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Abstract: A composite material was fabricated by applying a biodegradable drug delivery coating, consisting of poly 
(3-hydroxyburyrate-co-3-hydroxyvalerate) (PHBV) and icariin, to an anodic oxidized titanium plate. The coating was prepared by 
evaporating chloroform solution containing PHBV and icariin on the titanium plate under vacuum condition. Icariin/PHBV coated 
titanium plates significantly enhance the proliferation of MG−63 cells compared with the PHBV coated and anodic oxidized ones. 
Increased icariin contained in the coating displays an elevated influence on cell proliferation. The results show that icariin gradually 
releases from the coating to cells mainly through the phospholipid-based cellular membrane instead of the culture medium. The overall 
results suggest that the novel icariin/PHBV coating can be used to enhance the bioactivity of titanium based orthopedic implants. 
Key words: poly(3-hydroxyburyrate-co-3-hydroxyvalerate)(PHBV); icariin; drug delivery coating; titanium 
                                                                                                                                                                                                                         
 
 
1 Introduction 
 

Titanium and titanium alloys are frequently used in 
biomedical devices and components such as orthopedic 
implants or prostheses because of their excellent 
mechanical properties, corrosion resistance and good 
biocompatibility [1]. After implantation in vivo, the 
surface of titanium can form directly a structural and 
functional connection with bone tissue, which is known 
as osseointegration [2]. However, it takes several months 
to complete a successful osseointegration [3]. To reduce 
this osseointegration period in bone replacement therapy, 
various surface modification technologies, such as 
mechanical methods, chemical methods and physical 
methods, have been carried out [4]. 

Traditional Chinese medicines (TCM) have been 
used in China to treat bone fractures and promote bone 
regeneration for thousands of years [5]. Studies have 
demonstrated that icariin (extract of epimedium) 
promotes the proliferation [6], differentiation [7], 
mineralization [8] and gene expression [9−10] of 
osteoblast cells. Normal medicine delivery in the body 
requires circulatory system. However, inevitably injured 
local capillary vessels during artificial bone transplant 

operation inhibit the drug delivery process and a drug 
delivery coating combined with orthopedic implant may 
overcome this barrier. 

At the implant-tissue interface, the drug delivery 
coating affects directly the cellular response of osteoblast 
cells. The ideal materials for this drug delivery coating 
are biodegradable materials with good biocompatibility. 
It has been revealed that the biodegradability and 
biocompatibility of PHBV meet requirements of the drug 
delivery coating [11−16]. Additionally, the rate of drug 
release can be manipulated via adjusting the PHBV 
degradation rate slightly by varying the copolymer 
composition [1]. 

In the present study, a novel icariin containing 
PHBV coating was designed to modify the surface of the 
anodic oxidization treated titanium plate. To analyze the 
influence of the icariin/PHBV coating on osteoblast cells, 
the morphology, adhesion and proliferation of 
osteoblast-like MG−63 cells were examined. 
 
2 Experimental 
 
2.1 Anodic oxidation (AO) 

After the scratches of titanium plates (10 mm×10 
mm×2 mm) were polished by 400-grits SiC sand paper, a  
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further polishing was carried out by using the acid 
etching solution, which contained HNO3 and HF 
(volume ratio of 1:1). Then, samples were ultrasonically 
cleaned with double distilled water (ddH2O) and ethanol. 
Finally, samples were dried in air. 

A sample, used as an anode, and two cathodic 
titanium plates were immersed into electrolyte solution 
containing NaF (0.138 mol/L) and H3PO4 (0.5 mol/L). 
Then they were applied a constant voltage of 10 V for 20 
min at 40 °C. All prepared samples were ultrasonically 
cleaned with ddH2O and dried in air. 
 
2.2 Preparation of icariin/PHBV coating 

After a series of icariin (Zelang Medical Technology, 
China) dimethyl sulfoxide (DMSO) solutions were 
prepared, 600 μL icariin solutions with a series of 
concentration were added into 6 mL PHBV (5% 
hydroxyvalerate (HV) in mole fraction and Mw of 300 
kDa, Tianan Biology, China) chloroform solution, 
respectively. Anodic oxidized titanium specimens were 
immerged and ultrasonically treated for 5 min in the 
icariin/PHBV- containing solution. The excess solution 
on the surface of titanium plates was gently removed 
with a glass rod. Finally, specimens were dried in a 
vacuum drying oven at room temperature for 2 h to 
obtain a tightly adhered icariin/PHBV coating. In this 
study, 5 solutions with different concentrations (1#−5#) 
were used to generate 5 different coatings (1#−5#), 
respectively. The mass of components contained in 5 
solutions (total volume 6.6 mL) was listed in Table 1. 
 
Table 1 Ingredients of solutions used to prepare icariin/PHBV 
coatings 

Solution No. 1# 2# 3# 4# 5# 

m(Icariin)/mg 0 0.3 0.6 0.9 1.8 

m(PHBV)/mg 250 250 250 250 250

 
2.3 Surface analysis 

The surface morphologies were observed in a field 
emission scanning electron microscope (FESEM, 
JSM6700F, JEOL, Japan) and an environment scanning 
electron microscope (ESEM, Quanta 200, FEI, USA). 
 
2.4 Contact angle measurement 

After approximately 10 μL distilled water was 
gently dropped onto the surface of samples, water 
contact angle was measured with pendant drop method at 
20 °C by a contact angle meter (SL200B, KINO Industry, 
China). 
 
2.5 Cell culture 

Human osteosarcoma cell line, MG−63, which was 
obtained from the cell bank of China (Shanghai), was 
cultured with RPMI 1640 (Thermo) medium 

supplemented with fetal bovine serum (Thermo, volume 
ratio of 1:10) at 37 °C in a humidified incubator (Thermo) 
with an atmosphere of 5% CO2. 
 
2.6 Cell adhesion 

In wells of the 24-well plate (Greiner bio-one), 
1×105 MG−63 cells were seeded to every sample. Six 
hours later, samples were collected for cells fixation. 
After all specimens were pre-fixed with 3% 
glutaraldehyde for 30 min, the dehydration process was 
carried out by combining a gradient ethanol/ddH2O 
dehydration and a gradient hexamethyldisilazane/ethanol 
dehydration. The morphologies of cells were observed 
by the environment scanning electron microscope. 
 
2.7 Cell proliferation 

The culture medium was removed from all sample 
wells after 1, 3, 5 and 7 d of culture, meanwhile 1 mL 
alamarBlue containing medium, which was prepared by 
following the manufacture’s instruction, was added. The 
plate was then further incubated in a humidified 
incubator for 6 h. 100 μL diluted solution from each well 
was transferred to an ELISA plate. The absorbance of 
collected samples at both 570 nm and 630 nm 
wavelengths were detected by ELISA Reader (Thermo). 
The percent of reduced alamarBlue was calculated 
according to the manufacture’s instruction. The 
alamarBlue-containing media in all samples were 
replaced with fresh normal culture media soon after the 
detection. 
 
2.8 Dissolution products of icariin/PHBV coating 

(sample 5#) 
After 10 samples with icariin/PHBV coating 5# 

were incubated with 10 mL RPMI 1640 (Thermo) 
medium at 37 °C for 24 h, the medium containing 
dissolution products was collected and replaced with 
fresh medium. The dissolution products collected at day 
1, 3, 5, 7 were named 1D, 3D, 5D and 7D. Then those 
collected media were used to prepare the culture media 
by adding fetal bovine serum (Thermo, volume ratio of 
1:10). The normal culture medium was used as the 
control sample. The proliferation of MG-63 cells was 
examined by using those media to culture cells. The 
alamarBlue assay was employed to detect cell 
proliferation as well. 
 
3 Results 
 
3.1 Surface morphologies 

The morphologies of samples obtained by different 
treatments were analyzed by FESEM or ESEM. The 
representative FESEM micrographs of the polished and 
AO treated titanium surfaces are shown in Fig. 1. At the  
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low magnification (Figs. 1(a) and (b)), the surfaces of 
polished and AO treated titanium plate look like the 
same, but at the high magnification it displays that the 
surface of AO treated titanium plate is covered with 
ordered nanotubes (Fig. 1(c)). 

The icariin/PHBV coating separates from the 
polished titanium plate after vacuum evaporation, but the 
icariin/PHBV coating remains tightly attached with AO 
treated titanium plate after it has been sterilized with 
autoclave at 120 °C. 

Surface topology of the icariin/PHBV coating was 
examined by ESEM. The results exhibit that the surface 
of this icariin/PHBV coating is decorated with some 
granules (Fig. 1(d)). The side view (Fig. 1(e)) displays 
that the thickness of the icariin/PHBV coating is around 
70 μm. 
 
3.2 Surface hydrophilicity 

Surface hydrophilicity of the icariin/PHBV coating 
was examined by measuring contact angle to water  
(Fig. 2). There is no difference between the contact angle 
of the PHBV coating (1#) and the icariin/PHBV coating 
(5#), indicating that the contact angle is not influenced  

 
Fig. 2 Contact angles of PHBV coating (1#), icariin/PHBV 
coating (5#) and AO treated titanium surface 
 
by the icariin content in this coating. Both coatings 
exhibit more hydrophobic surfaces compared with the 
surface of AO treated titanium plate. 
 
3.3 Cell morphologies 

The MG−63 cell line was used to investigate the 
bioactivity of the icariin/PHBV coating. Figure 3 
exhibits images of MG−63 cells after 6 h and 7 d of  

 
 
 
Fig. 1 FESEM morphologies of polished 
titanium surface (a), AO treated titanium 
surface (b, c), ESEM morphologies of 
front view (d) and side view (e) of 
icariin/PHBV coated sample 5# 
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Fig. 3 ESEM morphologies of cells cultured on AO treated titanium plate for 6 h (a) and on sample 5# for 6 h (b) and 7 d (c, d) 
 
culture, respectively. Figures 3(a) and (b) demonstrate 
morphologies of MG−63 cells in the cell adhesion stage. 
Cells on the surface of AO treated titanium (Fig. 3(a)) 
exhibit the typical morphology of polygon as another 
study [17]. Moreover, MG−63 cells on the icariin/PHBV 
coating display a healthy and active appearance    
(Figs. 3(b), (c), and (d)), since they are elongated, flatted 
and widespread. According to morphologies of MG−63 
cells after 7 d of culture (Figs. 3(c) and (d)), lots of 
filopodia between the neighboring cells have been 
observed, demonstrating that the spreading and 
proliferation of cells are excellent. 
 
3.4 Cell proliferation 

The percent of reduced alamarBlue lineally reflects 
the cell number within the linear range of this method. 
The results of all samples, detected by the alamarBlue 
assay, are shown in Fig. 4. After 1 d of culture, MG−63 
cell numbers of different samples vary predominantly, 
resulting from the difference of cell seeding efficiency. 
Three days later, the cell numbers of samples 2#, 3#, 4# 
and 5# are higher than the other samples because of 
positive influence of icariin on cell proliferation. It has 
been confirmed that PHBV displays no significant 
influence on cell proliferation by comparing the reduced 
alamarBlue values of sample AO and sample 1#. Based 
on Fig. 4, after 3, 5, and 7 d of culture respectively, 
sample 5# shows the highest alamarBlue reduction value, 

illustrating that the highest icariin content of the coating 
results in the greatest effect on cell proliferation. 
Increased icariin content of the coating shows an 
enhanced influence on cell proliferation by comparing 
the alamarBlue reduction values of samples 2#, 3#, 4# 
and 5# detected following 3, 5, and 7 d of culture, 
respectively. The results demonstrate that the 
icariin/PHBV coating significantly promotes the 
proliferation of MG−63 cells. 

To investigate the way of icariin transmission, 
whether through the culture medium, the cellular 
membrane or even both, culture media containing  
 

 
Fig. 4 Percent of reduced alamarBlue of samples (cells cultured 
on different samples) 
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dissolution products from sample 5# were prepared as 
described in section 2.8. 

 According to Fig. 5, media containing dissolution 
products only slightly enhance cell proliferation. It 
suggests that only a small amount of icariin dissolved 
into the medium from this coating. Hence, the 
icariin/PHBV coatings mainly deliver icariin locally 
through the cellular membrane and dramatically 
influence cell proliferation of attached cells. 
 

 
Fig. 5 Percent of reduced alamarBlue of samples (cells cultured 
by media containing dissolution products of coating) 
 
4 Discussion 
 

Titanium-based orthopedic implants are commercial 
produced and widely used for clinical treatments, but 
those biomaterials lack affinity to human bone tissue [4]. 
Therefore, an additional coating, like a hydroxyapatite 
coating by plasma spraying [18], is required to enhance 
the affinity of titanium-based biomaterials to osteoblast 
cells. However, the high temperature during the plasma 
spraying process reduces the bioactivity of the HA 
coating. 

Surface properties of implants play a pivotal role in 
cell adhesion [19−24]. In this study, a novel 
icariin/PHBV layer coated titanium plates were prepared 
at room temperature. After 6 h of culture, seeded MG−63 
cells on the icariin/PHBV coating are elongated, flatted 
and widespread (Fig. 3(b)), suggesting that this coating is 
suitable for cell attachment. Following MG−63 cells 
adhesion, the stimulation of cell proliferation has also 
been confirmed by the alamarBlue assay (Fig. 4). Due to 
the highest content of icariin in the icariin/PHBV coating 
(5#), the proliferation of MG−63 cells dramatically 
elevates when they are cultured on this coating (Fig. 4). 
To test the way of icariin delivering to cells, a series of 
experiments were carried out. Since cell proliferation 
only is slightly influenced by media containing released 
ingredients from the icariin/PHBV coating (Fig. 5), it is 
clear that icariin transmits predominantly from the 

coating to cells through the cellular membrane instead of 
the culture medium. 

The icariin/PHBV coating, easily manufactured, 
significantly improves the affinity of titanium to 
osteoblast cells, implying that commercial usage of this 
icariin/PHBV coating would be accepted in the future. 
 
5 Conclusions 
 

1) The icariin/PHBV coating with around 70 μm in 
thickness tightly attaches to the surface of anodic 
oxidation treated titanium. 

2) The icariin/PHBV coated titanium plates 
significantly enhance the proliferation of MG−63 cells 
compared with the PHBV coated and anodic oxidized 
ones. Increased icariin in the coating displays an 
increased influence on cell proliferation. 

3) The icariin/PHBV coating gradually delivers 
icariin to adhere cells mainly through the cellular 
membrane instead of the culture medium. 
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摘  要：以聚 3-羟基丁酸酯-co-3-羟基戊酸酯(PHBV)和中药淫羊藿苷的三氯甲烷溶液为原料，通过真空干燥使溶

剂挥发，在阳极氧化钛表面制备可降解的药物缓释涂层。体外细胞实验表明，相比于阳极氧化钛和 PHBV 涂层，

含淫羊藿苷 PHBV 涂层能够显著地促进成骨细胞 MG−63 在其表面增殖，并且随着涂层中淫羊藿苷含量的增加，

促进细胞增殖的作用越明显。淫羊藿苷主要通过细胞膜吸收而不是通过溶解在培养液中的方式发挥作用。结果表

明，此药物缓释涂层能够有效增强钛植入材料的生物活性。 

关键词：聚 3-羟基丁酸酯-co-3-羟基戊酸酯(PHBV)；淫羊藿苷；药物缓释涂层；钛 
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