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Abstract 

Background  Medical implant failures are frequently associated with limitations of the surface technology that lead 
to biofouling and haemocompatibility issues. Titania nanotube array technology could provide a solution for this 
existing limitation. The present study describes the biofouling potential using the simulated body fluid model accord-
ing to ISO 23317-2007 and haemocompatibility profiles according to ISO 10993-4 guidelines. Further haemocompat-
ibility profiles were also assessed by evaluating full blood count, coagulation assays, haemolytic rate, whole blood 
clotting factor, platelet profiles, and FESEM characterization.

Result  Titania nanotube array nanosurface was found to present with better apatite biofouling and hydrophilic 
potential compared to bare titanium foil. Furthermore, good compatibility behaviour was observed based on the 
haemocompatibility profiles where no signs of thrombogenesis and haemolysis risks were observed. Titania nanotube 
array reduced fibrinogen adsorption, red blood cell and platelet adhesion and activation, which could be associated 
with detrimental biofouling properties.

Conclusion  Titania nanotube array could possess a double-edged sword of biofouling potentials that resist det-
rimental biofouling properties associated with thrombogenesis and haemolysis risk. It also provides better apatite 
biofouling potential for improved tissue and osseointegration activities. Knowledge from this study provides a better 
understanding of medical implant surface technology.
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Graphical Abstract

1 � Background
Biofouling and haemocompatibility properties of 
the implantable surface are still major challenges in 
medical implant technology. Biofouling is the term to 
describe the deposition of any biological material on 
a surface. The biofouling potential of blood-contact-
ing medical devices commonly involves proteins, and 
some other body fluid inside the body, besides human 
tissues or bone cells [10]. Thrombogenesis and hae-
molysis are common issues related to medical implan-
tation failures. The interfacial of implantable medical 
surfaces is associated with highlights and challenges 
for biofouling, especially in terms of material effi-
cacy [20]. Implant failure often associated with plate-
let biofouling could negatively trigger coagulation and 

thrombogenesis activities [24]. On the other hand, a 
good blood-contact medical implant should not have 
any unfavourable interactions with blood components. 
Therefore, the present work provides further under-
standing of nanosurface technology with biofouling 
potential using simulated body fluid (SBF) model and 
human blood for haemocompatibility profiles accord-
ing to ISO10993-4 guidelines. Knowledge from this 
work could contribute significantly to medical implant 
surface technology, especially regarding titania nano-
tube arrays (TNAs). TNA has become widely been 
studies for medical implants technology, especially 
for orthopaedics and dental applications [16, 27]. Pre-
sent study provides an overview of the double-edged 
sword of biofouling potential TNA that associated with 
haemocompatibility behaviour.
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2 � Methodology
2.1 � Sample preparation
The titanium foil (Ti) was purchased from Strem Chemi-
cal Inc, the USA, with 0.13  mm thickness and 99.7% 
purity, while the glass slide, which served as control, was 
obtained from Sigma-Aldrich, USA. The TNA nano-
surface was produced according to our previous work 
(Effendy [11]; Mydin [27]). In brief, the Ti was anodized 
in fluoride salts and organic electrolyte solution and sub-
jected for annealing with argon gas to generate anatase 
crystal structure.

2.2 � Simulating body fluid model
Simulating body fluid (SBF) solution mimics human 
blood plasma medium, which contains ions concentra-
tion, especially on the apatite nucleation model. In this 
study, the SBF solution was prepared according to the 
standard procedure as stated in the paper of Oyane et al. 
[28]. The sample with the size of 1 × 1 cm was immersed 
into the solution for the selected period. Data were 
recorded for day 1, day 2, day 14, and day 28 for weight 
changes and pH changes. Apatite formation observation 
was examined through field emission scanning electron 
microscope (FESEM) for 28-day incubation period. Sam-
ples were coated with platinum and observed under an 
accelerating voltage of 5 kV (FESEM, LEO GEMINI, Carl 
Zeiss, Oberkochen, Germany). For Inductively coupled 
plasma-optical emission spectrometry (ICP-OES) done 
according to ISO 23317-2007 guidelines, data were col-
lected on day 28 exposure and normalized with blank of 
the same studied period. Sodium (Na), potassium (K), 
phosphorus (P), and calcium (Ca) were ions selected for 
the study due to their importance in apatite formation 
[2].

2.3 � Wettability
The sessile drop method was used to measure the con-
tact angle (T) with a goniometer as described by Schus-
ter et al. [31]. A total of 20 µL of sterile deionized water 
was dropped on top of the sample surface, and five angles 
of wettability were captured and measured. The photo-
graph was then processed using Image J software and was 
statistically analysed by paired t-test and presented as 
mean ± SD for each sample.

2.4 � Haemocompatibility profiles
The approach described in the International Stand-
ard Organization (ISO 10993-4) was used to assess the 
haemocompatibility profile including the thrombogenic-
ity and haemolytic potential. All studies were carried 
out in triplicate systems. Blood samples were collected 
in anticoagulant tubes containing ethylene diamine 

tetra-acetic acid (EDTA) for full blood count and haemo-
lytic testing, while a 3.2% buffered sodium citrate antico-
agulant tube was used for thrombogenic assays.

2.5 � Full blood count
The full blood count (FBC) on 3  mL of a blood sample 
using haematology analyser (CELL-DYN Ruby Haema-
tology Analyzer, Abbott, Myanmar) from each volunteer 
(n = 3) was done after exposure with Ti alloy and TNA 
nanosurface samples in the size of 3 × 2 cm. The param-
eters observed were the total red blood cell, haemoglo-
bin (Hb), haematocrit (PCV), mean cell volume (MCV), 
mean corpuscular haemoglobin (MCH), mean corpus-
cular haemoglobin concentration (MCHC), total white 
blood cell, and platelet count. Blood without exposure to 
any samples represents a control for FBC parameters [3].

2.6 � Coagulation assays (activated partial thromboplastin 
clotting time and prothrombin time)

Blood sample was obtained from each volunteer (n = 3) 
in an anticoagulant tube containing 3.2% sodium citrate. 
Then, the materials in the size of 3 × 2 cm were taken out 
of the phosphate-buffered saline (PBS) and immersed 
straight into the blood tube. The tube was gently tilted 
to allow the surface of the substance to come into touch 
with the blood. The tube was subsequently packaged and 
delivered to the BP Penang laboratory for an automatic 
clotting tester (Automated Coagulation Analyzer—Dt 
100, T-Coag, Ireland). The duration of blood clotting 
time was performed on blood that had been exposed to 
the material and blood that had not been exposed to the 
substance as a control.

2.7 � Haemolysis rate
The testing film (0.5  cm × 0.5  cm) was incubated with 
PBS in a centrifuge tube. Then, whole blood from the 
EDTA tube was added and incubated at 37 °C for 30 min, 
3 h, and 6 h. Triton X-100 (1%) and saline were employed 
as positive and negative control. After the indicated 
incubation period, the tube was centrifuged for 5 min at 
2500  rpm. The supernatant was measured by the opti-
cal densities (OD) at the wavelength of 540  nm using a 
UV spectrophotometer. The percentage of haemoly-
sis was calculated as the formula: HR (%) = (Dt − Dnc)/
(Dpc − Dnc) × 100%, where HR is the haemolysis ratio 
and Dt, Dnc, and Dpc are the absorbance of test samples, 
negative controls, and positive controls, respectively [25, 
32].

2.8 � Whole blood kinetic clotting time measurement
Blood without anticoagulant was pipetted on the materi-
als’ surface (1 × 1cm) and was allowed to coagulate for 
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15, 30, 45, and 60 min. Following the interval, 500 μl of 
distilled water was poured into the well’s surroundings 
being immersed in distilled water for 5 min to lyse. The 
amount of free haemoglobin released was determined 
using a plate reader with a wavelength of 540  nm [30]. 
The free haemoglobin concentration provides a correla-
tion to the extent of blood clotting, with larger amounts 
of free haemoglobin indicating less clot formation on the 
substrates.

2.9 � Platelet adhesion
To extract platelet-rich plasma (PRP), whole blood was 
collected in 3.2% buffered sodium citrate and centri-
fuged at 3000 rpm for 15 min. Following centrifugation, 
0.1 ml of PRP was applied to the study surface (Ti alloy 
and TNA nanosurface) in 96-well plates and incubated 
at 37 °C for 1 h in a static environment. The sample was 
washed with PBS after the incubation time and was then 
stained with Calcein AM and examined under a fluores-
cence microscope [14]. Three images were collected for 
each surface with a 10× objective lens, and those images 
were quantitated using Image J imaging software.

2.10 � FESEM for whole blood and platelet activation
The materials were incubated for 1 h at 37 °C with 100 µl 
of PRP for platelet activation analysis and 100 µl of RBC 
for RBC aggregation test. The sample was then gen-
tly rinsed twice with PBS before being fixated for 2 h at 
room temperature with a 2.5% glutaraldehyde solution. 
Fixed samples were dehydrated using a series of ethanol 
soaks of 50%, 70%, 80%, 95% ethanol, and 100% ethanol. 
Following materials will be dried for 15  min  and kept 
frozen at − 20  °C until FESEM screening sputtered with 
platinum and captured with a 5-kV accelerating voltage.

2.11 � Statistical analysis
The experiments were carried out in triplicate, and the 
statistics were analysed using two-way ANOVA in the 
SPSS software for Windows (version 27.0, IBM Corpora-
tion, USA). All the data were presented as mean ± stand-
ard deviation. The results were considered significant 
when the p-value is < 0.05.

3 � Results
3.1 � Apatite biofouling potential
In this study, the apatite formation capability can ini-
tially be observed by SBF pH changes. The pH of both 
Ti and TNA were increased consistently from day 1 to 
day 28 (Fig. 1). However, there are no significant changes 
observed on weight different the pre- and post-immer-
sion of the samples at milligram (mg) level.

Further observation on TNA nanosurface using 
FESEM showed better biofouling capability of apatite 

crystal layer-clustered ball-like particles with a mean 
size of about 1.5 µm (red circle indicator in Fig. 2) com-
pared with Ti alloy (without nanosurface) after 28  days 
of immersion period in SBF. The EDX element analysis 
indicates the presence of elements such as Na, Cl, and C 
for Ti alloy, while Na, Ca, P, K, and Cl on the TNA nano-
surface. TNA nanosurface showed the presence of higher 
elements on its surface in comparison with Ti alloy. 
Furthermore, TNA present with better surface rough-
ness that could enhance apatite biofouling activity on its 
nanosurface is observed in Fig. 2B.

The apatite biofouling potential on TNA nanosurface 
was further studied by ICP-OES as tabulated in Table 1. 
As presented in Table 1, Na levels were found to be signif-
icantly higher in buffers containing TNA (p =  < 0.0001) 
on d-28. However, for P an Ca ion is undetectable pos-
sibly due to limitation in study sample volume. There are 
about fourfold increments 120.50 ± 1.52  mg/mL on day 
28 which Na content may benefit the TNA nanosurface 
in haemocompatibility functionality compared to Ti alloy 
and it is significant where the p-value is 0.0375.

Another key element for biofouling ability on any 
implantable surface can be described by the wettability 
(WCA) properties. Figure  3 shows that the wettability 
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Fig. 1  Apatite formation ability for 28 days profiles on Ti and TNA 
using SBF model. a pH reading from day 1 to day 28 profile. b Pre & 
post-weight changes on day 1 and day 28 profile
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properties of Ti and TNA were significantly (p = 0.017) 
less than 90° and within hydrophilic range value. How-
ever, TNA is present with less WCA angle that suggests 
better hydrophilic behaviour compared to Ti. Accord-
ing to the research done by Chou [10] stated that an 
implant material should not be hydrophobic so it can 
be resistant to interaction with the surrounding envi-
ronment, enhance hydrogen bonding and be anti-foul-
ing. In this study, TNA nanosurface showed hydrophilic 

properties which could allow finer hydrogen bonding 
and appetite formation abilities. 

3.2 � Haemocompatibility potential
The preliminary observation on the ex  vivo full blood 
count profile is shown in Table  2. There are not many 
noticeable changes in the value of the parameters 
before and after the immersion of study samples, espe-
cially TNA nanosurface. In this study, RBC values were 
constant upon interaction with Ti and TNA for all 
three patients possibly with no sign of haemolysis activ-
ity  (Fig.  4). The platelet count was constant for both 
samples in our investigation. Thus, finding from this 
study suggests that there is no indication of haemolysis 
or changes in platelet count indicating the haemocom-
patibility potential.

TNA nanosurface was further tested for anti-coagulant 
properties as shown in Table 3. The results of the PT and 
APTT tests were compared with those of the untreated 
sample, which consist of blood without incubated 

Fig. 2  FESEM and EDX profiles of apatite crystal formation on Ti alloy and TNA surface at 28-day immersion period in SBF. A apatite formation 
on TNA nanosurface with EDX profiles B apatite formation on Ti alloy without nanosurface with EDX profiles. The image was captured under 
magnification of 2000× (50 µm) and 10,000× (10 µm)

Table 1  Total ion contents using ICP-OES

Release of Na and K was measured for the Ti alloy and also TNA nanosurface in 
SBF after 28 days of immersion

Total ion content (s) (mg/mL)

Sample Day Na K

Ti 28 36.00 ± 0.76 0.00 ± 0.48

TNA 28 120.50 ± 1.52 2.69 ± 1.52
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samples. The result shows the surface TNA shows reduc-
tion in the time of clotting for both PT and APTT. Ti, on 
the other hand, presents with prolonged time for PT and 
APTT. These findings suggest that the tendency for acti-
vating blood coagulation factors is lower on TNA com-
pared to Ti surface.

Further observation on the haemolytic rates described 
that both the samples for all three periods were between 
0 and 0.4% (Fig 4). According to the ASTM F756-08 [1] 
standard, the materials with a haemolysis rate lower 
than 2% are classified as haemocompatible, which does 
not involve haemolytic activity and damage the blood 
red cells. TNA nanosurface excelled Ti alloy in terms of 
haemolytic rate, with a rate of less than 0.2% for all three 
time periods in this investigation.

The whole blood clot kinetic test is described in Fig. 5. 
The whole blood clotting kinetic is mainly used to assess 
the haemostatic performance of material when in contact 
with the blood surfaces. From the data obtained, there 
is a significant difference between the material’s surface 
of Ti alloy and TNA nanosurface for times 15, 30, 45, 
and 60 min. For Ti, when we compare the OD of 15 and 
30 min, the significant whole blood kinetic was observed 
p = 0.0014, while for TNA the value was p = 0.0012. 

In general, by comparing both materials, TNA shows 
a better result in releasing the low amount of free hae-
moglobin by expressing a low OD value after 30 min. In 
the graph shown, the release on the surface of TNA, the 
haemoglobin stopped at minute 30 and formed a whole 
blood clot while comparing to Ti where the release was 
continuing till minute 45. The results indicate that blood 
clotting was significantly delayed on the Ti alloy in com-
parison with the TNA nanosurface.

Platelet adhesion profile is described in Fig. 6. Platelet 
adhesion is the indication for the presence of thrombo-
genicity of the implantable surface used. In this study, the 
outcome of platelet adherence on the surface of the mate-
rial examined after it was treated with calcein AM and 
screened using a fluorescence microscope. In this study, 
it is demonstrated that TNA nanosurface has lesser 
fibrinogen adsorption, as evidenced by the low presence 
of platelets on the material’s surface, as compared to Ti 
alloy without nanosurfaces and glass surfaces, which 
were utilized as controls.

For the red blood cell aggregation, TNA nanosurface 
showed a reduction compared to the surface of Ti alloy. 
From Fig. 7a, b, it can be seen that the shape of the cell 
is not destructed where it is presented in the biconcave 
disc. Both sides of the cell were curved perfectly without 
any evidence of rupture, which shows the surface does 
not cause any haemolysis to the red blood cell. There is 
also no sign of agglutination presence on both Ti and 
TNA surfaces; the cells were present in single-cell mor-
phology where there is no harm can be seen. The FESEM 
picture of there is a presence of platelet on the TNA 
nanosurface; there is no trace of dendrites to leucocyte 
aggregations while Ti alloy reveals the existence of active 
platelets but no evidence of dendrites and shows there is 
no evidence of platelet activation on the surface of the 
materials. Hence, it is proven that the material shows 
no sign of thrombogenicity and can be classified as non-
thrombogenic for both TI and TNA surfaces.

4 � Discussion
Biofouling issues related to implantable medical devices 
are related to the interfaces between implant surfaces 
and host interaction, particularly in terms of efficacy and 
safety. Biofouling of biological molecules on an immobile 
surface will result in random, directed adhesion forces or 
lateral friction forces. The positive biofouling potential 
of implantable devices can be described by apatite for-
mation ability. The degree of apatite biofouling on any 
implantable surface could contribute in better osseoin-
tegration activity in future as discussed by Khandan [18] 
and Oyane et al. [28]. The amount of apatite production 
on a surface is related to increased bioactivity and new 
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Fig. 3  Wettability analysis by ImageJ software on the droplet of 
water on each tested sample. A Image of a droplet of water on the 
sample Ti and TNA. B histogram of the contact angle values of the 
wettability profile on surface of Ti and TNA on foil substrate suggests 
the surfaces presented with hydrophilic properties, WCA < 90°, n = 3. 
Data were expressed as mean ± standard deviation as error bar
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bone formation ability. In this study, the roughness of 
the TNA surface improves the apatite biofouling prop-
erties and thus could be extremely advantageous for 
the production of osseous tissues [22]. According to the 
research done by Chou [10] stated that an implantable 
material surface should not be hydrophobic and resist-
ant to surrounding environment interaction. In this 
study, TNA nanosurface showed hydrophilic properties 

which could allow finer hydrogen bonding in apatite bio-
fouling abilities .

As described by Kokubo [19], the release of cations 
observed in this study and the increase of pH in SBF 
solution could suggest the presence of an enhanced 
degree of apatite biofouling properties. The bone-binding 
elements usually take 28 days to form an appetite on the 

Fig. 4  A Haemolytic assay of Ti and TNA surfaces. Image of samples after the centrifugation at 2500 rpm for 5 min. The presence of haemolysis 
in the supernatant is only observed in the positive control tube. B Haemolysis ratio profile of Ti and TNA surfaces. Results indicate there is no 
significant differences in all the period tested which is 30, 180 and 360 min which compared for both material surfaces (Ti and TNA) where the 
p-value is > 0.05. The error bar represents mean ± standard deviation in triplicate within three donors
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surface of a material. Furthermore, sodium ions (Na+) 
were released by exchange with H3O+ ions, and this may 
cause the creation of a Ti–OH layer, which has a nega-
tive charge that will react electrostatically with the Ca+2 

ions, which have a positive charge [15]. These Ca+2 s con-
gregate between the contact surface and SBF. The ions 
measurement could describe possible biomolecule inter-
action in the apatite formation process [23, 29]. Sodium 
detection could enhance the mechanical stability of the 
apatite formation, according to Chitra and Balakumar [8]; 
besides, Na is also a key mineral and electrolyte for nerve 
and muscle function. Our findings suggest that Na/K 
substitutions could contribute in the mechanical stability 
of apatite biofouling activities on TNA nanosurface [13].

On the other hand, an implant failure is frequently associ-
ated with platelet biofouling that could negatively stimulate 
coagulation and thrombogenesis activities [4]. The surface 
of the blood-contacting biomaterial must not interact nega-
tively with any blood components in order to be classified as 
non-haemolytic and anti-thrombogenic implantable mate-
rial [5, 6]. RBCs are the most rigid cells in the blood; shear 
stress and changes in osmotic pressure can cause them to 
rupture and induce haemolysis especially involving external 
factors [7]. Findings from this study found neither Ti nor 
TNA showed any haemolysis sign. Platelets, on the other 
hand, are capable of swiftly recognizing external surfaces 
and initiating blood coagulation. Platelet adhesion is criti-
cal in stimulating coagulation factors for the haemostasis 
process in the human body [9]. The free haemoglobin pro-
duced from the rupture of the red blood cell is an impor-
tant indicator for the blot clotting process. As the blood 
clots increases, the absorbance of the haemoglobin from 
red blood cell will decrease due to unable to form the clot-
ting process. In this study, detrimental biofouling activities 
involving platelet and coagulant factors were not observed 
on TNA nanosurface.

In general, the presence of thrombin, fibrinogen in the 
platelet converts to fibrin, causing platelet adhesion when 
it comes into contact with any surface. When a platelet 
in the blood comes into contact with the material sur-
face of a medical implant, the factor XII zymogen inter-
acts with an unknown surface and converts prothrombin 
to thrombin [26]. When thrombin is present, fibrinogen 
is transformed into fibrin, which promotes the throm-
bin formation kinetics. Lower protein adsorption and 
less factor XII activation [25] are expected to reduce the 
clotting formation on material surface as observed in 
this study on TNA. Furthermore, prolonged APTT also 
indicates enhanced anticoagulant activity of the material, 
which is often used to assess the in  vitro anticoagulant 
property of biomaterials [12]. The delay of clotting time 
can be considered due to enhanced surface roughness, 
especially on TNA nanosurface [21]. This coagulation 
tests could indicate the presence of anti-thrombogenic 
activity [17, 25]. In this study, TNA exhibits double-
edged biofouling potentials that resist adverse biofoul-
ing qualities linked with thrombogenesis and haemolysis 

Table 2  Full blood count profile using ex vivo approaches

Results indicate mean values ± SD from 3 different donors for the parameters of 
full blood count

Full blood count Average value (mg/dl)

Untreated Ti TNA

Total RBC 4.95 ± 0.78 4.95 ± 0.78 5.00 ± 0.71

Haemoglobin 142.00 ± 21.21 141.50 ± 21.92 142.00 ± 19.80

Haematocrit 0.44 ± 0.05 0.45 ± 0.07 0.46 ± 0.06

MCV 92.05 ± 1.61 90.91 ± 0.00 91.01 ± 0.14

MCH 28.71 ± 0.22 28.60 ± 0.06 28.40 ± 0.06

MCHC 311.90 ± 2.97 314.50 ± 0.71 312.10 ± 0.14

RDW 12.15 ± 0.49 12.15 ± 0.64 12.20 ± 0.57

Total WBC 5.73 ± 4.70 5.54 ± 4.52 5.94 ± 4.70

Table 3  PT and APTT profiles

Results indicate mean values ± SD from 3 different donors for the coagulation 
assays

Coagulation 
assay

AVERAGE (time in seconds)

Untreated Ti TNA

PT 12.80 ± 0.45 13.57 ± 2.21 12.23 ± 0.67

APTT 35.77 ± 3.16 37.57 ± 4.97 36.40 ± 2.92

Fig. 5  Whole blood kinetic profile for Ti and TNA surfaces. The 
findings demonstrate that there is a significant difference between 
the material’s surface of Ti alloy and TNA nanosurface for times 15, 30, 
45, and 60 min where the p-value is less than 0.05 when compared 
with minute of 15 with 30, 30 with 45 min for both Ti and TNA. The 
error bar reflects the mean ± standard deviation for three donors’ 
triplicates
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Fig. 6  Platelet adhesion profile using fluorescence microscopy analysis on glass, Ti alloy, and TNA nanosurfaces. A The green signals represent the 
presence of adhered live cells (platelets and leukocytes) stained with calcein-AM staining. The image of (a–c) displayed observation on glass surface, 
(d–f) on the Ti surface, and (g–i) is on the TNA surface. Experiment were done in triplicate. B Quantitative data on the number of cells covered by 
the adhered cells on the surface using ImageJ software. The result shows significantly lower cell adhesion on TNA nanosurface when compared to 
glass (p = 0.0047) and Ti alloy (p = 0.0218). The error bar represents the standard deviation
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risk, while positive biofouling on apatite deposition aids 
the osseointegration process.

5 � Conclusion
In this work, the double-edged sword of biofouling prop-
erties of TNA nanosurface was described by apatite for-
mation ability and less risk in thrombogenic activities 
involving platelet and coagulant factors. TNA nanosur-
face technology could involve a unique biofouling surface 
adhesion force, allowing selective substrate adherence 
that contributes in bio-, cyto-, and haemocompatibility 
properties. The hydrophilicity of the TNA also shows it 
has improved haemocompatibility compared to Ti alloy, 
which would be beneficial for medical implant surface 
technology.
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