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Abstract: The osseointegration capacity of bone-anchoring implants can be improved by the use 

of drugs that are administrated by an inbuilt drug delivery system. However, to attain superior 

control of drug delivery and to have the ability to administer drugs of varying size, including 

proteins, further material development of drug carriers is needed. Mesoporous materials have 

shown great potential in drug delivery applications to provide and maintain a drug concentration 

within the therapeutic window for the desired period of time. Moreover, drug delivery from 

coatings consisting of mesoporous titania has shown to be promising to improve healing of bone-

anchoring implants. Here we report on how the delivery of an osteoporosis drug, alendronate, can 

be controlled by altering pore size and surface energy of mesoporous titania thin films. The pore 

size was varied from 3.4 nm to 7.2 nm by the use of different structure-directing templates and 

addition of a swelling agent. The surface energy was also altered by grafting dimethylsilane to 

the pore walls. The drug uptake and release profiles were monitored in situ using quartz crystal 

microbalance with dissipation (QCM-D) and it was shown that both pore size and surface energy 

had a profound effect on both the adsorption and release kinetics of alendronate. The QCM-D 

data provided evidence that the drug delivery from mesoporous titania films is controlled by a 

binding–diffusion mechanism. The yielded knowledge of release kinetics is crucial in order to 

improve the in vivo tissue response associated to therapeutic treatments.

Keywords: mesoporous titania, controlled drug delivery, release kinetics, alendronate, 

QCM-D

Introduction
When treating patients with drugs, it is essential to control the release rate of the 

active pharmaceutical ingredient to provide the optimized therapeutic drug concen-

tration over a desired period of time. A recent strategy to improve osseointegration 

of bone-anchoring implants is to design devices having an inbuilt drug delivery 

functionality to obtain a specific and improved tissue response enhancing the ability 

of bone regeneration.1,2 Alendronate (ALN) is an osteoporosis drug belonging to the 

group of bisphosphonates that is known to promote bone formation by its action of 

inhibiting osteoclastic activity.3–6 Today, ALN is frequently used in clinics, often 

through oral administration. However, such systemic delivery of bisphosphonates 

has been associated with complications during oral surgical treatments, including 

osteonecrosis of the jaw.7 Since ALN also has shown to improve the osseointegra-

tion of implants, eg, dental implants, it is important to find alternative administra-

tive routes. A controlled local delivery system might bring an efficient therapeutic 

treatment, since it would administrate the drug directly at the targeted cells for a 
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prolonged time period, and thus reduce the risk of systemic 

side effects. One strategy to achieve such local delivery 

from implants would be to apply a mesoporous coating. 

Mesoporous materials have been highlighted within nano-

medicine as a promising drug delivery system, since they 

possess unique features, such as high specific surface area, 

and tunable pore-size, -volume, and -symmetry.8–14 They 

are usually formed utilizing structure-directing agents 

functioning as template molecules.15 The well-defined 

pore properties that are obtained with this synthesis proce-

dure allow for a drug release in a highly reproducible and 

predictable manner. The most established template-based 

method for the formation of mesoporous thin films is the 

evaporation-induced self-assembly (EISA), in which surfac-

tant self-assembly in the presence of inorganic precursor is 

utilized.16–18 The most commonly used inorganic framework 

for ordered mesoporous materials is silica. However, for 

bone-anchoring implants, titania has been demonstrated 

suitable to use, since it is biocompatible and also a bioac-

tive material providing direct surface formation of apatite 

in vivo, which subsequently enables bone bonding.19,20 It 

is crucial for implants to ensure bone bonding in order to 

achieve proper interlocking of the implant.21–24 In a previous 

study, we experimentally demonstrated ex vivo that Ca ions 

are directly attached to a mesoporous titanium oxide sur-

face.25 The ability of mesoporous titania to form a chemical 

bond with apatite in combination with functioning as a local 

drug delivery system would give unique properties when 

used as an implant coating. Moreover, in a previous study, 

it was demonstrated that mesoporous titania has good bio-

mechanical stability toward the shearing forces that arises 

during implantation procedure, which also strengthen its 

usefulness as an implant coating.26 It has also been shown 

in vivo that an enhanced osseointegration can be achieved 

using mesoporous titania with a pore size of 6 nm as the 

drug delivery system27–29 and that it provides a sustained 

drug delivery in vivo.30

Quartz crystal microbalance with dissipation (QCM-D) 

is a suitable technique for in situ monitoring of adsorp-

tion- and desorption-kinetics of molecules to/from surfaces, 

which provides a high mass sensitivity.31 Such information 

of kinetics is essential to further understand the adsorption 

and release mechanisms that take place at the different 

regimes. In this study, we have used QCM-D to examine 

how the release rate of ALN can be controlled by altering 

pore size and surface energy of mesoporous titania thin films. 

The pore size was varied using different structure-directing 

agents and by addition of a swelling agent. Furthermore, 

surface functionalization using silane chemistry was used to 

change the surface energy of the pore walls. The physical and 

chemical properties of the different formed mesoporous films 

were characterized by scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), synchrotron small 

angle X-ray scattering (SAXS), contact angle (CA) mea-

surements, QCM-D, and X-ray photoelectron spectroscopy 

(XPS). In situ monitoring of the drug adsorption and release 

kinetics was carried out using QCM-D, with emphasis on 

exploring the release kinetics as a function of pore size and 

surface energy of the mesoporous titania. The release kinetic 

mechanisms when using mesoporous materials as drug car-

riers were evaluated, which is something that was not well 

understood prior to this study.10

Materials and methods
Formation of mesoporous titania thin 
films and surface modification
Mesoporous titania thin films were formed using the EISA 

method.16,17 In the synthesis, different structure-directing 

agents were used in order to predetermine the pore size of 

the titania matrix. BRIJ S10 (Sigma-Aldrich, Steinheim, 

Germany) (polyoxyethylene (10) stearyl ether),32 cetyl-

trimethylammonium bromide (CTAB, Sigma-Aldrich) 

(CH
3
(CH

2
)

15
N+(CH

3
)

3
Br-),33 and Pluronic P123 (P123, 

Sigma-Aldrich) (a triblock copolymer of EO
20

PO
70

EO
20

)34,35 

were all used separately. Moreover, P123 was combined with 

poly(propylene glycol) (PPG, M
n
 ∼4,000, Sigma-Aldrich) 

and used as a swelling agent to increase the pore size even 

further.36,37 Two different mass ratios between PPG and P123 

were used: 0.5 (PPG – 0.5) and 1 (PPG – 1). In all syntheses, 

the structure-directing agents, and, if used, the swelling agent 

(PPG) were dissolved in concentrated ethanol. In a separate 

vial, the inorganic precursor titanium(IV) ethoxide (TEOT, 

Sigma-Aldrich) was dissolved in concentrated (37%) hydro-

chloric acid (HCl, Sigma-Aldrich) with vigorous stirring for 

3 hours. Then, the two solutions were mixed together with 

stirring for 1 hour to obtain a homogenous and clear mixture. 

All the specific amounts used in the different syntheses are 

presented in Table 1. The ratio between the template and the 

inorganic precursor was chosen to form mesoporous titania 

thin films with a cubic structure. The different mesoporous 

titania thin films were formed onto Ti discs, glass slides, and 

Ti QCM-D sensors. The film-formation method employed 

was spin-coating, where 70 μL of the final solution was added 

prior to applying the processing condition using a rotational 

speed of 7,000 rpm (60 seconds). The prepared films were 

aged at room temperature overnight to obtain complete 
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self-assembly. An exception was made for the syntheses, 

including PPG, where the storage overnight was done in a 

refrigerator at 4°C. The final step was calcination, in which 

the template was removed to obtain the porous solid films. 

The calcination procedure involved heating the samples at 

a rate of 1°C/min until it reached 350°C, at which time it 

was kept for 4 hours and then slowly cooled down to room 

temperature. Nonporous (NP) samples were prepared using 

the same synthesis route; however, without the addition of 

structure-directing agent.

In order to adjust the surface energy, surface function-

alization using silane chemistry was performed to obtain a 

methylated surface. More specifically, dichlorodimethylsi-

lane (DCDMS, Sigma-Aldrich) was dissolved in methanol 

at a concentration of 5 wt%. The samples to be surface-

modified were first pretreated in a water (deionized) bath 

for 45 minutes at 25°C to increase the amount of hydroxyl 

groups on the surface.38,39 The samples were then immersed 

in the DCDMS solution for 15 minutes. After that, they were 

rinsed with chloroform, followed by again being immersed 

into the DCDMS solution for 45 minutes. Nitrogen gas was 

thereafter used to dry the samples.

Scanning electron microscopy
SEM was performed to provide structural information, such 

as pore width, pore direction, and film thickness for the dif-

ferent mesoporous titania films. The instrument used was a 

Leo Ultra55 (Carl Zeiss Meditec AG, Oberkochen, Germany) 

equipped with a field emission electron gun, operated at an 

accelerating voltage of 5 kV. Images were acquired using 

an in-lens secondary electron detector. The mesoporous 

titania thin films were deposited onto Ti discs for the SEM 

analysis, and due to proper conductivity, no sputter coating 

was needed. Furthermore, SEM was also used to determine 

the film thickness of the different mesoporous films. In this 

analysis, a special sample holder was used into which cross-

sections of mesoporous-coated glass slides could be mounted. 

Mesoporous-coated glass slides, which were sputter coated 

with a few-nanometer-thick gold layer to avoid charging of 

the specimens, were used for the cross-sectional analysis.

Transmission electron microscopy
The mesoporous titania films were characterized using 

TEM to examine the pore width. TEM micrographs were 

captured using a JEOL 1200-EX II microscope (JEOL Ltd., 

Tokyo, Japan) operated at an accelerating voltage of 120 kV. 

Microscopy specimens were prepared by first scraping off 

the mesoporous titania coatings deposited onto glass slides. 

The collected powder was ground and dispersed in ethanol, 

followed by sonication for 5 minutes to achieve a proper 

suspension. The suspension was added (~2 µL) onto TEM 

grids (carbon 300 mesh, Capilor AB, Helsingborg, Sweden) 

and dried at room temperature prior to the TEM analysis.

Synchrotron small angle X-ray scattering
SAXS was utilized to obtain structural information, includ-

ing if any long-range order existed in the mesoporous titania 

films. The measurements were performed at the MAX IV 

Laboratory (Lund, Sweden) on beamline I911-4. Data were 

collected with a q-range (q =4πsinθ/λ) of 0.1–3.0 nm-1. 

A beam size of 1.2×1.2 Å was used, with a fixed wavelength 

of 0.91 Å. Prior to analysis, the specimens were prepared by 

collection and grinding of scraped-off powder from coated 

glass slides.

X-ray photoelectron spectroscopy
XPS was performed to examine the surface chemistry of 

the mesoporous titania thin films, in order to verify that the 

pore size was tuned without changing the surface chemistry. 

The instrument used was a Quantum 2000 scanning XPS 

microscope (Physical Electronics, Chanhassen, MN, USA) 

equipped with a monochromatic Al Kα (1,486.6 eV) X-ray 

source with beam size 100 μm and a takeoff angle of 45°. On 

characterization, the analyzed point diameter was 100 μm, 

and the depth of the analysis was 4–5 nm. The coatings to 

be analyzed were deposited onto Ti discs.

Table 1 The different chemicals and their amounts that were used in the syntheses

Sample Template (g) Swelling agent (g) TEOT (g) HCl (g) Ethanol (g)

CTAB 0.74 – 2.1 1.65 12
BRIJ S10 0.52 – 2.1 0.7 12
P123 0.5 – 2.1 1.6 8.5
PPG-0.5 0.65 0.32 2.1 1.53 6
PPG-1 0.65 0.65 2.1 1.53 6
NP – – 2.1 1.6 8.5

Notes: The samples are named according to the used template or ratio of the swelling agent PPG. – Specified chemical was not used in the synthesis of the specified sample 
group.
Abbreviations: TEOT, titanium(IV) ethoxide; CTAB, cetyltrimethylammonium bromide; PPG, poly(propylene glycol); NP, nonporous.
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Contact angle
Static CA was utilized to determine the surface free energy of 

the mesoporous titania thin films, both with and without sur-

face modification. CA measurements were performed on glass 

slides, coated with the different mesoporous titania thin films 

using an Attension Theta optical tensiometer (KSV, Helsinki, 

Finland), where water (Milli-Q, γ =72.8 mN/m) was used as 

liquid. Triplicates (n=3) of each sample group were analyzed, 

and the results were presented as an average value.

Pore volume measurement
The accessible pore volume for water in the mesoporous 

coatings was measured using QCM-D, utilizing a Q-Sense 

E4 instrument (Q-Sense, Gothenburg, Sweden). The different 

mesoporous titania thin films were deposited onto QCM-D 

titanium sensors (QSX 310, Q-Sense) according to the spin-

coating procedure described under “Formation of mesopo-

rous titania thin films and surface modification”. A flow of 

pure H
2
O (Milli-Q) was first added until a stable baseline 

was achieved. Thereafter, the flow of H
2
O was changed to 

D
2
O and the frequency (∆f) and dissipation (∆D) shifts were 

recorded as a function of time. ∆f corresponds to the density 

difference between D
2
O that has accessed the pores and H

2
O 

that previously occupied the pore volume, and what this 

corresponds to in mass was calculated using the Sauerbrey 

equation.40 As a reference, the experiment was also carried 

out on the NP counterpart. From these data, together with 

the film thickness data measured by SEM, the specific pore 

volume of the mesoporous films was calculated.

In situ drug adsorption and release
QCM-D measurements were carried out to evaluate adsorp-

tion and release kinetics of ALN (alendronate monosodium 

trihydrate, LKT Laboratories, St Paul, MN, USA) in situ. 

Due to the high sensitivity of the technique, even adsorption 

and desorption of small-molecular drugs can be monitored 

without the use of probes. Prior to experiments, QCM-D 

titanium sensors (QSX 310, Q-Sense) were coated with mes-

oporous titania thin films. The experiments were performed 

with a Q-Sense E4 instrument (Q-Sense). The QCM-D 

measurements were initiated by flowing pure Milli-Q H
2
O 

(50 mL/min) until a stable baseline was reached. Then, 

ALN dissolved in water (0.8 mg/mL) was added with a flow 

rate of 50 mL/min to monitor the adsorption of ALN to the 

surfaces. This was continued until complete loading was 

achieved. Thereafter, the surfaces were rinsed using Milli-Q 

H
2
O (50 mL/min) to follow the drug-release behavior. The 

drug loading and release were monitored as changes in 

frequency (Δf, Hz) and dissipation (ΔD). Δf was converted 

to mass (ng/cm2) of adsorbed active substance using the 

Sauerbrey equation.40

Results
Material characterization
Three different structure-directing agents, CTAB, BRIJ S10, 

and P123, were used in the synthesis of mesoporous titania 

thin films to vary the pore size. In addition, PPG was used as 

a swelling agent to increase the pore size even further. SEM 

was used to visualize the mesopores of the different coatings, 

as shown in Figure 1. The collected micrographs demon-

strated that all the different surfaces possessed a high degree 

of porosity with a narrow pore-size distribution. In addition, 

the ratios used between the template and the inorganic precur-

sor were chosen to form mesoporous titania thin films with 

a cubic symmetry to ensure accessible pores toward the sur-

rounding, which is a prerequisite to use them as coatings for 

drug delivery purposes. The presence of pores directed out 

from the surface was observed in the SEM images.

In addition, TEM was utilized to visualize the pores of 

the different mesoporous titania films. TEM micrographs 

of the samples prepared with different structure-directing 

agents and the addition of a swelling agent are presented in 

Figure 2. The TEM images supported the findings from the 

SEM characterization that the materials possess a high degree 

of porosity with a narrow pore-size distribution within all 

the sample groups.

Pore-size measurements were carried out using both the 

SEM and TEM images, and the result of the average pore 

size for the different groups is presented in Table 2. The 

different structure-directing agents altered the average pore 

size from 3.4 nm up to 6.0 nm. When the synthesis with P123 

was carried out with PPG as the swelling-agent, an average 

pore width as large as 7.2 nm was obtained.

SEM was also used to determine the film thickness 

of the mesoporous titania coatings. Cross-sections of 

mesoporous-coated glass slides were prepared for all the 

different samples, and the film thickness was measured in 

the acquired SEM images. All coatings prepared without the 

addition of swelling-agents (CTAB, BRIJ S10, and P123) 

had a thickness of about 200–300 nm; whereas, the thickness 

for the coatings prepared with swelling-agents (PPG-0.5 and 

PPG-1) was about 700–800 nm. In Figure 3, SEM images of 

a mesoporous coating prepared with BRIJ S10 and a sample 

of PPG-0.5 are shown.

The obtained synchrotron SAXS data are presented 

in Figure 4. As can be seen, peaks were observed for all 

mesoporous samples, which demonstrated that a long-range 

order in the porous structures existed. It was not possible to 
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200 nm

100 nm

A B

C D

E

200 nm

100 nm

100 nm

Figure 1 SEM micrographs of mesoporous titania thin films.
Notes: SEM micrographs of mesoporous titania thin films prepared with the following structure-directing agents: (A) CTAB, (B) BRIJ S10, (C) P123, (D) P123 and PPG as 
swelling agents with a ratio of 1:0.5 (PPG-0.5), and (E) P123 and PPG as a swelling agent with a ratio of 1:1 (PPG-1).
Abbreviations: CTAB, cetyltrimethylammonium bromide; PPG, poly(propylene glycol); SEM, scanning electron microscopy.

determine the pore symmetry from the SAXS data, since they 

only demonstrated one peak. The peak position was shifted 

toward lower q-values as the pore width increased. For the 

NP titania, no peaks were found.

XPS analysis was performed to verify that the pore 

size of the mesoporous titania thin films was tuned without 

changing the surface chemistry. The obtained XPS data 

for the different mesoporous titania thin films possessing 

different pore sizes are presented in Table 3. No significant 

differences could be observed between the different sur-

faces; hence, the nanoporosity was tuned without altering 

the surface chemistry.
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Figure 2 TEM micrographs of the different prepared mesoporous titania films.
Notes: TEM micrographs of the different prepared mesoporous titania films using the following templates: (A) CTAB, (B) BRIJ S10, (C) P123, (D) P123:PPG with a ratio of 
1:0.5 (PPG-0.5), and (E) P123:PPG with a ratio of 1:1 (PPG-1).
Abbreviations: CTAB, cetyltrimethylammonium bromide; PPG, poly(propylene glycol); TEM, transmission electron microscopy.

Surface functionalization using silane chemistry was used 

to alter the surface free energy of the mesoporous titania. Static 

CA measurements were carried out before and after surface 

functionalization, and the results are presented in Table 4. All 

the unmodified mesoporous surfaces were superhydrophilic 

(,5°), and the NP surface had a CA of 8°, which also is consid-

ered to be very hydrophilic. The surface functionalization by 

grafting dimethylsilane groups extensively increased the CA 

for all surfaces. This demonstrates that the free surface energy 

was lowered by the presence of dimethylsilane groups.
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QCM-D experiments utilizing the density difference 

between H
2
O and D

2
O were conducted for all the differ-

ent mesoporous coatings to examine the pore volume. In 

Table 5, the pore volume data are presented for the different 

samples, both with and without surface functionalization. 

The data demonstrated that the pore volume increased with 

larger pore sizes. Moreover, the presence of dimethylsilane 

groups slightly decreased the water-accessible pore volume 

capacity of the coatings.

In vitro release kinetics
QCM-D was used to monitor the adsorption and desorption 

of ALN to examine the effect on kinetics when altering pore 

size and surface energy of the mesoporous titania thin films. 

A NP titania coating was used as reference to examine the 

difference with and without pores. Drug loading and release 

were monitored as shifts in frequency (∆f). The obtained ∆f 

was recalculated to mass (Δm) using the Sauerbrey equation, 

as shown in Equation 1, where C is the mass sensitivity 

constant (17.7 ng⋅Hz-1⋅cm-2) and n is the overtone number 

(1, 3, 5, etc).

	 ∆ = × ∆
m

C f

n
− 	 (1)

The adsorption and release to/from the different sur-

faces in respect to the coating area, ie, the area exposed to 

the surroundings, are presented in Figure 5A and B. It was 

a general trend that the absorbed amount of ALN into the 

mesoporous films increased with a larger pore size. The 

adsorption of ALN to the NP titania was so small that it was 

merely detectable. This confirms that the majority of ALN 

is absorbed within the porous network of the mesoporous 

samples. Hence, a much higher drug loading is provided by 

the mesoporous structure. The adsorption monitoring was 

followed by addition of a rinsing flow of the pure solvent 

(Milli-Q H
2
O) to examine the release rate. An initial burst 

release of ALN was demonstrated for all the mesoporous 

surfaces; however, the release became sustained rather 

quickly. In the comparison between the unmodified and the 

hydrophobically modified surfaces, only minor differences 

in adsorption were observed. However, the release behavior 

differed between the unmodified and modified surfaces. The 

hydrophobized mesoporous surfaces had a higher degree of 

ALN released in the initial burst-release phase. The release 

behavior in the sustained delivery regime showed no major 

difference between the unmodified and modified surfaces. 

Table 2 The average pore sizes measured in SEM and TEM 
images of the different samples

Sample Average pore width (nm)

CTAB 3.4
BRIJ S10 4.4
P123 6.0
PPG-0.5 6.5
PPG-1 7.2

Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron 
microscopy; CTAB, cetyltrimethylammonium bromide; PPG, poly(propylene glycol).

267 nm

200 nm

784 nm

1 µm

A B

Figure 3 SEM images of mesoporous titania film cross-sections coated on glass slides.
Notes: Cross-sections of (A) a BRIJ S10 coating and (B) a PPG-0.5 coating are shown.
Abbreviations: PPG, poly(propylene glycol); SEM, scanning electron microscopy.
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These data of adsorption and release to/from the coating area 

were also recalculated with respect to their internal area. The 

result of the accessible pore volume provides the relations of 

the internal area between the different mesoporous coatings. 

The recalculated data of adsorption and release in correla-

tion to the internal area are presented in Figure 5C and D. 

Monitoring of the drug loading to the unmodified coatings 

demonstrate a general trend of higher drug adsorption per 

cm2 of the internal surface area as a function of increased 

pore size. The hydrophobized surfaces showed no general 

trend, which suggest that the grafted methyl groups influence 

the adsorption.

It has previously been suggested that QCM-D is a suit-

able technique to determine molecular adsorption/desorption 

kinetics.41 When a mesoporous material is used as drug 

host, the rate of the adsorption and desorption is affected by 

binding–diffusion kinetics. Hence, the adsorption and release 

kinetics can be described with the following equations:

	
∂
∂

∇ − +u

t
D u k u k b=

1
2

a d
	 (2)

	
∂
∂

∇ + −b

t
D b k u k b=

2
2

a d
, 	 (3)

where u denotes the concentration of unbound molecules and 

b the concentration of bound molecules.42 Moreover, D
1
 and 

D
2
 are the diffusion coefficients, and k

a
 and k

d
 are the rate 

constants for adsorption and desorption, respectively. The 

different kinetic regimes that were obtained for the mesopo-

rous materials are shown in Figure 6. In this figure, the data 

for the 7.2 nm sample is presented, since it possess the highest 

amount of adsorption sites among the samples tested, and 

the different regimes thus become more apparent. Both the 

adsorption and release kinetics involved two regimes, and the 

rate depends on whether the binding isotherm or the diffusion 

is dominant. In the initial adsorption regime, the adsorption 

isotherm is the rate-limiting step. The slope in this regime 

was thereby determined by the adsorption rate constant (k
a
). 

The calculated k
a
 values for the samples are presented in 

Table 6. A higher k
a
 was obtained as the pore size increased 

for the unmodified samples. No trend was observed for the 

functionalized surfaces; most of them showed about the same 

adsorption rate per area unit of the internal area.

0.0 0.5 1.0

q (nm–1)

lo
g 10

 (i
nt

en
si

ty
)

SAXS

2.01.5 2.5

*
*

*
*

*

7.2 nm
6.5 nm
6.0 nm

4.4 nm
3.4 nm
Nonporous

Figure 4 SAXS data for the mesoporous titania films possessing different pore sizes 
and the nonporous titania.
Notes: The peak positions are marked with *. The curves representing the different 
samples are separated in y-direction to simplify the visual comparison between 
them.
Abbreviation: SAXS, small angle X-ray scattering.

Table 3 XPS data presented as relative atomic% for the 
mesoporous titania thin films possessing different pore sizes

Sample (nm) Ti 2p (%) O 1s (%) C 1s (%)

3.4 19.2 55.3 22.9
4.4 20.2 55.2 22.8
6.0 21.9 57.4 19.7
6.5 20.5 56.5 21.7
7.2 19.0 53.9 25.2

Abbreviation: XPS, X-ray photoelectron spectroscopy.

Table 4 Contact angle for unmodified and surface-functionalized 
coatings

Sample (nm) Contact angle  
unmodified

Contact angle  
silane modified

NP 8° 100°
3.4 ,5° 85°
4.4 ,5° 85°
6.0 ,5° 80°
6.5 ,5° 107°
7.2 ,5° 110°
Notes: The measurements were performed with Milli-Q H2O as liquid.
Abbreviation: NP, nonporous.

Table 5 Pore volume of the mesoporous titania thin films 
obtained from QCM-D experiments utilizing the density difference 
between H2O and D2O

Sample (nm) Pore volume (%)  
nonmodified

Pore volume (%)  
silane modified

3.4 42 37
4.4 55 49
6.0 57 55
6.5 60 57
7.2 75 71

Abbreviation: QCM-D, quartz crystal microbalance with dissipation.
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changing the structure-directing agents, CTAB, BRIJ S10, 

and P123, and by addition of PPG. This pore-size tunability 

provides the opportunity to host biologically active molecules 

ranging from small-molecular drugs up to macromolecules, 

such as proteins. It was also observed that the prepared 

coatings possessed a narrow pore-size distribution; this is 

a desirable property in order to reveal a reproducible and 

predictable release of the drugs. The pores were directed out 

from the surfaces, which is an essential requirement when 

using them as drug delivery systems. This is in contrast to 

preferential orientations for other applications, for example 

in photovoltaics where the desired pore direction is instead 

parallel to the surface.43 Moreover, the results from the 
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Figure 5 QCM-D results of the adsorption and release of ALN.
Notes: The adsorption proceeded until the time point marked with *; thereafter, the surfaces were rinsed with pure water to examine the release rate of ALN. The results 
are shown for both the unmodified mesoporous titania (A) and for the dimethylsilane treated materials (B) as the mass ALN per coating area (ca). In (C) and (D), the data 
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Notes: In (1), the adsorption kinetics is the rate-limiting factor. In (2), the rate-
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flow is changed to the rinsing flow, and the initial release (3) is determined by the 
molecular diffusion. The release becomes thereafter sustained (4) and the rate-
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Table 6 The calculated adsorption rate constant, ka, for both 
the unmodified and silane-modified samples in respect to their 
internal area (cm2)

Sample (nm) ka (ng⋅cm-2⋅s-1)  
unmodified

ka (ng⋅cm-2⋅s-1)  
silane-modified

3.4 0.020 0.052
4.4 0.031 0.052
6.0 0.069 0.094
6.5 0.071 0.055
7.2 0.087 0.082

Discussion
It was demonstrated from the SEM and TEM characteriza-

tions that the pore size of the mesoporous titania coatings 

could be tuned from 3.4 nm up to 7.2 nm by means of 
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pore-size measurements using TEM and SEM correlated 

well with the obtained SAXS data, where the diffraction 

peaks were shifted toward lower q-values with increased 

pore size. However, the SAXS data showed only one peak 

in the pattern for the mesoporous titania thin films; hence, 

the pore symmetry could not be determined. The fact that the 

SEM images showed that the pores were directed out from 

the surface indicate that the mesoporous titania thin films 

possessed a bicontinuous structures. XPS showed that there 

was no significant chemical difference between the mesopo-

rous titania thin films possessing different pore sizes. This 

result verifies that the pore size was tuned without changing 

the surface chemistry.

The addition of PPG as swelling agent did not only alter 

the pore sizes but also the film thickness, although the spin-

coating parameters such as the rotational speed and the time 

were kept constant. The most probable reason for this is that 

a higher viscosity was noticed for the solutions that contained 

PPG, which subsequently resulted in thicker films during the 

spin-coating process. The coating thickness is an important 

property since it dictates the loading capacity of the mes-

oporous film. However, it is desirable to deposit relatively 

thin films onto the implants in order to preserve the screw 

geometry and to obtain a good biomechanical stability of the 

coating. The coating thickness never exceeded 800 nm for 

any of the formed films, which is favorable to avoid the risk 

of damaging the coating during implantation.

Besides tuning the pore size, the surface energy was also 

varied by grafting dimethylsilane groups onto the mesopo-

rous titania, which resulted in highly reduced surface free 

energy. The choice of adding dimethylsilane groups after 

the formation of mesoporous titania is a preferable method 

over the one-pot synthesis since it provides higher density 

of functional groups.8 The pore volume was examined to 

explore if it varied with changes in pore size and surface 

functionalization. As expected, it was demonstrated that an 

increased pore size also resulted in an increased pore volume. 

Notable is that the pore volume was considerably higher for 

the matrix with a pore size of 7.2 nm compared to all the 

other surfaces. Functionalization of the surfaces generally 

decreased the pore volume slightly compared to the native 

counterpart. This may due to the grafted molecules occupy-

ing some space, and the accessible pore volume thereby 

becoming lower. Another reason might be that the grafted 

hydrophobic species decreased the penetration of water inside 

the porous network to some extent.

The in vitro adsorption/release experiments demonstrated 

that both pore size and surface functionalization influenced the 

adsorption and acted as release modulators for the osteoporosis 

drug ALN. The adsorption on the mesoporous surfaces was 

substantially higher compared to the NP, which was used as 

reference. Even though all the coatings were below 800 nm 

in thickness, which is desirable when using them as implant 

coatings, the porous structure provides considerably more 

adsorption sites. Moreover, a higher loading was observed 

as the pore size increased, which might be explained by more 

adsorption sites and a higher pore volume. The large differ-

ence observed for the surfaces prepared with swelling agent 

(6.5 nm and 7.2 nm samples) compared to the other samples 

could be explained by a considerably higher film thickness. 

In the comparison between the functionalized surface and its 

corresponding surface without modification, it was observed 

that a somewhat lower adsorption of drug was obtained for the 

functionalized surfaces. Probable reasons for this are that the 

functionalization molecules contribute to a decrease in pore 

size and that the penetration of the aqueous ALN solution was 

somewhat lower due to the hydrophobized pore walls.

Moreover, the adsorption data were recalculated in respect 

to the internal area of the different porous coatings. When 

comparing the unmodified samples, it was demonstrated that 

a higher adsorption per internal surface area as a function of 

pore size was obtained. This suggests that a larger pore size 

enables the drug molecules to adsorb as multilayers onto 

the pore walls. The lower pore sizes do not provide enough 

space for the drug molecules to adsorb as multilayers since 

the diameter of a drug molecule is approximately 1 nm, as 

shown in Figure 7. Hence, the adsorption follows the acces-

sible pore volume, which increases as a function of pore size. 

This trend was not observed for the surface-functionalized 

coatings. The reason for this is probably that the methylated 

surface reduced the drug–surface interactions.

The adsorption monitoring was followed with a rinsing flow 

to examine the release rate. It showed that a higher amount of 

drug was liberated in the initial burst-release regime as the pore 

size was increased. This is in correlation to a higher adsorption 

per surface unit of internal surface area that was obtained as 

function of pore size. Hence, an increased multilayer buildup 

of the drug to the pore wall induces a higher degree of the 

initial burst release. This suggests stronger attachment of drug 

0.78 nm

0.94 nm

Figure 7 The molecular structure and size of the osteoporosis drug alendronate (ALN).
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molecules directly at the surface of the host material compared 

to the add-on layers in the multilayer arrangement. In the sec-

ond regime, where the delivery becomes sustained, the release 

was slower as the pore size decreased. This is probably due to 

the binding isotherm having a larger effect compared to the 

diffusion for the samples with a lower pore size. It was also 

displayed that the hydrophobized surfaces had a larger degree 

of the initial burst release. This demonstrates that the functional 

groups reduced the affinity between the drug molecules and the 

pore walls. The hydrophobized surface with a pore size of 7.2 

nm demonstrated the highest degree of initial release, which 

indicates highest degree of functionalization for this sample 

group. However, complete surface functionalization of the 

pore walls was probably not obtained since water penetration 

was still high.

The adsorption and release experiments were carried 

out using QCM-D that enables in situ monitoring. From 

the results, the adsorption kinetics can be divided into two 

regimes (Figure 6), where the adsorption isotherm is control-

ling the kinetics in the initial stage due to excessive amount 

of adsorption sites for the free drug molecules. As availability 

of adsorption sites decrease and more molecules become 

attached, the diffusion factor becomes more apparent. Since 

the initial regime of the adsorption was determined by the 

adsorption isotherm, k
a
 could be calculated. It was observed 

that k
a
 increased as a function of pore size for the unmodi-

fied samples in respect to their internal surface areas. This 

indicates increased multilayer adsorption of ALN as the 

accessible pore volume increased. There was no apparent 

trend between the surface-modified samples of different pore 

sizes. The reason for this is probably due to an increased 

efficiency of the surface functionalization with a higher pore 

size. Moreover, the release mechanism also consisted of two 

regimes, which is according to what has been observed when 

using mesoporous silica.44 The initial release regime consists 

mainly of drug molecules that diffused rather freely, and as 

the release proceeded, it became mainly determined by the 

binding isotherm. In the later sustained-release regime, the 

drug molecules are highly influenced by the interactions of 

the pore walls, following a dynamic process of adsorbing 

and desorbing prior to being released out to the surround-

ing. This supports previous findings that the attractive van 

der Waals interactions between drug molecules and the pore 

walls play a significant role on the release profiles when 

using a mesoporous material.45 The release behavior, with 

an initial release that is rather rapid followed by a sustained 

release profile, is most often a desired administration since 

the therapeutic level of the drug is obtained quickly and the 

sustained delivery ensures that the level is maintained.

Conclusion
In this study, the pore size of mesoporous titania thin films 

was tuned from 3.4 nm up to 7.2 nm by the use of different 

structure-directing agents and with the addition of PPG as 

a swelling agent. Surface functionalization was performed 

using silane chemistry, which highly altered the surface 

energy of the mesoporous titania. In situ monitoring car-

ried out using QCM-D allowed for examination of both the 

adsorption and release mechanisms when using a mesoporous 

thin film as drug host. The rate-limiting step in the different 

regimes of the adsorption and release is either determined by 

diffusion or by the binding isotherm. Moreover, it was dem-

onstrated that the adsorption and release of the osteoporosis 

drug ALN were highly influenced both by the altered pore 

size and surface functionalization. Tuning these properties 

would provide an optimized temporal control of the release 

kinetics and loading capacity. In addition, by varying the pore 

size, the possibility of using mesoporous titania coatings as 

host for biologically active molecules ranging from small-

molecular drugs up to proteins is feasible. This ability makes 

them an interesting drug delivery platform for improved 

functionalities of bone-anchoring implants.
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