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Abstract

Cleaning and coating processes as well as biocompatibility of gyroid commercially pure titanium (Cp-Ti) biomedical implants 
using the laser powder bed fusion (L-PBF) technology were analyzed. Etching time for cleaning of gyroid Cp-Ti biomedical 
implants were determined to remove non-melted particles from the surface. Nano hydroxyapatite (nHA) and polylactic acid 
(PLA) composite coating on the gyroid Cp-Ti implants via dip coating were optimized. Dip coating’s withdrawal speed also, 
the amount of nHA:PLA and viscosity effects of composite were evaluated. 1000 mm/min withdrawal speed prevented clog-
ging of the pores. In addition, silk fibroin was coated on gyroid Cp-Ti implants with electro deposition method. Optimum 
coating thicknesses were achieved. Biocompatibility after PLA:nHA and silk fibroin were studied. Gyroid and solid Cp-Ti 
presented 3% and 1% mass loss after a minute of HF/HNO3 etching. The three-minute etching protocol led to the highest 
micro pit width formation on the surfaces. 70:30 PLA:nHA and silk fibroin established crack-free coatings on gyroid Cp-Ti 
surfaces. MTT, live-dead cell assay revealed good biocompatibility after coating.

Keywords Chemical etching · Composite · Silk-fibroin · Dip coating · Electro-deposition technique · Cell viability

1 Introduction

Biomedical metal implants are extensively used for the res-
toration of the structure and functions of bones and joints 
[1]. Pores on such implants facilitates the growth of bone 
cells allowing tissue integration [2]. Commercially pure 
titanium (Cp-Ti) biomedical implants [3] were recently 
produced using the laser powder bed fusion (L-PBF) 

technology and analyzed [3, 4]. Triply periodic minimal 
surface (TPMS) porous structures based on mathemati-
cal modeling of these implants resembled the trabecular 
bone structure [5]. TPMS such as gyroid was assumed to 
allow passage of the nutrients, including growth factors 
through their high permeability among the pores for faster 
vascularization and bone integration [6]. Producing porous 
Cp-Ti biomedical implants using L-PBF technology is a 
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novel approach and is therefore less investigated in terms 
of the cleaning, coating and biocompatibility properties 
of these structures.

Producing gyroid structures by L-PBF technology may 
leave non-melted Cp-Ti particles on the surface of the 
implants [7–9] that may cause particle disease and aseptic 
loosening. The cleaning process was therefore developed to 
remove non-melted particles [7] and chemical etching is one 
of the most widely used methods [10–12]. The commonly 
preferred acids for etching of Cp-Ti are hydrofluoric acid 
(HF), nitric acid  (HNO3), hydrochloric acid (HCI), sulfuric 
acid  (H2SO4) and acetic acid  (CH3COOH) [8]. The combina-
tion of HF and  HNO3 acids was previously recommended 
in the literature [11]. Hydrofluoric acid releases hydrogen 
gas due to the reaction with the titanium oxide layer on the 
surface and this hydrogen gas poses a risk of embrittlement. 
 HNO3 reacts with the released hydrogen gas, prevents brit-
tleness and passivates it by forming a titanium oxide layer 
on the surface [13]. The titanium dioxide  (TiO2) formed on 
the surface ensures that the main material remains bioinert 
by keeping the water in the biological liquid on the sur-
face, which forms Ti–OH and causes crystallization. The 
osseointegration feature is also due to the presence of this 
oxide layer. Bonding the oxide surface with calcium and 
phosphorus initiates adhesion to the bone [14]. Studies [10, 
11, 13] have explored the acid solution ratio and etching 
time for HF/HNO3-treated Ti alloys however similar studies 
for gyroid Cp-Ti biomedical implants were not identified in 
literature.

Calcium phosphate (CaP) [14] coating of Cp-Ti implants 
reinforced with polymers is considered as a prefered method 
to enhance bone ingrowth and tissue integration [15]. The 
coating processes for Ti biomedical implants with polymer/
CaP are well defined [16, 17] in Table 1, however further 
exploration is needed for L-PBF production of intricate 
gyroid geometries [18–20]. Coating porous Cp-Ti biomedi-
cal implants with poly lactic acid (PLA)-hydroxyapatite 
(HA) composites was considered to promote the adhesion 
of osteogenic cells to the surfaces and increase biocompat-
ibility [21], however surface modification process had to be 
optimized for gyroid structures. Dip coating may provide 
minimum coating thickness, low operating temperatures and 
low volume shrinkage for complex porous Cp-Ti biomedi-
cal implants [22]. Nonetheless, more research is required to 
understand the dip coating’s immersion duration, deposit, 
drainage, and evaporation phases for gyroid Cp-Ti biomedi-
cal implants [23, 24]. These main parameters of the dip coat-
ing process could affect the thickness and the homogeneity 
of the coating. Silk fibroin is also used for the coating of the 
Cp-Ti biomedical implants using the electrical deposition 
technique [25–27] It is a natural protein extracted from Bom-

byx mori, which has been actively used in the field of tissue 
engineering and regenerative medicine [28]. Dip coating 
and electrical deposition coating optimizations are generally 
developed for solid, crack-free and smooth surfaces, obtain-
ing homogeneous 400 nm to 223 µm [16, 17, 28] coating 
thicknesses. Studies [29] indicated that variations in coating 
thickness at the implant’s edges may result in cracks during 

Table 1  Dip-coating parameters of implants

PCL Polycaprolactone, PLA polylactic acid, HA hydroxyapatite

Sample Coating Comp. Solution Content Withdraw. Speed Cycle Drying Thick. Findings Ref

Porous Cp-Ti PLA:
nHA

70:30 
(PLA:nHA)

1000 mm/min 1 Room temp. 
24 hours

400 nm Homogenous 
dissolved and no 
occlusion into 
the pores.

This study

Ti6Al4V PLA:HA 0,5 g PLA
0,5 g HA,

510 mm/min. 5 Room Temp.
24 hours

400 nm Homogeneously 
coated without 
any cracks

[16]

Mg PCL:HA 4%(w/v) ratio PCL 
% 0, 5, 10, 15 (wt) 

HA added

- 3 Room Temp.
-

50-52 µm PCL/HA has lower 
porosity on the 
surface than HA 
coating.

HA agglomeration 
is observed

[23]

Ti6Al4V PCL:HA PCL (30 wt %) 
/ HA 

200 mm/min 5 60℃ 
12 h at vacuum 

furnace

223 µm Thicker and 
densely coating 
without any 
crack

[17]

Iron PLA:HA %5 w/v PLA
PLA and HA 1:1

200 mm/min 5 Room temp. 48 
hours

- Homogenous dis-
solved and low 
agglomeration 
HA

[24]
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the sintering process. Homogeneous coating of thin-walled 
gyroid structures that avoid clogging however were not well 
documented.

In this study, we investigated whether gyroid Cp-Ti bio-
medical implants could have their cleaning and coating 
processes improved to achieve desired biocompatibilities, 
including open porosity and crack-free surface structures. 
We further asked what the feasibility of the silk fibroin and 
PLA:HA composite coating materials is on gyroid Cp-Ti 
discs in terms of biocompatibility. The objective of the study 
was to develop the cleaning and the coating procedures for 
gyroid Cp-Ti biomedical implants and to evaluate the bio-
compatibility of the resulting coating. The effects of the 
coating materials used on cell viability were therefore evalu-
ated directly and in-directly by in-vitro cytotoxicity tests.

2  Materials and method

We conducted a two-stage controlled cross-sectional study 
with an inter-disciplinary and multi-center approach. In 
the first stage, we formulated a cleaning process for gyroid 
Cp-Ti discs to determine the duration as the dependent vari-
able. In the second stage, we defined the processes for silk-
fibroin and PLA:HA coatings. The biocompatibility of these 
coatings was assessed using the indirect MTT cytotoxicity 
and the direct live and dead cytotoxicity test.

2.1  Design and manufacturing of the gyroid 
structures

Gyroid unit cells were designed. They were created in a unit 
cell size of 3.0 mm and a wall thickness of 0.5 mm. These 
unit cells were then incorporated into solid discs with a 
diameter of 6.0 mm and a thickness of 2.0 mm, resulting in 
the generation of a gyroid disc model using the nTopology 
(New York, NY, USA) software [30]. Gas-atomized spheri-
cal Cp-Ti Grade 2 powder (EOS GmbH Electro Optical Sys-
tems, Kralling, Germany) with a particle size (d50) ranging 
from 38 µm to 45 µm [31] was utilized in the EOS M290 
L-PBF device by using the EOSPRINT 2.8 software (EOS 
GmbH Electro Optical Systems, Kralling, Germany) to 
produce the gyroid Cp-Ti discs. The resulting gyroid Cp-Ti 
discs exhibited full density and high dimensional accuracy 
[4] (Table 2).

2.2  Cleaning process

Gyroid Cp-Ti discs were chemically etched with HF (70%) 
(Merck, USA) and  HNO3 (65%) (Chemlab, Belgium) acidic 
solution for one, two and three minutes and shown in Fig. 1. 
Solid and un-etched Cp-Ti discs established the control 
group. There were 24 samples for the studies, three gyroid 

disc samples and three solid disc samples in control group, 
one, two and three minutes etching groups. Remaining par-
ticles on the sandblasted gyroid discs were ultrasonically 
washed using a mixture of aminoethanol polyethylene glycol 
(HT1170, Deconex, Netherlands) and potassium hydroxide 
(HT1401, Deconex, Netherlands) diluted in distilled water. 
The discs were then de-acidified in distilled water for ten 
minutes and dried at room temperature. This process was 
repeated after chemical etching.

2.3  Coating process of Cp‑Ti discs

2.3.1  Dip coating process with PLA:nHA composite

PLA (L210 Evonik, Germany) was initially mixed with 
chloroform and dissolved in a magnetic stirrer at 40 °C 
and 300 rpm for six hours and shown in Fig. 2. Nano-sized 
hydroxyapatite (Nanografi, Turkey) was subsequently incor-
porated into the PLA solution and stirring was continued for 
an additional four hours with 500 rpm at room temperature. 
Gyroid Cp-Ti discs were immersed in the PLA:nHA solu-
tion using a dip-coating instrument (KSV Nima Dip Coater, 
Biolin Scientific, Stockholm, Sweden). The amount of nHA 
to prevent crack propagation, the quantity of chloroform 
to control the solution’s viscosity and withdrawal speed 
were adjusted during the coating optimization and shown 
in Table 3.

Effects of nHA Amount on Crack Propagation and Coat-
ing Homogeneity of Solid Cp-Ti Discs Two distinct sol–gel 
composite solutions were prepared to investigate the effects 
of the amount of nHA on coating deposition and crack for-
mation. In the first solution, 0.5 g of nHA was added to 
0.5 g of PLA, which was dissolved in 30 ml of chloroform 
resulting in a PLA:nHA ratio of 50:50 in the elution. For the 
second solution, the same amount of PLA was dissolved in 
chloroform. This time 0.21 g of nHA was added, which led 
to a PLA:nHA ratio of 70:30. The solid Cp-Ti discs were 
then coated with each of these solutions by a single dip-
ping process, employing a withdrawal speed of 300 mm/min. 
Coated discs were left to dry overnight at room temperature 
subsequently. This experimental setup was devised to exam-
ine the impact of nHA content on the coating process and 
the formation of cracks in the resulting composite materials.

Withdrawal Speed and Viscosity Effects on Gyroid Cp-Ti 
Discs Gyroid discs were then subjected to a dipping process 
at withdrawal speeds of 300, 500, 750 and 1000 mm/min. 

Table 2  Optimized L-PBF process parameters

Laser Power 
(W)

Scan Speed 
(mm/s)

Hatch 
Distance 
(µm)

Layer 
Thickness 
(µm)

Volumetric 
Energy Density 
(J/mm3)

150 1500 100 60 16.67



 Emergent Materials

Fig. 1  Steps of the cleaning processing

Fig. 2  The coating processes

Table 3  Test plan of PLA:nHA composite coating process

Processes Characterizations Cp-Ti Disc PLA:nHA (%) Withdrawal 
Speed
(mm/min)

Amount of 
Chloroform 
(ml)

Coating Process Optimization Crack Propagation Solid 50:50
70:30

300 30

Viscosity Effect Porous 70:30 300
500
750
1000

30
50

Coating Thickness Solid 70:30 300
500
750
1000

50

Biocompatibility Test Samples Cell Viability Porous 50:50
70:30

1000 50
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The elution’s chloroform content was increased from 30 to 
50 ml to further explore the impact of viscosity. A second 
elution was prepared. The coating process using the second 
elution was conducted at the same withdrawal speeds (300, 
500, 750 and 1000 mm/min) as in the first step and shown 
in Table 3. The coated discs were dried at room temperature 
afterwards.

2.3.2  Electro deposition coating with silk fibroin

Silk fibroin (SF) protein was obtained by firstly degumming 
B. mori silkworm cocoon and then rinsing and drying as 
described previously [32]. 2% and 5% concentrations of SF 
solution were attained by adding 0.2 g and 0.5 g of SF to 
10 ml of phosphate buffered saline (PBS), respectively. The 
Cp-Ti samples were first washed in an ultrasonic bath with 
70% ethanol and then the electrocoating process was initi-
ated as shown in Fig. 3. A platinum wire was connected to 
the cathode of a 20 V power supply, while Cp-Ti was con-
nected to the anode electrode of the same power supply at a 
distance of one centimeter in the collection cup containing 
the SF solution. The power was switched on for 60 s, which 
resulted in uniform deposition of SF on the surface of the 
Cp-Ti. Coating was repeated with the newly formed 2% SF 
and 5% SF solutions. Coatings were fixed with 80% metha-
nol for five minutes afterwards, frozen for a day and dried 
for three days at room temperature.

2.4  Characterizations

2.4.1  Cleaning characterizations

Sample images were obtained using a stereomicroscope 
(MZ16A Leica, Germany) and a scanning electron micro-
scope (SEM) (FEI Nova NanoSEM, the Netherlands) to 
observe the formation of micro-pits on the surfaces. The 
mass loss of each sample was measured on a precision bal-
ance (AXIS ALN 220G, Poland). Wall thicknesses were 

measured using a stereomicroscope (MZ16A Leica, Ger-
many) for assessing the dimensional accuracy of thin walls 
between the designed and produced parts.

2.4.2  Coating characterizations

Surface Characterization of Coating Surface analysis of the 
solid and the gyroid Cp-Ti discs were performed with a SEM 
(FEI Nova NanoSEM, the Netherlands) for characterization 
of the PLA:nHA composite coating. Energy dispersive X-ray 
spectroscopy (EDS) was applied to quantify the chemical 
deposition of the coating. A SEM (Carl Zeiss, Germany) and 
fluorescence microscope (Eclipse 80i, Nikon Instruments 
Inc., USA) were used for the surface characterization of the 
silk-fibroin coating.

Coating Thickness Measurement The discs were prepared 
in 500 and 1000 grids, then polished with colloidal silica 
(Struers, Denmark) solution to obtain a mirror surface finish 
during the first stage of the process. They were cleaned by 
ultrasonic washing with ethanol for fifteen minutes after-
wards. Surface profilometry (Dektak, Brukel) was used for 
measuring the coating thickness. Half of the solid Cp-Ti disc 
surface was covered by masking method, and the other half 
of the surface was left uncoated as a reference for coating 
thickness benchmark. The needle tip of the profilometer was 
then moved along the surface towards the coating to obtain 
the necessary measurements.

Biocompatibility Cytotoxicity Analysis by MTT The MTT 
cytotoxicity test, following the ISO 10993–5 standard, was 
used to analyze the biocompatibility of the gyroid Cp-Ti 
discs. The commercially available L929 cell line (CCL-
1, ATCC, USA) was used.  105/ml cells were cultured in a 
solution containing DMEM (Dulbecco’s Modified Eagle’s 
Medium), 10% FBS (Fetal Bovine Serum), 1% Pen-Strep 
(Penicillin–Streptomycin) and 1% L-glutamine of culture 
medium in each well of a 96-well plate (Sarsted, Germany). 
Cells were then incubated in a 5%  CO2 environment at 37℃ 
for 22 to 26 h. Proliferating cells attached to the culture flask 
in their second passage and exhibited their typical needle-
like appearance. A 100 µl extract-containing solution was 
added to the wells and incubated for four hours. The solu-
tion was entirely removed from the wells after analyzing 
cell growth and attachment under a light microscope. 50 
µl of the MTT solution was then added and incubated for 
two hours. Following this, 100 µl of isopropanol was added 
to each well. The wells were then transferred to a micro-
well reader and cell viability analysis was conducted at a 
wavelength of 570 after purging the MTT solution. The 
uncoated gyroid Cp-Ti discs, the coated gyroid Cp-Ti discs 
1 (70:30 PLA:nHA), the coated gyroid Cp-Ti discs 2 (50:50 
PLA:nHA), the polyethylene (negative control), the latex 
(positive control) established the experimental and control Fig. 3  SF Coating process with electrodeposition method
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groups as shown in Table 4. The tests were carried out with 
a total of 20 samples using four samples in each group. 
All groups were sterilized with ethylene oxide before the 
cytotoxicity test. Samples were kept in 500 µl medium per 
sample for 24 h at 37 °C in order to obtain extracts from the 
materials. Extracts were added to the wells when the seeded 
cells reached 70% of confluency. At the end of 12, 24 and 
48 h, the medium was replaced with 100 µl of fresh medium 
and 10 µl of MTT solution was added. The samples and the 
cells were then incubated for 4 h at 37 °C in a humidified 
environment with 5% CO2. 50 µl of DMSO was added to 
25 µl of medium that was left in each well in order to dis-
solve the formed formazan crystals. After waiting for ten 
minutes, absorbance values were recorded in a microplate 
reader (VersaMax) at a wavelength of 570 nm.

Cell Viability Analysis by Live and Dead Cell Assay Pri-
mary human dermal fibroblasts (HDF, PCS-201–012) were 
purchased from the American Type Cell Collection and pas-
saged once they reached 80% confluence. The media was 
supplemented with %15 heat inactivated fetal bovine serum 
(FBS) along with 100 U/mL penicillin and %1 L-glutamine. 
Cells were seeded in 48 well plates at 1 × 105 /ml and incu-
bated for 24 h. To sterilize, samples were exposed to UV 
light on both sides for five minutes. A cell suspension was 
prepared through centrifugation and then carefully added to 
each sample using the dropwise method, with a volume of 
50 µl. After an hour of incubation for cell attachment, the 
medium was removed and the L&D solution was prepared 
according to kit instructions. A mixture was prepared by 
combining 6 ml of cell culture medium with 6 ml of PBS in 
a 1:1 ratio. 5 µl of Calcein AM (Merck KGaA, Darmstadt, 
Germany), 20 µl of Propidium iodide (Merck KGaA, Darm-
stadt, Germany) and 8 µl of Hoechst 33342 (Merck KGaA, 
Darmstadt, Germany) were added to the mixture to create a 

12 ml dye solution. Red dye (Propidium Iodide) binds only 
to DNA, it can pass through the damaged cell membrane and 
indicates dead cells, whereas green dye (Calcein AM) stains 
DNA, protein, cellular organelles of living cells because it 
is hydrolyzed by intracellular enzymes. Blue dye (Hoechst) 
stains the cell nucleus, so it aims to identify cell morphol-
ogy. The components were thoroughly mixed by vortexing 
the dye solution. Appropriate volume of the dye mixture was 
added to each well, incubated for one hour at 37°C. After 
incubation, dye solution was suspended, and cells were fixed 
with 4% paraformaldehyde. Confocal microscopy (LSM 980, 
Zeiss, Germany) was carried out on days 1, 3, 5 and 7 by 
producing 26 z stacks per each sample. Z stacks have been 
quantitatively analyzed using 3D Tool Kit (Zen Lite 3.8, 
Oberkochen, Germany) for 3D cell segmentation as deter-
mined in Table 4. Briefly, live green–blue, dead red-blue and 
the total cell volumes were quantified for each sample. Then, 
the live and dead cell volume to total cell volume ratios were 
calculated. The same test protocol was also followed on the 
cell viability of silk fibroin. The live and dead images (live 
cells stained green with calcein-AM and dead cells stained 
red with Ethidium homodimer), recorded by confocal micros-
copy (K1-Fluo, Nanoscope Systems Inc., Korea), show that 
HDF cells proliferated well in all groups (Cp-Ti without silk 
fibroin coating, Cp-Ti with 2% silk fibroin coating, and Cp-Ti 
with 5% silk fibroin coating) until day seven of cultivation.

Statistical analysis The Kruskal–Wallis test and the Mann–
Whitney test with Bonferroni correction and multiple com-
parisons between groups were undertaken for the data set 
which was determined to be non-parametric after evaluating 
the normal distribution with the Shapiro–Wilk test. A 95% 
confidence interval was set and descriptive statistics were 
presented with minimum, maximum and median graphs.

Table 4  Biocompatibility 
analysis workflow MTT Groups n Analysis hours

12th 24th 48th

Uncoated Cp-Ti 4 Microwell reader

Coated 1 (70:30 PLA:nHA) 4

Coated 2 (50:50 PLA:nHA) 4

Polyethylene (Negative C.) 4

Latex Glove (Positive C.) 4

L&D Assay Kit Groups n Analysis days

1st 3rd 5th 7th

Uncoated Cp-Ti 1 Confocal & SEM

Coated 1 (70:30 PLA:nHA) 1

Coated 2 (50:50 PLA:nHA) 1

Uncoated Cp-Ti 1

2% SF 1 Confocal

5% SF 1
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Fig. 4  LOM and SEM images of the non-etched (a), one (b), two (c) and three (d) minutes etched thin wall surfaces of gyroid Cp-Ti discs. Aver-
age width of micro pits in one, two and three minutes (e)
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3  Results and discussion

3.1  Cleaning process results and discussions

Surface characterizations of cleaning process Non-melted 
particles, which adhered to the non-etched surfaces as shown 
in Fig. 4(a) were successfully removed in all groups. In 
accordance with DIN ISO 1332, non-melted particle size 
was determined by laser diffraction to be between 38 and 
45 µm [31]. Micro pits formation was another determinant 
of the cleaning process even though removal of the non-
melted particles was achieved. Two studies [8, 9] proved 
that micro pits may cause mechanical strength loss. In 
contrast, one of these studies [9] demonstrated that 5 µm 
micro pits have advantages for the coating adhesion to the 
tissue surface. They increased stability and supported rapid 

osseointegration into the bone. Micro pits formed and dis-
tributed homogeneously on the one, two- and three-min-
utes etching groups in this study as shown in Fig. 4(b), (c) 
and (d). The pits gradually widened and deepened as time 
increased. The micro pit width of the one-minute group was 
approximately 3,5 µm while the two and the three minutes 
groups presented approximately 5,5 µm and 7,5 µm widths 
as shown in Fig. 4(e). A previous study [8] stated that the 
micro pits were beneficial to provide controlled surface 
roughness for different applications. As a result, the micro 
pits obtained in a minute in our study were in line with 
the literature, with a width size that should cause minimal 
mechanical loss and provide high bone integration.

Mass loss The three minutes etching process resulted in the 
greatest mass loss for both gyroid and solid Cp-Ti discs. The 
gyroid discs exhibited approximately 5% higher mass loss, 

Fig. 5  a Mass loss in gyroid and 
solid samples as a result of one, 
two and three minutes of chemi-
cal etching of Cp-Ti discs, (b) 
Wall thickness losses as a result 
of one, two and three minutes 
of chemical etching in gyroid 
Cp-Ti discs

(a)

(b)
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which can be attributed to their larger surface area, while 
the solid ones presented a mass loss of 2.3%. In the one- and 
two-minutes groups, the gyroid discs presented a mass loss 
of more than 3%, whereas the solid discs had a loss of 1.1% 
as shown in Fig. 5(a). The minimum mass loss was calcu-
lated to be in the one-minute etching group in our study. This 
time was selected due to aiming for minimum mechanical 
loss even if the mechanical tests were not applied to the 
etched Cp-Ti discs. The reason was that the mass loss and 
the mechanical yield strength loss were correlated [7].

Gyroid wall thickness loss The highest gyroid Cp-Ti wall 
thickness loss occurred after three minutes of etching, with 
a reduction of 18%. The thickness loss was 11% at two min-
utes while it was 4% at a minute and shown in Fig. 5(b). The 
results for wall thickness were in line with the conclusions 
of a previous study [10] which reported a 17% decrease after 
three minutes of etching using the same acidic composi-
tion. A different study [8] revealed a 13% reduction in wall 
thickness through the use of chemical etching. The cleaning 
process time optimization provided an advantage to control 
mechanical properties. Thickness loss calculations could 
be a good frame for optimizing wall thicknesses that can 
tolerate this loss. The three minutes chemical etching pro-
cess consequently led to a significant micro-pit formation 
on the surface along with a high mass and wall thickness 
loss in this study. The mass loss in the one-minute and two-
minute etching groups was comparable. The initial stages of 

the chemical process might show the similarity due to the 
powder metallurgy and dealloying processes. The chemical 
solvent can lead to remove the certain elements from the 
titanium [33]. Our experiments therefore proceed with the 
one-minute etching group as it resulted in the least mass 
loss and thickness reduction. The optimum etching time of 
a minute created a suitable ground in terms of both adhesion 
of the coating to the surface and a minimum mechanical loss 
during the cleaning process.

3.2  Coating process results and discussions

3.2.1  PLA:nHA composite coating

The amount of nHA effect on coating accumulation and 
crack propagation Macroscopical observation presented that 
50:50 PLA:nHA resulted in a higher precipitation on the 
surface compared to 70:30 PLA:nHA as shown in Fig. 6. 
This caused the formation of higher cracks in the coating. 
The crack and nHA deposition were formed at the edge of 
the disc due to gravity. SEM images in Fig. 6 captured from 
the coating transition zones revealed that the distribution 
of nHA on PLA was uniform in both coatings regardless 
of the nHA amount that was used. Crack propagation was 
not observed during the transition of the surfaces of the 
two Cp-Ti discs although the edge of the 50:50 PLA:nHA 
one presented a crack. Two studies [16, 24] applied 50:50 
PLA:HA as determined in Table 1. The coating thicknesses 

Fig. 6  SEM images of 
PLA:nHA composite coatings 
produced in 0.21 g (70:30) and 
0.50 g (50:50) amounts of nHA
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were 400 nm and 5 µm, respectively. A low accumulation 
of the coating was observed with no cracks although they 
applied five dip coating repetitions. Cracks, in contrast to 
that study, formed in the one-time dipping procedure in our 
study. The reason for this might be the properties of nHA 
that was used in our study. The rationale behind choos-
ing nHA over HA is its superior capability to penetrate 
the micron-level pores of the gyroid discs. Another study 
[34], on the other hand, demonstrated that nHA is prone to 
accumulation and can cause some crack formation on the 
surfaces. The outcomes of that study supported the nHA 
application in our study.

Effects of Withdrawal Speed and Viscosity The coating pro-
cess was carried out initially using a composite of 70:30 
PLA:nHA prepared with 30 ml of chloroform. Withdrawal 
speeds of 300, 500, 750 and 1000 mm/min were tested as 

shown in Fig. 7(a). Pore clogging was observed during this 
stage; however, it showed a decreasing trend with increas-
ing withdrawal speeds. Viscosity ratio was re-adjusted by 
increasing the chloroform volume to 50 ml to overcome this 
problem. The new solution composition of 70:30 was then 
used for the coating at the same withdrawal speed. Interpore 
clogging was not observed indicating that the clogging issue 
was resolved by increasing the withdrawal speed as exhib-
ited in Fig. 7(b). The results were compatible with that of 
the literature [1, 5], which stated that a thicker coating layer 
consists of higher viscosity. The coating was evenly distrib-
uted inside the pores as shown in Fig. 8(b). PLA exhibited 
a uniform adhesion to the surface at a withdrawal speed of 
300 mm/min. PLA however became fibrous and adhered less 
effectively to the surfaces in the 30 ml and 50 ml solutions 
as the withdrawal speed increased. Despite this, the coating 
managed to penetrate into each part of the disc and achieved 

Fig. 7  a Gyroid SEM images 
of the dip coating made with 
PLA:nHA prepared compos-
ite in 30 ml chloroform from 
300 mm/min to 1000 mm/min 
draw speed, (b) With PLA:nHA 
prepared composite in 50 ml 
chloroform at 300 mm/min 
Gyroid SEM images of dip 
coating up to 1000 mm/min 
drawing speed

Fig. 8  a Intrapore SEM images 
of the dip coating made with 
30 ml of PLA:nHA prepared 
composite in chloroform from 
300 mm/min to 1000 mm/
min draw speed, (b) 300 mm/
min with PLA:nHA prepared 
composite in 50 ml chloroform 
intrapore SEM images of dip 
coating made from tensile to 
1000 mm/min
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the desired pore opening at a withdrawal speed of 1000 mm/
min.

Coating thickness The coating thickness may differ at the 
edges of the Cp-Ti discs when the samples were coated. A 
previous study [35] reported that higher withdrawal speed 
created a thicker coating layer due to less drainage and lower 
evaporation. Our study however, revealed different results as 
shown in Fig. 9. Measurements illustrated that the coating 
thickness reduced as the withdrawal speed increased. At a 
withdrawal speed of 300 mm/min, the thickness was approx-
imately 1.8 µm, while it decreased to 400 nm at a withdrawal 
speed of 1000 mm/min. A study [36] stated that 50–400 
nm thick crack-free coatings can be obtained by accurately 
controlling the withdrawal speed. This range provided suf-
ficient interconnectivity for the cell migration and nutri-
ent transition without pore occlusion. Another study [16] 
also reached 400 nm coating thickness with dip coating of 
PLA:HA on titanium. Consequently, the optimized sol–gel 
composite solution of 70:30 PLA:nHA in 50 ml of chloro-
form proved to be suitable with the literature for porous discs 
when employing a withdrawal speed of 1000 mm/min. EDS 
analysis was furthermore conducted on solid Ti6Al4V discs 

Fig. 9  Coating thicknesses of 50  ml chloroform 70:30 PLA:nHA 
composite coated solid titanium discs at 300, 500, 750 and 1000 mm/
min drawing speeds

Fig. 10  SEM–EDS analysis of 50 ml chloroform 70:30 PLA:nHA composite coating on Ti6Al4V disc made at 1000 mm/min withdrawal speed
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at a withdrawal speed of 1000 mm/min, which revealed the 
presence of a PLA:nHA composite coating on the surface of 
gyroid Cp-Ti discs. The analysis indicated that the presence 
of C and O elements correspond to the PLA while Ca and P 
elements meant nHA and shown in Fig. 10.

Silk fibroin composite coating 2% and 5% SF coatings 
were successfully applied to gyroid Cp-Ti discs as shown 
in Fig. 11. Thin and uniform silk layers contouring well 
to the topography of the gyroid Cp-Ti were noted by fluo-
rescence microscopy. The coating material was detected 
on the pore surfaces as well as in the inner regions of the 
disc without interpore clogging. SF layers overlapped and 
accumulated thickly on the coating surface and open pore 
structures were maintained in the coating itself as exhib-
ited in Fig. 12. Interconnectivities between adjacent pores 
were also noted. Bead-like SF formations and fixative fibrils 
were furthermore observed inside of the coating. The study 
[37] stated that silk fibroin coating on unsmooth titanium 
surfaces via the deposition method provides high stability 
through conductivity of titanium. The findings of silk fibroin 

deposition on gyroid Cp-Ti discs in our study are in line with 
the literature.

We furthermore analyzed the coating thickness of SF 
using SEM imaging of the cross-sectional area as shown in 
Fig. 13(a) and (b). The coating thickness was directly related 
to the SF concentrations. Wherein, 2% SF coating has an 
average thickness of 23.8 ± 3.3 µm while 5% SF deposit on 
the Cp-Ti surface corresponds to an average of 49.4 ± 2.9 µm 
thickness. The SF coating weight gave proportional results 
in Fig. 13(c). The coating with 5% SF solution was heavier 
than that of the 2% SF during the weight measurements. 
Significantly thicker coatings were obtained for the 5% SF 
concentration coating compared to the 2% concentration 
group (p < 0.05).

3.3  Biocompatibility tests results and discussions

Cytotoxicity analysis by MTT All groups, except the posi-
tive control group, presented higher absorbance values in 
the MTT cytotoxicity tests at 12, 24 and 48 h as shown in 

Fig. 11  Images of uncoated, 2% 
and 5% SF coated gyroid Cp-Ti 
discs under scanning electron 
microscopy and fluorescence 
microscope

Fig. 12  SEM images showing 
thick deposition of SF coating 
with overlapping sheets, open 
porosity, formation of beads 
and anchoring fibrils which are 
the characteristics of SF. Scale 
bar = 50 µm
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Fig. 14. Cell viability rates of them were calculated to be 
approximately 100% at 12 h. The negative control group, 
on the other hand showed higher cell viability at 24 and 48 
h compared to the 12 h time variable, while the viability 
rates of the 24 and 48 h observations decreased in the other 
groups. Polyethylene application increased cell viability and 
created a significant difference compared to the positive con-
trol group at 24 h (p = 0,024). The reason for the higher 
absorbance in the negative control group compared to that 
of the Cp-Ti groups was due to higher cell proliferation. The 
coating surfaces of Cp-Ti exhibited a biocompatible behav-
ior throughout the examination time periods. Another study 
[38] also indicated that the L929 cell control group exhibited 
a greater cell viability rate than polymer/HA-coated solid 
titanium plates in MTT analysis. Results of our study was 
in line with that study. Increased cell viability rate in coated 
Ti samples [38] nn the other hand was observed from one to 
seven days. Another study [39] stated that L929 cell viabil-
ity in coated Ti samples was the highest on day 3 and then 
decreased on day 5. This finding supported the idea that 
cell proliferation was faster in the control group compared 
to coated Ti.

Cell viability analysis by live and dead cell assay The sur-
face-adherent spindle shaped HDF were examined on the 

disc surfaces from day one to seven. Viable cells (green–
blue) accumulated mostly at the edges of the thin walls. All 
groups exhibited lower healthy cell attachment between 
days one and three as shown in Fig. 15. The healthy cell 
volume increased from day five to seven in all groups. Red-
blue labeled dead cells decreased in time due to the removal 
of the non-adherent cells at washing steps. Another study 
[40] specified that HA addition to Ti did not contribute to 
cell growth during the first few days, however significant 
increase in cell viability at all groups was observed at the 
end of the first week. Another study [41] indicated that cell 
adhesion was observed after day one and the cells generated 
a bridge between the pores from days three to seven. One 
other study [42] presented that cell metabolic activity and 
proliferation increased until day 7 in the porous of Ti6Al4V 
samples. Current literature confirms that cell viability rises 
on titanium surfaces in 7 days.

The 50:50 PLA:nHA coated sample exhibited higher 
cell attachment when compared to the 70:30 PLA:nHA 
coated and uncoated samples on day seven while the 70:30 
PLA:nHA samples showed a minimum viability rate as 
shown in Fig. 16. The reason for fluctuations in viability 
rates might be the movement and attachment of the cells 
toward the pores. Our findings were in line with a former 
study [43]. Another study [44] presented that the cells 

Fig. 13  Analyses of SF amount 
deposited on Cp-Ti surfaces. 
(a) Representative SEM 
micrograph measuring the 
coating thickness of SF-coated 
Cp-Ti. (b) Comparative graph 
of SF-coated Ti, showing the 
coating thickness. (c) Coating 
weight graph of 2% and 5% 
concentration SF solutions. 
***P < 0.0001
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behaved in non-contact with thin walls. Imaging under 
higher magnification presented that the cells adhered 
semi-smoothly on to the Ti surfaces into the pores. One 

other study [45] showed that the cells are prone to progress 
into the pores. The volume of healthy cells increased as 
the incubation time increased in the coated groups (50:50). 

Fig. 14  The minimum, maxi-
mum and median absorbance 
values of the experimental 
and control groups at 12, 24 
and 48 h. Coated 1 (70:30 
PLA:nHA), Coated 2 (50:50 
PLA:nHA), n (Polyethylene) 
and p (Latex) groups. Red line-
the lowest value of the negative 
control group was taken as a 
reference for the 100% viability 
rate. (*) Significant difference 
from the positive control group 
for the 12 h (P < 0.05)

Fig. 15  Confocal images of 
HDF cells seeded on PLA:nHA 
coated and uncoated Cp-Ti discs
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Increasing the amount of HA might be the reason for this 
increase. Another study [46] also proved that increasing 
the HA rate had a positive effect on cell proliferation on 
the polymer and polymer/HA composite surfaces. One 
other study [47] also compared nano and micro HA coated 
on cp-Ti. Superior cell proliferation at micro-HA against 
nano-HA was shown during seven days. Cell performance 
on nano HA however increased on day 14. The literature 
supports that HA coating promotes cell viability in titanium 
discs also, using nano HA led to increased cell metabolic 
activity in the longer term.

Confocal microscopy images were enhanced with 
fluorescence microscopy as shown in Fig. 17. Increasing 

proliferation rates after day three was observed in all groups 
including the control group.

SEM images clarified HDF cell’s attachment on material 
surfaces as shown in Fig. 18 on day seven. Cell–cell and cell-
titanium disc interactions were identified. These cells syn-
thesized the extracellular matrix (ECM). The structure of the 
ECM was better visualized in SEM analysis unlike confocal 
microscopy. The network formed because of interactions in 
the ECM with the cell’s specific spindle shape was observed 
to cover the cells.

HDF cells with different concentrations of silk fibroin 
coating on Cp-Ti were cultured for seven days to evaluate 
cell viability and proliferation on the coated Cp-Ti discs as 

Fig. 16  Total volume of the 
nucleus of PLA:nHA coated 
and uncoated groups

Fig. 17  Representative fluores-
cence images of cells on days 1, 
3, 5 and 7
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shown in Fig. 19. The number of viable cells was higher 
in the coated groups. A gradual increase in HDF viability 
according to the culture time with the change in cell mor-
phology was observed in all groups. In particular, the 5% 
silk fibroin-coated group showed the highest cell prolifera-
tion and the least dead cell numbers. These results show 
the optimal concentration of silk fibroin coating on Cp-Ti, 

indicating a suitable environment for cell viability and min-
imal cytotoxicity while avoiding interpore clogging The 
study [48] specified that silk fibroin coating provides high 
cell activity and osseointegration.

A limitation of this study was that a statistical evaluation 
for the cell viability analysis by live and dead cell assay 
could not be performed. We used image analysis in only one 
sample per group, however this limitation was overcome by 
including volume analysis of cell nucleus using a software. 
The region filtered volumes of cell nucleus were calculated 
separately for both healthy and stressed cells as shown in 
Fig. 16. The PI dye however attached to the surface of the 
material in addition to the stressed cell nucleus. Red fluo-
rescent regions were therefore ignored during analysis with 
the 3D Tool Kit. Time-laps imaging for observing the time 
dependent changes on the surfaces of the coating is planned 
to be used in future studies.

Another limitation of the study was that long-term coat-
ing stability characterizations were not undertaken. Although 
cracks and delamination were not observed on the coating 
surface during SEM and EDS characterizations, the impor-
tance of long-term coating stability under physiological con-
ditions in the human body cannot be denied [49, 50]. Elec-
trochemical impedance spectroscopy quantifies impedance 
change to provide insight into coating stability [51]. Deg-
radation methods are immersion tests with simulated body 
fluids [52, 53] and accelerated aging tests with temperature 
and humidity, which can be considered to measure corro-
sion resistance [54]. Mechanical test methods include scratch 
tests [55] as well as histological analysis in-vitro studies with 

Fig. 18  SEM images of PLA:nHA composite coating on the 7th day

Fig. 19  Representative live and 
dead images of different con-
centrations of silk fibroin coated 
Cp-Ti samples
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animal experiments to understand coating stability perfor-
mance over time [56]. Such studies can be planned for future 
studies.

4  Conclusion

Achieving bone-mimicking gyroid structures using additive 
manufacturing and an ideal coating for biocompatibility was 
examined in this study. A cleaning process was first devel-
oped to remove the non-melted particles adhering to the sur-
face of the gyroid Cp-Ti. A minute of acid-etching enabled 
homogeneous micro-pit distribution and supported the coat-
ing stability on the surface. Lack of surface roughness meas-
urement was the limitation of this study however obtaining 
a smoother surface could have decreased cell attachments.

Two different coating materials and coating methods were 
utilized after the cleaning process. These coating and biologi-
cal processes were completed in separate experimental condi-
tions. The success criteria for the coating were the obtainment 
of crack-free and homogeneous surfaces with 400 nm coating 
thickness by adjusting the accumulation, withdrawal speed 
and viscosity factors in a controlled manner in the dip coating 
method. The coatings of PLA:nHA and silk fibroin materi-
als on gyroid Cp-Ti discs were achieved without interpore 
clogging. The adjusted coating contributed positively to the 
functionality of the implant in in-vitro experiments. The con-
focal images presented higher cell proliferation on the coating 
surfaces. PLA:nHA (30% to 50%) and silk-fibroin (2% to 5%) 
contributed to greater cell adhesion, also leading to acceler-
ated cell proliferation. Biocompatibility characterizations of 
both optimized coatings showed the stability of the coatings 
on titanium surfaces in the 7 days. However, in-vivo animal 
experiments are needed in future studies for long-term stabil-
ity assessments. Electrochemical and degradation tests will 
also ensure valuable data for stability performance.
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