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A B S T R A C T   

Modification of orthopedic implant surfaces through advanced nanoscale coating methods has made a major 
breakthrough in maximizing implantation success. Adjustable drug release and biocompatibility are among the 
most momentous features since they can significantly prevent the implantation failure. In this study, the po-
tential of silk fibroin (SF) nanofibers fabricated via electrospinning, along with titanium oxide nanotube arrays 
(TNTs) formed through anodization, were exploited to produce a cyto-biocompatible, well-controlled drug de-
livery system. Highly-ordered TNTs were formed in an organic electrolyte solution within 2 h at the voltage of 60 
V under temperature controlling (16 ◦C). Vancomycin was loaded using a vacuum system designed for this 
purpose. A two-level full factorial design of experiments was carried out to obtain the highly suitable, optimized 
conditions to create an electrospun fibrous network with aligned uniform nanofibers, which revealed the 
dominant role of polymeric solution concentration in the generation of nanofibers. The topography and surface 
roughness results determined by atomic force microscopy (AFM), showed a considerable boost in the surface 
roughness of the coated samples, which resulted in enhanced cell adhesion, viability, and osseointegration, 
especially in the co-modified one (TNT/SF). Drug release outcomes demonstrated a conspicuous decrease in the 
burst release percentage (from 88% for bare to 20% for TNT/SF sample), and a noticeable overall release time 
extension (from 10 days for bare to 40 days for TNT/SF sample) at a near zero-order release rate caused by the 
surface co-modification.   

1. Introduction 

In recent decades, with the growing trend of human life expectancy 
and life span, more people are at the risk of age-related medical issues 
such as osteoarthritis, joint and dental diseases [1]; therefore, demands 
for implant placement surgeries has increased significantly. This surge in 
demand has been paralleled by improvements in surgical techniques and 
procedures, and developments of biocompatible materials [2]; however, 
orthopedic surgeries may result in undesirable and harmful conse-
quences due to persistent infection and poor tissue integration [1,2]. The 
root cause of these problems is attributed to the contamination of im-
plants and implant sites during or after surgery, which leads to the 
infection of the surrounding tissue by microorganisms such as bacteria 
[3]. To inhibit the bacterial adhesion and proliferation, controlled drug 
delivery systems (DDS) of antibiotics (such as vancomycin, penicillin, 

and gentamicin) into the surrounding tissue proposed as an efficient 
therapeutic method according to kinds of literature [4]. Nevertheless, 
conventional and traditional drug delivery routes, such as oral, paren-
teral, and inhalation would result in patients being exposed to an 
inappropriate dosage of drugs. Thus, overprescribing of antibiotics is 
associated with an increased risk of adverse effects and unwanted side 
effects. If the medication loses its ability to kill bacteria, these bacteria 
and other germs become much more resistant and less susceptible to 
different types of treatments; this way antibiotics are becoming 
increasingly ineffective as drug-resistance spreads [5,6]. Nothing like 
targeted delivery of drugs to the site of infection, which is localizing a 
drug directly at the target site, can set the path towards overcoming this 
dilemma [5]. 

Herein, the widespread use of Titanium and its alloys (e.g. Ti6Al4V) 
in biomedical applications has made them one of the most important 
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biomaterials to date. This is mainly due to their exceptionally high 
strength to weight ratio, flexibility, and excellent resistance to corrosion, 
and superior biocompatibility [2,7]. Notwithstanding these desirable 
features, owing to the bacterial biofilms formation and insufficient 
osseointegration of Ti-based implants, the requirements for antibiotics 
and anti-inflammatory drugs that protect them from invasion by bac-
teria continue to remain in effect [5,8]. In this regard, controlling both 
the surface physicochemical and biochemical features of implants would 
reduce their bioinertness and consolidate the connection between the 
implant surface and peri-implant living bone, as well as a long-lasting 
structural bond with the surrounding host bone. Thus, versatile sur-
face modification and functionalization possibilities of Ti-based alloys 
could be regarded as the reconfirmation of these materials selection as 
the highly suitable ones for permanent orthopedic implants [9,10]. 
Surface topography modification also provides a better platform for 
local delivery of therapeutic agents around the implantation site 
[10,11]. As a result, different surface treatment processes such as alka-
line treatment, surface cleaning with plasma, sandblast and acid etching 
[12,13], and applying various coatings for bio-functionalization, 
comprising formation of a compact layer of TiO2 [14], biocompatible 
polymers [15], and active macromolecule structures [16] have been 
developed to maximize the functionality and promote the surface 
characteristics of these implants. Among these procedures, fabrication of 
TiO2 (titania) nanotube arrays (TNTs) via anodization of Ti-based im-
plants is being the center of attention as a cost-effective and tailorable 
method [17]. 

Several in vitro and in vivo studies have suggested that TNTs with a 
trabecular bone-like structure will be conducive to a successful potential 
biomimetic surface, supporting the growth of osteoblastic cells [18,19]. 
Moreover, the hierarchical nanostructures with hexagonal arrange-
ments make these TNTs a promising candidate for drug loading/eluting 
systems [6,19]. As TNTs dimensions (length and diameter) play a pivotal 
role in controlling the drug release kinetics, as well as the amount of 
drug which is loaded, much headway has been made towards optimizing 
both the length and diameter of TNTs by altering the anodization pa-
rameters such as voltage, time, and temperature. However, drug-eluting 
profile of TNTs still exhibits an initial sudden release of the therapeutic 
agent [20–22]. Besides, there are still controversial reports of specific in 
vivo infections of TNT-coated implants in various studies [23]. As 
mentioned above, the success and longevity of orthopedic implants are 
strongly governed by their surface properties; hence, one straightfor-
ward, yet efficient and productive route to help meet these challenges is 
making use of further surface modifiers such as coating the drug-loaded 
Ti-based implants with biocompatible polymers [23,24]. In this regard, 
Gulati et al. [25] deposited two kinds of polymers, chitosan and poly-
lactic-co-glycolic acid (PLGA), on indomethacin-loaded TNTs using the 
dip-coating method. Polymer-coated TNTs compared to bare one, indi-
cated enhanced cell response and prolonged release of the drug. In 
another attempt, Kumeria et al. [24] extended the overall gentamicin 
release from 7 ± 2 days (for uncoated TNTs) to 22 ± 3 and 26 ± 1 days 
for chitosan-coated TNTs and PLGA-coated TNTs, respectively; addi-
tionally, numerous studies have been conducted on the functionaliza-
tion of implant surfaces by silk as a natural biopolymer. Zhang et al. [26] 
successfully coated silk fibroin (SF) on tetracycline-loaded Ti-based 
substrate through electrophoretic deposition method to improve cell 
adhesion. Furthermore, Gua et al. [27] reported that post-treatment of 
silk-coated Ti-based substrates with ethylene glycol diglycidyl ether 
(EGDE) and ethanol has led to the formation of a stable and tightly 
adhered SF coating. In another research conducted by Saha et al. [28], 
they favorably deposited SF on the surface of TNTs-coated Ti6Al4V 
implant electrophoretically by doing the same procedure; therefore, 
major advances were made to assure the long-term integration of the 
implants into the body. 

Owing to unique advantages like outstanding biocompatibility, 
tunable drug release properties, high capacity to stabilize the loaded 
drugs, along with remarkable cell adhesion capability, SF as one of the 

foremost biomaterials among the natural polymers and protein-based 
materials has gained a great attention in biomedical applications 
[29–33]. Although the process of electrospinning appears to be simple, 
thorough understanding of its versatility and viability can provide 
fruitful outcomes. This method can generate uniform-thickness fibers 
with typically ranges between tens of nanometers (fine and ultra-fine) to 
a few micrometers (thick) with multiple arrangements and morpho-
logical structures. 

The amalgamation of titania as a bioceramic with SF as a 
biopolymer, which will lead to the fabrication of implant surfaces with 
sustained drug release and unprecedented control over cellular activities 
could be counted as a winning combination in tissue engineering, wound 
dressing/healing, and drug delivery nanocarriers. [33–35]. 

Herein, by adjusting the fundamental parameters in the synthesis of 
TNTs and SF, we efficaciously co-modified the Ti-6Al-4V implant surface 
with the aim of enhancing its performance. The resulting synergistic 
effects are predicted to lead to the successful integration and splendid 
performance of these implants into the body. In this research, a 
comprehensive study has been conducted on the effective parameters in 
the synthesis of this promising candidate. 

TNTs were fabricated on Ti-6Al-4V substrates in an organic elec-
trolyte using one-step anodization. The effect of anodization parameters 
on the structural properties of TNTs was also investigated. Vancomycin, 
antibiotic used for treating complicated bone and joint infections, and 
eradication of serious and fatal bacterial infections (by gram-positive 
bacteria) was encapsulated into the TNTs by implementing a newly 
designed vacuum method. The idea that vacuum implementing can 
substantially increase the encapsulation efficiency, the percentage of 
drug that is successfully entrapped into the TNTs, came from other 
works done by other researchers (explained in Materials and Methods 
section), but designing the loading system in order to make the best use 
of the applied vacuum has been done by the authors of this study. The 
drug-loaded TNTs were then covered with SF nanofibers through the 
electrospinning process. The optimal dimensions and microstructures of 
SF nanofibers were determined using the two-level full factorial design 
of experiments. Subsequently, XRD and FESEM analyses were carried 
out to characterize the microstructure crystallinity and morphology of 
the samples. Surface topography and roughness of the samples were 
measured by atomic force microscopy (AFM). Besides, for every sample, 
the in vitro drug release behavior and the kinetics involved were also 
studied. Ultimately, adhesion, proliferation, and viability of osteoblastic 
cells on the samples were assessed by SEM images and methyl-thiazolyl- 
tetrazolium (MTT) assay. 

2. Materials and methods 

2.1. Preparation of co-modified implants 

TNTs and SF nanofibers for implant surface co-modification were 
prepared in three steps as follows. Furthermore, all the experiments 
were conducted in triplicate.  

• Fabrication of TNT arrays 

The surfaces of the Ti6Al4V substrates (with a thickness of 0.5 mm 
was purchased from Behzad Steel Co., Tehran, Iran) were mechanically 
ground and polished with different grit of emery papers to a mirror 
finish, degreased in ethanol and acetone (Merck, Germany) by ultrasonic 
cleaning within 20–30 min, rinsed with DI water and then dried. Next, a 
one-step anodization process in a set up containing an organic electro-
lyte (ethylene glycol (Merck, Germany), 1 wt% ammonium fluoride 
(Merck, Germany) and 2 vol% DI water), Ti6Al4V alloy as both anode 
and cathode with the distance of 1 cm, and the surface area ratio of 1:2 
under a 60 V applied potential was accomplished to fabricate TNTs. 
Detailed information about this procedure can be found elsewhere 
[36,37]. The process temperature and time were considered based on 
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the experimental design outcomes. These results will be mentioned in 
Section 2.2. 

The obtained samples were dried at 120 ◦C for 2 h and annealed at 
500 ◦C with the heating rate of 2 ◦C/min for another 2 h to change in 
titania structure from amorphousness to crystalline and improve the 
durability and the adhesion between the substrate and its surface 
coating.  

• Drug loading 

Vancomycin (vancomycin hydrochloride powder, Jaber Ebne Hay-
yan Pharmaceutical Co., Tehran, Iran) was dissolved in water at the 
concentration of 8 g/L and was sonicated for 30 min to improve its 
homogeneity. Then, the obtained homogenous suspension was loaded 
into the TNTs using a Büchner flask connected to a vacuum pump and a 
syringe containing the drug suspension was embedded on the top of the 
vacuum flask in front of the sample. Drug loading was performed when 
evacuation started, so both the capillary force and the pressure differ-
ence contributed to TNTs filling, which has an advantage over pipetting. 
This system assists in releasing the trapped air in TNTs and providing 
more spaces for vancomycin loading [38–40].  

• Electrospining 

Two kinds of silk proteins, fibroin and sericin, have been distin-
guished as major components of silk cocoons. There are some protocols 
to separate fibroin as an inner core from the outer glue-like coating 
(sericin), one of which is a conventional method in which the fibroin is 
extracted from Bombyx mori cocoons by sericin removal that has been 
discussed in detail elsewhere [41–43]. Firstly, silk cocoons were cut. The 
degumming process took 45 min in an aqueous solution containing so-
dium carbonate (Na2CO3, Merck, Germany, 0.02 M) at 100 ◦C (boiling 
water allows the cocoons to stay intact without any fibers being cut 
short), which was repeated at least twice to ensure complete removal of 
sericin. The derived constituent was rinsed with DI water precisely and 
left at room temperature for 24 h. Dried sericin-free (degummed) silk 
was stirred for 4 h at 65 ◦C in 9.3 M aqueous solution of lithium bromide 
(LiBr, Merck, Germany) (to obtain a 10% w/v SF solution). The solution 
was first injected into a dialysis cassette and exposed to ultrapure water 
for 72 h, and then it was centrifuged at 10,000 rpm for 20 min to remove 
all its impurities, and immediately frozen at − 80 ◦C to be prepared for an 
overnight lyophilization. The snow-like spongy products resulting from 
the freeze-drying process were then electrospun. It was dissolved in 
formic acid (10% w/v) (Merck, Germany) and stirred until the entire 
solution became completely homogeneous. 5% w/v polyethylene oxide 
(PEO, M.W. 900,000, Exir GmbH, Austria) solution was added to the 
prepared solution (SF:PEO solution ratio was 4:1) to improve the solu-
tion viscosity and spinnability, and again stirred so that all the constit-
uent polymers of the solution completely dissolved and opened their 
chains to give a perfectly uniform solution. The process was conducted 
in a single-jet-electrospinning device (Lab2 ESI-II, Nanoazma Inc., Iran). 
The polymeric solution was fed into a 5 mL standard syringe with a 
needle orifice of 0.55 mm in inner diameter under the conditions ob-
tained from the design of experiments (it will be explained in Section 
2.2). The fibers were collected on TNT-coated samples adhered to the 
aluminum foils covering around the cylindrical-shaped collector. With 
the aim of stabilizing the obtained fibers as well as guaranteeing that the 
fibrous network has been fully adhered to its substrate, the obtained 
products were then soaked in methanol (Merck, Germany) for 1 h and 
dried overnight at room temperature. 

2.2. Statistical analysis 

As mentioned earlier, the optimum anodizing and electrospinning 
conditions were obtained as follows.  

• Anodizing optimization 

Through one factor at a time method, the effects of anodizing time 
and temperature on the TNTs structure and morphology were studied. 
This process was conducted in two different situations: without tem-
perature control and with maintaining a constant temperature of 16 ◦C. 
In addition, the times of 1, 2, 5, and 8 h were considered for the anod-
izing process.  

• Electrospinning optimization 

In the electrospinning step, preliminary tests were first performed to 
determine the effective parameters and their ranges (data not shown). 
Statistical analyses were done using Design-Expert 7.0.0 software to 
assess the effects of the applied voltage (15, 25 kV), the distance of the 
needle tip to the collector (8, 15 cm) and silk fibroin weight percentage 
(10, 20 wt%) on the nanofibers diameter as the single response. The 
number of tests required for two-level full factorial design is 2k + n, 
where k is related to the number of parameters with variation in two 
levels (low and high), and n is the number of replicates at the central 
point [44]. In the next step, the optimized conditions were determined 
via the desirability function. 

Table 1 indicates the two-level full factorial design of experiments. 
All the steps were carried out in random order to control the effects of 
extraneous variables [45]. 

2.3. Performance evaluation  

• Effect of co-modification on the drug release 

To discover the effects of different surface coverings on drug release 
behavior, uncoated (bare), anodized and TNT/SF coated samples, which 
were drug carriers were scrutinized. They were separately immersed in a 
3 mL phosphate-buffered solution (PBS, 0.01 M, pH = 7.4, Sigma 
Aldrich) and incubated at 37 ± 1 ◦C. In predetermined time intervals, 
the fraction of the released drug was obtained by measuring the ab-
sorption peaks at the wavelength of 280 nm (characteristic peak of 
vancomycin). Ultraviolet-visible (UV–Vis) spectrophotometry was used 
to determine these values. In order to track the initial burst release, 
shorter intervals were chosen at the early stages of testing. The time 
intervals were then increased incrementally to observe the long-term 
drug release behavior. The percentage of the drug released was calcu-
lated by dividing the amount of total entrapped drug, which was 
eventually discharged in the buffer into the drug concentration in PBS 
solution at each measurement.  

• Effect of co-modification on the cell adhesion 

Human MG-63 (NCBI C555) osteoblast-like cells, a line derived from 
an osteosarcoma, purchased from the cell bank of Pasteur Institute of 
Iran were cultured. After thawing the cells, they were transferred to a 

Table 1 
Design of experiments to determine the optimum conditions of the electro-
spinning process.  

Trial Variable  

Factor 1: voltage (kV) Factor 2: distance (cm) Factor 3: SF (%) 

1 15 8 10 
2 25 8 10 
3 15 15 10 
4 25 15 10 
5 15 8 20 
6 25 8 20 
7 15 15 20 
8 25 15 20 
9 20 11.5 15  
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flask containing Roswell Park Memorial Institute (RPMI 1640, Gibco, 
USA) medium supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA). The flask was then incubated at 37 ◦C in a humidified atmosphere 
of 95% air and 5% CO2. All the prepared samples (bare, TNT and TNT/ 
SF) were sterilized and placed in a 6 well culture plate. 4 × 104 cells in 
100 μL of culture medium were seeded onto each sample, the plate was 
incubated for 5 h, and after the cells adhered to the surfaces, a certain 
amount of culture medium including 10% FBS was added to each well. 
After 24 h, the medium was removed and the samples were washed with 
PBS for 30 s. The cells were then fixed with glutaraldehyde (3.5%, Sigma 
Aldrich) and were incubated at 4 ◦C for 2 h followed by rinsing with 
ethanol (50, 60, 70, 80, and 96 vol%) and DI water twice and dried.  

• Effect of co-modification on the cell viability (MTT assay) 

The proliferation and adherence of the cells on the samples were 
investigated for 1 and 5 days. The medium was then removed and MTT 
(Sigma Aldrich) solution (with a concentration of 5 mg/mL in PBS) in 
RPMI 1640 (10% v/v) was added to cover the entire surface of the wells. 
After incubation at 37 ◦C for 4 h, the wells were discharged of culture 
media and filled with dimethyl sulfoxide (DMSO, 10% v/v, Sigma 
Aldrich) to dissolve the formazan crystals. The absorption of the liquid 
phase in the wells was measured at 570 nm by a microplate spectro-
photometer (Epoch™, USA) and the cell viability (as well as the cyto-
toxicity) in comparison to the control was calculated. 

2.4. Characterization 

To identify the microstructure and the morphological characteriza-
tion of TNTs (from the top and cross-sectional view) and SF nanofibers, 
the field emission scanning electron microscopy (FESEM, Philips Model 
XL30 Netherlands) equipped with an energy dispersive spectroscopy 
was used. The cell morphology and adhesion were observed by scanning 
electron microscopy (SEM, FEI ESEM Quanta 200, USA). For further 
investigation, X-Ray Diffraction analysis (XRD, Philips Model PW1730 
Netherlands) was also utilized to determine the crystallographic struc-
ture of the samples; furthermore, atomic force microscopy (AFM) was 
exerted to study the surface topography and roughness. 

3. Results and discussion 

3.1. Optimization results of co-modified implants 

3.1.1. Anodizing process  

• Phase structure analysis 

Fig. 1 indicates the X-ray diffraction patterns of the Ti-6Al-4V sub-
strate compared to the anodized substrate after annealing. As can be 
seen in Fig. 1a, the diffraction peaks appeared at 2θ values of 38.6, 
40.64, 53.3, 63.5, 71.06, and 77.03 deg. corresponding to (002), (101), 
(102), (110), (103), and (201) lattice planes of hexagonal titanium, 
respectively. After annealing at 500 ◦C (Fig. 1b, the peaks associated 
with the anatase phase were appeared, which means that the amorphous 
phase was crystallized into the anatase structure). The emerging peaks at 
25.43, 38.1, 47.94, and 54.1 deg. can be assigned to the (101), (004), 
(200), and (105) planes of tetragonal anatase, respectively [46]. 

Debye-Scherrer equation was used to calculate the average crystal-
lite size of the TiO2-anatase phase: 

D =
kλ

(βcosθ)
(1)  

where D is the crystallite size, λ is the X-ray irradiation wavelength, K is 
the dimensionless constant (0.94), β is the full-width at half maximum, 
and θ is the main diffraction angle of the anatase phase (101). 

Accordingly, the average crystallite size of the TiO2-anatase phase has 
been estimated at 5.43 nm, which guarantees more stability for the 
anatase phase.  

• Microstructure and morphology 

Figs. 2 and 3 exhibit the high-magnification FE-SEM images of the 
top and cross-sectional view of the obtained TNTs, respectively. As Fig. 2 
shows, by increasing the anodization time to 8 h, the arrangement of the 
self-ordered TNTs became irregular and unstable. In addition, long 
anodizing duration has led to the fabrication of TNTs with non-uniform 
diameters. As the longer anodizing time increases the pH of the elec-
trolyte solution and thus slows down the rate of the chemical dissolu-
tion, TNTs will have a greater opportunity of finding stable sites, so they 
do not necessarily form along with each other, which results in in-
homogeneity of the structures. Besides, these structural and geometrical 
irregularities have manifested themselves through the thinning of the 
TNTs walls in Fig. 2d, and the formation of grass-like morphologies and 
bundled TNTs tended to collapse on each other in Fig. 3d, which has 
been also reported by Joseph et al. [47]. 

Apart from the above changes, by increasing the anodization time, an 
upward trend is observed in the TNTs length and diameter (The average 
diameter and length of TNTs were obtained by FESEM characterization 
technique which provides the information on the surface morphologies 
such as the average sizes) (Fig. 4a and b); however, as Fig. 4b demon-
strates, from a specific limit of time (2 h), no meaningful change occurs 
in the length of TNTs (their length change so gradually and slowly over 
time). This fact is in agreement with similar works [48]. 

The importance of anodizing temperature was confirmed when at 
temperatures above 30–35 ̊C, no regular titania nanotubular assembly 
structure was formed, and bundles of nanotubes with poor stability were 
obtained. In the anodizing process, an oxide layer is formed on the anode 
surface. The oxide layer corrosion occurs due to the reaction of fluoride 
ions with titanium oxide and the TNTs are fabricated when this reaction 
begins. The significance of anodizing temperature can be explained by 
its profound effect on the mentioned reaction rate. In other words, when 
the anodizing temperature rises, the reaction rate increases consider-
ably, which leads to the reaction between fluoride ions and the TNT 
walls before these ions reach the end of the cavities, causing the walls 
corrosion. Moreover, at temperatures higher than 35 ̊C, the TNTs are 
destroyed and collapsed because the surface corrosion occurs before the 
TNTs fabrication [49]. 

Therefore, temperature control is of paramount importance and the 
electrolyte temperature was always kept at 16 ◦C during the anodization 

Fig. 1. XRD pattern of (a) Ti-6Al-4V substrate, (b) anodized substrate 
after annealing. 
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process. Fig. 5 reveals the destruction of TNTs in a system without 
temperature control both at (a) 2 h and (b) 5 h anodizing. 

From these findings, the anodized sample in 2 h with the mainte-
nance of constant temperature (16 ◦C) was selected as the optimal 
sample and utilized for further experiments. 

3.1.2. Electrospinning process 
The data used for determination of optimum conditions for SF/PEO 

electrospinning are illustrated in Table 2. The mean diameter of the 
nanofibers (under the most desirable conditions for the TNTs formation) 
was obtained through FE-SEM images. 

The analysis of variance (ANOVA) for the obtained responses was 
applied and the results are tabulated in Tables 3 and 4. According to the 
ANOVA analysis, the P-Value of the linear model is 0.0325, which is less 
than 0.05; therefore, the model describes the system behavior in the best 
way possible. 

Based on the ANOVA analysis, since the curvature of the model was 
insignificant, the variation of effective factors at the selected region (by 
considering the only two-factor interaction (2FI) terms) was linear. A 
term with a P-Value less than 0.05 was significant, while the one with a 
P-Value greater than 0.1000 was considered insignificant. Thus, by 
ignoring the negligible factors, the relationship among the experimental 
results and the electrospinning parameters is described as follows: 

Diameter = +38.31571 − 1.88179 × Voltage − 9.18571 × Distance

+ 16.77786 × SF Concentration + 0.49929 × Voltage

× Distance − 0.36050 × Voltage × SF Concentration − 0.15786

× Distance × SF Concentration 

The proposed model is represented in terms of the coded values as 
the following equation: 

Diameter = + 125.99 − 7.74×A − 5.49×B+ 38.76×C+ 8.74×A×B

− 9.01×A×C − 2.76×B×C 

As it is obtained from the coefficients of the coded form of the model 
equation, the contribution rate of the studied parameters to the mean 
diameter of the nanofibers can be represented by the following 
sequence: 

SF (wt%) > voltage (kV) > distance (cm)

According to the perturbation plot (data not shown), the steeper 
slope relative to others, expresses the higher effectiveness of the 
parameter [50]. Thereby, the wt% SF is the most effective parameter, 
while the distance between the needle and the collector is the least 
effective parameter. Furthermore, by increasing the SF solution con-
centration, the increased viscosity and chain entanglement resulted in 

Fig. 2. Top view FE-SEM images of TNTs after (a) 1 h, (b) 2 h, (c) 5 h, and (d) 8 h of anodization.  

A. Goudarzi et al.                                                                                                                                                                                                                               



Surface & Coatings Technology 412 (2021) 127001

6

the formation of larger-diameter nanofibers. As a matter of fact, 
exceeding the SF solution concentration from a certain limit, which is 
associated with hindering the formation of electrospinning jet and small 
hemispherical droplets at the tip of the syringe needle, gives thicker 
nanofibers [51]. When the concentration of SF solution reached more 
than 20 wt%, the gelation process of this solution decreased the elec-
trospinability of the solution, and prevented the process of electro-
spinning from proceeding accurately. It has also been reported that 
decreasing the pH of the polymeric solution reduces the concentration 
before gelation (critical concentration), expressing that it is strongly 
influenced by pH. Accordingly, in acidic conditions whose pH is lower 

values, more dilute and less concentrated solutions should be exerted for 
the electrospinning process. However, it is apparent that considering a 
lower limit of the polymeric solution concentration is also crucial to 
produce high-quality bead-free nanofibers. Besides, at both high and low 
amount of applied voltage, increasing the distance between the needle 
and the collector leads to generate thinner nanofibers due to the pro-
longation of flight time; therefore, the solvent, a major component of the 
solution, has more time to evaporate during the flight [52]. Addition-
ally, it is generally accepted that by increasing the needle to collector 
distance, the strength of the applied electric field between the tip of the 
needle and the collector becomes weaker; thus, bead-on-string, oval-like 

Fig. 3. Cross-sectional view FE-SEM images of TNTs after (a) 1 h, (b) 2 h, (c) 5 h, and (d) 8 h of anodization.  
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or spindle-shaped structures on nanofibers disappeared and uniform, 
narrow fiber distribution emerged. Indeed, beaded electrospun fibers 
are usually regarded as poor quality fibers because they increase the 
degree of non-uniformity. Hence, the electrospinning parameters are 
often optimized to eliminate beads on fibers. Eventually, nanofibers 
with mean diameter of 72 nm were obtained that demonstrates the 
effectiveness of the process in producing thin nanofibers (<100 nm) in 
comparison to other relevant research works [53–55]. 

In the following, FE-SEM images of SF/PEO nanofibers, electrospun 
under the optimal conditions, before and after methanol treatment, are 
indicated in Fig. 6. As can be observed, the methanol-treated SF nano-
fibers (Fig. 6b) have rougher surfaces than non-treated ones (Fig. 6a), 
and the hollow structures obtained after the treatment facilitate and also 
enhance the process of cell attachment in the later steps, which is in 
accordance with Baimark et al. research [56]. Moreover, after the 
methanol treatment, the content of crystalline β-sheets increases, which 
can strengthen the adhesion between the fibrous web and its substrate 
[57]. 

3.2. Performance evaluation results 

3.2.1. Roughness properties 
Since the ultimate effectiveness of osseointegration does depend on 

surface topography of an implant, the surface properties of the polished 
Ti6Al4V substrate (bare), TNT covered and TNT/SF covered substrates 
were also investigated. Fig. 7 illustrates the three dimensional AFM 
images of all three samples. There is a scientific consensus that a rougher 
surface induces adhesion and spreading of bone cells, as well as provides 
a greater bone contact. Rough implant surfaces are believed to yield 
better osseointegration outcomes [58,59]. The corresponding root- 
mean-square roughness (Rrms) for each sample, which was calculated 
accurately using AFM images are given in Table 5. The estimated values 
represent an increase in the surface roughness after each treatment step. 
Thereby, the co-modified sample has a higher potential as being used as 
implantable replacements than the other two samples. 

3.2.2. Drug release behavior 
Fig. 8 compares the percentage of cumulative vancomycin release 

from bare, TNT, and TNT/SF samples. As can be seen, a rapid release of 
vancomycin promptly after administration occurred in all samples due 
to the leakage of a drug that has been inevitably present on their sur-
faces. A controversial question which is raised regarding this issue is 
about the percentage of this burst discharge [60]. The graph shows a 

Fig. 5. FE-SEM images of anodized samples without temperature controlling after (a) 2 h, and (b) 5 h of anodization.  

Table 2 
Two-level full factorial design of experiments on the electrospinning process and 
the mean values of the corresponding response.  

Trial Variable  Response 

Voltage (kV) Distance (cm) SF (%wt) Diameter (nm) 

1 15 8 10 100 
2 25 8 10 80 
3 15 15 10 72 
4 25 15 10 97 
5 15 8 20 196 
6 25 8 20 150 
7 15 15 20 167 
8 25 15 20 146 
9 20 11.5 15 102  

Table 3 
The analysis of variance (ANOVA) of the various factors and their interactions on 
the diameter of nanofibers.  

Source Diameter 

P-value  

Model 0.0325 Significant 
Voltage 0.0447 Significant 
Distance 0.0722 Not significant 
wt% SF 0.0124 Significant 
Voltage * Distance 0.0569 Not significant 
Voltage * wt% SF 0.0423 Significant 
Distance * wt% SF 0.0979 Not significant 
Curvature 0.0507 Not significant  

Table 4 
Results of different numerical optimization conditions.   

Factor level  Response Desirability 

Voltage Distance wt% SF Diameter 

Software input/ 
output 

15.15 14.96 10.02 71.72 1.000 
15.32 15.00 10.00 71.78 1.000 
15.00 14.79 10.01 71.98 1.000 
15.25 14.99 10.01 71.73 1.000 
15.03 14.93 10.03 71.56 1.000 

Goal In range In range In 
range 

Minimize – 

Importance 3 3 3 3 –  
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burst release to the extent of 87.5%, 55.13%, and 20.46% (recorded on 
the first day of the experiment) from bare, TNT and TNT/SF samples, 
respectively. In case of bare sample, given that almost all the drug was 

present on its surface, it has released a massive amount of the drug once 
it was exposed to PBS in the very first hours of testing. On the other 
hand, due to the fact that TNTs provide increased surface area to entrap 
the drug molecules, a reduction of more than 30% is observed in the 
burst release extent. In a word, titania-modified surfaces which allow 
more drug to be embedded could remarkably enhance the drug loading 
capacity. When it comes to TNT/SF sample, only a small portion of the 
drug was released burstly. The initial release of 20.46%, 35% less than 
does the TNT sample, is none other than the presence of SF. In fact, SF 
nanofibers act like a barrier preventing vancomycin from rapid 
releasing. Not only has the TNT/SF sample possessed plentiful sites for 
drug loading, but it also has had a fence-like layer which traps the drug 
molecules and allows them to pass through more slowly. Concisely, this 
sample can deliver a carefully-measured dosage of the medicine 

Fig. 6. FE-SEM images of SF/PEO electrospun nanofibers (a) before, (b) after methanol treatment under optimal conditions on the anodized sample.  

Fig. 7. AFM images of the surface morphology of (a) bare, (b) TNT, and (c) TNT/SF samples.  

Table 5 
Results of Rrms obtained from AFM analysis for polished Ti6Al4V, TNTs, and 
TNTs/SF coated samples.  

Sample Roughness 

Rrms(nm) 

Polished Ti6Al4V 75.638 
TNTs 158.011 
TNTs/SF 253.159  
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precisely when needed and behave in a sustained manner, as recom-
mended by Wang et al. [60]. 

Fig. 8 indicates that besides the pronounced alleviation in burst 
release behavior, the overall release time has prolonged from 10 days for 
the uncoated substrate (there is no meaningful change in the drug 
release profile of bare sample after 10 days) to 30 days for the anodized 
one, and 40 days for TNT/SF sample. It is noteworthy that comparing 
the findings of this study with those of others reveals the unequivocal 
contribution of the drug loading system prepared for this process in 
extending the drug release. Trapping the drug molecules deeper inside 
the TNTs caused by optimal use of the vacuum system has led to increase 
in drug loading capacity and encapsulation efficiency. These values are 
higher than those reported in many research papers that have the same 
findings [61]. 

The experimental data obtained from the in-vitro drug release pro-
files were also kinetically evaluated in the following. All the profiles 
were considered in two phases: initial burst release (phase 1) and slow 
release (phase 2). As shown in Table 6, the best-fitted model with the 
release data was obtained using the Higuchi equation since they are 
consistent with the hypotheses in this model [62]. Furthermore, since 
the zero-order model is regarded as an ultimate goal of all controlled 
drug release systems due to the provision of a constant drug release rate 
and an ideal delivery of drugs, the data were fitted to this model as well. 
The obtained results display that sample having the double-layer surface 
modification made the approach to the ideal drug release kinetic 
models, Higuchi and zero-order were found to be the best models for this 
purpose [63]; thereupon, the R-squared of TNT/SF sample in two phases 
(shown in Table 6) does not demonstrate a meaningful difference, 
showing the short initial burst phase in the co-modified sample did not 
cause a telling change in the release kinetics [62,64]. 

3.2.3. Biocompatibility results 
Since a fundamental requirement for the long-term stability of a 

permanent orthopedic prosthesis is to make a direct structural and 
functional contact between the surface of an implant and its adjacent 
living bone, the osteoblast activity in terms of adhesion, differentiation, 
growth, and proliferation of the human osteoblast-like cells on the 
prepared substrates was examined. Fig. 9 depicts the morphology of MG- 
63 cell line 24 h after seeding on the surface of bare, TNT and, TNT/SF 
samples. As it shows, the coated ones (Fig. 9b and c) demonstrate 
distinctly superior cell adherence compared to the uncovered one 
(Fig. 9a) representing a more spherical morphology with rounded cells, 
which has been also reported by Unger et al. [65]. The presence of SF 
nanofibers facilitates and also accelerates the process whereby cells 
attach to the double-coated sample [53]. In fact, stretching the nano-
fibers around the cultured cells helps them to get promoted spreading 
and filling across the fibers texture, as well as increases the cell-cell 
interactions, in comparison with the uncoated sample [53,66,67]. 
Moreover, apart from the appropriate cellular response of all three 
samples, interestingly, the cells eagerly have adhered on TNT/SF coated 
substrate within a short time (first day of culturing). 

Living and dead cells are different from each other in various aspects 
and based on each of these differentiations, a method can be defined to 
evaluate the cell viability. MTT assay uses the metabolism variations in 
alive and dead cells; meaning that, MTT, a yellow tetrazole, is metab-
olized and reduced to purple formazan crystals by mitochondrial suc-
cinate dehydrogenase of living cells. Fig. 10 displays the proliferation 
and viability of MG-63 cells on the prepared samples through MTT 
assay. As can be seen, all of them have an upward trend in cell propa-
gation versus time (from day 1 to day 5); in consequence, this assay 
confirms the non-cytotoxicity and cyto-compatibility of all these sam-
ples. It is worth mentioning that all prepared samples contained van-
comycin. Although the antibiotic may affect the process of cell growth, 
the uptrend in all samples, as can be seen in Fig. 10, indicates that the 
presence of this drug was not harmful to healthy cells and their growth. 
The lowest cell growth percentage is seen in bare substrate. Addition-
ally, although the formazan absorbance in TNT/SF is a little higher than 
TNT on day 1, the difference between them is not statistically significant 
(confirmed by the t-test), TNT/SF shows a notable boost in cell prolif-
eration on day 5. That demonstrates the better results compared to some 
other relevant studies [53,66]. The underlying rationale for this blatant 
shift is definitely to be found in the nature of silk fibroin, an exceptional 
biopolymer, and in the electrospinning process, a fascinating method to 
synthesize nanofibrous networks. Silk fibroin nanofibers produced by 
electrospinning give rise to large surface areas. With decreasing the fiber 
diameter, the amount of surface area increases [68] (which in the pre-
sent study, we achieved this by obtaining the optimal conditions for 
having the thin nanofibers); therefore, nanofibers with a higher surface 
area provide a broader platform with a three-dimensional structure for 
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Fig. 8. In vitro cumulative release profiles of vancomycin in PBS from bare, TNT, and TNT/SF samples.  

Table 6 
Results obtained from fitting drug release profiles with kinetic models in bare, 
TNT, and TNT/SF samples.  

Sample Model 

Higuchi Zero-order 

R2 R2 

Phase 1 and 2 Phase 2 Phase 1 and 2 Phase 2 

Bare 0.8497 0.9843 0.6762 0.9513 
TNTs 0.9477 0.9854 0.8225 0.9555 
TNTs/SF 0.9944 0.9946 0.9627 0.9719  
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Fig. 9. SEM images of MG-63 cells cultivated on the surface of bare (a,b), TNT (c,d), and TNT/SF (e,f) samples (with different magnifications) on the first day 
of culturing. 
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the tight connection among the cells and fibers; this way, cell-to-cell 
interplay, attachment, growth, and migration can happen facilely. As 
a result, after attaching and spreading on the surface of SF nanofibers, 
MG-63 cells need some time to start the migration and distribution 
through the pores and underlying nanofibers [69,70]. That occurred in 
our sample on day 5. These results once again emphasize the collabo-
rating effect of such surface engineering [53,71]. 

4. Conclusion 

Nowadays, orthopedic implants are extensively used in bone 
replacement surgeries. Plans are underway to develop more durable 
materials to make such implants, one of which is using various surface 
modification strategies to fight against infections and toxicities as the 
main causes of implant-associated failures and complications. Targeted 
drug delivery systems applied through a co-modified implant can fulfill 
many of the expectations and prerequisites essential for a successful 
implantation. In the present study, in order to improve the influence of 
antibiotics used to cure Ti6Al4V implant-related infections, promote 
osteoconduction and biocompatibility, provide a surface for the 
harmonious coexistence of implant and bone, and enhance the implant 
functionalization, implant surfaces were undergone surface treatments. 
Silk fibroin (SF) is a natural polymer that can profoundly affect the 
controlled release of vancomycin (as the drug), and biocompatibility of 
the sample as well. Therefore, the electrospinning circumstances of SF 
including distance between the needle and the sample, the voltage and 
the initial concentration of the polymeric solution were optimized using 
full factorial design of experiments to the formation of a regular network 
of stabilized SF nanofibers (possessing the most suitable diameter) that 
can significantly affect the mass transfer resistance leads to the sharp 
decline of the burst drug release. The presence of SF nanofibers reduced 
the burst release of vancomycin by more than 50% and 75% compared 
to the anodized sample without SF and bare sample, respectively. The 
amount of this initial burst in TNT/SF sample was so low that it did not 
cause any perceptible change in the kinetic mechanism. Moreover, the 
release time of the drug was 33% longer than that in the absence of SF (i. 
e. TNTs alone). Co-modified sample also showed a considerable 
augmentation (more than 1.5-fold that of bare sample) in cell 
proliferation. 
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