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Abstract: This study aimed to evaluate the surface characteristics of a nanocrystalline hydroxyapatite
coating made through atomic layer deposition (ALD-HA) on titanium surfaces and to investigate its
effect on blood coagulation and platelet adhesion. Grade 2 square titanium discs (0.7 cm, 1 mm thick)
were used (n = 108). Half of the substrates (n = 54) were coated with ALD-HA, and the other half
were used as the non-coated control. Surface free energy (SFE), contact angle (CA), surface roughness
(Ra), and chemical composition were evaluated. Blood thrombogenic properties were assessed on
ALD-HA and non-coated surfaces using the kinetic clotting time method. The platelets’ adhesion
and morphology were also evaluated. The ALD-HA-coated surfaces demonstrated significantly
higher polar SFE (p < 0.001) and lower CA (p < 0.001) values compared to the non-coated surfaces.
In addition, the surface roughness was significantly lower for the ALD-HA (p < 0.001) than for the
non-coated surfaces. Platelets adhered to both surfaces; however, there was variability in platelet
morphologies in different areas with higher platelet density on the ALD-HA surfaces. There was
no significant difference in the overall absorbance values of the hemolyzed hemoglobin for both
substrates, and the total clotting time was achieved at 60 min. It can be concluded that the ALD-HA
coating of titanium can enhance surface wettability, increase surface free energy, and support blood
coagulation and platelet adhesion.

Keywords: ALD; platelets adhesion; blood coagulation; hydroxyapatite coating; titanium

1. Introduction

Modifications to implant surfaces are intended to increase osseointegration [1]. Various
modification techniques, including additive and subtractive, have been used to modify
the surface properties of titanium implant surfaces [2]. The surface properties, such as
topography, chemical composition, and roughness, are crucial factors that influence the
biological responses at the bone–implant interface and, consequently, osseointegration [1,3].

The hydroxyapatite (HA) implant coating has been extensively investigated and has
shown a higher efficiency than uncoated titanium due to the direct growth of bone tissue
onto the HA coating [4,5]. Several coating methods and techniques have been used to form
calcium phosphate layers on titanium surfaces, such as laser deposition, sputter coating,
electrophoretic or sol–gel deposition, and plasma spraying. Plasma spray coating has been
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intensively investigated, and this technique can produce a coating thickness on titanium
between 30 and 200 µm [6]. In vivo studies have shown that this coating can provide strong
osteoconduction effects [5,7]. Despite its strong osteoconductive properties, several prob-
lems are associated with this method, such as flaking, brittleness, and delamination [8,9].
These problems are caused by the low cohesive strength and high processing temperature,
resulting in inhomogeneity of the chemical composition [10,11]. Atomic layer deposition
(ALD) is a method that can overcome these issues and produce nano-scale coatings with
controlled thickness on complex three-dimensional surfaces [12].

Holopainen et al. [13] described a method that can be used to produce a very thin,
uniform layer of nanocrystalline HA through atomic layer deposition (ALD-HA). Avila
et al. [14] investigated the thickness and the mechanical properties of layers produced
over 2000 and 4000 cycles. Both cycles yielded a nano-thickness hydroxyapatite layer
(300 nm for the 2000 and 380 nm for the 4000 cycles) and showed good adhesion strength
to titanium surfaces up to 6.71 MPa with alkaline conversion solution. Thus, this coating
can potentially minimize the risks associated with the HA layer produced using the other
methods and improve implant survival. Good mechanical anchorage is a crucial feature of
implant surfaces that promote integration with the surrounding bone [15].

Previous studies indicated that osteoblast cell adhesion and viability on ALD-HA
deposited on titanium substrates are comparable to bone [16]. However, the human
peripheral blood monocytes differentiate in different manners on ALD-HA and bone [17].
On the bone, osteoclastogenesis was induced, and the multinuclear cells were able to resorb
the bone. On the ALD-HA, by contrast, a foreign body reaction was noticed, and the cells
lacked the resorption capacity [17].

After surgical placement of an implant, favorable interaction between the implant
surface and blood system is crucial in determining implant success. This interaction
begins immediately after implant insertion through clot formation around the implant,
representing the connection site between the implant surface and the surrounding tissues
and initiating the peri-implant tissue healing process [18,19]. Any chemical modification
on the implant surface may interfere with the blood coagulation cascade and platelet
adhesion and affect the early event of wound healing around implant surfaces. To the
authors’ knowledge, the blood and platelet responses on the ALD-HA surfaces have not
been studied. Therefore, this study aimed to examine the surface characteristics of ALD-
HA deposited on titanium surfaces and to evaluate its effect on blood coagulation and
platelets response.

2. Materials and Methods
2.1. Preparation of Nanocrystalline Hydroxyapatite Coating on Ti Discs

The preparation of ALD-HA coatings has been described elsewhere [13,20]. In short, a
1 mm thick titanium sheet (Grade 2, ASTM B265 specification, William Gregor Ltd., London,
UK) was used as a substrate. The ALD-HA coating was made by first depositing a thin film
of CaCO3 in an F-120 ALD reactor (ASM Microchemistry Ltd., Helsinki, Finland) using
Ca(thd)2 and O3 as precursors. The Ca(thd)2 (Volatec Oy, Porvoo, Finland) was evaporated
at 188 ◦C and O3 was generated from O2 (99.9999%) using a Wedeco Ozomatic Modular 4
HC Lab ozone generator. The depositions were conducted at 250 ◦C with 2000 ALD cycles.
Subsequently, the CaCO3 film was converted to HA in 0.2 M (NH4)2HPO4 (Merck, 99%,
Darmstadt, Germany) solution at 95 ◦C. The samples were finally rinsed with deionized
water, dried with compressed air, and cut into 0.7 × 0.7 cm2 discs using a manual plate
cutter (Bernardo PTS 1050 S Manual disc cutter, Linz, Austria).

2.2. Surface Roughness Measurements

The surface roughness averages of the ALD-HA-coated and the non-coated titanium
samples were measured using a 3D non-contact optical profilometer (Bruker Nano GmbH,
Billerica, MA, USA) using a 5× objective lens and a 0.5 multiplier. Vision 64 software was
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used to calculate surface areas and roughness parameters, represented by the mean Ra
values of roughness measured at six randomly selected locations.

2.3. Water Contact Angle (CA) Measurements

The surface wettability of the ALD-HA and non-coated titanium substrates was evalu-
ated from CA measurements using the sessile drop method described by Jong et al. [21]
using a contact angle meter (KSVCAM100 KSV, Instrument LTD, Espoo, Finland). The
Young–Laplace equation was applied to determine the CA on the substrates. A drop of
distilled water was deposited on the substrate’s surface, and 140 images were captured in
10 s at room temperature (n = 6). The mean value of the CA on both sides of the droplet
was calculated.

2.4. Surface Free Energy (SFE) Calculations

The SFE was calculated on the ALD-HA and non-coated titanium surfaces using
the same sessile drop method as above, and the Owens–Wendt (OW) approach was ap-
plied. Three liquids were used as a probe to evaluate the SFE: distilled ultrapure water,
diiodomethane (>99% purity), and formamide (>98% purity). The mean value of 6 drops
on each specimen for each liquid was calculated, and the results are expressed as total
(γtot), dispersive (γd), and the polar (γp) SFE components.

2.5. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) Analysis

SEM images and EDS analysis of the ALD-HA-coated and uncoated titanium sur-
faces were performed using scanning electron microscopy (LEO Gemini 1530, Carl Zeiss,
Oberkocken, Germany) and an X-ray detector (Thermo Scientific, Waltham, MA, USA).

2.6. Clotting Time Measurements

The thrombogenic properties of the titanium substrates were assessed using a whole
blood kinetic clotting time method [22]. A total of 90 substrates were used. Each experimen-
tal group (ALD-HA and the non-coated) had 45 substrates. The fresh blood was obtained
from three healthy non-smoker volunteers (among the research group) with venipuncture
using disposable syringes. The first drawn 3 mL of blood was disposed of to prevent
possible thromboplastin contamination caused by needle puncture. Then, 0.05 mL of the
obtained blood was immediately pipetted on the substrate in 12-well plates, followed by
adding 1.5 mL of distilled water at a predetermined time of 10, 20, 30, 40, and 60 min at
room temperature. After 5 min, triplicate samples were taken from each well and trans-
ferred to a 96-well plate. A spectrometer was used to colorimetrically measure the released
hemoglobin from the lysed red blood cells in the distilled water at 570 nm absorbance.
Three technical replicates (n = 3) were used for each time point per group.

2.7. Platelet Adhesion Test

This test evaluated the platelets’ morphology and adhesion behavior on the ALD-HA
and the non-coated titanium substrates. Fresh human blood was obtained from three
healthy, non-smoker volunteers as described in the above test. An anticoagulant (0.109 M
solution of sodium citrate) was added to the blood at a 9:1 dilution ratio (blood/sodium
citrate solution) and then centrifuged at 1500 rpm for 15 min to obtain platelet-rich plasma
(PRP). Then, 50 µL of the obtained PRP was carefully pipetted on each substrate (three
technical replicates per group per donor were used) and incubated at 37 ◦C for 1 h. The
samples were then rinsed thrice with phosphate-buffered saline (PBS) and fixed with 2.5%
glutaraldehyde solution for 2 h. Finally, the samples were rinsed in PBS and dehydrated in
an alcohol series with concentrations of 70%, 95%, 99%, and 100%. The dried substrates with
platelets were carbon-sputter-coated before imaging using Emscope TB 500 Temcarb. The
platelet morphology was assessed through SEM based on qualitative analysis at randomly
selected fields.
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2.8. Statistical Analysis

The distributions of statistical variables were studied and described. Measurements are
reported as means and standard deviations (SD). The differences between the experimental
treatments were evaluated using one-way ANOVA (analysis of variance) at an alpha level
of 5%, which indicates the maximum risk of rejecting the null hypothesis. The results were
determined to be significant at p-value < 0.05. Statistical analyses were performed using
the Statistical Package for the Social Sciences (SPSS) statistical software version 28.0 (SPSS
Inc., Chicago, IL, USA).

3. Results
3.1. Surface Roughness, Contact Angle, and Surface Free Energy

The surface characteristics are displayed in Table 1. The surface of the ALD-HA coating
demonstrated a significantly lower mean (SD) Ra value [0.69 µm (0.09); p < 0.001] compared
to the non-coated surfaces [1.19 µm (0.06)]. The surface wettability of the ALD-HA coatings
was significantly higher, as demonstrated by their lower water CA value (Figure 1).

Table 1. Mean and standard deviation of surface roughness (µm), water contact angle (◦), and surface
free energy determination on non-coated and ALD-HA-coated surfaces. * p < 0.001.

Sample Surface Roughness (Ra) Water Contact Angle
Surface Free Energy

OWTOT OWD OWP

Non-coated 1.19 µm (0.06) 84.65◦ (4.17) 36.84 (1.12) 32.52 (1.28) * 4.55 (0.94) *

ALD-HA 0.69 µm (0.09) * 76.13◦ (2.41) * 35.03 (2.08) 27.01 (1.54) * 8.01 (1.10) *
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Figure 1. Water contact angle on the non-coated (A) and on the ALD-HA (B) substrates.

The total SFE values were not significantly different between the coated and non-
coated substrates. However, the ALD-HA-coated surfaces displayed a significantly higher
total polar (γp) SFE component compared with the non-coated surfaces (p < 0.001). Contrar-
ily, the dispersive (γd) SFE component was significantly higher for the non-coated sample
compared to the ALD-HA-coated surfaces (p < 0.001).

Figure 2 shows typical surface profiles of the non-coated and ALD-HA-coated
titanium substrates.
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Figure 2. Typical surface profiles of the non-coated and ALD-HA-coated titanium substrates. Images
show that the ALD-HA coating resulted in a smoother surface topography in both X and Y profiles
compared to the non-coated substrate. Images were captured using a 5× objective lens and a field of
view multiplier of 0.5×.

3.2. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) Analysis

SEM images revealed that the non-coated titanium surface demonstrated parallel
grooves, a feature of the machined surface, with almost regular surface topography
(Figure 3). In contrast, HA crystals appeared and covered the entire surface of the ALD-
HA-coated sample. The EDS analysis showed Ca and P on the ALD-HA-coated substrate,
while mainly Ti was discovered on the non-coated surfaces (Figure 4).
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the ALD-HA-coated titanium substrates.

3.3. Clotting Time Measurement

The overall blood clotting profiles for the non-coated and ALD-HA-coated substrates
showed that the absorbance of the hemolyzed hemoglobin varied with time and was not
significantly different between the non-coated and coated substrates. Complete blood
clotting on both surfaces was reached in 60 min at optical density (OD) < 0.1 (Figure 5).
However, the individual absorbance values vary between individual donors (Figure 6).
After 20 min, Donor 3 blood showed a significantly lower mean (SD) OD value on ALD-HA
and non-coated surfaces [0.96 (0.66) and 0.87 (0.09)] compared to Donor 1 [1.11 (0.12);
p = 0.001 and 1.09 (0.11); p = 0.01] and Donor 2 [1.15 (0.09); p = 0.002 and 1.45 (0.14);
p < 0.001]. After 30 min, the OD was not significantly different on the ALD-HA-coated sur-
faces, but on the non-coated surfaces, Donor 1 showed a significantly lower
OD [0.45 (0.23)] compared to Donor 2 [0.76 (0.17); p = 0.004)] and Donor 3 [0.73 (0.10);
p = 0.009]. After 40 min, Donor 1 demonstrated a lower OD value [0.08 (0.01)] on the
ALD-HA-coated substrates than Donor 2 [0.16 (0.06); p = 0.002)] and Donor 3 [0.17 (0.04);
p = 0.001]. For the non-coated substrates, both Donor 1 and 2 showed significantly lower
and similar OD values [0.12 (0.03)] compared to Donor 3 [0.19 (0.06); p = 0.011]. However,
complete blood coagulation on both substrates was reached at 60 min, at which the OD
values were less than 0.1.
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3.4. Platelets’ Adhesion and Morphology

Platelets adhered on both non-coated and ALD-HA-coated surfaces, as seen from
SEM images after a 1 h adhesion period (Figure 7). Visualization of the platelet adhesion
indicated that the ALD-HA-coated surfaces seem to have more platelets compared to the
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non-coated surfaces. Also, there was variability in the platelet morphologies in different
areas. The platelets on the non-coated substrates maintained their round or dendritic shape,
indicating a lower activation state. In contrast, the ALD-HA-coated substrates showed
a different platelet morphology with a greater platelet transformation to dendritic shape
and early pseudopodial spread. Also, some platelets with filopodia extended to form a
connection with each other, which indicates a higher activation state.
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250× (A,B), 2500× (C,D), and 10,000× (E,F). Arrows in (F) indicate the dendrites connecting
the platelets.
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4. Discussion

Chemical surface modifications play an important role in the performance of en-
dosseous implants [23]. This study evaluated the influence of an ALD-HA coating on
titanium on blood coagulation and platelet adhesion. The results indicated that whole-
blood coagulates and the platelets adhere to the ALD-HA-coated titanium in a similar
manner as the non-coated titanium surface does.

The success of implant osseointegration largely depends on the interaction between
blood and the implant surface, leading to coagulation [24]. When the blood comes into
contact with the implant surface, it triggers various complex events such as protein adsorp-
tion, platelet formation, and coagulation. Blood clot formation is crucial for the healing
process of surgical wounds and subsequent tissue growth during osseointegration [25–27].
A blood clot forms a natural barrier, preventing wound infection, and thus plays a critical
role in the healing process of surgical wounds and subsequent tissue growth during os-
seointegration [18,19,28]. In our study, the blood coagulation on the substrate surfaces was
assessed by measuring the released hemoglobin; more hemoglobin in the solution indicated
a lower coagulation speed. A three-donor approach was used to compare the response
of the material surface to blood obtained from the different donors. The blood from the
individual donors reacted differently on the substrates, indicating a minor variation be-
tween the individuals in the coagulation speed, especially in the early stages. However, at
60 min, complete blood coagulation was achieved for all the donors and substrates. These
results agree with the previous results from similar blood clotting assays but on different
titanium surface coatings [25,29,30], indicating that the ALD-HA coating did not slow the
coagulation process.

Based on the criteria described earlier by Goodman et al. [31], the platelet activation
patterns ranged from low-activated to high-activated states. According to their criteria, the
platelets were categorized into round or discoid cells, dendritic shape, early pseudopodial
spread, and full spread. In this study, the adherent platelets on the non-coated substrates
were at a lower activated state (discoid). In contrast, the platelets on ALD-HA-coated
substrates showed more platelet activation (dendritic and early spread state), indicating
a higher activation state than the non-coated substrates. This favorable platelet response
could be attributed to the enhanced wettability on the ALD-HA coating compared to the
non-coated surfaces.

Water CA and SFE of the surface are important factors for the initial cellular adhe-
sion [32–34]. Generally, a surface with a CA less than 90◦ is considered hydrophilic, while
a surface with a CA higher than 90◦ is regarded as hydrophobic. SFE has polar (γp) and
dispersive (γd) components. The polar component of the SFE has a significant influence
on cell behavior. Cells interact with materials mainly in a polar force [35]. The surfaces
with high polar SFE components show small contact angles with polar liquids, such as
water [29,30]. This increases wettability and enhances cell attachment, thus improving
the interaction between the implant surface and the surrounding tissues [30,36]. Results
of the present study indicate that the ALD-HA-coated surface has a significantly higher
wettability and polar SFE than the non-coated surface, but there is no difference in the
total SFE between the two samples. Higher wettability may explain the favorable platelet
adhesion on the ALD-HA coating compared to the non-coated surfaces, as seen in the
difference in platelet morphologies.

The presence of Ca and P elements on the ALD-HA-coated surfaces might also explain
the favorable platelet adhesion. However, these results are inconsistent with findings
from similar studies, which reported that surfaces with low CA showed isolated smaller
quantities of adhered platelets [36–38]. In addition, Kikuchi and co-workers [38] reported
that platelet adhesion is similar on acid-etched titanium surfaces, and HA is produced
by an organic sol using triethyl phosphite or inorganic sol. The authors claimed that the
surface microtopography is responsible for platelet activation rather than the presence
of Ca and PO4 on the surface. In the present study, platelet adhesion was qualitatively
evaluated from observations on SEM images. The higher platelet density, as indicated by
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morphology, observed on the ALD-HA-coated surface did not influence the speed of blood
coagulation on the surface.

Increased surface roughness at the nanoscale level has been reported to enhance platelet
adhesion and blood coagulation [29,39]. However, BhavanChand and co-workers [40] re-
ported contradicting results that surface roughness does not influence platelet adhesion. On
the other hand, our study showed that platelets could adhere on both surfaces with slightly
more preference for the ALD-HA-coated surfaces, which had lower surface roughness.
Platelets on ALD-HA-coated surfaces exhibited an activated morphology as indicated by
their spreading and extended pseudopodia. A similar extended morphology with long
filopodia has also been observed for MC3T3 cells cultured on ALD-HA-coated surfaces [16].

Therefore, a quantitative platelet adhesion assay with more detailed data about cell
adhesion may be necessary to evaluate the real significance between the ALD-HA-coated
and non-coated titanium surfaces in this respect.

5. Conclusions

Within the limitations of this study, it may be concluded that the nanocrystalline
hydroxyapatite coating obtained through the atomic layer deposition method can support
blood coagulation and platelet response on the titanium surface. The coating can also
reduce the surface roughness of the titanium and enhance the surface wettability and the
polar component of the surface free energy.
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