
Abstract 
Background/Aim: Titanium alloys, especially Ti6Al4V, are widely used in orthopedic and dental implants. Additive 
manufacturing has emerged as an innovative fabrication technique for titanium implants, gradually replacing 
traditional machining methods. A notable feature of additively manufactured medical devices is their considerable 
surface heterogeneity and roughness. Coating these materials to achieve physical and chemical uniformity is essential 
for enhancing biocompatibility. This study evaluates the combined effect of surface roughness (ranging from sub‑
micrometer to micrometer scale) and three nanometer‑thick polyelectrolyte multilayer coatings on protein 
adsorption, as well as the adhesion and proliferation of normal human osteoblasts.  
Materials and Methods: The adhesion of human osteoblasts to various substrates (either uncoated or coated) was 
quantified using a lactate dehydrogenase assay and scanning electron microscopy. The surface density of adsorbed 
human serum albumin was analyzed by the Bradford assay.  
Results: Application of polyelectrolyte multilayer coatings significantly increased the hydrophilicity of titanium 
substrates without altering their sub‑micrometer and micrometer roughness or topography. The coatings rich in 
reactive amino groups were found to enhance the adsorption of human serum albumin and promote the adhesion 
of osteoblasts.  
Conclusion: The chemical composition of the surface, particularly the presence of free primary amino groups, 
significantly affects cellular behavior in machined, sand‑blasted, and additively manufactured titanium materials, while 
the impact of surface roughness appears secondary. No correlation was observed between surface hydrophilicity and 
protein adsorption or cell attachment. 
 
Keywords: Titanium alloys, additive manufacturing, implant surface roughness, surface modification, polyelectrolyte 
multilayer coatings, biomaterials, human osteoblasts adhesion and proliferation.
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Introduction 
 
Qualitative and quantitative studies on the osteointegration 
of bone implants from various materials (mostly ceramics, 
metals, and polymers/bone cements) have been conducted 
since the mid‑twentieth century (1). After approximately 
30 years, the first studies on the influence of material 
surface properties on osteointegration emerged (2). Since 
then, extensive research has focused on how the chemical 
composition of a surface, its topography, roughness, 
hydrophilicity (surface energy) and stiffness affect bone‑to‑
implant contact. The primary aim has been to mitigate the 
formation of a fibrous layer that impedes osteointegration, 
as well as to prevent surrounding bone degradation and 
loosening of the implant (3). Among all surface 
modifications, roughness and topology were found to play 
a pivotal role (4, 5). 

Numerous studies have demonstrated that roughening 
the titanium surface of dental implants enhances their 
mechanical fixation to bone; however, the efficacy of their 
biological fixation remains uncertain (6‑9). A recent 
systematic review involving 362 sand‑blasted and 360 
machined implants borne in upon healthy subjects 
revealed that sandblasting outperforms machined 
surfaces in terms of implant failure rates, but no significant 
difference was observed in marginal bone loss between 
the two types of implants (10). 

The degree of average surface roughness (Sa) has been 
shown to influence various aspects of osteointegration. 
Nanoscale roughness (<100 nm) optimizes protein 
adsorption, which promotes osteoblast adhesion and 
enhances the interaction between mineralized bone and the 
surface of the implant (11). However, some studies 
challenge this notion, indicating that variations in nano‑
roughness did not yield statistically significant differences 
in the adhesion of mouse pre‑osteoblastic cells (MC3T3‑E1 
line) (12) and bone marrow‑derived stem cells (13). In 
contrast, micrometer and sub‑micrometer roughness (up 
to 2 µm) enhance the alignment of osteocytes and 
protrusion in their dendrimers into the surface structures, 
thereby improving primary implant fixation and ensuring 

long‑term mechanical stability (11). Recently, additively 
manufactured dental implants, commonly produced 
through 3D printing, have been growing popularity in the 
field of dentistry (14). There are several factors contributing 
to this. The technology ensures (i) a high level of 
customization by fitting to each patient’s specific anatomical 
structure, thus making the implants more comfortable and 
effective; (ii) complex designs by enabling the fabrication 
of complex geometries that are impossible or difficult to 
create with existing methods − therefore, additive 
manufacturing improves both functionality and aesthetic 
appeal; (iii) biocompatibility to guarantee patient safety and 
implantation success as advanced materials utilized in 3D 
printing are engineered to be biocompatible (14). 

Modifying the chemical composition of an implant’s 
surface allows for further optimization in the development 
of biomaterials by improving surface functionality of the 
implant surface while maintaining the mechanical 
properties and topography. Surface chemical modification 
is typically accomplished by applying a layer of material 
(a coating) that differs from the base material of the 
implant, often titanium (Ti) in the case of bone substitutes. 

Layer‑by‑layer assembled polyelectrolyte multilayers 
(PEMs) are nanometer‑thin polymer coatings with highly 
tunable surface and bulk properties. They consist of at least 
one polyanion and one polycation, known as a 
polyelectrolyte pair. The layer building process is 
electrostatically driven. The stability of the coatings is given 
by the strong entropy changes upon the adsorption. This 
allows for the modulation and tailoring of the multilayer 
properties based on the choice of polyelectrolytes and the 
adjustment of deposition conditions. PEMs, created from a 
wide range of both synthetic and naturally derived 
polyelectrolytes, are increasingly used as coatings and have 
been shown to either promote or inhibit adhesion, viability, 
differentiation, and migration of various cell types, 
including osteoblasts (15, 16). 

This study investigated the effect of Sa, as well as 
physicochemical properties, of standard‑machined (MTi), 
sandblasted (SBTi), and additively manufactured (AMTi) 
Ti6Al4V (Grade 23) materials, bare or modified with three 
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types of PEM, on protein adsorption, human osteoblast 
(NHOst) adhesion and proliferation in vitro. These 
materials are intended for dental implant applications and 
their roughness ranges between sub‑micrometer and 
micrometer. The choice of polyelectrolyte pairs used in 
PEM fabrication determines their surface and bulk 
properties, influencing cellular adhesion to PEM‑coated 
materials, which can range from cytophilic to cytophobic 
(15). The coatings used here included one bioinspired 
formulation of hyaluronic acid (HA)/chitosan (Chi) and 
two synthetic pairs: polyacrylic acid (PAA)/polyallylamine 
hydrochloride (PAH) and polystyrene sulfonate 
(PSS)/PAH. These coatings, characterized by nanoscale 
thickness and minimal roughness, impart their unique 
physicochemical properties to the titanium surfaces 
without altering their underlying roughness. 

 
Materials and Methods 
 
Manufacturing of AMTi substrates. The industrial machine 
Lasertec 12 SLM from DMG MORI at Laser Zentrum 
Hannover e.V. (LZH) (Hannover, Germany) was utilized to 
additively manufacture the titanium specimens through the 
powder bed fusion laser‑based technique. The apparatus 
was equipped with a 400 W fiber laser that operates in 
continuous wave mode at 1070 nm, with a minimum spot 
diameter of 35 µm. Particle sizes ranged from 20.0 to  
53.0 µm, and the powder standard used was Ti6Al4V Grade 
23 from ECKART TLS GmbH (Bitterfeld‑Wolfen, Germany). 
The powder had a mostly spherical morphology. The 
manufactured specimen had the following design 
specifications: 12 mm diameter and 2 mm thickness. Using 
a contour‑hatch scan strategy, all specimens were created 
upright. To achieve different roughness, the laser 
parameters of the contour were varied (power: 
200/120/40 W and speed: 1,000/1,200/287 mm/s). For 
the manufacturing of the hatch, a laser power of 175 W and 
1050 mm/s was chosen). 

Following the production procedure and ultrasonic 
cleaning, further heat treatment was carried out in order 
to guarantee a homogeneous and stable microstructure 

based on ISO20160 (17) and to minimize residual stresses 
associated to manufacturing. The heat treatment took 
place in a vacuum furnace for 4 h at 1,050˚C (18).  

 
Machined samples and mechanical surface modification by 
sand‐blasting. From a Ø12 mm titanium rod (Grade 23, L. 
Klein AG, Biel, Switzerland) 2 mm thick sample disks were 
cut using a linear precision saw (Brillant 220; ATM Qness 
GmbH, Mammelzen, Germany) with a diamond cutting 
disc (Buehler, Leinfelden‑Echterdingen, Germany). The 
samples were deburred afterwards in a rotary tumbler 
(Model 45C; Lortone Inc., Mukilteo, WA, USA). 

A sandblasting machine from previous work was used 
(19) to process the cut disks for the sandblasted samples. 
Corundum particles (SHERA Werkstoff‑Technologie 
GmbH, Lemförde, Germany) with a nominal grain size of 
110 µm were used as the abrasive medium. The samples 
were prepared with a sandblasting angle of 45˚, a distance 
of 10 mm and a pressure of 2 bar. Each sample underwent 
this process for 8 min as a result of the path distance of 
0.3 mm and forward speed 1 mm/s, following a meander‑
shaped sandblasting path. 

The arithmetic mean Sa of the samples was measured 
at the center of the sandblasted surface over an area of 
10.24 mm2 (3.2 mm×3.2 mm) with 640,000 data points 
within this area (800×800). This measurement was 
performed on three specimens for each surface type using 
an optical profilometer (MicroProf 100; FRT GmbH, 
Bergisch‑Gladbach, Germany). 

 
Surface modification by PEMs. All polyelectrolytes, namely 
poly(ethylene imine) (PEI; 750 kDa, 50% wt; Sigma‑
Aldrich, Steinheim, Germany), PSS (70 kDa; Sigma‑Aldrich, 
Steinheim, Germany), PAA (100 kDa, 35% wt; Sigma‑
Aldrich), PAH (120‑200 kDa; Life Technologies GmbH, 
Darmstadt, Germany), chitosan (50‑190 kDa, 75‑85% 
deacetylated; Sigma‑Aldrich), and HA (360 kDa; Lifecore 
Biomedical, LLC, Chaska, MN, USA), were used as received.  

Three types of PEMs composed of five different 
polyelectrolytes were applied here – (PSS/PAH)5, 
(PAA/PAH)5 and (HA/Chi)5. The PEM coatings were 



assembled layer‑by‑layer by dip coating technology 
following the protocol described in (20). An ensemble of 
five bilayers was chosen to ensure that the PEM coating 
was homogeneous and unaffected by the type and 
properties of the substrate (21). A monolayer of branched 
PEI was applied as anchoring layer to improve the 
adhesion of the PEM to the substrate (22). 

The coatings for the physicochemical characterization 
were constructed on Si wafers [crystal orientation (100), 
10 mm×10 mm; CrysTec GmbH, Berlin, Germany] pre‑
cleaned by successive ultrasonication in acetone and 
isopropanol (both for 2 min). The coatings for cell culture 
experiments were deposited in sterile conditions on MTi, 
SBTi and AMTi disks sequentially cleaned in a hot (60˚C) 
solution of 10 mM sodium dodecyl sulfate (for 15 min), 
acetone and isopropanol (both for 2 min under 
sonication).  

The thickness of the coatings was assessed by 
spectroscopic multiangle ellipsometer (SE 400adv PV; 
Sentech, Berlin, Germany). The hydrophilicity was 
determined using optical contact angle measurement of 
static water drop and contour analysis system 
(DataPhysics, Filderstadt, Germany). Atomic force 
microscopy (Innova Bruker Inc., Billerica, MA, USA) was 
used in tapping mode to evaluate the Sa of PEM coatings 
on Si wafers. The surface density of adsorbed human 
serum albumin (HSA; Sigma‑Aldrich) was assessed by 
incubation of the uncoated and PEM‑coated substrates for 
2 h with a 100 µg/ml solution of HSA in Tris buffer (pH 
7.4) (Sigma‑Aldrich). The residual concentration of HSA 
in the solution after incubation was analyzed by following 
the Bradford assay (23). Each sample was prepared in 
triplicate, and each test was performed a minimum of 
three times for each sample type. 

 
Cell adhesion and proliferation. A modified lactate 
dehydrogenase activity (LDH) assay was used to evaluate 
the adhesion and proliferation of human osteoblasts on 
polymer coatings in comparison to uncoated titanium 
alloy disks, as described elaborately for different cell types 
in previous publications (24‑27). Briefly, the coated and 

uncoated specimens were covered with human 
osteoblasts (NHOst; Lonza, Basel, Switzerland) at a 
density of 10,000 cells/cm2. After an incubation period of 
24 or 72 h, the samples were washed with phosphate‑
buffered saline (PBS) (Biochrom AG, Berlin, Germany) to 
remove unattached cells. The adherent cells were 
completely lysed using 10% Triton‑X‑100 (Sigma‑Aldrich) 
at 37˚C for 30 min. Lactate dehydrogenase concentration 
was measured in each lysate using a Cytotoxicity Detection 
Kit (Roche Diagnostics GmbH, Mannheim, Germany). The 
number of adherent osteoblasts was calculated through 
comparison with a corresponding standard curve. An 
analysis of variance test was used to determine the 
statistical differences between results from cell adhesion 
and proliferation studies. 
 
Cell morphology. Titanium samples were rinsed with PBS 
and fixed for 4 h in 0.1% glutaraldehyde and 4% 
paraformaldehyde diluted in 200 mM HEPES buffer 
(Sigma‑Aldrich, St. Louis, MO, USA). Specimens were 
dehydrated in graded ethanol solutions before performing 
chemical drying with hexamethyldisilazane (Sigma‑
Aldrich Chemie GmbH, Taufkirchen, Germany). For 
scanning electron microscopy (SEM), samples were 
mounted on stubs, sputtering coated (Quorum Q150R ES, 
Laughton, Quorum Technologies, Lewes, UK) with a thin 
layer of gold (sputter time 300 s) and imaged using an SE1 
detector on an EVO MA10 SEM (Carl Zeiss, Oberkochen, 
Germany) at 15 kV. 

 
Results  
 
The topography of the titanium substrates revealed by 
SEM was diverse (Figure 1). 

The machined titanium disks (MTi) exhibited a smooth 
surface with parallel grooves oriented anisotropically 
(Figure 1A), yielding a mean (±standard deviation) Sa of 
0.50±0.05 µm, which aligns with literature values for 
similar surfaces (28). In contrast, SBTi surfaces displayed 
an irregular rough topography characterized by spike‑like 
structures (Figure 1B), resulting in an Sa of 2.06±0.04 µm. 
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This roughness increased the real surface area by a factor 
of 1.2 compared to the projected area (Table I). The AMTi 
disks featured a complex microstructured surface with 
isotropic irregularities, formed by partially melted 
titanium alloy powder particles (Figure 1C). The average 
roughness of AMTi disks was estimated at 14.64±1.20 µm, 
significantly increasing the real surface area by a factor of 
3.1 (Table I). 

The surface properties of PEM coatings applied to 
model silicon wafers are summarized in Table II. A key 
limitation of ellipsometry is that the sample surface must 
be flat and smooth, ideally with a roughness of less than 
50 nm (29), which makes the Ti6Al4V substrates not 
applicable. Polished monocrystalline Si substrates were 
selected due to their nearly perfect smoothness, exhibiting 
Sq roughness of 0.28±0.05 nm (30) and a well‑defined, 
homogeneous surface chemical composition. All three 

coatings were only nanometer‑thick and moderately 
hydrophilic. Consistent with their low thickness, the 
average roughness of the coatings was minimal, 
approaching that of commercial tissue culture plastic 
(TCP) (31). Referring to published studies, the thickness 
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Figure 1. Scanning electron micrographs of (A) machined titanium (MTi), (B) sand‐blasted titanium (SBTi), and (C) additively manufactured titanium 
(AMTi) disks with roughness profiles (D) obtained with an optical profilometer. 

Table I. Arithmetic mean surface roughness (Sa), projected area and true 
surface area of the various Ti6Al4V disks. Data are presented as the mean 
value±standard deviation obtained from three samples, each analyzed 
at three spots. 
 
Surface                Sa, μm                       Projected                   True surface  
                                                                  area, mm2                     area, mm2 
 
MTi                    0.50±0.05                         1.00                           1.04±0.01 
SBTi                   2.06±0.40                         1.00                           1.19±0.14 
AMTi                14.64±1.20                        1.00                           3.12±0.05 
 
AMTi: Additively manufactured titanium; MTi: machined titanium; 
SBTi: sand‑blasted titanium.



of PEM on the MTi, SBTi and AMTi substrates can be 
expected to be higher than on model Si substrates (30). 
On the one hand, the thickness of PEM was shown to 
increase with the roughness of the substrate (22), on the 
other hand to depend on the chemical nature of the 
substrate (30). The thickness of (PAH/PAA)₅ multilayers 
on Ti wafers was reported to be three times greater than 
that on Si wafers, despite both substrates being single‑
sided polished and having similar roughness (30). 

Surface roughness contributes to material wettability, 
therefore we assessed the intrinsic hydrophilicity of PEM 
coatings on model Si substrates, as well as on uncoated and 
PEM‑coated MTi, SBTi and AMTi disks, by measuring the 
water contact angle (Table III). All PEM coatings and 
uncoated substrates were hydrophilic, except the uncoated 
SBTi, which was hydrophobic with a contact angle of 99˚. 
It is nearly impossible to alter surface micro‑morphology 
without simultaneously affecting the chemical composition 
of the surface. Therefore, we attribute the enhanced 
hydrophobicity of SBTi substrates to alterations in surface 
chemistry caused by residues from the Al2O3 particles used 
in the sand‑blasting process, which has been demonstrated 
to reduce surface hydrophilicity (32). Uncoated MTi disks 
were slightly less hydrophilic than Si wafers, in agreement 
with the findings of Mesić et al. (30). The PEM‑coated MTi 
disks exhibited moderate hydrophilicity, as evidenced by 
contact angles that were lower than those observed for the 
corresponding Si wafers, likely due to the increased Sa of 
the MTi substrates. Increasing Sa had a PEM‑dependent 

effect on contact angle. Wenzel’s basic rule accounting for 
the effect of Sa on wettability, states that the apparent 
contact angle of a smooth hydrophilic surface decreases 
with increasing Sa (33). However, many experimental 
exceptions to this rule have been reported. For instance, 
plasma‑treated and grounded/roughened TCP, which has 
an average Sa of 2.365 µm, exhibits a significantly higher 
water contact angle compared to the original non‑
grounded TCP with an average Sa of 19 nm, regardless of 
whether the original smooth surface was hydrophilic or 
hydrophobic (34). Among our data, only the (PSS/PAH)5‑
coated samples conformed to Wenzel’s rule, demonstrating 
an increase in hydrophilicity with Sa and reaching 
superhydrophilicity at AMTi (Table III). The uncoated 
Ti6Al4V disks exhibited a peak in contact angle at moderate 
roughness (SBTi), and a similar trend was observed for the 
(PAA/PAH)5‑coated samples. No statistically significant 
effect of Sa on the hydrophilicity of (HA/Chi)5‑coated 
Ti6Al4V disks was observed. More importantly, the 
application of PEM coatings significantly increased the 
hydrophilicity of MTi, SBTi, and AMTi surfaces without 
altering their sub‑micrometer and micrometer roughness 
or topography. 

The surface density of HSA adsorbed onto uncoated 
titanium disks, as well as on the PEM coatings and the TCP 
used as a control substrate for cell studies, is summarized 
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Table II. Thickness and roughness of the polyelectrolyte multilayer 
coatings applied on model Si wafers. Data are presented as the mean 
value±standard deviation obtained from three samples, each analyzed 
at three spots. 
 
Coating applied            Thickness, nm                Sa, nm                Sq, nm 
 
(PSS/PAH)5                         15.6±0.2                    2.6±0.2              2.8±0.3 
(PAA/PAH)5                        12.2±2.1                    1.7±0.4              1.4±0.4 
(HA/Chi)5                            10.1±0.1                    3.2±0.4              3.5±0.7 
 
Chi: Chitosan; HA: hyaluronic acid; PAA: polyacrylic acid; PAH: 
polyallylamine hydrochloride; PSS: polystyrene sulfonate; Sa: average 
surface roughness; Sq: root mean square roughness. 

Table III. Average water contact angles of Si wafers and Ti6Al4V disks 
with three different surface roughness values, without a coating, and 
with polyelectrolyte multilayer coatings. Data are presented as the mean 
value±standard deviation obtained from three samples, each analyzed 
at three spots. 
 
                                                             Average water contact angle 
 
Coating applied             Si wafer             MTi                SBTi              AMTi 
 
None                                   64±3˚              73±3˚             99±2˚             67±3˚ 
(PSS/PAH)5                       71±2˚              55±8˚             46±3˚              3±7˚ 
(PAA/PAH)5                      73±2˚              45±8˚             66±7˚             23±3˚ 
(HA/Chi)5                          67±2˚              54±4˚             52±2˚             65±8˚ 
 
AMTi: Additively manufactured titanium; Chi: chitosan; HA: hyaluronic 
acid; MTi: machined titanium; PAA: polyacrylic acid; PAH: 
polyallylamine hydrochloride; PSS: polystyrene sulfonate; SBTi: sand‑
blasted titanium. 



in Table IV. For each substrate type, the HSA surface 
density follows the order: PSS/PAH‑coated>PAA/PAH‑
coated>uncoated>HA/Chi‑coated. The three‑fold increase 
in the effective surface area of AMTi, due to its high Sa (see 
Table I), resulted in a three‑ to five‑fold increase in the 
amount of adsorbed HSA compared to the smooth MTi 
surface, depending on the coating applied. AMTi 
substrates offer a greater number of active sites, along 
with structure‑specific corners and holes that facilitate 
protein accommodation. 

The adhesion of NHOst cells to various substrates 
(either uncoated or PEM‑coated) was quantified using a 
LDH assay, with results normalized to those on TCP plastic. 
Figure 2 summarizes the results of the attachment 
efficiency of NHOst on different treated surfaces. Initial 
adhesion of cells was influenced solely by surface chemical 
composition (i.e., the type of PEM coating applied), rather 
than the Sa of the titanium substrates. Cell adhesion was 
suppressed on all uncoated and PEM‑coated titanium 
surfaces compared to TCP, except for the PSS/PAH‑coated 
SBTi, which showed adhesion levels comparable to TCP. 

Regarding the smooth MTi substrates, NHOst cells 
adhered statistically equally to uncoated, PSS/PAH‑coated, 
and PAA/PAH‑coated surfaces, but adhesion was reduced 
by 50% on HA/Chi‑coated substrates. The reduced cell 
attachment on HA/Chi coatings aligns with previous 
studies involving various cell types, including HCS‑2/8 
human chondrosarcoma cells (35), A549 human lung 
carcinoma epithelial cells, baby hamster kidney 
fibroblasts, C2C12 mouse myoblasts, and MC‑3T3‑E1 
murine osteoblasts (36). These studies collectively 
demonstrate the anti‑adhesive properties of this coating. 

PSS/PAH and PAA/PAH coatings statistically significantly 
improved the initial attachment of NHOst on SBTi, by 60% 
and 40% respectively. The HA/Chi coating lowered cell 
adhesion by 21% relative to uncoated SBTi. The cell adhesion 
on AMTi was similar to those on SBTi. There were 50% more 
cells adhered to PSS/PAH‑coated compared to the uncoated 
AMTi. The adhesion capacity of PAA/PAH‑ and HA/Chi‑
coated AMTi surfaces was statistically indistinguishable from 
those on uncoated surfaces.  

Cell proliferation was highest on TCP and comparably 
high only for cells grown on uncoated MTi, as well as MTi 
coated with PSS/PAH (Figure 2). On uncoated Ti‑disks, 
NHOst proliferation decreased significantly with 
increasing Sa, while on AMTi the number of cells after 72 h 
just equaled that at 24 h. The inverse relation between 
micrometer‑scale Sa and osteoblast proliferation shown 
here has been previously demonstrated (37). Application 
of PSS/PAH coating did not affect the cell proliferation 
on MTi but suppressed it on SMTi and AMTi, with even a 
trend to cell loss. It is worth mentioning that the 
proportion of cells on PSS/PAH‑coated AMTi at 72 h was 
still 35% higher compared to uncoated Ti6Al4V 
substrates. Application of PAA/PAH and HA/Chi coatings 
led to cell loss on all Ti6Al4V substrates to a similar 
degree regardless of Sa.  

The ranking of all 12 studied Ti6Al4V samples, which 
had three roughness levels and included both uncoated 
and coated samples with three PEM coatings, is clearly 
outlined in Table V based on their ability to support cell 
viability. 

In summary, the adhesion of NHOst cells to Ti6Al4V 
surfaces increased in the order: PSS/PAH‑coated≥PAA/PAH‑
coated≥uncoated>HA/Chi‑coated (Table V).  

NHOst adhered to smooth MTi (Figure 3) and to 
moderately rough SMTi showed better spreading compared 
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Table IV. Surface density of human serum albumin (HSA) adsorbed on 
uncoated Ti6Al4V disks with different roughness, tissue culture plastic 
(TCP) and disks with polyelectrolyte multilayer coatings. Data presented 
are the mean value±standard deviation, obtained from three samples. 
 
                                                         Surface density of HSA (μg/cm2) 
 
Coating applied                 TCP                 MTi                SBTi             AMTi 
 
None                               0.60±0.08     0.05±0.02    0.05±0.03   0.16±0.01 
(PSS/PAH)5                   0.98±0.08     0.30±0.05    0.35±0.07   0.96±0.13 
(PAA/PAH)5                  0.71±0.10     0.16±0.03    0.18±0.04   0.49±0.05 
(HA/Chi)5                      0.14±0.06     0.01±0.01    0.02±0.01   0.05±0.04 
 
AMTi: Additively manufactured titanium; Chi: chitosan; HA: hyaluronic 
acid; MTi: machined titanium; PAA: polyacrylic acid; PAH: 
polyallylamine hydrochloride; PSS: polystyrene sulfonate; SBTi: sand‑
blasted titanium. 



to AMTi. SEM images revealed that the cells on the surface 
of the uncoated, PSS/PAH‑coated and on PAA/PAH‑coated 
MTi and SBTi were completely flattened and fully extended, 
therefore closely adhering to the surface. Moreover, they 
were confluent and connected to adjacent cells via extended 
filamentous pseudopods. Cells grown on the AMTi 
substrates exhibited a more rounded cell body with thin 
and long filopodia extending between the Ti grains covering 
the surface of the disks. Some cells were not even adherent, 
but instead were just hanging by their filopodia, attached 
to the surrounding Ti particles. No morphological changes 
of the cells were observed due to the coating of MTi‑ and 
SBTi‑substrates with PSS/PAH and PAA/PAH; however, on 
HA/Chi‑coated surfaces, the cells appeared rounder or even 
detached. 

Discussion 
 
Numerous studies have described the impact of Sa on cell 
adhesion, proliferation, viability, migration, and 
differentiation (4, 5, 38, 39). However, despite the extensive 
data available, these studies often yield conflicting results. 
This inconsistency may originate from variations in the 
ranges of nano‑ and micro‑roughness, surface topographies, 
materials used, and the types of cells examined. In this 
study, we focused on the effect of Sa of Ti alloy materials at 
the sub micrometer to micrometer scale on the adhesion 
and proliferation of human osteoblasts (NHOst). 

The relationship between the surface properties of 
materials and cellular behavior is complex. Upon 
implantation, the surface of an implant is initially covered 
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Figure 2. Proportion of attached human osteoblasts after 24 h of cultivation, reflecting the extent of cell adhesion, and after 72 h of cultivation, 
reflecting the extent of cell proliferation, examined on machined (MTi), sand‐blasted (SBTi), and additively manufactured (AMTi) titanium disks, 
uncoated (A) and coated with polystyrene sulfonate (PSS)/polyallylamine hydrochloride (PAH) (B), polyacrylic acid (PAA)/PAH (C), and hyaluronic 
acid (HA)/chitosan (Ch) (D). *Significantly different at p<0.05, **p<0.01 from the control uncoated Ti6Al4V of the same type. The data presented are 
averages obtained from eight samples.



by a layer of water molecules, followed by the adsorption 
of proteins from blood and biological fluids. This protein 
layer has distinct chemical, physicochemical, and 
biological properties that facilitate interactions with 
surrounding tissue cells. The characteristics of the protein 
layer differ from those of the implanted material, yet they 
are influenced by it. As a result, the interaction between 

cells and the implant is significantly mediated and 
controlled by the adsorbed proteins (40). 

Surface charge is a crucial factor influencing protein 
adsorption and cell adhesion, as both processes are 
enhanced on positively charged surfaces (41). Uncoated 
titanium is covered with a layer of TiO2, which has a 
slightly negative surface charge at pH 7.4 (the pH of the 
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Figure 3. Scanning electron micrographs representing the morphology of human osteoblasts attached to machined (MTi), sand‐blasted (SBTi), and 
additively manufactured (AMTi) titanium disks uncoated and coated with polystyrene sulfonate (PSS)/polyallylamine hydrochloride (PAH), 
polyacrylic acid (PAA)/PAH, and hyaluronic acid (HA)/chitosan (Ch) after 24 h of cultivation. Magnification 1,200×, the white bar corresponds to 
20 μm. 

Table V. Ranking of the investigated Ti6Al4V substrates with three roughness levels, uncoated and coated with three polyelectrolyte multilayer coatings, 
according to their ability to support cell attachment.  
 
                                                                                                                                Cell attachment ranking, best first 
 
Ti6Al4V substrate                                                                At 24 h                                                                                                   At 72 h 
 
MTi                                                           Uncoated=PSS/PAH=PAA/PAH>HA/Chi                                     Uncoated=PSS/PAH>PAA/PAH>HA/Chi 
SBTi                                                          PSS/PAH>PAA/PAH>Uncoated>HA/Chi                                     Uncoated=PSS/PAH>PAA/PAH>HA/Chi 
AMTi                                                        PSS/PAH>PAA/PAH>Uncoated>HA/Chi                                     PSS/PAH>Uncoated=PAA/PAH>HA/Chi 
 
AMTi: Additively manufactured titanium; Chi: chitosan; HA: hyaluronic acid; MTi: machined titanium; PAA: polyacrylic acid; PAH: polyallylamine 
hydrochloride; PSS: polystyrene sulfonate; SBTi: sand‑blasted titanium.



buffered HSA solution) (42), potentially explaining the 
lack of protein adsorption. In contrast, TCP also exhibits a 
negative surface charge due to the abundance of polar 
groups, such as hydroxyl and carboxyl, promoting cell 
adhesion (43) while simultaneously exhibiting the highest 
surface density of adsorbed HSA (Table IV). All coated 
Ti6Al4V substrates possess a positive surface charge, as 
they are terminated with polycations.  

No correlation was observed between the degree of 
surface hydrophilicity and the surface density of protein 
adsorption. The only systematic correlation found here 
was between the surface chemical composition and the 
amount of adsorbed HSA. PSS/PAH and PAA/PAH 
coatings, rich in reactive amino groups, are known to 
attract negatively charged proteins and DNA at 
physiological pH (44). 

Looking at the surface characteristics of uncoated and 
PEM‑coated Ti substrates it becomes clear that osteoblasts 
adhesion and proliferation is not controlled by surface 
hydrophilicity. Majority of studies on cell–material 
interactions highlight substrate stiffness as a key 
determinant of cell fate (45). As a general rule, cells adhere 
to PEMs in direct correlation to their native mechanical 
properties (46). According to literature data, titanium 
alloy Ti6Al4V [~110GPa, (47)] and TCP [~8GPa, (48)] have 
much higher Young’s modulus than PEM coatings, which 
range from a few kPa to several hundred MPa depending 
on their composition. Young’s modulus of PSS/PAH 
multilayers was estimated in the range 130‑170 MPa (49), 
PAA/PAH multilayers assembled at pH 6.5 exhibited a 
Young’s modulus of 153±70MPa (48), and HA/Chi films 
have been shown to be much softer, with a Young’s 
modulus of only 75 kPa (20). Based on these data, we can 
conclude that attachment of NHOst on the uncoated and 
PEM‑coated Ti disks was only partly controlled by surface 
rigidity (Table V). Cells demonstrated the same and, in 
some cases, even higher affinity for PSS/PAH‑ and 
PAA/PAH‑coated specimens and uncoated Ti6Al4V 
although the latter has about 1,000 times higher Young’s 
modulus. As expected, the soft HA/Chi film substantially 
suppressed cell adhesion and proliferation. It seems 

therefore that there is another surface property besides 
rigidity that is more effective in controlling osteoblasts 
behavior. It is important to note that there are 
interdependencies between surface properties, and 
altering one affects one or more of the other 
characteristics (50). 

Under the conditions of our study, the quantity of 
attached cells was generally independent of Sa. While cell 
proliferation is primarily influenced by surface chemical 
composition, Sa plays only a minor role. SEM images 
indicate that the high Sa and the specific micro‑structured 
topography of AMTi strongly modulated cell spreading 
and morphology, by limiting the points of contact between 
the cells and the rough surface, which may explain the 
subsequent reduction in cell proliferation. 

The initial adhesive engagement between cells and 
substrate are driven by electrostatic interaction, so surface 
chemistry and charge play an important role in it. Both 
coatings promoting protein adsorption and cell adhesion 
were terminated with PAH, therefore have surface 
exposed primary amino groups. Our results are consistent 
with previous studies reporting that amine coatings can 
enhance cell attachment, proliferation, and osteogenic 
differentiation (51, 52) and more specifically that amino‑
functionalization promotes adhesion and spreading of 
MC3T3‑E1 and rat bone marrow mesenchymal stem cells 
on pure Ti substrates with nanometer‑scale Sa (53, 54). 
Even more recently, a positive correlation between the 
surface density of amino groups on a functionalized Ti 
surface and osteoblast adhesion and growth has been 
reported (55). Many studies relate cell adhesion to the 
amount of adsorbed proteins and here we demonstrate 
that the surface density of HSA increased in the same 
order as NHOst adhesion. 

 
Conclusion 
 
This study investigated the effect of all possible 
combinations of two factors: Sa (at three levels: 0.5 µm, 
2 µm, and 15 µm) and chemistry (represented by three 
different polyelectrolyte multilayer coatings) of titanium 
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surfaces as assessed by the affinity of human osteoblasts 
to nine modified and three uncoated surfaces. The 
coatings were nano‑thick, nano‑smooth, and hydrophilic, 
imparting their inherent individual chemical and 
physicochemical properties to the titanium surfaces 
while preserving their specific morphology and micro‑
roughness. 

Based on the collected data, we conclude that the 
affinity of NHOst to Ti6Al4V surfaces is governed by 
surface chemistry, increasing in the following order: 
PSS/PAH‑coated>PAA/PAH‑coated>uncoated>HA/Chi‑
coated surfaces. Furthermore, in the context of our study, 
this affinity was generally statistically independent of Sa. 
Interestingly, the same ranking of the surfaces was 
observed in terms of the surface density of the adsorbed 
human serum albumin. Cell proliferation was mainly 
controlled by surface chemistry, but also to a lesser 
extent by Sa. No correlation between surface 
hydrophilicity, protein adsorption and cell attachment 
was established.  

According to the findings of this study, surface chemical 
composition is one of the major factors that must be 
considered in the design of coatings for the 
biofunctionalization of titanium‑based materials. The 
presence of surface‑exposed primary amino groups 
significantly enhanced the adsorption of HSA and supported 
the adhesion of osteoblasts. 
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