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Abstract
New methods for producing surfaces with suitable biocompatible properties are desirable due to increasing demands for biomedical
devices. Stainless steel 316 L and cp- titanium specimens were coated with thin films of alumina and hafnia deposited using the
atomic layer deposition method at two temperatures, 180 and 260 °C. The morphology of the films was analysed using scanning
electron microscopy, and their surface energies were determined based on drop contact angle measurements. Biocompatibility assays
performed using mesenchymal stem cells were evaluated by incubating the specimens and then exposing their extracts to the cells or
directly seeding cells on the specimen surfaces. No detrimental effect was noticed for any of the specimens. Antibacterial properties
were tested by directly incubating the specimens with the bacteria Staphylococcus aureus. Overall, our data show that all prepared
films were biocompatible. Alumina films deposited on cp-titanium at 260 °C outperform the other prepared and tested surfaces
regarding antiadhesive properties, which could be related to their low surface energy.
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1 Introduction

The main characteristics of metallic biomaterials are suitable
mechanical properties, chemical inertness and biocompat-
ibility with the surrounding in vivo environment [1, 2].
Although alloys used in biomedicine, such as stainless steel
and titanium alloys, are aligned with all these requirements,
one of the critical causes of failure of implantable medical
devices is an infection, which is directly related to the for-
mation of bacterial biofilms on the implant’s surface [3, 4].
The first critical factor in bacteria attachment and biofilm
formation is also dependent on processes of protein
adsorption that lead to the rapid formation of a thin layer of
proteins at the implant’s surface after implantation [5].
Therefore, the implant surface should possess antibacterial
properties, which implies the ability of a surface to resist the
initial attachment of bacteria by either exhibiting an anti-
adhesive or bactericidal effect. Antiadhesive surfaces may
resist bacterial attachment due to specific surface physical
and chemical properties unfavourable for bacteria attach-
ment. Further, bactericidal surfaces may disrupt the phy-
siological functions of bacteria, causing their death by
releasing chemical agents interrupting the bacterial growth
cycle or inducing bacterial killing [6–8].

On the other hand, cellular adhesion is often desirable,
especially in implants used as scaffolds for tissue growth.
Thus, the ideal implant surface should inhibit bacterial
adhesion while promoting or even selectively promoting
cellular adhesion, depending on the application [9]. Essen-
tially, the response of implant material in the biological
environment depends on surface roughness or topography,
chemical composition and surface energy. The latter is
directly related to the surface’s wettability and may affect the
in vitro and in vivo behaviour of the implant material [10].

Medical stainless steel 316 L (SS316L) and commercially
pure titanium (cp-Ti), which are used as substrates in this
work, have good corrosion resistance in the biological
environment [1, 11] and are usually considered to be mate-
rials of good biocompatibility [12, 13]. Although titanium
alloys and SS316L are highly corrosion resistant due to the
formation of highly protective passive films, in some cases,
these alloys can be subject to localised corrosion attack
in vivo [2]. This corrosion process may lead to the release of
metal ions, such as allergenic aluminium (Al) and vanadium
(V) [14–16] or potentially toxic nickel (Ni) and chromium
(Cr) [15]. Therefore, different techniques aim to improve
corrosion resistance and biocompatibility properties and
prevent metal release in the periprosthetic environment
[4, 17]. One of the ways to modify the surfaces of metals for
implantation is by depositing a thin coating or film over the
surface. In this way, the release of harmful metal ions into the
surrounding tissue can be effectively prevented, and a
favourable interaction of the implant with the surrounding

tissue can be encouraged. For this purpose, different thin film
deposition techniques are used: ion beam deposition [18],
chemical vapour deposition (CVD) [19], pulsed laser
deposition (PLD) [20], electrodeposition [21], etc. [2, 17].
The most deposited material is synthetic calcium hydro-
xyapatite, which simulates the naturally formed calcium
phosphate in the human body and has excellent biocompat-
ibility [22]. However, other ceramic materials that can pro-
vide barrier protection on the implanted material are of great
interest as well [23]. Some of those ceramic materials are
alumina (Al2O3) [24], titania (TiO2) [25], zirconia (ZrO2)
[26], titanium nitride (TiN) [27], zirconium nitride (ZrN)
[28], silicon nitride (Si3N4) [29], titanium-niobium nitride
(TiNbN) [30] and diamond-like carbon (DLC) [31, 32].

One technique still in the early research phase for implant
applications which offers the deposition of various ceramic
materials is atomic layer deposition (ALD) [33]. The pecu-
liarities of this technique are the ability to form thin, nano-
metric films with high thickness uniformity and conformity on
very complex nano-shaped surfaces or even inside nano-
porous materials [34, 35]. This feature can be important for
some applications in biomedical engineering and biotechnol-
ogy [36]. Another feature of ALD is the possibility of forming
defect- and impurity-free films, which is crucial for barrier
properties and corrosion protection [37]. Due to the above
features, it is increasingly considered a technique for various
applications in medicine and biotechnology, e.g. biosensors
and diagnostics, biotemplating and protection of small
implants for cardiovascular or cochlear systems [36, 38].
ALD-coated materials aim to modify the substrate’s surface to
impart biologically relevant surface properties such as bio-
compatibility, bioactivity and antibacterial properties [38, 39].

In our previous studies, we addressed the morphology,
composition and electrochemical properties of ALD alumina
(Al2O3) and hafnia (HfO2) hafnia thin (less than 150 nm) films
deposited on cp-Ti and SS316 at 160 °C and 180 °C, respec-
tively [40, 41]. Both films are homogeneous and provide bar-
rier protection of underlying substrates, with hafnia showing
superior properties to alumina during long-term immersion in
simulated physiological solution [40]. Therefore, the first step
toward potential applications in biomedicine is to aim primarily
for specific non-loaded parts of implants, such as cardiovas-
cular or cochlear implants, due to the susceptibility of nano-
metric thin films to mechanical damage. The present study
deals with the next step, i.e. testing the biocompatibility and
antibacterial properties of ALD alumina and hafnia thin films.

Literature data on these issues, especially for hafnia, are
scarce, which was an additional incentive for this study. For
example, alumina is used in bulk form for femoral head hip
replacement due to its favourable biomechanical and bio-
compatible properties [42, 43]. In addition, due to the
favourable cellular response when interacting with biolo-
gical tissue, the application of alumina as an implant
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material is intensively researched and plays a key role in
biomedical engineering [43]. Alumina obtained as a film by
ALD at temperatures below 600 °C is amorphous and can
have significantly different properties than in the bulk form
[44]. Therefore, there was a need to investigate alumina thin
films obtained by the ALD technique for biomedical appli-
cations. Several studies have worked on this topic and
confirmed the favourable biocompatible properties of ALD
alumina thin films. Thus, Finch et al. investigated ALD
alumina thin film in interaction with human coronary artery
smooth muscle cells and reported good cell adhesion and
growth [45]. Liang et al. showed accelerated development of
hydroxyapatite and good adhesion of fibroblast cells on
ALD alumina and titania-modified polymer particles [46].
Regarding the antibacterial properties of ALD alumina, there
is only one short paper reporting the antibacterial activity of
several ALD oxide films, including alumina [47]. Besides,
studies on the modification or co-deposition of ALD alu-
mina film with bactericidal materials, such as ZnO [48, 49],
and many other ALD oxide films have been studied to
obtain an antibacterial surface [50]. In general, it is known
that alumina as a bulk material does not have a harmful
effect on bacteria, while in the form of nanoparticles, it is
known as an antimicrobial agent [51]. This is a consequence
of the large specific surface, which ensures a broad range of
reactions with bio-organics on the cell surface [52].

Hafnia has not been used for implantation and has rarely
been explored for biomedical applications [53]. Addition-
ally, there are several studies on Hf as an alternative metal
in biomedical applications; it is much heavier but chemi-
cally very similar to Ti and analogously passivated with a
protective layer of the hafnia [54, 55].

In the present study, ALD films were deposited at 180 °C
and 260 °C, which gives different roughness due to different
film growth kinetics [56–58]. Surface roughness at the
micro and nano level is known to benefit the osseointe-
gration of the implanted material [59–61]. Further, hafnia
changes in crystallinity depending on the temperature [57],
which can also be expected to affect the interaction with
living cells and bacteria [61]. The morphology of the films
was analysed using scanning electron microscopy (SEM).
Their biocompatibility was assessed by exploring human
bone marrow-derived mesenchymal stem cells as in vitro
model. Antibacterial properties were tested against Sta-
phylococcus aureus.

2 Experimental part

2.1 Specimens preparation

SS316L and cp-Ti specimens in the shape of a disc of
2.0 mm in thickness and 15 mm in diameter, supplied by

GoodFellow Cambridge Ltd., were used as substrate
materials. The cp-Ti was grade 2, with a purity of 99.6%,
and SS316L with the composition of the main alloying
elements as follows: 18 wt.% Cr, 10 wt.% Ni and 3 wt.%
Mo, rest Fe, as reported by the supplier.

Both materials were polished until a mirror-like surface
appearance (LaboPol-5, Struers). The polishing procedure
consisted of two steps: grinding with 500-grit SiC emery
papers (Struers, Denmark), followed by polishing with
silica (SiO2) suspension (OP-S, Struers) with a particle size
of 0.25 μm, with the addition of the chemical reagents, 30%
H2O2 and 25% NH4OH (Merck KGaA). Following the
polishing step, specimens were cleaned in 99.6% ethanol
(Merck KGaA) using an ultrasonication bath Elmasonic P
series (Elma Schmidbauer GmbH) for 15 min and then dried
with high-pressure nitrogen gas. All specimens were stored
overnight (ca. 16 h) in a vacuum desiccator filled with
commercial hygroscopic silica gel to ensure uniform surface
conditions before the ALD deposition processes.

Pure copper (Goodfellow, Cambridge, UK), known as a
bactericide, was used as a positive reference specimen to
test antibacterial properties. It was prepared by grinding
with SiC emery papers up to 4000 grit, then polishing with
the OP-S suspension of 0.25 μm particle size.

2.2 ALD deposition processes

A TFS 200 system by Beneq Oy was used to deposit alu-
mina (Al2O3) and hafnia (HfO2) thin films in the cross-flow
reactor [33]. Alumina was deposited using trimethylalumi-
nium (Al(CH3)3 or TMA, 99.99% PURATREM, STREM
Chemicals Inc.) as the first precursor. Hafnia was deposited
using tetrakis(ethylmethylamido)hafnium(IV) (Hf[N(CH3)
(C2H5)]4 or TEMAH, 99.99% PURATREM, STREM
Chemicals Inc.) as the first precursor. Milli-Q water
(resistivity 18MΩ·cm at 25 °C, Billerica, MA) was used as
the second precursor for both types of thin films. For alu-
mina, the ALD cycle consisted of a 0.35 s TMA dose, a 1 s
N2 purge, a 0.3 s water dose and a 1 s N2 purge, and for the
hafnia, it consisted of a 0.5 s TEMAH dose, a 1 s N2 purge,
a 0.2 s water dose and a 1 s N2 purge. The expected growth
rate per cycle (GPC) for alumina deposition was 1 Å/cycle,
as reported in previous work [62] for similar ALD condi-
tions. According to previous work, the expected GPC for
hafnia is around 0.9 Å/cycle [63]. The target thickness of
both alumina and hafnia films was 60 nm, so 600 cycles of
ALD deposition were performed for alumina and 670 cycles
for hafnia. Therefore, the expected thickness of the films is
60 nm, noting that it is known from our previous work that
thicknesses can vary by several nanometers [40]. However,
the thicknesses of the films were not specifically measured
for this research because the focus was exclusively on the
surface of the films. Both described ALD procedures were
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performed at 180 °C and 260 °C. The designation of spe-
cimens is presented in Table 1.

2.3 Surface characterisation

2.3.1 Surface morphology

Morphological characterisation of the specimen surfaces
was performed using a scanning electron microscope
(SEM), a JEOL JSM-7600 F. Analyses were performed at
beam acceleration voltages at 2 kV and 3 kV using an
Everhard-Thornley (ETD) detector for secondary electrons
to obtain insights into the morphology of the surfaces.
Magnifications between 5,000× and 20,000× were used to
obtain the surface features on the micrometre scale.

2.3.2 Wettability and surface energy

The quantitative measure of the wetting of a solid by a
liquid is the contact angle, θ, which is the angle formed by a
liquid at the three-phase boundaries where a liquid, a gas
and a solid intersect. In this work, the surface energies of
the prepared specimens were determined by measuring the
contact angles of liquid drops on the surfaces. The Fowkes
model, which employs two different liquids, one polar and
another non-polar, to measure the contact angle (CA), was
used [64, 65]. Water was used as a polar liquid and diio-
domethane as a non-polar, with similar experimental con-
ditions as reported [65]. In the Fowkes model, the
dispersive component of the solid surface energy, γds , the
polar component of the solid surface energy, γps , and the
total solid surface energy, γs, are determined by Eqs. (1) and
(2):

γs ¼ γds þ γps ð1Þ

γl� 1þ cosΘð Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffi

γdl �γ
d
s

q

þ
ffiffiffiffiffiffiffiffiffiffi

γpl �γ
p
s

q

� �

ð2Þ

where θ is the measured contact angle between the solid and
the liquid; γl is the total surface energy of the test liquids

(γl = 72.8 mJ/m2 for water and γl = 50.8 mJ/m2 for diiodo-
methane); γdl is the liquid’s dispersive component
(γdl = 21.8 mJ/m2 for water and γdl = 50.8 mJ/m2 for diio-
domethane); and γpl is the liquid’s polar component
(γpl = 51.0 mJ/m2 for water and γpl = 0 mJ/m2 for diiodo-
methane). Thus, testing two liquids yields two equations
with two unknowns, dispersive and polar solid components,
giving total solid surface energy Eq. [1].

The measurement of the static contact angle was carried
out through the sessile drop method. A series of at least five
drops (4 μl/drop) were used on each type of specimen. The
contact angles of drops of deionised water and diiodo-
methane were measured using the Krüss EasyDrop DSA
20E instrument equipped with DropShape software. The
resolution of the instrument was 0.1°. The baseline was
fitted manually, and the program calculated the
contact angle.

The contact angle measurements were performed on all
specimens immediately after surface preparation and after
the deposition of thin films, respectively. After surface
sterilisation, the measurements were also carried out to
check whether this procedure affects specimens’ wettability
and surface energy.

2.4 Biocompatibility

Biocompatibility assays were performed in two ways: [1] by
incubating the specimens and using their extracts and [2] by
directly seeding the cells on the specimen surfaces. Speci-
mens were sterilised by immersion in serial dilutions of
ethanol (90, 70, and 50% (v/v)) and rinsed with autoclaved
deionised water followed by phosphate-buffered solution
(PBS) for 15 min. Human bone marrow-derived mesench-
ymal stem cells (hMSCs - Lonza) were used to perform
both assays. Unless mentioned otherwise, all reagents were
obtained from Sigma in analytical grade.

2.4.1 Assays with extracts

Extracts were obtained by placing each specimen in 7 mL of
Dulbecco’s modified eagle medium (DMEM – 21885025

Table 1 Designation of
investigated specimens used in
this study

Specimen Designation Specimen Designation

commercially pure Ti cp-Ti stainless steel 316 L SS316L

cp-Ti coated with ALD alumina
deposited at 180 °C

Ti-AL180 SS coated with ALD alumina
deposited at 180 °C

SS-AL180

cp-Ti coated with ALD alumina
deposited at 260 °C

Ti-AL260 SS coated with ALD alumina
deposited at 260 °C

SS-AL260

cp-Ti coated with ALD hafnia
deposited at 180 °C

Ti-HF180 SS coated with ALD hafnia
deposited at 180 °C

SS-HF180

cp-Ti coated with ALD hafnia
deposited at 260 °C

Ti-HF260 SS coated with ALD hafnia
deposited at 260 °C

SS-HF260
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Thermo Fisher Scientific) with low glucose supplemented
with 1% (v/v) penicillin-streptomycin (15070063 – Thermo
Fisher Scientific) and incubating overnight in an orbital
incubator at 37 °C and 180 rpm. The following day, speci-
mens were removed, and the extracts were supplemented
with 10% (v/v) fetal bovine serum (FBS – 10094563
Thermo Fisher Scientific) previously inactivated by heat
(30 min at 56 °C). Cells were seeded at a density of
1.5 × 104 viable cells/cm2 (as determined by the trypan blue
assay) in 96-well tissue culture plates (353072 - Falcon)
with 3 replicates for each sample type, subsequently treated
with the extracts and kept at 37 °C in a humidified atmo-
sphere of 5% CO2 for up to 72 h. Scheme 1 shows an
overview of the experimental setup.

2.4.2 Test by direct contact

Specimens sterilised as previously described (see Section
2.4.1) were placed in 12-well non-treated plates (150200 -
Nunc). Cells were seeded directly on specimens at a density
of 1.1 × 104 viable cells/cm2 (as determined by the trypan
blue assay) and maintained in culture for 7 days, with the
medium being changed every other day.

2.4.3 Resazurin assay

To monitor cell metabolic activity and infer cell viability, a
resazurin assay was performed for cells in contact with
material extracts or metal specimens. Resazurin is a blue,
non-fluorescent molecule that several enzymes reduce to a
pink, fluorescent product called resorufin. The amount of
resorufin produced is directly proportional to the number of
metabolically active cells. A resazurin solution (0.1 mg/mL
in PBS) was added to each well to a final concentration of
10% (v/v). After 3 h of incubation at 37 °C, 200 µL of the
medium was transferred into a 96-well black-walled plate,
and fluorescence was measured at excitation and emission

wavelengths of 530 and 590 nm, respectively (Synergy Mx
microplate reader – Biotek Instruments). A 1% (v/v) solu-
tion of Triton X-100 (BP151-500 – Sigma Aldrich) pre-
pared in a fresh culture medium was used as a positive
control (cytotoxic agent).

2.4.4 Immunocytochemistry

To assess cell morphology, at the end of the experimental
period (3 days for extracts and 7 days for direct contact), the
cell culture medium was removed, and cells were fixed with
4% (w/v) p-formaldehyde (30525-89-4 – TCI) in PBS for
15 min. Cytoskeletal filamentous actin (F-actin) was stained
by incubating cells with Alexa Fluor 488 phalloidin
(a12379 - Invitrogen), 5 U/mL, for 30 min in the dark. Cells
were washed thrice with PBS, and cell nuclei were coun-
terstained with Hoescht 33342 (H3570 - Invitrogen). Sam-
ples were imaged with an inverted epifluorescence
microscope (Leica DMI6000 FFW)

2.5 Antibacterial properties

Antibacterial properties were assessed by incubating the spe-
cimens with the bacteria Staphylococcus aureus (ATCC
25923). First, all prepared specimens were sterilised twice by
immersion in 70% (v/v) ethanol for 15min, then rinsed three
times with sterile Milli Q water, dried with argon and stored in
a 24-well plate saturated with argon. A drop (35 µL) of bac-
terial inoculum at a concentration of 1 × 107 colony-forming
units (CFU/mL) was placed on the surface of the specimen
and covered with a polypropylene film. Specimens were then
placed in a 24-well plate inside a humidified box to avoid
evaporation and left to incubate at 37 °C for 2 h. After incu-
bation, the polypropylene film was removed, and 1mL of
sterile PBS was added to each sample, i.e. the contents in
incubation media were collected and diluted for CFU count-
ing. Then, specimens were rinsed three times with PBS and

Scheme 1 Schematic
representation of the performed
assays by using extracts. Cell
metabolic activity was followed
for the same cultures as a
function of time. Cell
morphology was assessed at the
experimental endpoint
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prepared for SEM analysis to visualise adherent bacteria or
processed to detach adherent bacteria by sonication.

To detach adhered bacteria, a protocol described here [7]
was followed. Specimens were transferred to 50 mL Falcon
tubes containing 1 mL of 0.5% (v/v) Tween 80 in PBS and
then sonicated (BactoSonic®, BANDELIN) at 160W for
15 min, placed on ice for 5 min and vortexed, and sonicated
again for 15 min. Then, serial dilutions were prepared and
plated for CFU counting of surface adherent bacteria.

2.5.1 Scanning electron microscopy of samples exposed to
bacteria

Specimens were prepared according to a procedure described
here [66]. After collecting content in incubation media, spe-
cimens were washed three times with PBS, as described
above. The adherent bacteria were then fixed with a freshly
prepared solution of 1.5% glutaraldehyde in 0.14M of sodium
cacodylate buffer for 30min at room temperature. After fixa-
tion, the specimens were rinsed twice with deionised water and
dehydrated using a growing ethanol/water gradient (50%,
60%, 70%, 80%, 90% and 99% (v/v)), maintaining the spe-
cimens in each solution for 10mins. Then, 1mL of hexam-
ethyldisilazane was added to each specimen, and they were left
to dry overnight. The specimens were placed onto SEM pin
stubs (TED PELLA, Inc., USA) using carbon tape and sput-
tered with an Au/Pd thin film (15mA, 60 s) to improve their
conductivity. The bacteria morphology and distribution were
characterised by SEM. In addition, the surface topography of
the as-deposited specimens was characterised to find a possible
correlation with biocompatibility or antibacterial properties.
SEM Quanta 400 FEG ESEM / EDAX Genesis X4M
(ThermoFischer, USA) was used.

2.6 Statistical analysis

2.6.1 Resazurin assay

Before statistical analysis, data was normalised (log transfor-
mation) and tested for normality. Data was analysed using
2-way repeated measures mixed model approach, with speci-
mens as the treatment factor, day in vitro as the repeated factor
and the experience number as the blocking factor. This was
followed by planned comparisons on the predicted means to
compare the levels of the effect Specimens * Day in vitro. A
full description of the mixed model theory can be found in the
following reference [67]. Statistical analysis was performed
with InVivoStat, version 4.4.

2.6.2 Antimicrobial properties

Statistical analysis was performed using GraphPad Prism
version 9.0.2 for Mac OS X (GraphPad Software,

California, USA). Ordinary one-way analysis of variance
(ANOVA) with Dunnett’s multiple comparisons test was
used to compare multiple data groups to control.

2.6.3 Wettability

Statistical analysis of contact angle results was performed in
Microsoft Excel by calculating standard deviation and t-test.
The t-test was performed to determine the statistical sig-
nificance of the difference in wettability between ALD-
coated specimens and cp-Ti and SS316L specimens,
respectively.

3 Results and discussion

3.1 Surface morphology

The surface morphologies of cp-Ti and SS316L specimens
coated with ALD alumina thin films deposited at different
temperatures, 180 °C and 260 °C, are shown in Fig. 1. The
presence of agglomerates, sized around 1 µm, randomly
distributed over the surface can be observed in all speci-
mens. Additionally, alumina agglomerates on SS316L
substrate appear to form preferentially in some areas and
with a tendency to form very small, densely distributed
agglomerates below 1 µm in size (Fig. 1c, d). The dis-
tribution of agglomerates seems independent of deposition
temperature; i.e. at both temperatures, the surface
morphologies are approximately equal.

ALD hafnia thin films exhibit different surface morphology
than alumina films. Namely, the presence of agglomerates
depends strongly on the deposition temperature (Fig. 2). When
deposited at 180 °C, the surface of the hafnia thin films appears
uniform on a given scale (Fig. 2a, c), while when deposited at
260 °C, many agglomerates, sized around 1 µm are present
(Fig. 2b, d). Hafnia tends to form bigger agglomerates at 260 °C
compared to alumina, mainly due to the formation of a crys-
talline phase with increasing temperature, which we observed in
our previous work [40], and was previously demonstrated by
other groups [62]. Further, the rough morphology at the
nanoscale is a characteristic feature of the ALD hafnia thin films
(insets in Fig. 2). These tiny agglomerates, less than 100 nm in
size, are an indication of 3D growth, so the film has a columnar
structure. However, this characteristic of hafnia films is
dependent on the deposition temperature. At 260 °C, a higher
density of these agglomerates can be observed (insets in Fig.
2b, d) compared to deposition at 180 °C (insets in Fig. 2a, c).

3.2 Wettability and surface energy

The obtained surface energy results show the difference
between the surfaces of cp-Ti and SS316L, as the latter has
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better wettability (smaller contact angle) and higher surface
energy (Fig. 3). The result for pure cp-Ti with a contact
angle of 77° agrees with the literature data [10]. Polished
SS316L specimens are more hydrophilic than polished Ti
specimens, with a contact angle of 52°.

ALD-coated 316L specimens show a higher contact
angle (lower surface energy) than the bare sample, whereas
the difference to the bare sample is not so pronounced for
cp-Ti. cp-Ti and SS316L specimens coated with alumina at
180 °C and hafnia at 180 °C or 260 °C showed almost the
same wettability as bare cp-Ti, while specimens with alu-
mina deposited at 260 °C showed a deviation. Namely, Ti-

AL260 and SS-AL260 specimens exhibit significantly
lower surface energy compared to all other specimens (Fig.
3a). Also, considering the increased values of the water
contact angles for these two specimens (Fig. 3b), it can be
concluded that alumina deposited at a higher temperature
tends to be hydrophobic. Interestingly, this is not a con-
sequence of the surface morphology, i.e. due to the small
densely distributed agglomerates below 1 µm in size (Fig.
1c, d); otherwise, SS-AL180 would also show an increased
contact angle and decreased surface energy. Therefore, the
reason must lie in the chemical properties of the alumina
surface, although surface morphology and surface

Fig. 2 SEM images of ALD
hafnia-coated cp-Ti and SS316L
specimens for a cp-Ti coated at
180 °C, b cp-Ti coated at
260 °C, c SS316L coated at
180 °C, and d SS316L coated at
260 °C

Fig. 1 SEM images of ALD
alumina-coated cp-Ti and
SS316L specimens for a cp-Ti
coated at 180 °C, b cp-Ti coated
at 260 °C, c SS316L coated at
180 °C and d SS316L coated at
260 °C
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chemistry equally determine wettability [68]. This issue is
further discussed in Section 3.4. related to antibacterial
properties.

3.3 Biocompatibility properties

Mesenchymal stem cells are multipotent, potentially origi-
nating osteo-, chondro- and adipogenic- lineages, making
them extremely important in tissue regeneration/repair
processes [69], particularly in musculoskeletal applications.
Here, the biocompatibility of the prepared materials was
evaluated in vitro using human mesenchymal stem cells
(hMSCs) with two different assays.

The first method consisted of treating cells with extracts
of each specimen and quantifying their metabolic activity as
a function of time to assess the effect of releasing any
cytotoxic species from the ALD thin films. The results of
the resazurin assay show that cell metabolic activity
increases with time in culture, suggesting no cytotoxic
effect of any of the extracts (Fig. 4). Additionally, the
results of all extracts are comparable with the untreated cells
(negative control) and significantly different (p < 0.0001, for
all specimens and all time points) from cells treated with
triton X-100, a powerful detergent, added to the cell culture
medium to cause cell membrane damage and, consequently,
cell death (positive control). At the end of the culture period

(72 h), filamentous actin and nuclei were stained to assess
cell morphology. Representative fluorescence microscopy
images show that cellular morphology is similar in all
conditions (Fig. 5a–c and e–l), except for the positive
control (Fig. 5d), where only small pyknotic nuclei are
observable. Thus, this indicates that none of the tested
specimens releases harmful species during incubation that
would interfere with cell development, i.e. they all have
potentially good biocompatibility.

Based on the positive results obtained, we proceeded with
the direct seeding of hMSCs on the surfaces of the tested
specimens. In this case, cells were maintained in culture for 7
days, with cell metabolic activity being measured at days 1, 3
and 7 in vitro (Fig. 6). Results show a significant increase in
metabolic activity at day 7 for all coated cp-Ti specimens when
compared to bare cp-Ti. SS316L specimens did not show a
significantly altered metabolic activity after applying ALD thin
films. Fluorescence microscopy images show no observable
differences in cellular morphology in all specimens (Fig. 7).
This data indicates that ALD modifications are not detrimental
and even result in a better outcome than for bare cp-Ti. These
results also suggest that surface morphology, i.e. the presence
and size of agglomerates, nor different wettability, do not affect
the viability of hMSCs, as might be expected based on previous
works [59–61]. Namely, there were no significant differences in
cell viability between hafnia thin films deposited at different

Fig. 3 Results of wettability
measurements, a total surface
energies for all specimens,
b contact angles of water drops.
Statistically significant
differences relative to bare
metals, cp-Ti and SS316L, are
indicated as *p < 0.001; and Ti-
AL260 and SS-AL260 relative
to the other samples are
indicated as **p < 0.0001
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temperatures even though they show distinctively different
surface morphologies (Fig. 2). Further, biocompatibility results
for alumina thin films deposited at 260 °C, which showed lower
surface energies (higher contact angle) (Fig. 3), did not differ
from other specimens.

3.4 Antibacterial properties

Antibacterial properties were determined by direct contact
of Staphylococcus aureus with the specimen surfaces.

Colony-forming units were counted in the incubation
medium and on sonicated samples (surface-adhered bac-
teria). Pure Cu, a known bactericide, was used as a positive
control. SEM imaging was also performed for visual insight
into adhered bacteria. Results for bare and coated cp-Ti
specimens and Cu positive control regarding CFU in the
incubation medium and adhered bacteria on the specimen
surfaces are shown in Fig. 8. No live bacteria were present
on the Cu specimen either in the incubation medium or
adhered to the surface. On bare cp-Ti, significantly more
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Fig. 4 Results of resazurin assay
showing hMSCs metabolic
activity after culturing in
specimen extracts and control
media for 24 h, 48 h and 72 h.
The positive control (cytotoxic)
consisted of cells treated with
triton X-100. Data represents the
mean ± SD of 3 technical
replicates of one representative
experiment

Fig. 5 Fluorescent labelling of F-actin (green) and nuclei (blue) of
hMSCs cultured for 72 h in extracts of tested specimens and in control
media; a control containing fresh culture medium, b cp-Ti extract
c SS316L extract, d positive control or culture medium with added

Triton X-100, e Ti-AL180 extract, f Ti-HF180 extract, g Ti-AL260
extract, h Ti-HF260 extract, i SS-AL180 extract, j SS-HF180 extract,
k SS-AL260 extract and l SS-HF260 extract. Scale bar= 100 μm
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bacteria remained on the specimen surface, i.e. adhered
(Fig. 8b), than in the incubation medium (Fig. 8a). The
same behaviour is valid for Ti-AL180. Ti-AL260 shows an
anti-adhesive effect, as demonstrated by the statistically
significant reduction of adherent bacteria and increased
CFU in the incubation media. This can be attributed to the
low wettability, i.e. reduced surface energy of Ti-AL260
(Fig. 3b). In general, bacteria with hydrophobic cell sur-
faces favour hydrophobic material surfaces, while those
with hydrophilic cell surfaces favour hydrophilic material
surfaces [70]. Therefore, hydrophobic alumina deposited at
a higher temperature appears to be a non-attractive substrate
for hydrophilic bacteria. As the Ti-AL180 specimen does
not show a similar effect despite that both specimens have
similar morphology (Fig. 1a, b), it can be concluded that
wettability and chemical properties could be critical for
inhibiting of S. aureus adhesion. Hafnia-coated specimens
Ti-HF180 and Ti-HF260 also showed significantly more
adhered bacteria on the surface than in the incubation
medium, as observed for cp-Ti and Ti-AL180.

Since the surfaces were sterilised using ethanol (as
described in Section 2.5) before exposure to bacteria, the

contact angles were measured before and after sterilisation
to exclude its effect on the surface properties. The results for
sterilised alumina-coated samples showed no change in the
contact angles compared to those shown in Fig. 3b for
deposition temperatures of 180 and 260 °C. In other words,
the surface chemistry remained stable, with a more hydro-
phobic surface deposited at 260 °C. The latter seems less
favourable for bacteria to adhere (Fig. 8b). In contrast,
specimens coated with hafnia thin films showed fairly
uniform results regardless of the substrate and the deposi-
tion temperature (Fig. 3). However, these samples became
almost perfectly hydrophilic after sterilisation, so that the
contact angle could not even be measured. Therefore, their
surface chemistry has completely changed, and the surface
energy has increased enormously, thus preferably the sur-
face for the strain of S. aureus bacteria. Besides, although
Ti-HF180 and Ti-HF260 have distinctively different surface
morphology (Fig. 2a, b), with the latter showing a more
agglomerated surface, the attachment of the bacteria was
similar.

The antibacterial activity of the SS316L specimens
proved to be slightly different to that of cp-Ti (Fig. 9). Bare

Fig. 6 Results of Resazurin assays showing hMSCs viability after culturing directly on the specimen surface after 1, 3 and 7 days. Data represents
the mean ± SD of 3 independent experiments. *p < 0.05 in relation to cp-Ti

Fig. 7 Fluorescent labelling of F-actin (green) of hMSCs cells cultured
for 7 days directly on tested specimens; a cp-Ti, b Ti-AL180, c Ti-

HF180, d Ti-AL260, e Ti-HF260, f SS316L, g SS-AL180, h SS-
HF180, i SS-AL260, and j SS-HF260. Scale bar= 100 μm
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SS316L showed similar interactions with bacteria as cp-Ti,
i.e. more bacteria remained adhered to the surface than in
the incubation medium. SS-AL180 and SSAL260 samples
presented a statistically significant increase of CFU in the
incubation medium, although the expected reduction in the
number of adherent bacteria was not observed. Therefore,
SS-AL260 did not show the expected result comparable to
Ti-Al260, i.e. anti-adhesive property due to low wettability.
Indeed, SS-AL260 wettability and surface energy show
results slightly different from Ti-AL260, i.e. a slightly lower
wettability and a slightly higher surface energy (Fig. 3),
respectively. Perhaps its surface energy did not reach the
critically low point that would enable the anti-adhesion as in
the case of Ti-AL260 (Fig. 8b). SS-HF180 and SS-HF260
show the same properties as Ti-HF180 and Ti-HF260, and
SS316L, i.e. preferred adhesion of bacteria to the surfaces
with less remaining in the incubation medium. Therefore,
the possible hypothesis that small densely distributed
agglomerates on the surface of the alumina film can act as
alumina nanoparticles, i.e. have a bactericidal role [51],
seems unlikely. However, it appears that the surface
chemistry controls the surface energy and, thus, the adhe-
sion of the S. aureus bacteria.

SEM images of the visual illustration of the adhesion of
bacterial colonies on the ALD-coated cp-Ti specimens are
shown in Fig. 10. SEM results are only complementary

results for visual information and should not be taken as
quantitative. S. aureus is a round-shaped bacteria that
usually form clumps as bright white clusters, as detailed in
the inset in Fig. 10d. Regardless of the similar morphology
of Ti-AL180 and Ti-AL260 (Fig. 1a, b), visually, fewer
bacteria can be observed on the surface of Ti-AL260 (Fig.
10a, b) that could be related to its low surface energy (Fig.
3b). This is in good correlation with the results of CFU
counting (Fig. 8).

On the other hand, Ti-HF180 and Ti-HF260, despite a
significant difference in morphology (Fig. 2a, b), i.e. the
absence of agglomerates in Ti-HF180, the presence of
bacteria observed in both cases was similar (Fig. 10c, d).
Note that clusters of adhered bacteria should be dis-
tinguished from agglomerates formed at 260 °C (inset in
Fig. 10d).

4 Conclusions

Two types of thin films, alumina and hafnia, were
deposited by atomic layer deposition on commercially
pure titanium and stainless steel 316 L at 180 °C and
260 °C aiming to investigate the effect of film composi-
tion, surface morphology and surface energy on their
biocompatibility and antibacterial properties. For hafnia,

Fig. 8 Antibacterial activity of
cp-Ti and cp-Ti-coated surfaces
against S. aureus after
incubation for 2 h. Results for
incubation media and adherent
bacteria are the average of two
independent experiments with
three replicates each. Data is
expressed as the
mean ± standard deviation (SD).
Statistically significant
differences relative to bare cp-Ti
are indicated as *p < 0.05;
**p < 0.01

Fig. 9 Antibacterial activity of
SS316L and SS316L-coated
surfaces against S. aureus after
incubation for 2 h. Results for
incubation media and adherent
bacteria are the average of three
independent experiments with
three replicates each. Data is
expressed as the
mean ± standard deviation (SD).
Statistically significant
differences relative to bare
SS316L are indicated as
**p < 0.01
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the effect of temperature is related to forming more
agglomerates, whereas, for alumina, this effect was not so
pronounced. Surface energy was the lowest for the Ti
coated with alumina at 260 °C. The favourable surface
morphology of implant materials, i.e. roughness on micro
and sub-micro scale, is crucial for good interaction
between implanted material and tissue.

Different surface morphologies on a micro-scale, pri-
marily the presence of agglomerates, did not affect the
biocompatibility of the ALD-coated specimens. Also, the
different surface energies, i.e. their wettability, were not
decisive parameters of biocompatibility tests regardless of
the deposition temperature. ALD alumina and hafnia did not
produce a harmful effect on human bone marrow-derived
mesenchymal stem cells. Moreover, a statistically sig-
nificant increase in metabolic activity after 7 days was
observed for all ALD-coated cp-Ti specimens compared to
bare cp-Ti when hMSCs were seeded directly on the spe-
cimens’ surface. No increase was observed for SS316L
specimens.

Regarding the antibacterial properties, no bactericidal
effect on S. aureus was found on any specimen. Generally,
bacterial adhesion shows no correlation with surface mor-
phology, but surface energy has a particular effect on the
adhesion of bacteria. ALD alumina thin film deposited on
cp-Ti at 260 °C showed anti-adhesive properties to bacteria,
which we ascribed to the decreased surface energy

measured for this specimen. SEM confirmed a low number
of adherent bacteria. It seems that the different nature of the
substrate affects the growth and properties of the alumina
ALD film differently, as similar effect was not observed for
the film on 316L specimen.

Results prove that ca. 60 nm thick alumina and hafnia
films produced by atomic layer deposition do not impair the
biocompatibility of biomedical alloys. Moreover, an even
better outcome was observed for ALD-coated cp-Ti com-
pared to the bare substrate. Similarly, anti-adhesive prop-
erties shown by ALD alumina films on cp-Ti deposited
under optimal conditions offer additional functionality
when considering implantation in the human body. The
general conclusion is that ALD-coated biomedical alloys
are potentially applicable in biomedical applications and
worth further investigation.
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on request from the corresponding author.

Acknowledgements Access to scientific equipment (ALD and SEM)
of the Centre of Excellence on Nanoscience and Nanotechnology –

Nanocenter, Ljubljana, is acknowledged. The authors thank Barbara
Kapun, BSc, for the SEM analysis of ALD-coated specimens and
Centro de Materiais da Universidade do Porto (CEMUP) for the SEM
analysis of specimens after incubation with bacteria.

Fig. 10 SEM images of ALD
alumina- and hafnia-coated cp-
Ti specimens after incubation
for 2 h with the S. aureus for
a alumina deposited at 180 °C,
b alumina deposited at 260 °C,
c hafnia deposited at 180 °C and
d hafnia deposited on 260 °C.
White round bright clusters are
adhered bacteria, while smaller
white deposits are agglomerates

68 Page 12 of 14 Journal of Materials Science: Materials in Medicine (2024) 35:68



Funding This project has received funding from the European Union’s
Horizon H2020 research and innovation programme under the Marie
Skłodowska Curie Innovative Training Network grant agreement No.
764977. The financial support from the Slovenian Research Agency
(research core funding No. P2-0393) is acknowledged.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Milošev I. Metallic materials for biomedical applications: Laboratory
and clinical studies. Pure Appl. Chem. 2011;83:309–24.

2. Eliaz N. Corrosion of metallic biomaterials: A review. Materials.
2019;12:99–121.

3. Williams DF. On the mechanisms of biocompatibility. Bioma-
terials. 2008;29:2941–53.

4. Anselme K, Davidson P, Popa AM, Giazzon M, Liley M, Ploux L.
The interaction of cells and bacteria with surfaces structured at the
nanometre scale. Acta Biomater. 2010;6:3824–46.

5. Pinto RM, Lopes-De-Campos D, Martins MCL, Van Dijck P,
Nunes C, Reis S. Impact of nanosystems in Staphylococcus aureus
biofilms treatment. FEMS Microbiol Rev. 2019;43:622–41.

6. Hasan J, Crawford RJ, Ivanova EP. Antibacterial surfaces: The
quest for a new generation of biomaterials. Trends Biotechnol.
2013;31:295–304.

7. Monteiro C, Costa F, Pirttilä AM, Tejesvi MV, Martins MCL.
Prevention of urinary catheter-associated infections by coating
antimicrobial peptides from crowberry endophytes. Sci Rep.
2019;9:10753.

8. Monteiro C, Fernandes H, Oliveira D, Vale N, Barbosa M, Gomes
P, et al. Chitosan coating with bactericidal activity in the presence
of human plasma proteins. Molecules 2020;25:1–10.

9. Milošev I Surface Treatments of Titanium with Antibacterial
Agents for Implant Applications. Djokic S, editor. Biomedical and
Pharmaceutical Applications of Electrochemistry. Springer. 2016;
60:1–88.

10. Pegueroles M, Gil FJ, Planell JA, Aparicio C. The influence of
blasting and sterilization on static and time-related wettability and
surface-energy properties of titanium surfaces. Surf. Coatings.
Technol. 2008;202:3470–9.

11. Gurappa I. Characterization of different materials for corrosion
resistance under simulated body fluid conditions. Mater. Charact.
2002;49:73–79.

12. Morsiya C. A review on parameters affecting properties of bio-
material SS 316L. Aust. J. Mech. Eng. 2020;20:803–13.

13. Elias CN, Lima JHC, Valiev R, Meyers MA. Biomedical appli-
cations of titanium and its alloys. JOM. 2008;60:46–49.

14. Prasad K, Bazaka O, Chua M, Rochford M, Fedrick L, Spoor J,
et al. Metallic biomaterials: Current challenges and opportunities.
Materials. 2017;10:1–33.

15. Rushing GD, Goretsky MJ, Gustin T, Morales M, Kelly RE, Nuss
D. When it is not an infection: metal allergy after the Nuss pro-
cedure for repair of pectus excavatum. J. Pediatr. Surg.
2007;42:93–97.

16. Levašič V, Milošev I, Zadnik V. Risk of cancer after primary total
hip replacement: The influence of bearings, cementation and the
material of the stem: A retrospective cohort study of 8,343
patients with 9 years average follow-up from Valdoltra Ortho-
paedic Hospital. Acta Orthop. 2018;89:234–9.

17. Asri RIM, Harun WSW, Samykano M, Lah NAC, Ghani SAC,
Tarlochan F, et al. Corrosion and surface modification on bio-
compatible metals: A review. Mater. Sci. Eng. C.
2017;77:1261–74.

18. Ektessabi AM. Surface modification of biomedical implants using
ion-beam-assisted sputter deposition. Nucl. Instruments Methods
Phys. Res. Sect. B. 1997;127-8:1008–14.

19. Giavaresi G, Ambrosio L, Battiston GA, Casellato U, Gerbasi R,
Finia M, et al. Histomorphometric, ultrastructural and micro-
hardness evaluation of the osseointegration of a nanostructured
titanium oxide coating by metal-organic chemical vapour
deposition: An in vivo study. Biomaterials. 2004;25:5583–91.

20. Duta L, Popescu AC. Current status on pulsed laser deposition of
coatings from animal-origin calcium phosphate sources. Coatings.
2019;9:335–77.

21. Parcharoen Y, Kajitvichyanukul P, Sirivisoot S, Termsuksawad P.
Hydroxyapatite electrodeposition on anodized titanium nanotubes
for orthopedic applications. Appl. Surf. Sci. 2014;311:54–61.

22. Moore B, Asadi E, Lewis G. Deposition methods for micro-
structured and nanostructured coatings on metallic bone implants:
A review. Adv. Mater. Sci. Eng. 2017;2017:1–9.

23. Sáenz A, Rivera E, Brostow W, Castaño V. Ceramic biomaterials:
an introductory overview. J. Mater. Educ. 1999;21:297–306.

24. Inadome T, Hayashi K, Nakashima Y, Tsumura H, Sugioka Y.
Comparison of bone‐implant interface shear strength of hydro-
xyapatite‐coated and alumina‐coated metal implants. J. Biomed.
Mater. Res. 1995;29:19–24.

25. Zhu L, Ye X, Tang G, Zhao N, Gong Y, Zhao Y, et al. Biomi-
metic coating of compound titania and hydroxyapatite on tita-
nium. J. Biomed. Mater. Res. 2007;4:1165–75.

26. Kaliaraj GS, Vishwakarma V, Kirubaharan K, Dharini T, Rama-
chandran D, Muthaiah B. Corrosion and biocompatibility beha-
viour of zirconia coating by EBPVD for biomedical applications.
Surf. Coat. Technol. 2018;334:336–43.

27. Faruque MK, Darkwa KM, Watson CY, Waterman JT, Kumar D.
Synthesis, structure, and biocompatibility of pulsed laser-
deposited TiN nanowires for implant applications. J. Biomed.
Mater. Res. A. 2012;100A:1831–8.

28. Ramoul C, Beliardouh NE, Bahi R, Nouveau C, Djahoudi A, Walock
MJ. Surface performances of PVD ZrN coatings in biological envir-
onments. Tribol. - Mater. Surf. Interfaces. 2019;13:12–19.

29. Heimann RB. Silicon nitride, a close to ideal ceramic material for
medical application. Ceramics. 2021;4:208–23.

30. Ragone V, Canciani E, Biffi CA, D’Ambrosi R, Sanvito R, Del-
lavia C, et al. CoCrMo alloys ions release behavior by TiNbN
coating: An in vitro study. Biomed. Microdevices. 2019;21:61.

31. Peng Y, Peng J, Wang Z, Xiao Y, Qiu X. Diamond-like Carbon
Coatings in the Biomedical Field: Properties, Applications and
Future Development. Coatings. 2022;12:1088.

Journal of Materials Science: Materials in Medicine (2024) 35:68 Page 13 of 14 68

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


32. McEntire BJ, Bal BS, Rahaman MN, Chevalier J, Pezzotti G.
Ceramics and ceramic coatings in orthopaedics. J. Eur. Ceram.
Soc. 2015;35:4327–69.

33. Leskelä M, Niinistö J, Ritala M. Atomic Layer Deposition.
Compr. Mater. Process. 2014;4:101–23.

34. Cremers V, Puurunen RL, Dendooven J. Conformality in atomic
layer deposition: Current status overview of analysis and model-
ling. Appl. Phys. Rev. 2019;6:1–43.

35. Ritala M, Leskelä M, Dekker JP, Mutsaers C, Soininen PJ, Skarp
J. Perfectly conformal TiN and Al2O3 films deposited by atomic
layer deposition. Chem. Vap. Depos. 1999;5:7–9.

36. Skoog SA, Elam JW, Narayan RJ. Atomic layer deposition: Medical
and biological applications. Int. Mater. Rev. 2013;58:113–29.

37. Matero R, Ritala M, Leskelä M, Salo T, Aromaa J, Forsén O.
Atomic layer deposited thin films for corrosion protection. J. Phys.
IV. 1999;9:493–9.

38. Bishal AK, Butt A, Selvaraj SK, Joshi B, Patel SB, Huang S, et al.
Atomic layer deposition in bio-nanotechnology: A brief averview.
Crit. Rev. Biomed. Eng. 2015;43:255–76.

39. Wachnicki L, Gieraltowska S, Witkowski BS, Godlewski M,
Godlewski MM, Slonska-Zielonka A Antimicrobial coatings
grown by the atomic layer deposition technique. IEEE 15th Int.
Conf. Nanotechnol. (IEEE-NANO), Rome, Italy. 2015: 846–9.

40. Spajić I, Rodič P, Šekularac G, Lekka M, Fedrizzi L, Milošev I.
The effect of surface preparation on the protective properties of
Al2O3 and HfO2 thin films deposited on cp-titanium by atomic
layer deposition. Electrochim. Acta. 2021;366:137431.

41. Spajić I, Rahimi E, Lekka M, Offoiach R, Fedrizzi L, Milošev I.
Al2O3 and HfO2 atomic layers deposited in single and multilayer
configurations on titanium and on stainless steel for biomedical
applications. J. Electrochem. Soc. 2021;168:071510.

42. Denes E, Barrière G, Poli E, Lévêque G. Alumina biocompat-
ibility. J. Long. Term. Eff. Med. Implants. 2018;28:9–13.

43. Rahmati M, Mozafari M. Biocompatibility of alumina-based
biomaterials–A review. J. Cell. Physiol. 2019;234:3321–35.

44. Miikkulainen V, Leskelä M, Ritala M, Puurunen RL. Crystallinity
of inorganic films grown by atomic layer deposition: Overview
and general trends. J. Appl. Phys. 2013;113:021301.

45. Finch DS, Oreskovic T, Ramadurai K, Herrmann CF, George SM,
Mahajan RL. Biocompatibility of atomic layer-deposited alumina
thin films. J. Biomed. Mater. Res. 2008;87A:100–6.

46. Liang X, Lynn AD, King DM, Bryant SJ, Weimer AW. Bio-
compatible interface films deposited within porous polymers by
atomic layer deposition (ALD). ACS Appl. Mater. Interfaces.
2009;9:1988–95.

47. Godlewski M, Gierałtowska S, Wachnicki Ł, Pietuszka R, Wit-
kowski BS, Słońska A, et al. High-k oxides by atomic layer
deposition—applications in biology and medicine. J. Vac. Sci.
Technol. A. 2017;35:021508.

48. Popescu MC, Ungureanu C, Buse E, Nastase F, Tucureanu V,
Suchea M, et al. Antibacterial efficiency of cellulose-based fibers
covered with ZnO and Al2O3 by atomic layer deposition. Appl.
Surf. Sci. 2019;481:1287–98.

49. Eom JH, Cho TY, Cho SK. Performance of multifunctional
antibacterial moisture barrier films with different Zn/Al ratios
fabricated by plasma enhanced atomic layer deposition. Appl.
Surf. Sci. 2023;638:158011.

50. Nazarov D, Kozlova L, Rogacheva E, Kraeva L, Maximov M.
Atomic layer deposition of antibacterial nanocoatings: A review.
Antibiotics. 2023;12:1656.

51. Jiang W, Mashayekhi H, Xing B. Bacterial toxicity comparison
between nano- and micro-scaled oxide particles. Environ. Pollut.
2009;157:1619–25.

52. Mukherjee A, Mohammed Sadiq I, Prathna TC, Chandrasekaran
N Antimicrobial activity of aluminium oxide nanoparticles for

potential clinical applications. in Mendez-Vilas A (Ed): ‘Science
against microbial pathogens’. 2011: 245-51.

53. Fohlerova Z, Mozalev A. Anodic formation and biomedical
properties of hafnium-oxide nanofilms. J. Mater. Chem. B.
2019;7:2300–10.

54. Mohammadi S, Esposito M, Cucu M, Ericson LE, Thomsen P.
Tissue response to hafnium. J. Mater. Sci. Mater. Med.
2001;12:603–11.

55. Matsuno H, Yokoyama A, Watari F, Uo M, Kawasaki T. Bio-
compatibility and osteogenesis of refractory metal implants, tita-
nium, hafnium, niobium, tantalum and rhenium. Biomaterials.
2001;22:1253–62.

56. Puurunen RL, Sajavaara T, Santala E, Miikkulainen V, Saukko-
nen T, Laitinen M, et al. Controlling the crystallinity and rough-
ness of atomic layer deposited titanium dioxide films. J. Nanosci.
Nanotechnol. 2011;11:8101–7.

57. Hausmann DM, Gordon RG. Surface morphology and crystal-
linity control in the atomic layer deposition (ALD) of hafnium
and zirconium oxide thin films. J. Cryst. Growth. 2003;249:
251–61.

58. Aarik J, Aidla A, Uustare T, Sammelselg V. Morphology and
structure of TiO2 thin films grown by atomic layer deposition. J.
Cryst. Growth. 1995;148:268–75.

59. Gittens RA, McLachlan T, Olivares-Navarrete R, Cai Y, Berner S,
Tannenbaum R, et al. The effects of combined micron-/submicron-
scale surface roughness and nanoscale features on cell proliferation
and differentiation. Biomaterials. 2011;32:3395–403.

60. Gittens RA, Olivares-Navarrete R, Schwartz Z, Boyan BD.
Implant osseointegration and the role of microroughness and
nanostructures: Lessons for spine implants. Acta Biomater.
2014;10:3363–471.

61. Wu Y, Zitelli JP, TenHuisen KS, Yu X, Libera MR. Differential
response of Staphylococci and osteoblasts to varying titanium
surface roughness. Biomaterials. 2011;32:951–60.

62. Matero R, Rahtu A, Ritala M, Leskelä M, Sajavaara T. Effect of
water dose on the atomic layer deposition rate of oxide thin films.
Thin Solid Films. 2000;368:1–7.

63. Kukli K, Ritala M, Sajavaara T, Keinonen J, Leskelä M. Atomic layer
deposition of hafnium dioxide films from hafnium tetra-
kis(ethylmethylamide) and water. Chem. Vap. Deposition.
2002;8:199–204.

64. Subedi DP. Contact angle measurement for the surface char-
acterization of solids. Himal. Phys. 2011;2:1–4.

65. Rodič P, Milošev I. One-step ultrasound fabrication of corrosion
resistant, self-cleaning and anti- icing coatings on aluminium.
Surf. Coat. Technol. 2019;369:175–85.

66. Pinto RM, Monteiro C, Costa Lima SA, Casal S, Van Dijck P,
Martins MCL, et al. N-acetyl-L-cysteine-loaded nanosystems as a
promising therapeutic approach toward the eradication of Pseu-
domonas aeruginosa biofilms. ACS Appl. Mater. Interfaces.
2021;13:42329–43.

67. Pinheiro JC, Bates DM. Nonlinear mixed-effects models: Basic
concepts and motivating examples. In: Mixed-Models in Sand
S-PLUS, Springer, New York, NY. Statistics and Computing.
2000; 273–304.

68. Cheng Y, Feng G, Moraru CI. Micro- and nanotopography sen-
sitive bacterial attachment mechanisms: A Rrview. Front.
Microbiol. 2019;10:191.

69. Li J, Liu Y, Zhang Y, Yao B, Enhejirigala B, Li Z, et al. Bio-
physical and biochemical cues of biomaterials guide mesenchymal
stem cell behaviors. Front. Cell. Dev. Biol. 2021;9:640388.

70. Zheng S, Bawazir M, Dhall A, Kim HE, He L, Heo J, et al.
Implication of surface properties, bacterial motility, and hydro-
dynamic conditions on bacterial surface sensing and their initial
adhesion. Front Bioeng Biotechnol. 2021;9:643722.

68 Page 14 of 14 Journal of Materials Science: Materials in Medicine (2024) 35:68


	Biocompatibility and antibacterial properties of medical stainless steel and titanium modified by alumina and hafnia films prepared by atomic layer deposition
	Abstract
	Introduction
	Experimental part
	Specimens preparation
	ALD deposition processes
	Surface characterisation
	Surface morphology
	Wettability and surface energy

	Biocompatibility
	Assays with extracts
	Test by direct contact
	Resazurin assay
	Immunocytochemistry

	Antibacterial properties
	Scanning electron microscopy of samples exposed to bacteria

	Statistical analysis
	Resazurin assay
	Antimicrobial properties
	Wettability


	Results and discussion
	Surface morphology
	Wettability and surface energy
	Biocompatibility properties
	Antibacterial properties

	Conclusions
	Publisher&#x02019;s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.Acknowledgements

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




