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Abstract

The number of endoprosthetic implants is constantly increasing. Successful osseointegra-

tion of the inserted material into the bone is essential for a prosthesis to remain in the bone

as long as possible. In the clinical setting, a roughened titanium surface of implants is

used as standard to enable the best possible osseointegration. Vitamin K2 and vitamin D3

play a decisive role in dynamic bone metabolism and therefore also influence osseointe-

gration. For the first time, we carried out in vitro investigations with clinically relevant

cells, primary healthy human osteoblasts (hOBs). We qualitatively compared the adhesion

behaviour of hOBs on a plastic surface, a smooth, regular titanium surface structure and a

roughened, irregular titanium surface structure by scanning electron microscopy and fluo-

rescence microscopy. The osteogenic behaviour and the osteogenic differentiation capacity

were quantitatively investigated by analysing the activity of alkaline phosphatase and the

alizarin red S assay under the influence of vitamin K2, vitamin D3 and the combination of

both vitamins. It was shown that more adhesion points formed between the cells and the

titanium on the rough surface structure. In addition, a solid cell network developed more

quickly on this side, with cell runners forming in three-dimensional space, which means the

interactions between the cells across different cell layers. On the other hand, a structured

cell network also appeared on the regular smooth surface structure, which means that

the network seems to be formed and built up along a defined structure. The addition of

vitamins further increased the osteogenic differentiation capacity on the rough titanium

surface structure. In particular, the isolated addition of vitamin K2 showed an improved

osteogenic differentiation in the long-term observation, whereas the combined addition of

both vitamins promoted the initial osteogenic differentiation. Vitamin K2, therefore, plays

a greater role in osseointegration than previously assumed. This opens up new possibilities

for the use of vitamin K2 during and after the surgical insertion of an implant. The use

of vitamin K2 should be reconsidered for clinical applications in implant care and further

investigated clinically.

Keywords: osseointegration; human osteoblasts; endoprosthesis; rough surface structure;

vitamin K2; vitamin D3; adherence behaviour osteogenic differentiation

1. Introduction

The number of hip replacements performed in recent years has been steadily

increasing [1]. Due to increasing life expectancy, it can be assumed that this trend will

Materials 2025, 18, 5012 https://doi.org/10.3390/ma18215012

https://doi.org/10.3390/ma18215012
https://doi.org/10.3390/ma18215012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0009-0002-2013-1414
https://orcid.org/0000-0002-7163-6925
https://doi.org/10.3390/ma18215012
https://www.mdpi.com/article/10.3390/ma18215012?type=check_update&version=1


Materials 2025, 18, 5012 2 of 23

continue in the coming years [2,3]. How long an implanted endoprosthesis remains firmly

in the bone depends largely on its osseointegration. On average, the lifespan of an im-

planted hip endoprosthesis is 15 years [4]. In recent years, numerous in vivo and in vitro

studies have been carried out, which have looked at various aspects in order to improve

osseointegration in the long term [5]. The term osseointegration means that the implants

inserted are anchored directly in the bone. Furthermore, it means that the interaction

between the implants and bone can only be cancelled by a fracture [6]. The understand-

ing of osseointegration has significantly advanced arthroplasty, initially in dentistry, but

ultimately also in orthopaedics [7].

Bone tissue is one of the most dynamic tissues in the body, so that even after a short

time, bone metabolism adapts to new conditions [8]. Primary implant stability is crucial for

implant integration in bone. The process of osseointegration takes place in three phases.

In the first phase, the implant is inserted into the bone, and the bone cells make contact

with the implant surface [9]. Here, it is crucial that the bone cells quickly become adherent

to the newly inserted surface. Achieving a high level of adherence to the foreign material

quickly is essential for the further course of osseointegration [10]. In the next phase,

osteogenesis begins, which is primarily induced by inflammatory processes. In the third

phase, remodelling introduced by angiogenesis and integration of the implant into the bone

tissue begins [9]. However, the metabolic capacity and regenerative capacity of the bone do

not play an essential role in the osseointegration process. Particularly in the first phase of

osseointegration, the condition of the implant is crucial in order to initially optimise the

conditions for firm cell adherence [11,12]. Research into improved osseointegration focuses,

in particular, on the possibility of improving the surface quality of the implants inserted in

order to improve the initial growth of bone cells [5].

Due to its biocompatibility, titanium has been the material of choice for the man-

ufacture of endoprostheses for decades [13]. Titanium alloy forms an oxide layer with

the surrounding air and is therefore particularly resistant to corrosion [14,15]. The tita-

nium alloy TiAl6V4, in particular, is used as a standard, as it is considered to be highly

biocompatible [13,16]. In addition to biocompatibility, the optimum implant surface must

be such that the extracellular matrix (ECM) can form quickly [11]. How well the implant

anchors in the bone depends finally on the interaction between the implant or its surface

and the bone tissue and the surrounding environment [13]. Systematic studies have shown

that a slightly roughened surface structure of the titanium promotes osseointegration,

which is why this is now considered standard for implants [17].

The aim is to create an environment that promotes optimal regeneration of bone tissue

after the insertion of a titanium implant. The modification of the surface represents a

research approach with regard to a possible longer service life of implants [18].

The overall aim is to permanently extend the half-life of endoprostheses and strengthen

the implant–bone interaction [19].

Due to increasing life expectancy, it can be assumed that the number of hip arthro-

plasty revisions will increase further in the coming years, too [20]. At the same time, the

bone quality that is encountered will deteriorate, and the need for implantation of an endo-

prosthesis will increase even more [21]. This makes it all the more important to understand

how osseointegration works in healthy bone and how it can be continuously improved, in

order to then determine how this can also be achieved in weakened bone tissue [22]. The

clinical aim must therefore be to ensure that an implanted endoprosthesis remains firmly

anchored in the bone for as long as possible. Moreover, no reoperation or reimplantation

should be necessary. For this, it is crucial to understand the exact processes of healthy

human osteoblasts in interaction with the rough implant surface.
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This study investigates another aspect that can extend the service life and improve the

anchoring of the implant in the bone. It is known from numerous studies that vitamin D3

and vitamin K2 play a decisive role in bone metabolism and favour bone growth [23].

Vitamin D is a crucial building block in this process. The presence of vitamin D

and its metabolites promotes cell growth and increases the formation of fibronectin [24].

The active form of vitamin D is vitamin D3. The formation of the ECM and thus bone

mineralisation is significantly controlled by vitamin D3 [25]. This takes place via direct and

indirect processes. Vitamin D3 binds directly to the vitamin D3 receptor of osteoblasts and

thus activates mineralisation [26]. Vitamin D3 indirectly regulates bone mineralisation by

controlling the calcium and phosphate balance [27]. Vitamin D supplements, in particular,

have been used for decades to prevent osteoporosis [28]. An adequate supply of vitamin D3

can significantly delay and reduce the risk of the development of osteoporosis. This is also

associated with a reduced risk of fractures [29,30]. There is clear evidence that vitamin D

deficiency in animal models has a negative effect on the osseointegration of an implant [31].

However, the actual influence of vitamin K2 on the proliferation and differentiation of

osteogenic differentiating cells has not yet been conclusively determined. So far, vitamins K1

and K2 are mainly known for their influence on haemostasis as cofactors for the formation

of vitamin K-dependent coagulation factors [32]. However, it is now also known that

vitamin K2 has a relevant influence on bone balance [33]. However, there are indications

that vitamin K2 has a positive effect on the effect of vitamin D3 and the deposition of

osteocalcin in the extracellular matrix (and the associated increase in differentiation) [34].

Vitamin K2 also inhibits the activity of osteoclasts and, at the same time, promotes the

transformation of osteoblasts into osteocytes [35–37]. Overall, vitamin K2 appears to be

involved in many metabolic processes of bone. However, unlike vitamin D3, it is not yet

used as a standard for the prevention of osteoporosis; only in Japan has vitamin K2 been

part of the treatment of osteoporosis for many years [38].

For the first time, the processes of osteointegration and adherence behaviour are

investigated using clinically relevant cells in primarily healthy human osteoblasts. Further-

more, this work now brings together the various aspects of promoting osseointegration.

In addition to the detailed presentation of how vitamin D3 and vitamin K2 promote the

formation of complex cell clusters, the influence of a roughened surface structure on the

differentiation capacity of human osteoblasts is also investigated.

2. Materials and Methods

2.1. Titanium Preparations

The used titanium samples (provided by Peter Brehm GmbH, Weisendorf, Germany,

for this in vitro analysis) had a diameter of 14.7 mm and a thickness of 2.0 mm. With this

size, they fit exactly into one well of a 24-well plate. They were made of the commercially

available titanium alloy TiAl6V4 and had a roughened (Rz value of 40–60 µm) and a smooth

polished side (Rz value approx. 10 µm). The Rz value refers to the maximum difference

between a peak and a valley on the surface. The smooth side is normally not foreseen for

direct contact with bone and thus served as the control. As a limited number of samples

were used, it was necessary to process the plates after use. Therefore, a cleaning protocol

was established for the reuse of the titanium preparations in which the surface structure

was completely preserved, but the biological cell material was removed. Therefore, the

titanium discs were soaked in acetic acid (Sigma-Aldrich Co., St. Louis, MO, USA) for

60 min and washed overnight in distilled water. The titanium discs were then cleaned

mechanically for 15 min using ultrasound and finally autoclaved at 128 ◦C.
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2.2. Cells

Human osteoblasts (hOBs) were isolated from femoral heads after removal due to a

finding of arthrosis or after a fracture event. The procedure was authorised by the Research

Ethics Committee of the Heinrich Heine University Düsseldorf (Study No. 5585R). The

patients consented in writing to the further use of the removed cells. The patients from

whom the cells were taken were male and female, aged between 24 and 86 years. In a

previously performed Dual-Energy X-ray absorptiometry measurement (DXA) of the spine

and proximal femur, the hOBs were defined as T > −2.5. This means that the bone from

which the cells were extracted was healthy and non-osteoporotic [39]. All measurements

and the removal of the femoral heads were medically indicated, and all included persons

consented to the further use of the removed tissue. All surgical tissue removals were

performed at the Department of Orthopaedics and Trauma Surgery, University Hospital

Düsseldorf. Femoral heads were transferred immediately to the lab or were stored at 4 ◦C

upon further processing.

Firstly, the spongiosa was separated from the compacta using a sharpened spoon. The

resulting fragments were transferred to a tube. Into this tube, 0.25% collagenase type IV

(Life Technologies Ltd., Thermo Fisher Scientific, Waltham, MA, USA) in wash medium

(1% penicillin/streptomycin 10,000 U/mL/10 mg/mL in GibcoTM Ham’s F-12 Nutrient

mix from Life Technologies Ltd., Thermo Fisher Scientific, Waltham, MA, USA) was filtered

in sterile conditions. Everything was incubated for 2 1/2 h at 37 ◦C with continuous

shaking. The solution was then carefully transferred to a new tube, which was centrifuged

for 5 min at 400× g. The centrifuged supernatant was removed, and the resulting pellet

was resuspended in the wash medium. Again, the solution was centrifuged for 5 min at

400× g. The supernatant was removed again. Afterwards, the pellet was resuspended with

standard cell medium and plated in T75 cell flasks [40,41].

The hOBs were cultured in standard cell culture medium (DMEM, (Life Technologies

Ltd., Thermo Fisher Scientific, Waltham, MA, USA) to which 5% Hepes (Sigma-Aldrich Co.,

St. Louis, MO, USA), 5% penicillin/streptomycin (P/S; PAN Biotech, Aidenbach, Germany)

and 10% foetal bovine serum (FBS; Sigma-Aldrich Co., St. Louis, MO, USA) were added.

The incubation was carried out at 37 ◦C, 5% CO2 and 100% humidity in the dark.

The grown hOBs were regularly monitored under a light microscope. Their growth

and vitality were documented. The cell culture medium was changed at least twice a week

to optimise growth and prevent possible contamination. If a continuous, uniform cell

lawn was detected with the light microscope, the cells were split into several cell culture

flasks. To accomplish this, the cell culture medium was first removed from the cell culture

flask, and the hOB was washed with Dulbecco’s Phosphate-Buffered Saline, modified,

without calcium, chloride and magnesium (PBS; Sigma-Aldrich Co., St. Louis, MO, USA).

To mobilise the hOBs, a solution of PBS with 10% trypsin (Sigma-Aldrich Co., St. Louis,

MO, USA) was added to the cells. These were incubated for 5 min at 37 ◦C, 5% CO2 and

100% humidity in the dark. Under the light microscope, we checked whether the cells had

successfully detached from the cell culture flap. Any hOBs that had not yet been detached

were carefully removed from the plastic surface of the cell culture flask using a soft cell

culture scraper. To inhibit further mobilisation of the cells, the same amount of cell culture

medium was added as the previously added trypsin–PBS solution. This solution was

transferred to a tube and centrifuged for 5 min at 300× g. The supernatant was removed,

and the cell pellet was resuspended in the cell culture medium. Then, the number of hOBs

could be determined using a Neubauer counting chamber under a light microscope, or

they could be distributed evenly directly to new cell culture flasks.
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2.3. Cultivating and Differentiation During the Experiments

For the experiments, the cells were removed from the cell culture flasks as described

and transferred to 24-well plates or to the titanium plates contained therein. The control

group always consisted of hOBs on the plastic surface in the well plate, which, in contrast

to the cells on the titanium plates, could still be monitored by light microscopy. Per well,

20,000 hOBs were always initially plated in 1 mL of cell culture medium. This meant that

the titanium plates were also well covered with cell medium. After 72 h of growth, the cell

culture medium was carefully removed and replaced by a differentiation medium, which

also contained FBS and P/S in the same amount as the standard medium and additionally

contained Dexamethason (Sigma-Aldrich Co., St. Louis, MO, USA), L-Ascorbin-2-Phosphat

(Sigma-Aldrich Co., St. Louis, MO, USA) and ß-Glycerophosphat (Sigma-Aldrich Co.,

St. Louis, MO, USA) [42]. If differentiation was also to be carried out with the addition

of vitamins, vitamin K2 (concentration of 10 µM; Sigma-Aldrich Co., St. Louis, MO,

USA), vitamin D3 (concentration of 10 nM; Sigma-Aldrich Co., St. Louis, MO, USA) or a

combination of both was added to the differentiation medium from the first addition. The

differentiation medium with and without vitamin supplements was renewed every 48 h.

The results were analysed after 1, 7, 14 and 21 days of differentiation. Two discs with the

same treatment, but without cells, served as blanks.

2.4. Quantitative Analysis of the Differentiation Capacity and Development of the Extracellular
Matrix (ECM)

2.4.1. Alkaline Phosphatase (ALP)

The enzymatic activity of ALP in the cells was used as an osteogenic differentiation

marker. At the end of the defined differentiation time, the cells or platelets with cells were

first washed with PBS and then incubated with 4-nitrophenol solution (Sigma-Aldrich

Co., St. Louis, MO, USA) for 20 min in the dark at room temperature. The solution

was transferred to 96-well plates; duplicates were always prepared. The mean value of

the empty titanium plates carried served as a blank and was subtracted from the values

obtained for the plates with hOBs. The discoloured supernatant was measured at 405 nm

using a microplate reader [43].

2.4.2. Alizarin Red S Staining

Staining with Alizarin Red S served as a later osteogenic marker of the expression of

the ECM. At the end of the defined differentiation time, the samples were washed with

PBS and fixed with ROTI® Histofix (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for

15 min at 37 ◦C. The fixed cells on the platelets and in the wells were washed with distilled

water and incubated with 0.5% Alizarin Red S monosodium salt in distilled water for

20 min at 37 ◦C. Calcium is deposited in differentiated cells and forms complexes with the

alizarin dye [44]. Due to the previous fixation, only excess dye was subsequently removed.

After washing three times with distilled water, the cells were redissolved using a 10%

cetylpyridinium chloride solution (Sigma-Aldrich Co., St. Louis, MO, USA) for 60 min

on a small plate shaker (type KM2, Edmund Bühler GmbH, Bodelshausen, Germany) at

250 rpm. This made it possible to ensure gentle removal even from the rough side of the

discs without having to mechanically mainpulse the titanium surfaces. The concentration

of the redissolved staining was measured at 450 nm in the microplate reader. The mean

value determined from the bare titanium plates was subtracted from the values of the

differentiated hOBs on the titanium surfaces.
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2.5. Visualisation of Cell Development

The first qualitative evaluations were carried out after 48 h of growth to visualise the

basic cell adherence. No differentiation took place at this stage; the cells simply grew on

the titanium preparations without further treatment.

2.5.1. Scanning Electron Microscope (SEM)

Scanning electron micrographs were taken on both sides of the platelets without and

with hOBs to visualise cell distribution and cell adherence. For a detailed examination

of the surface properties of the platelets, the platelets without grown cells were analysed

under a scanning electron microscope. Both new platelets that had never been used before

and native platelets that had already been used for the experiments were visualised. These

platelets were dried over several days at 37 ◦C, 5% CO2 and 100% humidity in the dark.

To visualise the platelets with cells, the samples were first washed with PBS and then

fixed with fixative containing 4% paraformaldehyde (Merck KGaA, Darmstadt, Germany)

and 2.5% glutaraldehyde (Sigma-Aldrich Co., St. Louis, MO, USA) in 0.1 M cacodylate

buffer (Sigma-Aldrich Co., St. Louis, MO, USA) overnight at 5 ◦C. The fixed cells were

washed three times with distilled water for 10 min on the plate shaker and then dehy-

drated with ascending concentrations of acetone, starting with 30% acetone (Merck KGaA,

Darmstadt, Germany) in distilled water. The platelets with 70% acetone were prepared at

5 ◦C overnight. After dehydration with 100% acetone, critical point drying was performed.

The titanium plates with hOBs were sputter-coated with a 20–24 nm thick layer of gold

(108 auto, Cressington Scientific Instruments, Watford, UK). The recording points of the first

comparison discs (new discs and discs with newly grown cells) were selected at random,

while comparable geographical points on the respective discs were selected for subsequent

images. All images were taken using a Focused Ion Beam Scanning Electron Microscope

(FIB-SEM) (Crossbeam 550, Carl Zeiss AG, Oberkochen, Germany).

2.5.2. Visualisation by Immunofluorescence

Calcein

The visualisation of the developed ECM in the cells by calcein staining served to quali-

tatively illustrate the development of the degree of calcification. Calcein binds to calcium

and calcium carbonate deposits in the extracellular matrix [2,3,45]. For this purpose, the

cells were first washed with PBS and then stained with a solution of calcein (ApolloScien-

tific Ltd., Stockport, UK) in PBS for 20 min at room temperature in the dark. After washing

three times with PBS, Hoechst (ThermoFisher Scientific Ltd., Waltham, MA, USA) was

added to the cells. After another 5 min incubation, the cells were washed again with PBS,

and the stained samples were observed under a fluorescence microscope (Axiovert 200;

Carl Zeiss AG, Jena, Germany). Once an overview of the cell distribution was obtained,

general and detailed photographs were taken.

Vinculin

Staining with vinculin and phalloidin was used to visualise the cell cytoskeleton,

punctual cell–cell and cell–titanium contacts. Additional staining of the cell nuclei with

4′,6-Diamidin-2-phenylindol (DAPI) was used to visualise the cell distribution and to better

distinguish individual cells. For this purpose, the instructions from Sigma-Aldrich Co., St.

Louis, MO, USA, were used. The cells on the titanium plates and in the well plates were

first washed with PBS and then fixed with 4% paraformaldehyde (Merck KGaA, Darmstadt,

Germany) for 20 min at room temperature. Then, the cells were first washed with PBS

once and then washed with wash buffer containing 0.05% Tween-20 (Sigma-Aldrich Co.,

St. Louis, MO, USA) in PBS. The cells were permeabilised with 0.01% Triton (Sigma-
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Aldrich Co., St. Louis, MO, USA) for 5 min at room temperature. The cells were washed

again with the wash buffer, and a block solution containing 1% bovine serum albumin

(Sigma-Aldrich Co., St. Louis, MO, USA) was added for 30 min at room temperature.

The blocking solution was removed, and the vinculin antibody (V9131, Sigma-Aldrich

Co., St. Louis, MO, USA) was added at a ratio of 1:400. The cells were incubated for

1 h at room temperature. The cells were then washed three times for ten minutes with

the wash buffer, and the second antibody (Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody; ThermoFisher Scientific Ltd., Waltham, MA, USA) and phalloidin

(ThermoFisher Scientific Ltd., Waltham, MA, USA) were added to the cells for 1 h. After

washing three times with wash buffer, 4′,6-diamidino-2-phenylindole (DAPI; ThermoFisher

Scientific, Ltd., Waltham, MA, USA) was finally added for 5 min, and the platelets and well

plates were observed under a fluorescence microscope (Axiovert 200; Carl Zeiss AG, Jena,

Germany). An overview of the cell distribution was first obtained at low magnification.

The recording points were then selected at random, with a particular focus on detailed

images of cell–titanium contacts.

2.6. Statistical Analysis

Graph Pad Prism software version 10.3 (Boston, MA, USA) was used for the statistical

analysis. In order to eliminate the first-order error at a level of α = 0.05, a significance level

of 5% was selected (p < 0.05). The significance level is marked with an asterisk, where

two asterisks indicate a level of p < 0.01 and three asterisks stand for p < 0.001. Instances of

no significant differences are not marked separately. All quantitative results are presented

as box plots or as bars, in which the mean value and the standard deviations are shown. The

t-test and the Mann–Whitney U-test were used for the statistical comparison of two groups.

The quantitative analysis of the recorded fluorescence images with vinculin and

phalloidin was performed with the programme ImageJ (Version 1.53m; Wayne Rasband

and contributors, National Institutes of Health, Bethesda, MD, USA). All images analysed

were taken on the same day using the same staining protocol and the same microscope

with the same settings. ImageJ was first used to isolate the green colour signal and then to

calculate the number of pixels with this colour signal.

3. Results

3.1. Visualisation of Cell Adherence and Cell Differentiation

3.1.1. SEM

Both sides of the native titanium platelets could be visualised in the SEM (Figure 1).

The smooth side of each platelet showed a regular structure arranged in even rings around

the centre of the platelet, with only slight elevations and unevenness (Figure 1C,D). The

centre of the platelet, on the other hand, appeared somewhat irregular. The rough side of

the disc, on the other hand, was very irregular. There was a pronounced three-dimensional

structure with some sharp and smooth edges (Figure 1A,B).

In order to detect differences between the new and reused discs at an early stage and

to determine whether the established cleaning protocol works, we examined them under a

scanning electron microscope. When comparing the new platelets with the previously used

platelets (at least 20 reuses before), it was noticeable that the previously used preparations

showed slight signs of wear, but hardly any organic material remained after cleaning.

The basic characteristics of the structures on both sides of the discs were retained. The

traces of use were more noticeable on the smooth side (Figure 1D) than on the rough side,

whereas biological material was more likely to remain on the edges that were difficult to

see, particularly on the rough structure (Figure 1B).
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Figure 1. Visualisation of the different surface structures of the native platelets in the SEM. The

platelets were analysed immediately after receipt and unused (A,C); after they had already been used,

the platelets were dried for 7 d and then examined in the SEM without further treatment (B,D). The

arrow marks a small residue of organic material on the rough surface structure.

After the initial growth phase of 48 h, hOBs appeared on both sides of the platelets,

with a regular and structured arrangement on the smooth side (Figure 2C). The cells

accumulated along the slightly predetermined structure, but they also formed cell–cell

junctions that crossed these structures (black arrows in Figure 2C). In addition, the hOBs

morphologically appeared as flat and planar cells. Occasionally, morphologically different

cells were recognisable. On the rough side, a three-dimensional growth with pronounced

podocytes and cell–cell interactions was observed (white arrows in Figure 2A). In this

context, the term ‘podocytes’ refers to the formation of long-distance cell extensions with

which the cells interact with other cells and the material. The cells took on the uneven

structures of this side and enclosed entire titanium formations. In particular, the formation

of podocytes in the space could be observed (Figure 3A). While the cell–cell interactions on

the smooth side were created by clearly defined podocytes in the plane, the podocytes on

the rough side developed in all directions. Overall, there were more cell–cell interactions

on the rough side, which appeared more variable in shape but often also more fragile.

Even after 14 d of differentiation, multiple anchorages and cell–titanium contacts could

be observed on the raised structures (white arrows Figure 3B). The flat morphology of the

cells was also reflected in the rough surface structure, with the cell bodies filling the spaces

between the raised structures (black crosses in Figure 2A).



Materials 2025, 18, 5012 9 of 23

 

Figure 2. Visualisation of the differentiation after 48 h (A,C) and after 21 d (B,D) on the rough side

of the platelets (A,B) and on the smooth side (C,D) in the SEM. The black crosses in (A) mark the

space-filling cell bodies. The white arrows in (B) highlight a few cross-links between the cells and the

cross-links between the cells and the material. The black arrows in (C) mark a few cell–cell junctions

that cross the structured surface.

After 21 d of differentiation, cell differentiation was so pronounced that no titanium

surface was recognisable in the SEM image on either side of the preparation (Figure 2B,D).

On the contrary, several cell layers could be identified on top of each other on both sides

of the preparation, with at least six layers on top of each other on the rough side. Here, a

distinct network was found that connected the cells with each other in a variable manner,

so that the cross-linking of the cells also extended beyond one cell layer (white arrows in

Figure 2B). On the smooth side, the formation of the network was less variable, but rather

structured and uniform (Figure 2D).
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Figure 3. Visualisation in the SEM of the three-dimensional formation of podocytes after 48 h of

growth (A). The white arrow highlights one clear three-dimensional podocyte. Visualisation of the

multiple formation of cell–titanium contacts after 14 d of differentiation on the rough surface structure

(B). The cell–material interactions are marked by the black arrows.

3.1.2. Immunofluorescence

Vinculin and Phalloidin

Staining with vinculin and phalloidin revealed clear cell–cell contacts and cell–platelet

interactions. On the smooth side, the cells initially appeared organised and flat after 7d

of differentiation (Figure 4A). The basic structure of the cytoskeleton followed the rings

already seen in the SEM. No planar contact between the cells and the metal could be

identified. Cell–titanium interactions were seen selectively and at the cell extensions. The

first cells grouped together, but individual cells without further cell contact could also be

identified. After only 14d, the titanium base could no longer be recognised, as a densely

woven cell network consisting of several cell layers appeared (Figure 4C). The basic order of

the initial deposition could still be partially recognised, with numerous transverse cells and

cells crossing the ring structure. There were also numerous cell–cell interactions, whereas

cell–titanium contacts were not evident. After 21 d of differentiation, this network appeared

again (Figure 4E). Qualitatively, it was no longer possible to determine how it changed

during further differentiation.

On the rough side, an interwoven network of cells was already visible after the initial

growth phase (Figure 4B). A basic structure or system could not be discerned here. Several

layers of cells could already be visualised at this early stage. Overall, there were more

cell–titanium contacts than on the smooth side. Multiple cell–preparation interactions could

be observed, particularly on flat, inclined surface elements. Individual cells were no longer

recognisable. After a further 7 d of differentiation, the formed network appeared even

denser in most places, so it was not possible to determine how many cell layers it consisted

of (Figure 4D). In some places, even deeper layers of the network could be identified, where

cell–titanium contacts could still be seen. After 21 d, the cell network was so pronounced

that it was no longer possible to identify individual cells (Figure 4F). Only in a few places

could the cytoskeleton of individual cells still be clearly identified. An orientation of the

cells was not recognisable.

The quantitative evaluation of the intensity of the green signal (Figure 5) showed that

after 7 d, it formed more strongly on the rough side; thus, initially, more cytoplasm and

cytoskeleton formed on this side. After 14 d, however, it became apparent that a clear cell

network had also formed on the smooth side. After 21 d, there was no difference between

the two sides. Due to the clinical relevance of the rough side, further investigations focused

on this side.
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Figure 4. Representative visualisation of the cell adherence and contribution on the smooth titanium

surface (A,C,E) and on the rough titanium surface (B,D,F) after 7 days (A,B), 14 days (C,D) and

21 days (E,F) of differentiation by using vinculin, phalloidin and DAPI staining. The white arrows in

(A,B,D) mark exemplary cell–titanium interactions, whereas the white arrows in (C) highlight a few

cells that cross the ring structure.

The results of the calcein staining are shown in Figure 6.

The formation of the ECM on the rough platelet side and in the well with and without

the influence of vitamin additions was qualitatively analysed after 7 d of differentiation. In

the native well, only small ECM halos could be visualised directly around the cell nuclei

(white rings in Figure 6A). There were only isolated cell–cell contacts that were formed via

the ECM. When vitamins were added, more podocytes and larger ECM areas were visible.

The clearest podocytes were seen when vitamin K2 was administered alone (white arrows

in Figure 6C). With the addition of vitamin D3, however, more cell–cell contacts could be
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visualised (Figure 6E). A combination of both effects was not seen when both vitamins

were added together (Figure 6G).

 

Figure 5. Quantitative evaluation of the intensity of the green signal of staining with vinculin and

phalloidin on several representative images of the smooth and rough side after 7 days of differentiation

without the influence of vitamins. The asterisk marks the significance level of p < 0.05.

By staining the rough surface structure with calcein, more calcium could be stained

qualitatively in the ECM. Even without the addition of vitamins, the ECM was more

distributed than in the well (Figure 6B). A clear distribution around the cell nuclei could

not be visualised. When vitamin K2 was added, there was no clear change compared to the

native visualisation (Figure 6D). However, more stained ECM was visible under vitamin D3

(Figure 6F). In addition, developed podocytes could be visualised, so that a clear network

had formed on the rough surface structure. This was also visible when both vitamins were

added, although fewer cell nuclei could be visualised (Figure 6H). However, a combination

of a delicate network and a flat ECM formation could again be observed.

Figure 6. Cont.
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Figure 6. Visualisation of the mineralisation of hOBs after 7 d of differentiation in the native well

(A,C,E,G) and on the rough titanium surface (B,D,F,H) with the different vitamin treatments by using

calcein staining and Hoechst. The white rings highlight exemplary cells with an ECM halo, whereas

the white arrows stress the podocytes.

3.2. Differentiation and Mineralisation

3.2.1. ALP (Figure 7)

In the initial phase of differentiation after 24 h, the ALP activity on the rough surface

structure of the titanium preparations was significantly more pronounced than in the

native well. The addition of vitamin K2 or vitamin D3 alone did not support this effect.

However, there was a significantly higher ALP activity under the influence of vitamin D3

than under the influence of vitamin K2. The combined administration of both vitamins was

significantly superior to both vitamin additions alone. This showed the most pronounced

ALP activity and thus differentiation. This picture changed after 7 d of differentiation.

Here, the hOB on the rough side with the addition of vitamin K2 showed the highest ALP

activity, which was significantly higher than that of the untreated titanium preparations,

the administration of vitamin D3 alone and the combined administration. Even after 14 d,

the ALP activity was significantly higher with the vitamin K2 administration than with the

vitamin D3 administration. In contrast, the highest ALP activity was observed with the
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combined vitamin administration. This was significantly superior to all other treatments at

this point.

 

Figure 7. The development of ALP activity in hOBs over the time in the native well (white), on

the rough titanium surface without vitamins (light grey), on the rough titanium surface under the

influence of vitamin K2 (grey), on the rough under the influence of vitamin D3 (black with white

spots) and on the rough titanium surface under the influence of both vitamins (black). The asterisks

indicate the different significance levels. One marks p < 0.05, two marks p < 0.01 and three stand for

p < 0.001 and four for p < 0.0001.

In the long-term observation after 21 d of differentiation, the ALP activity on the native

titanium platelets already appeared significantly superior to the native cells in the well. An

increase in this effect by vitamin addition could not be observed. ALP activity with the

addition of vitamin K2 appeared to be at a similar level to the nontreated preparations. On

the other hand, ALP activity and thus differentiation were significantly increased compared

to the treatment with vitamin D3 and combined vitamin administration.

3.2.2. Alizarin Red S Staining (Figure 8)

After just one day of differentiation, the rough surface structure without the addition

of vitamins showed a significantly more pronounced mineralisation of the hOBs compared

to those that differentiated in the native well. Both the individual addition of vitamins

was superior to differentiation on the native titanium surface structure and the combined

addition of both vitamins. This was also significantly superior to the two individual

additions of the vitamins. After 7 d of differentiation, the degree of mineralisation of the

hOBs was significantly higher under all treatments on the titanium preparations than in

the native well. A significant difference between the different vitamin additions could not

be identified. After 14 d of differentiation, the degree of mineralisation was at a similar

level in all the samples. The degree of mineralisation in the native well was also similar

compared to the previous tests. Only the treatment with both vitamins on the rough side

proved to be significantly different from all treatments in terms of mineralisation. In the

long-term observation after 21 d, it was noticeable that a similar level of mineralisation
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developed between the native hOBs in the well and the native hOBs on the rough surface

structure. The treatment with the different vitamins was significantly higher than the native

hOBs on the rough side, whereby the hOBs treated with vitamin D3 were significantly

less mineralised on the rough side than with vitamin K2 and the combination of both

vitamins. There was no significant difference between the treatment with vitamin K2 and

the vitamin combination.

 

Figure 8. The development of the grade of mineralisation in hOBs over the time in the native well

(white), on the rough titanium surface without vitamins (light grey), on the rough titanium surface

under the influence of vitamin K2 (grey), on the rough under the influence of vitamin D3 (black with

white spots) and on the rough titanium surface under the influence of both vitamins (black). The

significance levels are marked by the asterisks. The significance level of p < 0.05 is marked with one

asterisks, two stand for p < 0.01 and three mark p < 0.001.

4. Discussion

4.1. Role of Titanium in the Process of Osseointegration

The differentiation (Figure 7) and mineralisation (Figure 8) of the hOBs on the titanium

platelets were significantly faster than in the native well, especially initially. Since this

development could be seen in the fluorescence image and the SEM on both sides of

the platelets, it can be assumed that the material itself, TiAl6V4, has a positive effect

on the course of these processes. When a hOB comes into contact with titanium, there

appears to be an increased release of cytokines, which ensures the rapid progression of

differentiation [46,47]. This is essential for successful osseointegration [22]. More and

more, it has to be said that osseointegration is an inflammatory process [48]. In the further

process of osseointegration in vivo, pronounced angiogenesis also ensures the infiltration

of leukocytes [49]. In the SEM images, cells other than hOBs were occasionally identified.

It can be assumed that these were introduced into the cell cultures during the isolation of
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the hOBs. As these were only isolated cells, it is questionable whether they could have had

an influence on the course of hOB differentiation by cytokine release.

At the same time, however, the development of an inflammatory process should be pre-

vented when inserting an endoprosthesis, as inflammation is one of the risks for inadequate

anchoring of the prosthesis in the bone [50]. Using this approach, exactly the right balance

must be found between an adequate immune reaction in the context of osseointegration

and an excessive inflammatory reaction that impedes successful osseointegration.

4.2. Osseointegration Influenced by the Surface Structure

Although the surface structure of the smooth preparation turned out to be significantly

smoother in the SEM than the rough surface structure, the smooth side also had a surface

structure to which the cells attached and grew. Although the Rz value of approximately

10 µm can be considered a smooth structure compared to the rough surface structure, it

cannot be conclusively assessed as completely smooth. The smooth side of the platelets

is structured this way because of technical issues. It is normally not foreseen for direct

contact with bone. The question was also raised as to whether a regular planar structure

has a favourable effect on the initial attachment and adherence formation of the cells. This

organised behaviour of hOBs on a regular surface has already been observed in previous

studies [51]. The cells generally formed along the slight indentations but also established

cell–cell contact beyond these structures (Figure 2C). In the SEM and fluorescence images,

the cell density initially appeared higher on the smooth side, as the total surface area was

smaller, in contrast to the rough surface structure. However, after weeks of differentiation,

no qualitative difference between the rough and smooth sides could be recognised in terms

of the absolute number of cells. It can be assumed that due to the initially increased cell

density on the smooth side, there was less space for each individual cell, so the need for the

rapid formation of elongated podocytes could be omitted. At the same time, other cells

were already reached with short cell extensions, so the subsequent formation of further

cell–cell contacts appeared less urgent. Morphologically, the hOBs appeared to lie planar

on the preparation, which allows for the assumption that the cell–titanium contact occurred

primarily via the surface. In terms of morphology, it should also be noted that the cell

cytoskeleton was also planar and organised. The entire cell orientation took place along the

regular surface structures, and there were only rare outbreaks beyond this [52]. It is to be

determined whether, with an increasing number of cells and cell layers that are no longer

in contact with the titanium surface, there is a risk that the lowest cell layer will detach. The

same was also evident in the fluorescence micrographs. Here, the regular arrangement of

the cell nuclei was particularly striking. It appeared as if the cell nuclei had been placed in

the preformed rings. However, it remained unclear whether the cell body was then evenly

arranged around the cell nucleus on the titanium.

At the same time, the rough structure turned out to be completely irregular and

random, so it must be assumed that the rough structure of each tile is absolutely individual.

Each platelet seemed to have a unique fingerprint. The rough side is structured in this

way in order to achieve primary stability and a defined macro- and microporosity. The

cells on the rough side turned out to be significantly larger than on the smooth side, and a

three-dimensional formation of podocytes could be observed. After just a few days, a dense

colonisation of the substrate and significantly more pronounced cell–cell and cell–titanium

interactions were observed than on the smooth side. It was noticeable that there was a

pronounced accumulation of cells, particularly on ‘sharp’ edges. These surrounded the

cells over a large area and formed long and very thin podocytes. As required for optimal

osseointegration [11], more cell–titanium contacts are created here, as the surface area is

significantly larger than on the smooth side. Overall, the cell–implant contacts also appear
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to be much firmer. These were less widespread but more localised and in significantly

more places on the titanium surface. Initially, in particular, there were significantly more

cell–titanium interactions, which indicates improved adherence. Qualitatively, growth and

the formation of a firm cell bond appeared to be faster on the rough side. The rough side

thus appeared to be the side that offered the cells a better environment. The next question is

whether there is an optimal configuration of the unevenness that enables the best possible

differentiation of the cells. It is also to be determined whether a regular structure, such as

that on the smooth side, initially leads to more organised growth, which could lead to more

stable networks in the long term. In addition, the question arises as to whether there is an

optimal rough surface configuration in terms of the distance between and the depth of the

irregularities. Further investigations should follow, as no agreement has yet been reached

on the optimum roughness of the implant surface [53].

It must also be determined how long the surface structure can have an influence on the

formation of cell networks. Initially, a rough surface structure promotes the formation of a

distinct cell network and the differentiation of the cells compared to a smooth, structured

surface. After 14 d of differentiation, the rough surface structure was no longer superior,

and after 21 d, comparable cell networks were formed on both surface structures (Figure 5).

Only the first cell layers contact the initial surface structure; all further cell layers only

contact other cells, but no longer the titanium surface. It must therefore be assumed that the

surface structure can only influence the formation of cell networks for a limited time. As

the first hours to days are decisive for successful osseointegration [10], it must be assumed

that the rough surface structure has a clearly positive influence on this and improves it.

After just a few hours, the hOBs formed podocytes on the rough surface structure,

which oriented themselves in space and not along predetermined structures. The reasons

for this are still unclear [54]. One consideration is that the cells are initially more isolated

and dispersed on the surface structure, and, therefore, there is a need to establish contact

with other cells as quickly as possible. The question is to what extent this can be utilised.

We found podocytes of several µm that extended over several levels of the network. These

were very thin but firm. Further studies should be carried out to investigate how long

these podocytes can become, where a limit is reached, and if the cells undergo apoptosis,

for example, before they can establish cell–cell contact. The inflammatory processes that

promote podocyte formation must also be investigated.

4.3. Influence of the Vitamins

4.3.1. Vitamin K2

Both the qualitative and quantitative studies showed that the differentiation and min-

eralisation of the hOBs improved more under the influence of vitamin K2 than without the

addition of the vitamin. In particular, the most pronounced mineralisation and differentia-

tion were seen after 7 d and after 21 d with vitamin K2. In the qualitative studies, more

pronounced podocyte formation was observed with vitamin K2. Overall, it can therefore

be concluded that osseointegration is improved under vitamin K2. The possible impact of

vitamin K2 on the differentiation capacity can be assumed from further studies [55]. A few

previous studies have shown that coating an implant surface with vitamin K2 promotes cell

growth and osseointegration [56]. When coating implants with vitamins, however, it must

also be taken into account that any type of coating can also alter the adhesion behaviour of

osteoblasts. Another possible application, also in a clinical context, would be the additional

introduction of vitamins during the insertion of the endoprosthesis. This is closer to the

design of our experiments. In addition, the oral intake of vitamin K2 is also conceivable in

a clinical context to promote osseointegration. However, this would require a large number

of clinical studies.
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So far, vitamin K2 has mainly appeared as a supplement to other factors [57,58]. We

have now shown that the administration of vitamin K2 alone also has a significant effect

on osseointegration. In particular, the effect on the degree of differentiation of the hOBs

on the rough surface structure appeared significantly more pronounced than the effect of

vitamin D3 (Figure 5). G-glutamyl carboxylase, for which vitamin K2 is a cofactor, appears

to play a decisive role in the formation of differentiated cells and a solid ECM [59]. In

addition, the synthesis of osteocalcin is dependent on vitamin K2 [60,61]. However, in

the qualitative evaluation, in which calcein was used to visualise the deposited calcium

complexes, no clear advantage could be seen from the administration of vitamin K2 alone.

It can be assumed that vitamin K2 influences the various cells involved in bone remodelling

in a variety of ways [60]. As vitamin K2 primarily intervenes in bone metabolism via

inflammatory processes [62], it can be assumed that this also has a major effect on the

inflammatory phase of osseointegration. Vitamin K2 also appears to play less of a role in

the development of high bone density than in the development of high bone quality [63].

Both bone density and bone quality play a relevant role in successful osseointegration. The

role of vitamin K2 in bone quality was supported by an observation that the number of hip

fractures decreases with a high intake of the vitamin [64]. The exact mechanisms behind

this have not yet been fully clarified and should be the subject of further investigations.

Also, the cross-linking mechanism of vitamin K2 between its role in ECM spreading and

the impact of haemostasis is not yet fully clear [65].

4.3.2. Vitamin D3

In contrast to vitamin K2, vitamin D3 has long been known to have an influence on

bone metabolism and osseointegration [66]. In our studies, the influence of vitamin D3 on

the differentiation and mineralisation of the hOBs was lower than expected. The influence

on the expression of mineralisation appeared to be similar to a slightly lower level over time

than the influence of vitamin K2. In terms of differentiation, the administration of vitamin

D3 alone even appeared to be inferior to the influence of vitamin K2. In the qualitative

study, vitamin D3 appeared to promote mineralisation rather than the formation of cell

protrusions. The influence of vitamin D3 was always less pronounced, particularly over the

long course of the investigations. The influence of the concentration of the added vitamin

should be discussed here. For example, it is conceivable that a change in the concentration

must be made in the long-term observation, as the number or sensitivity of the vitamin D

receptors decreases.

It must also be borne in mind that although the hOBs used came from non-osteoporotic

patients, these individuals were not completely healthy either. They also had a reason for

femoral head removal, such as a fracture event. Apart from age, gender and bone density,

no further information about the patients was known to us due to the anonymisation

process. It is possible that the results are affected by the age of the patients or osteoporosis

with a high risk of fracture, but quite normal bone mineral density measurements. We can

therefore only speculate about inter-individual characteristics. For example, it is known

that obesity has an influence on the expression of vitamin D receptors [67]. Furthermore,

altered vitamin D3 receptors can influence the entire immunomodulatory behaviour, so the

process of osseointegration can also be influenced as a result [68]. Whether this is the case

for the selected cells cannot be determined.

In vivo, vitamin D3 regulates bone mineralisation via direct and indirect effects. In

our in vitro studies, we were able to investigate the direct influence of the vitamin via the

vitamin D3 receptor, but not the indirect effects via the calcium and phosphate balance [69].

This may explain the weakened effects of vitamin D3. An additional dose of calcium or a
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coating of calcium on the titanium surface could promote the development of mineralisation

under vitamin D3.

4.3.3. Combination of Both Vitamins

According to the results we obtained with the individual additions of the vitamins,

it was to be expected that the observed effects would complement each other. However,

this could only be observed to a limited extent. While the qualitative evaluations certainly

indicate that the addition of both vitamins resulted in greater podocyte formation and

mineralisation, this was only confirmed quantitatively in some aspects. Initially, the

combined addition significantly promoted differentiation and mineralisation. In the longer-

term evaluation, there was no superiority over the addition of vitamin K2 alone, particularly

in terms of the degree of differentiation. Here, too, it should be determined whether a

change in the respective concentrations of the vitamin additions would have a more

significant effect. Furthermore, magnesium was added to vitamin D3 and vitamin K2 in

previous studies in order to optimally promote bone remodelling and the formation of

the ECM [68]. In these analyses, the surfaces were also coated with vitamins and other

additives; in our study, the additives were added via the differentiation medium. The idea

here is that only the first cell layer that reaches the titanium surface benefits from such a

coating. Due to the regular renewal of the vitamin addition, a continuous supply should

be achieved that also reaches the cell layers that no longer have direct contact with the

titanium surface. At the same time, however, there is the risk of cells being lifted or washed

away with every change of medium. However, the qualitative images showed that the

cell layers remained firm even after 21 d and numerous media changes and treatments. It

must also be determined whether a change in the time of addition can lead to improved

osseointegration or whether the addition of vitamin D and vitamin K2 should be delayed

and not carried out together [69].

4.4. Reuse of the Preparations

The influence of the remaining organic residues on the rough side of the discs must also

be discussed. As the organic material from previous tests could not be completely removed

during cleaning, at least small amounts of residue remained. There is a well-founded

suspicion that organic residues act as a growth accelerator for newly applied cells. It can

therefore be assumed that a titanium surface coated with a very thin cell layer is an even

better environment for hOBs. Further work needs to be performed using these approaches.

At the same time, however, it must also be borne in mind that if organic material, such

as cell residues, can remain on the surface structure, this also represents a potential risk for

successful osseointegration. The rough surface structure also naturally provides a good

basis for infectious agents, which can remain there if they are introduced during surgery, for

example. The greatest risk for early clinical revision of an endoprosthesis is infection [70].

However, other studies have shown that the roughness of the surface structure has no

influence on the adhesion of bacterial pathogens [71]. At the same time, however, it can

be assumed that even if small organic residues remain on the rough surface after the most

intensive mechanical and chemical cleaning, the best basis for a durable coating with a

biofilm has been created. This is where research approaches come in, in which the titanium

surface is coated with an antibacterial microfilm [72].

It should also be noted that there were slight signs of wear on the previously used

discs. The smooth side, in particular, appeared to be affected. However, as this was not

used for the qualitative analyses, it can be assumed that the reuse of the discs had at most a

minor effect on the results.
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5. Conclusions

An in vitro model was successfully established, with which we were able to show that

a rough titanium surface structure leads to more adhesion points between titanium and

hOBs than a smooth surface structure. In contrast, a regular and smooth surface structure

leads to ordered cell networks, while an irregular surface structure also leads to more

irregular but more stable networks overall. The number of cell layers and the degree of

calcification were higher on the rough side. The influence of vitamin D3 on the formation

of the ECM did not appear to be as great as expected. At the same time, vitamin K2 plays

a more important role in osseointegration than previously assumed. The combination of

both vitamins showed a clear advantage for initial adherence formation. In subsequent

studies, the influence of vitamin K2 on the inflammatory phase of osseointegration must

be analysed. Furthermore, the possibilities of combining the vitamins and other additives

should be examined in order to increase the differentiation capacity of hOBs on titanium

surfaces in the long term. It can be assumed that there is an optimal surface structure; how

this should be designed and to what extent rough but also regular elements should be used

must now be determined.
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