), 110306. 

[87] D. Li, X. Chen, Y. Gong, B. Zhang, Y. Liu, P. Jin, H. Li, Synthesis and vacuum cold 
spray deposition of biofunctionalized nanodiamond/hydroxyapatite 
nanocomposite for biomedical applications, Adv. Eng. Mater. 19 (12) (2017), 
1700363. 

[88] D. Li, Y. Gong, X. Chen, B. Zhang, H. Zhang, P. Jin, H. Li, Room-temperature 
deposition of hydroxyapatite/antibiotic composite coatings by vacuum cold 
spraying for antibacterial applications, Surf. Coating. Technol. 330 (2017) 87–91. 

[89] T. Lu, Y. Qiao, X. Liu, Surface modification of biomaterials using plasma 
immersion ion implantation and deposition, Interface Focus 2 (3) (2012) 
325–336. 

[90] W. Jin, P.K. Chu, Surface functionalization of biomaterials by plasma and ion 
beam, Surf. Coating. Technol. 336 (2018) 2–8. 
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