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Recent progress pertaining to the surface treatment of implantable macro-scale 

biomaterials as well as micro- and nano-biomaterials for disease diagnosis and 

drug/gene delivery is reviewed.
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Engineering and functionalization of biomaterials via surface 

modification 

 

Guosong Wu, Penghui Li, Hongqing Feng, Xuming Zhang, Paul K. Chu∗ 

 

Department of Physics and Materials Science, City University of Hong Kong, Tat 

Chee Avenue, Kowloon, Hong Kong, China 

 

  It is imperative to control the interactions between biomaterials and living tissues to 

optimize the therapeutic effects and disease diagnostics.  Since most biomaterials do 

not have the perfect surface properties and desirable functions, surface modification 

plays an important role in tailoring the surface of biomaterials to allow better 

adaptation to the physiological surroundings and deliver the required clinical 

performance.  This paper reviews recent progress pertaining to the surface treatment 

of implantable macro-scale biomaterials for orthopedic and dental applications as well 

as micro- and nano-biomaterials for disease diagnosis and drug/gene delivery.  

Recent advance in surface modification techniques encompassing adsorption, 

deposition, ion implantation, covalent binding, and conversion has spurred more 

expeditious development of new-generation biomaterials. 
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 3

1. Introduction 

  Biomaterials are traditionally defined as materials used in medical devices but as 

the field evolves, biomaterials are being constantly refined both in sophistication and 

diversity, and presently become as important as food and drugs in modern medicine1.  

Bulk biomaterials designed primarily for tissue repair and reconstruction as well as 

substitutes for soft and hard tissues and dental materials (Fig. 1A) require a sufficient 

load-bearing capability.  In addition, depending on the functions and biological 

environment, good blood compatibility, osseo-compatibility and low toxicity are 

essential to biomedical implants in vivo.  In some cases, degradability is also a 

desirable feature2.  However, unexpected degradation arising from wear and 

corrosion can produce micrometer- and nanometer-scale debris and metal ions that 

may be detrimental to human health via interactions with surrounding tissues to 

induce deleterious effects such as tissue impairment, inflammation, and ultimately 

implant failure3.  In these cases, the surface on the biomedical implant must act as a 

shield to protect against undesirable degradation and provide a platform for cells to 

proliferate and differentiate especially in orthopedic applications. 

 

When the size of biomaterials is reduced from the macro- to micro-nanoscale (Fig. 

1B), they can be administered orally or by intravascular/intramuscular injection.  

The human circulatory system transports them throughout the body and micro-and 

nano-scale biomaterials can arrive at the targeted sites by either active or passive 
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 4

targeting.  Hence, biomaterials such as nanoparticles, nanocapsules, micelles, 

dendrimers, and so on can be selectively captured by cells and serve as carriers in 

drug/gene delivery, bio-sensing, bio-imaging, and photo-thermal therapy4.  After 

delivery to the proper bio-environment, they interact with proteins, membranes, cells, 

DNA, and organelles to establish a series of nanoparticle/biological interfaces that 

depend on colloidal forces as well as dynamic bio-physico-chemical interactions, 

subsequently leading to the formation of protein coronas, particle wrapping, 

intracellular uptake, and bio-catalytic processes that have compatible or adverse 

outcome5.  The common problems in systemic particulate delivery are renal 

clearance, poor targeting efficiency, and degradation by serum nucleases.  Therefore, 

large doses are often required to improve the therapeutic effects but increased toxicity 

or undesirable side effects are concerns.  Different from particulate drug-delivery 

devices, macro-scale drug delivery (MDD) devices are developed to provide 

spatiotemporal control of a wide range of bioactive agents including small molecules, 

proteins, and cells (Fig. 1C).  In clinical applications, the MDD system as a reservoir 

of drugs is localized to the treatment site and releases the drugs in a prescribed 

manner in order to enhance the drug effectiveness, reduce side effects, and protect 

labile drugs6.  Furthermore, drug/gene carriers as well as drugs themselves may be 

placed in the macro-scale device7.  In contrast to the common medical implants 

shown in Fig. 1A, a different strategy is adopted to design MDD systems.  The 

surface is not only a barrier to resist corrosion or wear, but also a reservoir for drugs, 

genes, and associated nanocarriers.  This intriguing strategy constitutes a new trend 
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 5

in biomaterials development and biomedical applications. 

 

  The interface between the biomaterials and physiological surroundings plays a vital 

role in the performance of the biomaterials.  It is well known that cellular 

interactions with the extracellular matrix are of fundamental importance in many 

normal and pathological biological processes8.  In this respect, the physical and 

chemical properties of materials can regulate biological responses9.  The surface of 

biomaterials can be made more resistant to corrosion or wear and simultaneously 

more biocompatible by changing the composition and/or microstructure.  Many 

types of bulk materials possess excellent mechanical properties but may not be 

compatible with biological tissues and fluids in vivo.  After surface modification, 

properties such as cyto-compatibility, osseo-conductivity, and bacteria resistance can 

be attained selectively and controllably while the favorable bulk attributes of the 

materials such as strength and robustness can be preserved10.  With regard to 

conventional nanocarriers, they may be prone to premature leakage and 

uncontrollable release.  Surface modification can improve the stability and 

simultaneously endow them with special functions including specific tissue/cell type 

targeting, stimuli-responsive release, in vivo imaging for diagnosis, drug delivery 

monitoring, and photo-thermal treatment11.  All in all, surface modification is 

applicable to biomaterials with both the macro- and nano-scale.  In this review, 

recent advance in surface engineering and functionalization of biomaterials, with 

emphasis on implantable devices, drug delivery systems, tissue engineering, and so on, 
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 6

is discussed to reflect the significance and prospect. 

2 Implantable macro-scale biomaterials 

2.1 Biomedical titanium-based implants 

  Titanium and its alloys have been widely used in orthopedic and dental implants for 

many years because of their good mechanical properties and high corrosion resistance.  

However, two major complications may be encountered in clinical applications: lack 

of bone tissue integration and implant-centered infection.  Ti-based implants are in 

contact with proteins, bacteria and tissue cells which play crucial roles in the success 

or failure of the implants12-14.  Therefore, it is imperative to design Ti-based alloy 

surfaces to facilitate osseo-integration and mitigate adverse tissue response such as 

foreign body reactions and infection15.  So far, many surface treatment methods have 

been attempted on Ti-based alloys and Fig. 2 shows four common types of modified 

surfaces.  In region A, the surface of the Ti-based alloy is reconstructed by 

high-energy methods such as ion implantation and laser melting to obtain a new 

chemical composition or microstructure.  Regions B and C denote the dense coating 

and porous coating on the surface of the Ti-based alloy, respectively.  Region D 

shows the nanostructure on the surface of Ti-based alloy such as nanoflowers and 

nanotubes.  These strategies will be discussed in details with specific examples in the 

following sections. 

 

  Plasma immersion ion implantation (PIII) is a process in which the samples are 
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 7

surrounded by a high-density plasma and pulse-biased to a high negative potential 

relative to the chamber wall.  Ions generated in the overlying plasma are accelerated 

across the plasma sheath formed around the samples and implanted into the sample 

surface.  Because PIII is a non-line-of-sight process as opposed to conventional 

beam-line ion implantation, samples possessing a sophisticated shape can be treated 

with good conformality and uniformity16.  Obviously, it is very suitable for 

biomaterials.  For instance, nitrogen or oxygen PIII induces the formation of TiN or 

TiO2 on surgical NiTi shape memory alloy to reduce leaching of deleterious Ni 

ions17-21.  Recently, Zhao et al.22 conducted nitrogen and carbon plasma immersion 

ion implantation (N-PIII and C-PIII) on Ti6Al4V alloy to produce a graded surface 

layer composed of TiN and TiC, respectively.  In vitro studies disclose improved cell 

adhesion and proliferation after PIII.  Micro-CT evaluation conducted 1 to 12 weeks 

after surgery reveals larger average bone volume and less bone resorption on the 

N-PIII and C-PIII Ti alloy pins than the untreated one at every time point.  The 

enhancement may be attributed to the good cyto-compatibility, appropriate surface 

roughness, and excellent corrosion resistance of the TiN and TiC structures which 

stimulate the response of cells and induce early bone formation.  Cao et al.23 used 

silver plasma immersion ion implantation (Ag-PIII) to construct an antimicrobial 

surface.  Silver nanoparticles (Ag NPs) precipitate on and underneath the titanium 

surface via a local nucleation process in the solid solution of α-Ti (Ag).  The 

Ag-implanted Ti samples are highly effective in inhibiting both Staphylococcus 

aureus and Escherichia coli while exhibiting obvious activity in promoting 
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 8

proliferation of the osteoblast-like cell line MG63.  The controlled antibacterial 

activity, low surface toxicity, and good cyto-compatibility are believed to stem from 

micro-galvanic effects between the Ag NPs and titanium matrix. 

 

  Coatings are important to biomedical application of Ti alloys.  

Calcium-phosphorus (Ca-P) coatings such as hydroxyapatite (HA) and tricalcium 

phosphate (TCP) are some of the most popular osteo-conductive materials and have 

been widely used to construct new bones and promote osteo-integration on Ti-based 

implants because calcium and phosphorus are two major elements in bone tissues24-28.  

Recently, Alghamdi et al.29 utilized radio-frequency (RF) magnetron sputtering to 

deposit Ca-P coatings on titanium implants and investigated the implant-bone 

response under osteoporotic and healthy conditions.  In their experiments, 

osteoporosis was induced in female Wistar rats by ovariectomy and sham-operated 

rats serving as controls.  The Ca-P coatings enhanced the bone-to-implant contact 

compared to the untreated implants in both the osteoporotic and sham-operated 

groups.  Osteoporosis in rats had a significant negative effect on the amount of bone 

close to the implants, but the usage of osteogenic Ca-P coatings had a positive effect 

on the bone implant interface under both the osteoporotic and sham-operated 

conditions.  Besides the requirement of osteo-conductivity, attempts have been made 

to construct osteo-inductive surfaces on Ti-based implants to promote new bone 

formation.  One of the effective methods is to incorporate or graft bone 

morphogenetic proteins (BMPs) on Ti alloys.  Fig. 3 illustrates the preparation of 
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 9

polyelectrolyte multilayered (PEM) films loaded with BMP-2 on porous titanium 

implants.  Polyethyleneimine (PEI), poly(L-lysine) hydrobromide (PLL), and 

hyaluronic acid (HA) are dissolved in a buffered saline solution, followed by a 

dipping process for cross-linking to fabricate the multilayered PLL/HA films on the 

titanium samples.  The PEM-coated samples are incubated in the BMP-2 solution 

and the amount of BMP-2 incorporated into these films is adjusted based on the 

cross-linking extent of the film and initial BMP-2 concentration.  The 

osteo-inductive properties are determined from the Ti surface and the local bone 

formation activity is enhanced30.  Anodic oxidation is a traditional technique to 

prepare porous coatings on Ti-based alloys and Yue et al.31 have used it to fabricate 

porous TiO2 coatings on Ti and Ti alloys (Fig. 4).  Generally, when TiO2 is exposed 

to UV light, electron-hole pairs are generated in the valence band to react with oxygen 

and atmospheric water to yield reactive oxygen species, which are capable of 

decomposing organic molecules including micro-organisms in contact.  They applied 

UV light to photo-catalytically activate the anodized samples and found that the 

treated surfaces killed peri-operatively introduced bacteria successfully.  Surface 

coverage by osteoblasts was not affected by photo-catalytic activation of the anodized 

surface but in the co-culture of osteoblasts with contaminating Staphylococcus 

epidermidis, surface coverage on the photo-catalytically-activated TiO2-surfaces was 

enhanced. 

 

  Nowadays, nanotechnology is one of the hottest topics in biomaterials research and 
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 10

fabrication of a nanostructured surface on biomaterials is a versatile strategy to tailor 

the biological properties.  When a surface contains micro- and nano-scale features in 

a controlled fashion, the cellular and subcellular functions are modified significantly32.  

Zhao et al.33 prepared hierarchical hybrid micro/nano-textured surface topographies 

on titanium with titania nanotubes by simple acid etching followed by anodization to 

mimic the hierarchical structure of bone tissues (Fig.5).  The micro-texture produced 

by acid etching induced inconsistent osteoblast functions.  Initial cell adhesion and 

osteo-genesis-related gene expressions were enhanced dramatically whereas the other 

cell behavior such as proliferation, intracellular total protein synthesis, alkaline 

phosphatase activity, collagen secretion, and extracellular matrix mineralization was 

depressed significantly.  Addition of nanotubes to the micro-structured surface 

enhances the multiple osteoblast behavior with nearly all the aforementioned cell 

functions being retained or promoted.  Tsukimura et al.34 developed a kind of novel 

micro/nano hybrid topography (TiO2 nanonodules in micro-scale pits) on titanium, 

which showed a higher biological capability than micro-topography.  Furthermore, 

the effect of UV photo-functionalization could be multiplied on micro/nano hybrid 

titanium compared to surfaces with only micropits.  Li et al.35 obtained a hierarchical 

TiO2 film on Ti by acid etching to produce micropits, followed by a hydrothermal 

treatment to generate TiO2 nanorods.  This hierarchical TiO2 film exhibited 

enhanced bioactivity and bacteriostatic effect due to the more negative zeta potential.  

Ag PIII was performed to impregnate Ag into the TiO2 surface and the addition of 

embedded Ag remarkably enhanced the antimicrobial efficiency as a result of the 
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 11 

Schottky contact without Ag+ release. 

 

  It is desirable to create drug-eluting implants to deliver drugs locally to enhance 

osseo-integration and shorten the healing time after implantation.  Nanotubes with a 

large surface area-to-volume ratio and controllable dimensions are good candidates 

for carrying and delivering drugs and anti-bacterial agents36-38.  For example, Gulati 

et al.39 fabricated titania nanotubes (TNTs) on titanium by electrochemical 

anodization and loaded the water-insoluble anti-inflammatory drug indomethacin.  

Two biodegradable and antibacterial polymers, chitosan and poly(lactic-co-glycolic 

acid), were formed on the drug-loaded TNTs by a simple dip-coating process.  Fig. 6 

shows the preparation process and SEM images of the modified titania nanotubes with 

the polymer films.  The drug release time was successfully extended after 

modification and better osteoblast adhesion and cell proliferation were observed from 

the polymer-coated TNTs. 

 

  Strontium (Sr) is an alkaline earth metal element having a positive effect on bone 

homeostasis.  Sr affects bone resorbing osteoclasts as well as bone forming 

osteoblasts in bone remodeling40.  Nanotube arrays produced on the Ti surface can 

not only load drugs as described above but also act as carriers for Sr.  Xin et al.41 

have fabricated ordered SrTiO3 nanotube arrays on titanium with a slow Sr release 

rate by a hydrothermal treatment of anodized titania nanotubes.  This surface 

architecture which combines the virtues of nanostructures and Sr release possesses 
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 12

good biocompatibility and induces precipitation of hydroxyapatite from simulated 

body fluids (SBF).  Zhao et al.42 fabricated strontium-loaded nanotubular (NT-Sr) 

structures by hydrothermal treatment of titania nanotubes.  The loaded Sr amounts 

can be regulated by the hydrothermal treatment time in the Sr(OH)2 solution.  Sr 

incorporation enhances proliferation of rat mesenchymal stem cells (MSCs) on the 

nanotube and promotes the spread of MSCs into a polygonal osteoblastic shape (Fig. 

7).  NT-Sr can significantly up-regulate the expression of the osteogenesis related 

genes in the absence of an extra osteogenic agent.  Hence, a strontium-releasing 

surface with excellent osteogenic properties is very attractive clinically. 

 

  In summary, surface modification is one of the important ways to improve bone 

tissue integration and avoid tissue infection on Ti-based alloys in clinical applications.  

Many conventional techniques such as ion implantation are finding new applications 

in the development of biomedical Ti-based alloys.  In addition, the emergence of 

nanotechnology provides a versatile strategy to construct bio-surfaces.  For instance, 

nanotubes fabricated on Ti alloys not only modify the biological behavior but also act 

as reservoirs for drugs and other agents to perform special functions including drug 

delivery.  

 

2.2 Biodegradable magnesium-based implants 

  Magnesium alloys constitute a new class of biodegradable metals43-45 which are 
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 13

especially attractive in load-bearing applications.  The Young's modulus (E = 41-45 

GPa) of Mg alloys is similar to that of bones (E = 3-20 GPa) and therefore, the stress 

shielding effect can be reduced in orthopedic applications46, 47.  Moreover, a second 

surgical operation to remove the implant from the patient can be obviated due to 

favorable biodegradation, consequently minimizing trauma in the patients and 

decreasing medical costs.  Fig. 8 shows two viable degradation modes of Mg-based 

implants in cardiovascular and osteosynthetic applications.  The Mg-based implants 

are expected to have an approximately intact initial contour in the serving period to 

retain the designed load-bearing capacity.  After healing, faster degradation is 

allowed and the mechanical strength of the implant decreases gradually because the 

surrounding tissues can mow bear the partial load48.  This scheme requires big 

enough corrosion resistance for controlled (reduced) degradation to ensure adequate 

mechanical strength and structure integrity in the healing stage.  It should be noted 

that a relatively stable surface without producing unacceptable hydrogen evolution 

and other side-effects is essential to spur cell/tissue growth. 

 

  Unfortunately, in vitro and in vivo tests conducted on most commercial Mg alloys 

show signs of severe and rapid corrosion immediately after implantation.  Moreover, 

commercial Mg alloys are usually designed as structural materials for industrial usage 

rathan than biomedical application.  In some cases, these alloys even contain some 

potentially toxic elements such as Al, RE (rare-earth), etc.49-53.  One way is to 

develop new biomedical Mg alloys to cater to the actual biomedical requirements.  
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For example, Yuan et al. produced Mg-2.5Nd-0.2Zn-0.4Zr for next-generation 

vascular stent application.  Compared to traditional commercial Mg alloys such as 

WE43 and AZ31, the new alloy not only improves the corrosion uniformity and 

reduces the corrosion rate, but also exhibits minimal vascular toxicity and excellent 

biocompatibility54-56.  The other viable technique is of course surface modification.  

To meet clinical requirements, a temporary surface is fabricated on Mg alloys to tailor 

the mechanical performance, corrosion behavior, and biological properties57. 

 

  Magnesium is one of the most active metals in the galvanic series and a magnesium 

alloy component is normally the active anode in contact with other common metals in 

aqueous solutions.  The galvanic corrosion rate is determined by 

msca

ac
g

RRRR

EE
I

+++

−
= , 

where Ig is the galvanic current between the anode and cathode, Ec and Ea are the 

open circuit potentials of the cathode and anode, Rc and Ra are the cathode resistance 

and anode resistance, respectively, Rs is the resistance of the solution between the 

anode and cathode, and Rm is the metal resistance between the anode and cathode 

through a metallic path58.  The galvanic effect affects the effectiveness of surface 

modification of Mg alloys.  Taking a coating as an example, the electrolyte in the 

biological environment can penetrate the coating via cracks and pores created in the 

coating to form galvanic cells.  According to the above formula, the galvanic current 

can be reduced by decreasing the potential difference (Ec-Ea) and increasing the 

cathode resistance related to the coating (Rc) and electrical resistance between the 

Page 14 of 69Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 15

anode and cathode (Rm).  Therefore, it is better to select relatively insulating coatings 

such as calcium-phosphorus (Ca-P) coatings and coatings prepared by microarc 

oxidation (MAO) for Mg alloys. 

 

  Biocompatible calcium-phosphorus (Ca-P) coatings can be prepared on Mg alloys 

chemically or electrochemically.  Niu et al.59 developed a chemical method to treat 

Mg-Nd-Zn-Zr alloys.  They immersed them in 0.1 M KF for 24 h to form a MgF2 

film and then immersed them in a mixture of NaNO3, Ca(H2PO4)2·H2O and H2O2 for 

24 h to obtain a brushite (CaHPO4·2H2O) coating.  The Ca-P treatment improved the 

corrosion resistance of the Mg-Nd-Zn-Zr alloy in Hank's solution, reduced the 

hemolysis rate of the Mg-Nd-Zn-Zr alloy from 48% to 0.68%, and induced no toxicity 

to MC3T3-E1 cells.  The in vivo implantation experiments performed on New 

Zealand rabbit tibia showed that the degradation rate was reduced by the Ca-P 

treatment and less gas was produced from the Ca-P treated Mg-based bone plates and 

screws in the early stage of implantation.  Xu et al.60
 prepared a porous and net-like 

Ca-P coating on the Mg-Mn-Zn alloy by a phosphate treatment.  The Ca-P coating 

composed mainly of CaHPO4·2H2O with small amounts of Zn and Mg significantly 

improved the osteo-conductivity and osteo-genesis in the initial 4 weeks after 

operation.  Song et al.61 coated AZ91D magnesium alloys with bioactive Ca-P 

coatings.  They performed electro-deposition to obtain a coating consisting of 

dicalcium phosphate dihydrate (CaHPO4·2H2O, DCPD) and β-tricalcium phosphate 

(Ca3(PO4)2, β-TCP) that were the precursors of hydroxyapatite (HA, 
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Ca10(PO4)6(OH)2).  The coated sample was immersed in 1 M NaOH solution at 

80 °C for 2 h and the as-deposited coating was transformed into a uniform HA coating.  

This HA coating retarded the biodegradation rate in stimulated body fluids 

significantly.  Wang et al.62 used pulsed electro-deposition to fabricate 

calcium-deficient hydroxyapatite (Ca-def HA) on the Mg-Zn-Ca alloy and in vivo 

degradation of the Ca-def HA coating and magnesium alloy occurred almost 

simultaneously.  The in vivo life time of the Ca-def HA coating was about 8 weeks.  

Degradation of the Ca-def HA coating may be attributed to the reaction with body 

fluids and substitution of Mg2+ ions in the Ca-def HA.  In addition, histological and 

pathological examination showed that the Ca-def HA coating had good 

osteo-conductivity and promoted new bone formation. 

 

  Microarc oxidation (MAO), a high-voltage plasma-assisted anodic oxidation 

process, is a simple way to fabricate thick, porous, hard, and insulating ceramic 

coatings63.  Gu et al.64 utilized this technique to modify the Mg-Ca (1 wt. %) alloy 

and controlled the thickness and pore size of the MAO coating by tuning the applied 

voltage.  The coating comprised the MgO and Mg2SiO4 phases.  After microarc 

oxidation, the long-term corrosion resistance in Hank's solution was improved and 

cyto-compatibility including adhesion, proliferation, and differentiation of MG63 

cells were promoted.  Ryu et al.65 fabricated Ag-containing MAO coatings on the 

AZ31 magnesium alloy using AgNO3-containing electrolytes.  This MAO coating 

not only exhibited higher corrosion resistance than the Ag-free MAO coatings, but 
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also showed excellent antibacterial activity of over 99.9% against two strains of 

bacteria, Staphylococcus aureus and Escherichia coli.  Hence, it is possible to reduce 

the risk of bacterial infection after surgery if antimicrobial MAO coatings are used.  

To evaluate the in vivo degradation performance, Fischerauer et al.66 implanted the 

MAO-modified ZX50 Mg alloys into the femoral legs of male Sprague-Dawley rats 

and monitored them by micro-computed tomography (µCT) for a period of 24 weeks.  

As shown in Fig. 9, almost no corrosion was observed from the MAO-treated 

implants in the first week but in contrast, several obvious pits emerged from the 

untreated ZX50 implant.  The MAO preserved the integrity in the first week and so 

degradation was significantly mitigated.  Since MAO coatings can delay initial 

degradation after implantation, they improve fracture stabilization, minimize the 

burden on the post-operatively irritated surrounding tissues, and generate good 

bone-implant bonding. 

 

  In addition to coatings, ion implantation such as plasma immersion ion 

implantation (PIII) is important to the developing biodegradable Mg alloys because an 

ion implanted layer does not have an abrupt interface and layer delamination does not 

pose a serious issue.  Chromium is an important element in corrosion resistant alloys 

such as stainless steels.  However, when chromium is incorporated into magnesium 

by metal ion implantation, strong galvanic corrosion occurs because Cr exists in the 

metallic state in the implanted layer.  Nevertheless, it has been found that surface 

degradation of pure magnesium can be retarded if oxygen ion implantation is 
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conducted afterwards by PIII to produce a thick surface layer consisting of chromium 

oxide67.  In contrast, if only oxygen PIII is conducted on Mg-Nd-Zn-Zr alloys, no 

significant improvement in the corrosion resistance is observed.  Consequently, Wu 

et al. 68-71
 have proposed an alloying principle to modify the surface by ion 

implantation before O-PIII.  After surface alloying with Cr, Ti, Al, and Zr, the 

corrosion resistance of Mg-Y-RE (rare earth), Mg-Zn-Zr, and Mg-Nd-Zn-Zr is 

improved due to the formation of chromium oxide, titanium oxide, aluminum oxide, 

and zirconium oxide in the near surface, respectively.  Zhao et al.72 have extended 

this principle to Mg-Ca and Mg-Sr alloys by conducting zirconium and oxygen ion 

implantation.  The process not only enhances the corrosion resistance and in vitro 

biocompatibility significantly, but also improves the antimicrobial properties.  

Recently, Wu et al.73 conducted C2H2 PIII to produce a thin layer of diamond-like 

carbon (DLC) film on the Mg-Nd-Zn-Zr alloy to enhance the corrosion resistance in 

the 0.9 % NaCl solution.  The use of a metallic interlayer is a common way to 

enhance the adhesion between the diamond-like carbon (DLC) and Mg substrate, but 

the disadvantage is that the galvanic cells generated in the defects accelerate 

corrosion74-76.  Fortunately, in ion implantation, layer adhesion is not an issue.  The 

defects in the film can provide the possibility of eventual degradation of the bulk alloy 

but it should be noted that the DLC film is not fully biodegradable and remains in the 

human body to possibly induce adverse effects.  To avoid or reduce this phenomenon, 

Xu et al.77 performed carbon ion implantation using graphite in a cathodic arc source 

to modify pure magnesium.  A composite oxide film containing amorphous carbon 
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was formed on the surface and as expected, the corrosion resistance in the simulated 

physiological environment was improved.   

 

  In brief, biodegradable Mg alloys are attractive due to their special properties such 

as natural biodegradability.  However, many phenomena are still not well understood 

and more in vitro and in vivo investigations are needed.  Based on current results, 

surface modification by means of ion implantation, coating deposition, and so on is 

important to the development of biodegradable Mg alloys.  With the combination of 

modern metallurgy and advanced surface treatment technology, Mg-based alloys have 

large potential as next-generation materials for biodegradable biomedical implants. 

 

2.3 Biomedical polymer-based implants 

  Many types of surgical implants and medical devices are made of polymeric 

materials such as polyethylene (PE)78, 79, polytetrafluoroethylene (PTFE)80, 81, 

poly(lactic acid) (PLA)82, 83, and polyetheretherketone (PEEK)84-86.  Unfortunately, 

biomedical application of polymers such as trauma, orthopedics, and spinal implants 

are hindered in many cases by the insufficient biocompatibility and poor bacteria 

resistance87-89
.  Engineering a better surface on a biopolymer is thus critical and 

several recent examples pertaining to surface modification are introduced as follows. 

 

  Surface modification can produce bioactive surfaces on biopolymers while 
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preserving the excellent bulk properties of the materials.  Compared to metals and 

ceramics, polymers typically have lower heat resistance.  Higher temperature can 

distort the shape and even change the chemical composition possibly leading to 

failure.  Many physical and chemical methods require a high temperature and/or post 

thermal treatment and so it is critical to choose a suitable method for polymers.  

Electron beam deposition, a traditional low-temperature coating process, has been 

used to coat polyetheretherketone (PEEK) with a Ti film because Ti has good 

biocompatibility only surpassed by bioactive ceramics (such as hydroxyapatite and 

bioglass) and natural biopolymers (such as collagen and its derivatives)90.  The 

obtained Ti layer is dense, uniform, well crystallized and adheres strongly to the 

PEEK substrate.  In vitro tests show that proliferation and differentiation of the cells 

(MC3T3-E1) on the coated surface are improved and in vivo animal tests reveal that 

the Ti-coated PEEK implants have a larger bone in-contact (BIC) ratio than the pure 

PEEK implants.  Cold spraying is a solid-state deposition process conducted at a 

relatively low temperature by using a carrier gas to accelerate the powders to 

supersonic velocity prior to impacting the substrate91-93.  Lee et al.94 applied this 

method to coat PEEK with a homogeneous layer of hydroxyapatite (HA) and as 

expected, the HA coating increased the biocompatibility in vitro and promoted 

osteo-integration in vivo. 

 

  In general, chemical methods are simple and do not require expensive equipment 

compared to physical methods.  Zhao et al.95 performed sulfonation and subsequent 
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water immersion to prepare a 3D porous and nanostructured network with 

bio-functional groups on PEEK.  The porous surface promoted in-growth of soft and 

hard tissues into the materials and create more biological anchorage to improve the 

stability of the implant.  Two kinds of sulfonation-treated PEEK (SPEEK) samples 

were prepared, namely SPEEK-W (water immersion and rinsing after sulfonation) 

and SPEEK-WA (SPEEK-W with further acetone rinsing) and Fig. 10 illustrates the 

fabrication process and morphology of the porous surface.  SPEEK-WA induces 

pre-osteoblast functions including initial cell adhesion, proliferation, and osteogenic 

differentiation in vitro as well as substantially enhanced osseo-integration and 

bone-implant bonding strength in vivo in addition to apatite-forming ability.  

Although SPEEK-W has a similar surface morphology and chemical composition as 

SPEEK-WA, its cyto-compatibility is inferior due to residual sulfuric acid.  The 

pre-osteoblast functions, bone growth, and apatite formation on the SPEEK surfaces 

are affected by positive effects introduced by the 3D porous structure and SO3H 

groups as well as negative ones due to the low pH environment.  Actually, by 

employing multiple techniques, more than one function can be achieved.  For 

instance, Yue et al.96 used an oxygen plasma to activate polydimethylsiloxane (PDMS) 

and then treated it with silane bearing ethylene imine units.  Hyaluronic acid (HA), 

an important component of the extracellular matrix playing an important role in tissue 

morphogenesis, wound healing, inflammation, and metastasis, was grafted covalently 

onto the aminated surfaces and type I collagen was conjugated onto the HA-modified 

PDMS to improve the cyto-compatibility in neural applications.  Significantly 
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enhanced rat pheochromocytoma cell (PC12) growth and differentiation was observed 

from the bioactive PDMS and this bio-functionalized polydimethylsiloxane has 

potential applications in cochlear implants. 

3 Functional micro- and nano-biomaterials 

3.1 Polymeric nanocarriers for gene delivery 

  Gene therapy is an attractive approach that uses normal genes to replace or override 

defective genes in treating human diseases.  Depending on the process of 

transcription that synthesizes messenger RNA from DNA and translation that 

synthesizes protein from messenger RNA, the nucleic acid sequence of the gene can 

direct the cell to synthesize a protein with a specific and correct amino acid sequence.  

Gene delivery is one of the critical steps in gene therapy and a good delivery system, 

or so-called 'vector', can provide the genes with acceptable access to the target 

tissues/cells and deliver them to the nucleus of the cell effectively97.  There are two 

major gene delivery vectors, namely viral and non-viral ones.  Viral vectors have 

high gene transfection efficiency, but the disadvantages are immunogenicity, potential 

of insertional mutagenesis in the host genome, limited DNA delivery capacity, and 

scale of production.  Non-viral vectors are promising alternatives to viral vectors 

because they will not elicit immune response or randomly integrate DNA into the host 

genome.  Cationic polymers have been the major type of the non-viral vectors in 

recent years because they can be easily tailored and synthesized to suit specific 

requirements98.  The key requirements for polymeric nano-carriers from the 
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perspective of efficient gene delivery are: low cyto-toxicity, appropriate stability, and 

special functionality. 

 

  Much effort has been made to reduce the cytotoxicity of polymeric nanocarriers.  

For example, polyethylenimine (PEI), which contains primary, secondary, and tertiary 

amine groups, is one of the common cationic polymers as a non-viral gene delivery 

vector99.  Its transfection efficiency depends on the molecular weight and a larger 

higher molecular weight PEI has a higher gene transfection efficiency but also higher 

cytotoxicity100, 101.  Tang et al.102-104
 applied β-cyclodextrin (β-CD), a commonly 

used cyclic oligosaccharide drug carrier, to crosslink low molecular weight PEI (MW 

600 Da) to form a high molecular weight cationic polymer that showed lower 

cytotoxicity and high transfection efficiency close to PEI 25 kDa.  Another example 

is to modify the amine groups to lower the cyto-toxicity of PEI.  It is known that 

cytotoxic T lymphocytes (CTL) and natural killer (NK) cells protect vertebrates by 

killing infected or transformed cells using granzyme B (GrB) to induce apoptosis, but 

GrB-induced apoptosis of target cells can cause inflammatory diseases and chronic 

transplant rejection.  PEI has been used to deliver a plasmid encoding GrB inhibitor 

proteinase inhibitor-9 (PI-9) to prevent apoptosis of the target cells.  To reduce the 

cyto-toxicity, PEI is modified by selectively blocking a portion of the primary amine 

groups with a mannose functionalized cyclic carbonate by simple nucleophilic 

addition chemistry.  PEI with 7 or 20 of 67 primary amine groups substituted by the 

carbohydrate exhibits a similar gene binding ability as unmodified PEI resulting in 
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decreased cytotoxicity of PEI/DNA complexes105. 

 

  The stability of gene and gene carriers in the physiological environment is crucial 

to gene delivery.  Genes must survive degradation in the extracellular surroundings 

and be successfully transported into the targeted cell to perform the designed 

biological functions.  Small interfering RNA (siRNA), sometimes known as short 

interfering RNA, has provided insights into the therapeutic mechanism of a variety of 

intractable diseases since it can induce potent sequence-specific gene silencing, 

termed RNA interference (RNAi)106-109.  However, siRNA is very susceptible to 

degradation by serum nucleases and rapid elimination via the kidneys.  These 

inherent drawbacks of siRNA compromise the in vivo gene silencing activity 

substantially and therefore, the use of carrier systems is necessary to achieve 

successful delivery to the cytoplasm of the target cell.  Generally, the tolerability 

under physiological conditions and enhanced cellular uptake must be considered in 

the design of nano-carriers in gene delivery110, 111.  Gouda et al.112 introduced silica 

nanogelling to modify poly(ethylene glycol) (PEG)-block-polycation/siRNA 

complexes (PEGylated polyplexes) to enhance the stability and functionality.  Silica 

nanogelling was achieved by polycondensation of soluble silicates onto the surface of 

PEGylated polyplexes comprising a disulfide cross-linked core.  Silica nanogelling 

substantially improved the polyplex stability against counter polyanion-induced 

dissociation under non-reductive conditions without compromising the reductive 

environment-responsive siRNA release triggered by disulfide cleavage.  In addition, 
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silica nanogelling significantly enhanced the sequence-specific gene silencing activity 

of the polyplexes in HeLa cells without the associated cytotoxicity, probably due to 

lower endosomal entrapment (or lysosomal degradation) of delivered siRNA. 

 

  Besides reduced cytotoxicity and enhanced stability, surface functionalization is of 

importance to the design of polymeric nano-carriers in gene delivery.  Dendrigraft 

poly-L-lysines (DGL), one of the non-viral vectors, have been used in gene delivery 

to tumors because of their ability to complex and condense DNA to form 

nanoparticles.  Steric stabilization and tumor targeting can be obtained by grafting 

PEG and decorating activatable cell-penetrating peptide (dtACPP) on the 

nanoparticles, respectively.  Fig. 11A shows the synthetic steps of PEG-DGL and 

dtACPPD.  Here, dtACPP is conjugated to the surface of DGL via 

α-Malemidyl-ω-N-hydroxysuccinimidyl polyethyleneglycol (MAL-PEG-NHS) to 

construct the gene nanocarrier, dtACPP-PEG-DGL (dtACPPD).  The condensed 

nanoparticles, dtACPPD/DNA, are formed by electrostatic interactions between the 

cationic DGL and negatively charged plasmid DNA.  Therefore, dtACPPD/DNA can 

efficiently protect and deliver intact DNA to the target tumor in in vivo gene 

transfection (Fig. 11B).  As the cell-penetrating property of CPP is quenched in the 

circulation, these nanocarriers with steric stabilization will accumulate in the tumor 

sites via the enhanced permeability and retention (EPR) effect.  After reaching the 

tumor, the pre-existing attraction effect is eliminated due to the lower pH in the tumor 

microenvironment.  Furthermore, accompanying the cleavage of matrix 
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metalloproteinase 2 (MMP2) linker, dtACPP is activated to expose CPP to drive the  

nano-carriers into the tumor cells113. 

3.2 Biomedical plasmonic gold nanostructures 

  Gold nanostructures (AuNSs) constitute a versatile platform in a broad range of 

biological and biomedical applications such as bio-sensing, imaging, and 

photo-thermal therapy due to surface plasmon resonance (SPR)114, 115.  SPR is an 

optical phenomenon caused by the interaction between an electromagnetic wave and 

the conduction electrons on a metal.  The conduction electrons in a gold 

nanostructure are driven by the electric field to collectively oscillate at a resonant 

frequency under light irradiation and this resonant frequency is related to the lattice of 

the positive ions as well as composition, size, geometry, dielectric environment and 

particle-particle separation distance of the AuNSs116, 117.  Scattering and absorption 

are two important physical phenomena occurring at the same time in this process.  In 

the biomedical fields, scattering and absorption in the near infrared region (NIR, 

650-900 nm) are especially favored because light can penetrate deeply into tissues in 

this region due to low absorption from blood and water and scattering from tissues.  

Moreover, the heat generated from the photo-thermal effect can be exploited 

therapeutically due to hyperthermia.  Tailoring the gold nanostructures morphology 

is a powerful route to obtain the desirable SPR in the NIR region because small 

changes in the aspect ratio or corner sharpness have a large impact on the SPR 

response.  Gold nanospheres, gold nanorods, gold nanoshells, and gold nanocages 
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are the four main types of synthesized AuNSs.  In addition, the gold nanostructures 

need to be conjugated with functional moieties such as antibodies, peptides, and folate 

to increase a number of the critical attributes because gold has a unreactive and 

relatively bio-inert nature118.  Surface engineering of AuNPs broadens their 

applications effectively and in the following sections, we discuss with specific 

examples how these properties can be harnessed in biomedical applications including 

optical imaging, photo-thermal treatment, and drug delivery. 

 

  A good biological recognition system has the following important features: 

specificity, sensitivity, and reproducibility.  Usually, specific molecular recognition is 

a fundamental prerequisite according to the affinity between complementary 

structures such as enzyme-substrate, antibody-antigen, and receptor-hormone.  

Concentration-dependent signals may be generated based on this behavior119.  Gold 

nanostructures are promising to bio-sensing and bio-imaging due to their unique SPR 

effect as described above.  Surface modification including that of the composition 

and morphology has been developed to improve the performance to satisfy different 

requirements.  Wang et al.120 modified gold nanorods (GNRs) by poly (allylamine 

hydrochloride) and conjugated them with Rose Bengal (RB) molecules to produce 

RB-GNRs for optical detection of cancer cells (Fig. 12).  The modified gold 

nanorods exhibit good stability in an aqueous solution, low cytotoxicity, strong optical 

absorption in the near infrared region, and in particular, high specificity to oral cancer 

cells.  RB-GNRs are used as the sensing probe for label-free sensing assay and to 
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monitor the aggregation-induced red-shift in the NIR absorption wavelength.  In the 

specific and quantitative analysis of the oral cancer cell lysate, a low detection limit of 

2,000 cells/mL is obtained.  Recently, Dondapati et al.121 prepared a new type of 

gold nanostars to achieve high sensitivity in single nanoparticle label-free bio-sensing.  

These nanostars present multiple plasmon resonances of which the lower energy ones, 

corresponding to the nanostar tips and core-tip interactions, are the most sensitive to 

environmental changes.  Streptavidin molecules are detected upon binding to 

individual, biotin-modified gold nanostars by spectral shifts in the plasmon 

resonances.  Concentrations as small as 0.1 nM can be detected because it produces a 

shift of the tip-related plasmon resonance of about 2.3 nm (5.3 meV). 

 

  It is always desirable to accomplish molecular imaging for cancer cell diagnostics 

and selective photo-thermal cancer therapy simultaneously with high efficiency.  A 

conventional strategy is to use agents that are active in the near infrared region (NIR) 

of the radiation spectrum.  Gold nanostructures have good tunability in SPR 

absorption and good efficacy in converting light energy to heat in the NIR region122.  

Hence, gold nanostructures such as gold nanorods are one of the candidates in 

photo-thermal therapy and proper surface modification can further improve and 

broaden their applications.  Huang et al.123
 conjugated gold nanorods to 

anti-epidermal growth factor receptor (anti-EGFR) monoclonal antibodies.  Owing 

to the over-expressed EGFR on the cytoplasmic membrane of the malignant cells, the 

anti-EGFR antibody-conjugated nanorods bind specifically to the surface of the 
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malignant type cells with a higher affinity.  The malignant cells are clearly visualized 

and diagnosed from the nonmalignant cells.  After exposure to a continuous red laser 

at 800 nm, the malignant cells require about half the laser energy to be 

photo-thermally destroyed than the nonmalignant cells.  Choi et al.124
 have 

developed a very effective hyperthermia system for successful photothermal cancer 

therapy.  Gold nanorods that can absorb NIR light are loaded to the functional 

nanocarriers that provide stable storage of gold nanorods and selective delivery to a 

target tumor.  These functional nanocarriers (chitosan-conjugated, Pluronic-based 

nanocarriers) are prepared by chemically cross-linking Pluronic F 68 with chitosan 

conjugation.  When the gold nanorods are delivered by means of these nanocarriers, 

enhanced in vitro cellular uptake and photo-thermal effects are observed and 

intravenous injection of this system followed by NIR laser irradiation to the tumor can 

result in very efficient thermolysis in vivo. 

 

  Drug/gene delivery is an important application of gold nanostructures and two 

recent examples about Au nanocarriers in disease treatment are discussed here.  

Treatment of Alzheimer’s disease and other brain-related disorder is limited because 

of the presence of the blood-brain barrier that highly regulates the crossing of drugs.  

Gold nanoparticles conjugated to the peptide CLPFFD can destroy the toxic 

aggregates of β-amyloid similar to the ones found in the brain of patients with 

Alzheimer’s disease, but nanoparticles are very difficult to cross the blood-brain 

barrier.  The peptide sequence THRPPMWSPVWP is introduced into the gold 
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nanoparticle-CLPFFD conjugate.  This peptide sequence interacts with the 

transferrin receptor present in the microvascular endothelial cells of the blood-brain 

barrier to increase the permeability of the conjugate in the brain125.  Human 

immunodeficiency virus-1 (HIV-1) is one of the most catastrophic pandemics to 

mankind and Au nanorods (Au NRs) have been suggested as the possible vehicles for 

gene delivery in HIV treatment.  Two cationic molecules, 

poly(diallydimethylammonium chloride) (PDDAC) and polyethyleneimine (PEI), 

have been selected to modify the surface of Au NRs.  These PDDAC or PEI 

modified Au NRs can significantly promote cellular and humoral immunity as well as 

T cell proliferation through activating antigen-presenting cells compared to naked 

HIV-1 Env plasmid DNA treatment in vivo126. 

 

  Gold nanostructures have a bright future in the biomedical fields and chemical 

surface modification is a dominant approach to improve and extend their functions.  

However, the surface conjugated with other chemical species may introduce some 

potential side effects.  Therefore, it is necessary to better understand the biological, 

physical, and chemical interactions between the modified gold nanostructures and 

living organs and associated mechanism to facilitate efficient design of gold 

nanostructure-based agents. 

3.3 Biomedical super-paramagnetic ion oxide nanoparticles 

  Super-paramagnetism is an interesting phenomenon that occurs in magnetic 
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materials.  When the size is reduced below that of a single magnetic domain, 

super-paramagnetic materials retain no remnant magnetization after removing the 

external magnetic field127, 128.  Super-paramagnetic iron oxide nanoparticles 

(SPIONs), one of the important super-paramagnetic materials, have attracted much 

attention in biotechnology and been used in various biomedical applications such as 

magnetic resonance imaging (MRI), localized hyperthermia, and drug delivery129-132.  

Usually, the colloidal stability in water at neutral pH and physiological salinity is very 

critical for SPIONs and the particles must be small enough to avoid precipitation 

induced by gravitation.  In addition, the charge and surface chemistry are important 

because they can give rise to both steric and coulombic repulsion133, 134.  Surface 

modification is commonly performed on SPIONs to improve the properties.  For 

example, a surface coating not only renders the magnetic particles non-toxic and 

biocompatible, but also permits target delivery to a specific region.  Both inorganic 

and polymeric materials have been used to improve the biocompatibility and 

dispersibility in an aqueous medium.  When SPIONs have the proper surface 

architecture and are conjugated with targeting ligands/proteins, they are suitable for 

applications such as bio-imaging and drug delivery135. 

 

  Internalization of SPIONs into specific cells is one of the critical steps in the 

delivery process.  Zhang et al.136 modified the surface with poly(ethylene glycol) 

(PEG) and folic acid to improve intracellular uptake and the ability to target specific 

cells of super-aramagnetic magnetite nanoparticles.  After modification, they 
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investigated nanoparticle internalization into mouse macrophage (RAW 264.7) and 

human breast cancer (BT20) cells.  The uptake amount of PEG-modified 

nanoparticles into macrophage cells was much smaller than that of the unmodified 

nanoparticles, whereas folic acid modification did not alter the uptake.  However, 

both PEG and folic acid modification facilitated nanoparticle internalization into 

breast cancer cells.  It means that PEG and folic acid modification of magnetic 

nanoparticles can resist protein adsorption thereby avoiding particle recognition by 

macrophage cells and facilitating nanoparticle uptake to specific cancer cells in cancer 

therapy and diagnosis. 

 

  A prevailing trend is to combine discrete functional components into a single 

nanostructure.  Each component can possess specific advantages to complement 

each other in an all-in-one system.  Magnetic iron oxide nanoparticles are good 

contrasting agents in T2-weighted magnetic resonance imaging (MRI).  Although 

MRI offers high spatial and temporal resolution and excellent tissue penetration depth, 

it is not as sensitive as optical imaging or positron emission tomography and difficult 

to visualize in microscopic tissue examination137, 138.  Therefore, it will be more 

attractive if MRI is combined with other modalities such as optical imaging.  Yan et 

al.139 developed a stable and cyto-compatible and multi-functional nanoparticle probe 

in liver and spleen imaging with magnetic and fluorescent capabilities.  They 

synthesized Fe3O4-encapsulated polymeric micelles composed of cores containing 

magnetic nanoparticles and polyethylene glycol (PEG) shells by self-assembly of 
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amphiphilic poly(-HFMA-co-VBK)-g-PEG copolymers and oleic acid stabilized 

Fe3O4 nanoparticles, where HFMA denotes 2,2,3,4,4,4-Hexafluorobutyl methacrylate 

and VBK denotes 9-(4-vinylbenzyl)-9H-carbazole.  Fig. 13 shows the schematic 

illustrating the preparation process and TEM images of the polymeric micelles with 

magnetic nanoparticles.  The Fe3O4 magnetic nanoparticles in the core produce 

T2-weighted MRI functionalities and the small fluorescent monomer carbazole in the 

polymer shell introduces good fluorescent properties.  Obviously, the core-shell 

structures and related fabrication methods are new features evolving from recent 

advance in surface modification research on the micro- and nano- scale.  In order to 

achieve multimodal imaging and other functions, other nanostructures including 

quantum dots have been combined with SPIONs.  For example, Ye et al.140 

developed a core-shell micro-nano system consisting of polylactic-co-glycolic acid 

(PLGA) nanoparticles encapsulating super-paramagnetic iron oxide nanoparticles 

(SPIONs) for MRI and cadmium-free manganese-doped zinc sulfide (Mn:ZnS) 

quantum dots (QDs) in fluorescence imaging.  The core-shell structure allows them 

to encapsulate and carry poorly water-soluble drugs and to release these drugs at a 

sustained rate in the optimal drug concentration range.  Yang et al.141 combined two 

different functional nanomaterials, gold (Au) and iron oxide (IONP), into one 

structure to develop a kind of Affibody based trimodality nanoprobe in order to image 

epidermal growth factor receptor (EGFR) positive tumors.  The IONP component 

served as a T2 reporter in MRI and gold component served as both the optical and 

PET reporters.  Both targeting molecules (anti-EGFR Affibody protein) and PET 
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imaging reporters (radiometal 64Cu chelators) could be anchored on the nanoprobes to 

realize surface-specific modification in a highly efficient and reliable manner.  In 

short, with the advent of nanotechnology and use of novel nanomaterials in 

biomedical engineering and biotechnology, it is feasible to combine SPIONs with 

other nanostructures to construct all-in-one systems suitable for multi-modality 

imaging as well as therapy. 

3.4 Graphene: a rising star in biomedical engineering and biotechnology 

  Graphene has attracted tremendous attention since its inception due to its unique 

electronic, thermal, mechanical, optical properties142-145.  In addition to many other 

applications, graphene and related materials including graphene oxide (GO) are 

potential sensors in living systems and useful to drug and gene delivery, 

photo-thermal therapy, as well as tissue engineering146, 147.  As the materials are in 

living systems, their biocompatibility and toxicity have to be evaluated carefully 

because pristine graphene and graphene oxide (GO) can exhibit toxic effects to cells 

and animals148-150.  Fortunately, surface modification can provide a convenient way 

to overcome these disadvantages in the bio-environment.  For instance, 

functionalized nano-GO coated with biocompatible polymers such as polyethylene 

glycol or dextran appears to be not toxic151, 152.  Importantly, surface modification 

can functionalize graphene and its derivatives.  By fabricating another type of 

nanostructure on the surface, multi-functions can be achieved.  For instance, 

functional nanostructures such as gold nanorods, iron oxide nanoparticles, and 

Page 34 of 69Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 35

quantum dots can be combined with graphene and its derivatives in bioimaging, 

cancer diagnosis, drug delivery, and photo-thermal therapy. 

 

  Hu et al.153 coupled core-shell CdSe/ZnS quantum dots (QDs) with graphene oxide 

(GO) to obtain QD-tagged reduced graphene oxide (QD-rGO) suitable for fluorescent 

cell imaging and phototherapy because QDs exhibit brighter fluorescence and 

narrower photoluminescence spectra.  In their studies, the QDs toxicity was 

mitigated by a surfactant coating, and fluorescence quenching was reduced by 

maintaining a precisely controlled spacer between the QDs and the rGO.  As the 

QD-rGO absorbed near-infrared (NIR) irradiation, cell killing was accomplished in 

photo-thermal therapy.  Zedan et al.154 attached gold nanoparticles onto GO to obtain 

plasmonic GO-Au nanocomposites.  Photo-thermal energy conversion was enhanced 

and the improved photo-thermal effects could be tuned by controlling the shape and 

size of the gold nanostructures in order to increase the heating efficiency of the 

laser-induced size reduction of gold nanostructures.  Ma et al.155
 introduced magnetic 

iron oxide nanoparticles (IONPs) onto the surface of graphene oxide (GO) to form a 

GO-IONP nanocomposite for multimodal imaging.  To acquire a high stability in 

physiological solutions, it was functionalized by a biocompatible polyethylene glycol 

(PEG) polymer.  After doxorubicin (DOX), a chemotherapy drug, was loaded onto 

the nanocomposite, magnetic targeted drug delivery was accomplished.  In addition, 

it can be utilized in localized photo-thermal ablation of cancer cells guided by a 

magnetic field.  Shi et al.156 decorated graphene oxide (GO) with both iron oxide 
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nanoparticles (IONPs) and gold to form a multi-functional magnetic & plasmonic 

GO-IONP-Au nanocomposite which exhibited strong super-paramagnetism and 

enhanced optical absorbance in the near-infrared (NIR) region.  Polyethylene glycol 

(PEG) was used to coat the nanocomposite to improve the stability in the 

physiological environment and reduce the toxicity.  Remarkably enhanced 

photothermal cancer ablation effects were realized and magnetic resonance (MR) and 

X-ray dual-modal imaging was also achieved using the IONP and Au in the 

nanocomposite. 

 

  Graphene-based materials are also used in surface functionalization of other 

nanostructures.  Jin et al.157 introduced gold nanoparticles (Au NPs) into poly (lactic 

acid) (PLA) microcapsules to obtain theranostic microcapsules by a 

double-micro-emulsion method.  They applied the electrostatic layer-by-layer 

self-assembly technique to deposit graphene oxide (GO) onto the microcapsule 

surface.  Fig. 14A shows the schematic of the fabrication process and Fig. 14B 

depicts the morphology of the microcapsules.  The PLA microcapsules not only 

enhance ultrasound (US) imaging but also load GO and Au NPs.  The Au NPs serve 

as a contrast agent to enhance computed tomography (CT) imaging and GO acts as a 

strong NIR-light absorbing agent because it converts absorbed light into heat 

efficiently and possesses superior optical absorption in the near-infrared (NIR) region.  

The near infrared (NIR) laser light ablates the tumor completely within 9 days in the 

presence of the microcapsules and the tumor growth inhibition is 83.8%. 
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  In brief, graphene is a rising star in biotechnology and opens many opportunities 

with respect to multimodal imaging and cancer therapy.  However, most of the 

applications are still in the infancy stage and much effort must be made to realize 

clinical success, but nonetheless, surface functionalization is expected to play a major 

role. 

4. Conclusion 

  Biomaterials in living systems are multifunctional, dynamic, and different from 

many types of other functional materials and the surface of biomaterials provides the 

platform for biological and chemical interactions.  As most biomaterials do not 

possess all of the desirable properties, surface modification is often adopted in 

materials engineering and design.  By employing various physical and chemical 

means, the surface composition and structure can be altered to facilitate seamless 

adaptation to the physiological surroundings and simultaneously perform the required 

functions.  This paper reviews recent progress in surface modification and 

functionalization of biomaterials with emphasis on tissue engineering, drug and gene 

delivery, as well as disease diagnosis.  With regard to metallic and polymeric 

biomaterials, surface modification serves to improve the biocompatibility and 

antimicrobial properties.  In addition, the rate of natural degradation on Mg alloys 

used in orthopedic applications can be controlled by the proper modification protocols.  

For micro- and nano-systems made of organic or inorganic materials, surface 
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modification can improve the stability in the physiological environment, reduce the 

toxicity, and provide new functions for drug/gene delivery, disease diagnosis, and 

therapy.  Since most biomaterials are still far from perfect, continuous refinement of 

the materials properties and design of new biomedical components require more 

knowledge and better understanding of the principles and mechanisms.  The 

emergence of nanotechnology enables more intricate control of biological functions 

and the interface between cells and biomaterials.  In order to produce biomaterials 

that are more compatible, controllable, and smarter, surface modification is expected 

to continue to play a major role and attract the interest of researchers and 

technologists. 
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Fig. 1.  Surface functions and roles of biomaterials. 
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Fig. 2. Various types of modified surfaces on Ti-based alloys: (A) In situ 

reconstructed surfaces, (B) Dense coatings, (C) Porous coatings and (D) 

Nanostructures such as nano-flowers and nano-tubes. 
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Fig. 3. Polyelectrolyte multilayered films on titanium substrate: (A) Three-step 

bioactive film preparation – (1) Film deposition by layer-by-layer assembly on the 

substrate, (2) Cross-linking, and (3) BMP-2 loading.  (B) Schematic of porous TA6V 

scaffold with 500 mm pore size.  (B') SEM micrograph of the uncoated TA6V 

surface on the implant surface.  (C) SEM micrographs of (PLL/HA) 24 film-coated 

surface of the TA6V scaffold inside a pore channel or (C') on the outer surface.  

PEM-film deposited on the TA6V scaffold: (D) Top view and (D') Side view.  

Reprinted from ref. 30, copyright (2014), with permission from Elsevier. 
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Fig. 4. Scanning electron micrographs of titanium (top row) and titanium alloy 

(bottom row) after anodic oxidation under different conditions.  The porous 

structures are formed by anodization and pore size depends on the anodizing voltage 

and current density.  Reprinted from ref. 31, copyright (2014), with permission from 

Elsevier. 
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Fig. 5. SEM pictures of the hierarchical micro/nano-textured and micro titania 

surfaces - R-5: acid-etched/anodized at 5 V and R-20: acid-etched/anodized at 20 V.  

Reprinted from ref. 33, copyright (2014), with permission from Elsevier. 
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Fig. 6. (A) Schematic of titania nanotube (TNT/Ti) implants modified with polymer 

films.  The bare TNT layer is formed on the Ti substrate by electrochemical 

anodization and the drug is incorporated inside the TNT structure.  Finally, chitosan 

or a PLGA polymer film is coated on the TNT by dip coating (thin and thick) with the 

objective to control drug release and improve the antibacterial properties and bone 

integration.  The schematic also shows the diffusion of drug molecules through the 

polymer matrix.  (B) SEM images of the TNTs after drug incorporation 

(indomethacin) and dip coating of a polymer layer (chitosan layer and PLGA layer).  

Reprinted from ref. 39, copyright (2014), with permission from Elsevier. 
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Fig. 7. (A) Schematic showing that the NT-Sr coating, combining the effect of Sr and 

nanomorphology of the NT, dramatically promotes MSC spreading and induces MSC 

selective differentiation toward osteoblasts.  (B) SEM views of the cells after 

culturing for 2 days on Ti, NT, and NT-Sr.  Reprinted from ref. 42, copyright (2014), 

with permission from Elsevier. 
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Fig. 8. (A) Schematic diagram illustrating the degradation behavior and change in the 

mechanical integrity of biodegradable metal (BM) stents during vascular healing.  (B) 

Schematic diagram showing the degradation behavior and change in the mechanical 

integrity of biodegradable metal (BM) implants during bone healing.  Reprinted 

from ref. 48, copyright (2014), with permission from Elsevier.   
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Fig. 9.  µCT Mimics ® 3D reconstruction of the implanted site for the ZX50 and 

MAO implants.  Gas bubbles are visible in light blue.  Reprinted from ref. 66, 

copyright (2014), with permission from Elsevier. 
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Fig. 10. (A) Schematic diagram illustrating the fabrication of the 3D porous 

SPEEK-W and SPEEK-WA samples.  The SEM photographs are acquired from the 

surface of (B) PEEK control, (C) SPEEK-W, and (D) SPEEK-WA with the typical 

water droplet images shown at the lower left corner.  Reprinted from ref. 95, 

copyright (2014), with permission from Elsevier. 
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Fig. 11. (A) Synthetic steps of PEG-DGL and dtACPPD.  (B) Targeting and 

internalization strategy of the dtACPP modified nanoparticles, dtACPPD/DNA.  

Reprinted from ref. 113, copyright (2014), with permission from Elsevier. 
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Fig. 12. (A) TEM image and hydrodynamic distribution (inset) of RB-GNRs.  (B) 

Schematic illustration of the synthesis of RB-GNRs.  Reprinted from ref. 120, 

copyright (2014), with permission from Elsevier. 
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Fig. 13. (A) Schematic illustration of the preparation of magnetic fluorescent 

polymeric micelles encapsulated with magnetic nanoparticles by self-assembly, (B) 

TEM images: oleic acid stabilized Fe3O4 nanoparticles in hexane, amphiphilic 

poly(HFMA-co-VBK)-g-PEG copolymers in water, and Fe3O4-encapsulated 

polymeric micelles in water.  Reprinted from ref. 139, copyright (2014), with 

permission from Elsevier.
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Fig. 14. (A) Illustration of the fabrication process of microcapsule of 

Au@PLA-(PAH/GO)n by the layer-by-layer (LBL) technique.  (B) TEM and SEM 

images of the microcapsules at different stages: PLA, Au@PLA, and 

Au@PLA-(PAH/GO)2.  Reprinted from ref. 157, copyright (2014), with permission 

from Elsevier. 
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