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This study investigates the adsorption of bisphosphonates (BPs) on TiOg, hydroxyapatite (HA), and TiOy+HA
composite surfaces. We first examined the adsorption of these molecules on titania particles and explored the
influence of UV irradiation through adsorption curves. Our findings indicate that surface irradiation leads to an
increase in the adsorbed BP content due to enhanced BP deprotonation and hydroxyl group generation. Addi-
tionally, we evaluated the adsorption of BPs on the TiOg, HA, and TiO2+HA surfaces primarily through X-ray

photoelectron spectroscopy (XPS). Our results suggest that BPs adsorb onto TiO, via a condensation reaction
between the BPs and titania surfaces, while phosphate and Ca®" ions coordinate onto HA surfaces. All func-
tionalized films exhibit a water contact angle of zero. Atomic force microscopy (AFM) measurements show that
BP adsorption had less impact on titania topography than HA topography, and mixed films demonstrated
behavior similar to that of titania films.

1. Introduction

Biomedical implants require consideration of both mechanical
properties and surface characteristics [1]. To modify surface properties
such as wettability, biocompatibility, and antibacterial activity, thin
film production and organic molecule adsorption have been extensively
studied [2-5].

Titanium dioxide (TiO2) has been extensively studied for surface
modifications and implant coatings due to its ability to adhere well to
metallic substrates and the presence of hydroxyl groups on its surface
[6]. However, TiO; is less biocompatible than hydroxyapatite (HA),
which is a key component of human bone but poorly adheres to metallic
substrates [7,8]. Thus, TiO2+HA composite films have been developed
to improve biocompatibility and adhesion to metallic substrates [9,10].
Moreover, these surfaces can be functionalized with different com-
pounds ranging from amphiphilic molecules to proteins to improve their
biological performance [3,11,12].

Bisphosphonates (BPs), an organic pyrophosphate analog, are a class
of organic molecules employed for treating osseous diseases, and their
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linear structures are presented in Fig. 1 [13,14]. While most studies have
focused on the biological performance of BPs, they have also been shown
to increase osteoblast metabolic activity while inhibiting osteoclast,
thereby promoting new bone formation [13,15,16].

BPs have a strong affinity for HA due to their ability to coordinate
with calcium ions [13,17]. Thus, different studies, from theoretical
calculations to measured adsorptions, have been conducted on the
interaction of BPs with HA [18-21]. However, few studies have focused
on the TiO4/BP system [2,5,22]. When BPs interact with HA, phosphate
groups in HA may be replaced by BP phosphonate groups, and/or cal-
cium ions may coordinate with BP anions [23]. In contrast, BPs can
adsorb onto TiO5 through phosphonate groups, forming mono- or
bidentate Ti—-O-P bonds [2,5,22].

Therefore, we measured etidronate and alendronate BP adsorption
on anatase and rutile TiO, to determine the influence of UV irradiation
on adsorption and explore the effects of etidronate, alendronate, and
risedronate on TiO,, HA, and composite films. To the best of our
knowledge, this is the first study to report a TiO,+HA/BP system and
generate adsorption curves for BPs on oxidized surfaces. The samples
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Fig. 1. Linear structures of BPs, etidronate, alendronate, and risedronate.

were investigated by X-ray diffraction (XRD), confocal microscopy,
scanning electron microscopy (SEM), measuring water contact angles,
X-ray photoelectron spectroscopy (XPS), and atomic force microscopy
(AFM). Our findings could accelerate the development of biomedical
implants with superior biocompatibility, wettability, and antibacterial
activity. Besides, it helps to elucidate the understanding of the properties
of surfaces-containing bisphosphonates.

2. Materials and methods
2.1. Materials

For sol-gel synthesis, titanium (IV) isopropoxide (Sigma-Aldrich®/
CAS 546-68-9) and nitric acid (65%; Synth®/CAS 7697-37-2) were
employed as precursors. The adsorptions of disodium etidronate hydrate
(TCI® German/CAS 7414-83-7), sodium alendronate trihydrate (TCI®
German/CAS 121268-17-5), and sodium risedronate (Sigma—-Aldrich®/
CAS 115436-72-1) were investigated. Hereinafter, etidronate, alendr-
onate, and risedronate are referred to as “ETI,” “ALE,” and “RIS,”
respectively. KCl (NEON/CAS 7447-40-7) was employed to prepare the
adsorption medium. HySO4 (98%; Meta quimica/CAS 7664-93-9) and
H202 (35%; Dinamica/CAS 7722-84-1) were used to prepare the
piranha solution. Cerium sulfate IV tetrahydrate (CAS 10294-42-5) was
purchased from NEON® and was used as an oxidizing agent for quan-
tifying BP absorption.

2.2. Synthesis of TiO2 dispersion, HA, and TiOg particles

Titanium dioxide dispersion was synthesized as described by Trino
et al. [24]. For synthesizing HA particles, we employed the procedure
described by Ben-Arfa et al. [25]. TiO2 nanoparticles were synthesized
using the same procedure as that for preparing the TiOy dispersion,
except the dispersion was left to dry completely instead of evaporating
to 50 mL. The remaining powder was manually macerated using a pestle
and a mortar. Anatase and rutile titania nanoparticles were formed by
heating the powder at 1°C min~! to 450 and 850°C, respectively, where
the samples were held for 2 h and subsequently cooled to 1°C min_.

2.3. Preparation of Ti substrates and film deposition

Commercial pure titanium IV (Ti Cp IV, 12 mm diameter x 3 mm
height) was used as the film deposition substrate. First, the substrates
were laser-treated, as described by Borcherding et al. [26]. The surface
was then cleaned using piranha solution (H2SO4:H203, 7:3 v/v) for 2 h.
Finally, the substrates were ultrasonically cleaned with water and
acetone for 10 min each and then dried at 60°C before deposition.

Four dispersions were prepared for film deposition. To prepare the
titania films, the pristine TiO3 dispersion was diluted in isopropanol (1:3
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v/v). The hydroxyapatite dispersion was prepared by mixing 300 mg of
HA powder with 6 mL of ethylene glycol. The product was then stirred
for 15 min at 60°C. Then, 106 pL of Triton™-X and 1 mL of isopropanol
were added, and the product was stirred for 15 min. Finally, the
dispersion was ultrasonicated for 10 min. The final dispersions
comprised mixtures of 1:1 and 1:2 volume/volume TiO; and HA
dispersion, respectively (i.e., TiOx:HA 1:1 and TiOx:HA 1:2, in
sequence). Finally, isopropanol was added at a ratio of 3:1 v/v TiOs.

The films were deposited by spin-coating at 2000 rpm for 60 s. Before
spinning, three drops of the desired dispersion were placed on the sub-
strate. After 60 s, the films were dried at 60°C for 5 min. This procedure
was repeated three times. The spin-coated films were heated at 1°C
min’i to 850°C where they were held for 2 h and then cooled at 1°C
min

2.4. BP adsorption

We determined calibration curves for ETI and ALE solutions. The
linearity regime was between 0 and 2 mM, representing the adsorption
curve values for which the equilibrium concentration (Ceq) was < 2
mM. In each experiment, different ETI and ALE solution concentrations
were prepared, usually 0.2 to 4 mM. For the adsorption test, 5 mg of
titanium dioxide was left undisturbed to react with 1000 pL of the BP
solution, and all experiments were performed in triplicate. First, the
saturation time was determined, and the system was left undisturbed
without stirring for 1, 2, or 3 h, then the absorbance was measured to
check changes in concentration after the evaluated time. The saturation
time was 2 h.

For the films, before functionalization, they were irradiated with
ultraviolet (UV)-C (254 nm) light from an 8 W lamp for 45 min to in-
crease the number of OH groups on and clean the surface [2]. For
functionalization, 3 mL of the BP solution (4 mM in 1mM KCl) was left to
react with each disk for 2 h, and the disk was then rinsed for 5 seconds in
distilled water to remove any residual BP solution.

2.5. Characterizations

The crystallinity of the prepared materials was evaluated using XRD
(D/MAX-2100/PC, Rigaku) equipped with a CuKa radiation source (1 =
1.54056 A) coupled to a nickel filter to eliminate CuKf radiation. The
samples were scanned from 10 to 100° (between the incident beam and
the detector) in regular steps of 2 min~! and 40 kV/20 mA. Diffracto-
grams of TiO, particles are available in Fig. S1.

The UV absorbance was quantified using a Shimadzu UV-1800
spectrophotometer. A 0.5 M aqueous H3SO4 solution was used for pre-
paring a 0.1% w/v cerium sulfate solution, as reported by Taha et al.
[27]. The prepared cerium solution was stored in an amber-colored
flask. Cerium sulfate exhibits a characteristic signal at 320 nm, and BP
oxidation weakens the signal. The presented values are the absorbance
multiplied by -1. The BP absorption was measured by placing 250 pL of
the BP solution in a 15-mL tube and adding 2000 pL of cerium solution.
The mixture was left to react without stirring for 1 h, and 6000 pL of 0.5
M H,SO4 was then added. The absorbance was measured by placing
1000 pL of the final product in a cuvette. The same procedure was
adopted using a blank for generating a calibration curve by replacing the
BP solution with a 1 mM KCl solution. BPs were adsorbed on the titania
by adding 5 mg of nanoparticles to 1000 pL of the BP solution, then the
mixture was manually shaken for 5 seconds. After the established time of
2 hours, the microtubes were centrifuged for 10 min at 10,000 rpm. An
aliquot (250 pL) was removed using the same procedure. Although the
same nanoparticle mass was used as a blank, the BP volume was
replaced with an equal volume of 1 mM KCl. We employed CAVS soft-
ware (freely available at http://www.prppg.ufpr.br/site/posalim/p
b/aplicativos/) for model fitting. For the modeling the initial values of
K¢ and n were set to be equal to 0.1, then the software fitted a curve. The
fitting was chosen based on the best R2.
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The specific surface area was determined using Micromeritics ASAP-
2020. Nitrogen adsorption/desorption isotherms were measured at 77
K, and the surface area was calculated using the Brunauer-Emmett—-
Teller (BET) method. Before the measurements, the samples were
degassed at 70°C for 24 h. For particle size calculation (d), it was
assumed that particles are spherical and the following equation was
applied d = 6 / A p. Where Ay is the specific surface area and p is the
density of the particles [28,29].

To capture microroughness and 3D images, a confocal microscope
(Leica DCM3D) equipped with a 10 x lens was used. Root-mean-square
(RMS) surface roughnesses were measured for three points in each
sample.

SEM images were obtained using a Zeiss LS15 microscope operating
at an acceleration voltage of 15 kV. The chemical composition was
verified using energy-dispersive X-ray spectroscopy (EDS) for at least
two distinct points on each sample, the accelerating voltage was 30 kV
with an FWHM of 150 eV and a spot size of 1 pm.

Water contact angles were measured under ambient conditions using
a goniometer (Ramé-Hart 100-00, Succasunna, NJ) and the sessile drop
technique. A drop (5 pL) was automatically released over the film. For
each sample, two drops were placed in different regions. For each drop,
ten water contact angles were calculated using image processing, and
the mean angle and standard deviation were calculated.

The chemical compositions of the material surfaces were determined
using XPS (Scienta Omicron ESCA) equipped with an EA125 Xm1000
monochromator and an Al Ka (1486.7 eV) X-ray source. The survey
spectra were collected using a pass energy of 50 eV and an energy step of
0.500 eV. High-resolution spectra were obtained using a pass energy of
30 eV and an energy step of 0.050 eV. A charge neutralizer (CN10) was
used to exclude the surface charging effects. The spectra were fitted
using CasaXPS software, and the binding energy was corrected using the
aliphatic hydrocarbon C 1 s reference signal at 285.0 eV. The atomic
surface concentration was evaluated based on Scofield’s relative sensi-
tivity factor (RSF).

The surface nanotopography and nanoroughness of the prepared
samples were analyzed using AFM (Park XE7; Park Systems, Santa Clara,
CA, USA) operating in the noncontact mode. A silicon cantilever (PPP-
NCHR; Park Systems, Inc.) was employed at a constant force of 42.0 N
m ! and a frequency of 330 kHz. Measurements were performed in air at
20°C. Images (1 x 1 pmz) were scanned at 0.7 Hz.

3. Results and discussion

When applied as a surface modifier, BPs can increase cell growth [2,
12,30]. Therefore, studying their adsorption on TiO, which is usually
the composition of the outermost bioimplant layer, may help to develop
more biocompatible surfaces. We investigated the adsorption of BPs on
different surfaces. On particles, we employed ETI and ALE on anatase
and rutile surfaces, and we evaluated the effect of UV irradiation on BP
adsorption. Our results indicated that UV irradiation is an effective
method for increasing BP adsorption. We extensively characterized TiOy
and HA film surfaces and found that BPs adsorbed on the surface were
exposed to P-OH groups, leading to a water contact angle of 0°.

3.1. Effects of BP adsorption on TiO2 particles

The BET measurements are presented in Table 1. From these results,
although anatase titania has a higher surface area than rutile titania, the

Table 1
BET measurements of prepared samples.
Anatase Rutile
BET surface area (m? g 1) 92.6 2.4
Pore width (A) 60.1 534.5

Nanoparticle size (nm) 64.8 2521.6
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latter has larger pores that can influence the adsorption capacity, as the
molecules can go inside the pores. The anatase and rutile titania
comprised nanoparticles and microparticles, respectively, which was
expected because we did not control the rutile particle growth. Findings
obtained by X-ray diffraction are presented in Fig. S1.

From the UV-Vis measurements, we obtained parameters for the
Freundlich adsorption model, as listed in Table 2. In the Freundlich
model, N is related to the heterogeneity of the system. If the number is
higher than one, it means that the adsorption is more heterogeneous.
The parameter K is the adsorption capacity or affinity constant, and R? is
the coefficient of determination from the fitting [31]. The results
showed that UV irradiation increased the affinity of BPs for titania
surfaces, which was verified by the increased affinity constant (K). ETI
had a higher affinity for anatase, while ALE for rutile, respectively.

The adsorption curves are presented in Fig. 2. All the curves show
that the surface adsorption increased when the surface was exposed to
UV irradiation. The effect of UV irradiation on adsorption was previ-
ously described by our group [2], and the influence of hydroxylation on
phosphonic acid adsorption was investigated in another study [32]. In
our previous study, we observed that UV exposition predominantly
affected the adsorption of phosphonate groups. In this study, we com-
plement this result by determining that in general UV exposure increases
adsorption on the titania surface.

Phosphonate adsorbs on TiO; through deprotonation of HyPOs
groups. Deprotonation increases BP reactivity, and HPO3 or PO3 ™ reacts
with Ti-O on the surface, forming Ti-O-P bonds [5]. BPs are mostly
attached through bidentate bonds, exposing the additional phosphate
and other groups of the molecule [32], which suggests that UV irradi-
ation (which may increase the number of OH groups) increases the BP
deprotonation as BPs approach the surface. Thus, the surface OH rapidly
recombined with H' from the HoPO3 groups, forming Ti-O-P bonds.
This would also explain the predominant adsorption on Ti surfaces,
which decreases the Ti®" content owing to the generation of Ti-OH
groups, which favors HyPO3 condensation with the surface.

3.2. Structures, composition, and morphologies of prepared films

For the structural analyses, we dried the deposition solutions
following the heating procedure described in Section 2.2. The results are
shown in Fig. 3. The spectrum for pure titanium dioxide presented rutile
characteristic peaks (PDF No. 2-494), while pure HA presented its ex-
pected structure (PDF No. 3-747). The spectra for the composite mate-
rials exhibited rutile, HA, and anatase (PDF No. 21-1272) characteristic
peaks. With an increasing HA content, the HA peak intensified.

Table 3 lists the mean surface roughness of the prepared samples
measured by confocal microscopy. The film deposition decreased the
surface roughness by approximately 35% compared with the pristine
sample, and the HA film exhibited the lowest surface roughness. The
standard deviation also reduced compared with pure Ti, indicating that
the film deposition increased the surface homogeneity. Several studies
have attempted to determine the relationship between the (nano/micro)
surface roughness and cellular activity [33-35]. The corresponding
confocal images are shown in Fig. S2.

SEM (based on secondary electrons) was employed to investigate the

Table 2

Freundlich adsorption parameters obtained from experimental data.
Sample N K ((mg g (L mg™)) R?
ETI on anatase 1.0+ 0.1 0.2+0.1 0.995
UV + ETI on anatase 2.6 £0.2 13.1+1.7 0.988
ETI on rutile 0.6 + 0.1 0.1+0.1 0.937
UV + ETI on rutile 1.8+ 0.2 45+1.9 0.928
ALE on anatase 52+1.1 18.0 + 4.5 0.873
UV + ALE on anatase 23+0.6 4.6 £2.9 0.908
ALE on rutile 2.0+ 0.7 49 +2.0 0.937
UV + ALE on rutile 50+1.1 40.3 £10.1 0.927
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Fig. 3. XRD patterns of dried dispersions.
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Fig. 2. Adsorption curves of BP adsorbed on titania particles. Dotted lines represent theoretical curves.
*anatase Table 3
Mean surface roughness of prepared samples.
Sample Mean Surface Roughness (pm)
. Ti 41.7 £ 1.6
X A TiO, TiO, 37.7 £ 0.4
* TiOx:HA 1:1 28.9 £ 0.7
TiOx:HA 1:2 35.4 £ 0.7
HA 27.8+0.5
TiO,:HA 1:1
surface morphology, and the SEM images of the prepared films are
presented in Fig. 4. At low magnifications, the TiOy surface appears
smooth compared with the other surfaces. Cracks are common on HA-
containing films [32] and are attributed to mechanical constraints
during heating. Only the TiO2:HA 1:1 film exhibited cracks. The titania
and HA surfaces comprised small cubes and rod-like particles, respec-
tively, the composite film surfaces exhibited both particles.
HA The EDS measurements are listed in Table 4, and the corresponding
T T T T T T T T T T T elemental composition maps are shown in Figures S3-S6. Calcium and
20 30 40 50 60 70 80

phosphorus were homogeneously distributed on the surface, except for
the HA sample, where it was possible to observe regions with higher
concentrations. HA and TiO5:HA 1:1 had Ca/P ratios close to 1.67. TiO»:
HA 1:2 presented a low value of phosphorous compared with the other
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Fig. 4. SEM images of prepared samples.

Table 4
Elements in atomic% measured by EDS.

Sample Elements (at%)

Ti (o} Ca P
TiOy 28.2+1.9 71.7 £1.9 - -
TiOx:HA 1:1 28.3 £ 0.4 65.1 +£0.1 37+1.2 2.0+0.1
TiO,:HA 1:2 26.8 + 0.7 66.8 + 2.9 41+1.8 1.3+ 0.7
HA 2.5+ 0.2 62.2 + 2.6 16.0 + 2.0 9.0 + 0.4

samples, and once the HA came from the same dispersion of the TiO3:HA
1:1 sample, this difference was not expected.

3.3. Effects of BPs adsorption on TiOz, HA, and TiOz+HA films

Surface hydrophilicity was evaluated by varying the concentration of
BPs. For this, we measured samples functionalized with 0.2 mM and 4
mM solutions. The results demonstrated that small concentrations had
the same effect on hydrophilicity at a concentration of 4 mM. Table 5
presents only the results for the 4 mM samples; further results are pre-
sented in Table S1. Since the 0.2 mM and 4 mM samples showed similar
results, we focused our investigation on the 4 mM samples.

The results obtained for TiO, differed from those obtained for
smooth TiOy [5]. The water contact angle did not show any decrease
after BP adsorption (1 mM) in the referred study. This indicates a syn-
ergetic effect between the roughness and BP layers. This behavior

Table 5
Water contact angle (WCA) for pristine and samples
prepared with 4 mM BP solutions.

Samples WCA (°)
TiO, 49.7 + 8.2
TiOo/ETI 0
TiO2/ALE 0
TiO,/RIS 0
TiO:HA 1:1 0*
TiO4:HA 1:1/ETI 0
TiOy:HA 1:1/ALE 0*
TiO,:HA 1:1/RIS 0*
TiO5:HA 1:2 347 £1.9
TiO,:HA 1:2/ETI 0*
TiO,:HA 1:2/ALE 0*
TiO4:HA 1:2/RIS 0*

HA 37.5+25
HA/ETI 4 mM 0*
HA/ALE 4 mM 0*

HA/RIS 4 mM 0

0 indicates that the water drop was completely
spread on the surface.

suggests that our samples follow Wenzel’s model: once the substrate has
a water contact angle lower than 90°, an increase in roughness leads to
an increase in hydrophilicity [36,37]. The pure HA film presented a
lower water contact angle than that in the published results [38,39].
After the adsorption of BP, the water drops completely spread on the
surface. The addition of HA to TiO3 appears to be beneficial, especially
for the TiO2:HA 1:1 sample, which completely spread the drop, even in
the absence of BPs.

XPS was used to examine the surface composition in detail, and the
results are presented in the following sections. Table 6 presents the
atomic concentrations of the studied surfaces obtained from survey
measurements. BPs were successfully adsorbed on TiO5 because of the
presence of phosphorous in these samples. Additionally, an increase in
nitrogen content due to the presence of nitrogen-containing BPs was
observed. For samples of pure or HA, the presence of BPs was observed
due to an increase in phosphorous concentration and the presence of
nitrogen on the surface for nitrogen-containing bisphosphonates. For
TiO9:HA 1:1, the decrease in phosphorus was attributed to the substi-
tution of phosphates on HA by phosphates of BPs.

The C 1 s high-resolution spectra of the prepared films are displayed
in Fig. 5. We added contributions (286.2 eV) from P,C-O moieties, based
on the presence or increase in phosphorous concentration. This strategy
follows previous investigations on bulk phosphonic acids [5,11,40]. The
higher peaks are centered at approximately 285.0, 286.6, and 288.8 eV,
for aliphatic carbon, C-O, and O-C=0, respectively [11]. A few samples
showed a contribution centered at 286.0 eV from C-N; for TiO,,
TiO9/ETI, and TiO2:HA 1:1 samples, this was attributed to contamina-
tion (a peak at approximately 400.0 eV was observed in the N 1 s

Table 6
Surface elementary composition from XPS measurements.

Sample Elements (at%)
C1ls O1s N1s Ti2p Ca2p P2p

TiO, 329 50.1 1.9 15.1 - -
TiO,/ETI 45.1 40.6 1.8 10.4 - 2.2
TiOo/ALE 51.8 33.8 3.9 6.1 - 4.4
TiO2/RIS 64.3 26.6 2.2 6.2 - 0.7
TiOz:HA 1:1 29.1 49.8 - 13.4 4.1 3.7
TiO5:HA 1:1/ETI 39.8 43.3 1.2 11.9 1.3 2.5
TiO2:HA 1:1/ALE 40.1 42.8 1.4 10.1 1.3 4.2
TiO2:HA 1:1/RIS 31.2 46.6 1.8 10.8 4.6 5.0
TiOg:HA 1:2 28.3 50.9 - 14.7 3.6 2.5
TiO5:HA 1:2/ETI 44.6 39.4 - 9.8 2.5 3.8
TiO2:HA 1:2/ALE 34.7 47.7 0.8 11.0 2.8 3.0
TiO2:HA 1:2/RIS 28.6 49.1 1.4 11.6 4.7 4.7
HA 50.3 35.0 - 8.4 4.5 1.7
HA/ETI 27.4 51.6 - 12.5 4.3 4.2
HA/ALE 35.2 42.6 0.6 8.3 6.1 7.2
HA/RIS 41.1 35.6 3.2 5.3 6.2 8.6
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Fig. 5. C 1 s high-resolution XPS spectra of prepared films. BP (4 mM) was employed for functionalization.

high-resolution spectra - see Fig. S7) [11,41,42]. In other samples, this
peak is due to the presence of nitrogen-containing BPs (see Fig. §7). It is
possible to observe a decrease in the carboxyl groups on the TiO, sam-
ples compared with pristine titania, which is consistent with previous
results and indicates competitive adsorption [5]. Pure HA samples did
not exhibit a decrease in carboxyl groups, similar to pure TiO,. This is
consistent with the adsorption mechanism of BPs on HA surfaces
because BPs adsorb on HA mainly through the coordination of Ca%* ions
and -PO3 2 moieties [20].

The O 1 s high-resolution spectra of the prepared films are displayed
in Fig. 6. All the spectra show a peak centered at approximately 530 eV
from TiO5 [43]. The spectra of molecules adsorbed on TiO5 were fitted
based on the bulk octadecylphosphonic acid and etidronate contribu-
tions [5,11]. For the three adsorbents on TiO,, we detected contribu-
tions at approximately 531.2 eV from organic oxygen, P=0, and Ti-O-P,
and at approximately 532.7 eV from P-OH from free phosphonic acid
moieties [22,41,44]. These results suggest that BPs adsorb equally on
rough and smooth titania through the condensation of phosphonates
and Ti-OH groups.

Without BPs, samples of pure or containing HA present three peaks.

In addition to TiO,, which is centered around 529.8 eV, the peaks are
centered at approximately 531.0 eV from organic oxygen, phosphates,
and hydroxyl groups [45-47]; the third peak, centered at approximately
532.7 eV was attributed to free P-OH groups from HA [47]. In the
presence of BPs, the same peaks were observed; however, in some
samples, there was an increase in the peak centered at 531.0 eV, which
was attributed to an increase in the number of -PO32 groups due to BP
adsorption and the formation of Ti-O-P bonds. The Ca 2p and P 2p
spectra were omitted. Fig. S7 shows the N 1 s high-resolution spectra of
the nitrogen-containing samples. We observed a contribution at
approximately 400 eV from C-N contributions and one from positively
charged nitrogen at approximately 401.4 eV [48].

We accessed the surface nano topography using AFM, and the results
are displayed in Fig. 7, together with the RMS roughness. For rough
TiO9, no increase in surface roughness was observed, which is different
from the reported results [2,5,49]. Except for TiO2:HA 1:1/ETI, no in-
crease in surface roughness after BP adsorption was observed. Even a
small increase was expected since it has been reported to increase in HA
[50].

Previously, we hypothesized that on a smooth surface, BPs follow the
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Fig. 6. O 1 s high-resolution XPS spectra of prepared films. BP (4 mM) was employed for functionalization.

surface topography, while on rough surfaces, they approximate the
molecules and increase localized adsorption [5]. However, we did not
observe an increase in TiO2 roughness samples after BP adsorption,
which suggests that our hypothesis needs to be reformulated. Our new
inference is that, in general, BPs may adsorb following TiO; topography,
while HA surfaces approximate molecules, increasing adsorption
through charge interactions.

4. Conclusion

The present study provides insights into the adsorption behavior of
BPs on TiOy particles, TiO, HA, and TiOy+HA films. The results
demonstrate that the adsorption of BPs on TiO, particles follows the
Freundlich model, with the affinity constant of etidronate and alendr-
onate showing opposite trends between anatase and rutile Moreover, UV
irradiation of titania was found to increase the amount of adsorbed on
the surface of the particle and changes its affinity. Our hypothesis that
the increase of hydroxyl groups on the titania surface would increase the
deprotonation of BPs and lead to higher levels of adsorption was

supported by the experimental results. These findings contribute to a
better understanding of the underlying mechanism of BP adsorption on
TiOg particles, which is essential for the development of new therapeutic
strategies.

The investigation of BP adsorption on TiO2, HA, and TiO2+HA films
revealed successful film formation and provided valuable insights into
the surface properties of the films. The results from XRD, confocal mi-
croscopy, SEM, water contact angle, XPS, and AFM showed that the films
had different surface properties, which affected the adsorption behavior
of BPs. The complete spread of the water drop on the surface after BPs
adsorption and the presence of phosphorus and nitrogen in some sam-
ples indicated successful adsorption of the molecules. Interestingly,
surface roughness increased only for HA surfaces, suggesting that charge
effects play a crucial role in BP adsorption on surfaces. To further our
understanding of the influence of hydroxylation on adsorption, future
studies should include theoretical investigations along with biological
evaluations of similar systems. Overall, our results provide important
insights into the adsorption behavior of BPs on different surfaces, which
has implications for the development of new drug delivery systems.
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Fig. 7. AFM images of prepared samples. BP (4 mM) was used for functionalization.
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