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nd drug delivery from particle
based mesoporous silica films†

Emma M. Björk, *ab Bernhard Baumann,a Florian Hausladen,c Rainer Wittig c

and Mika Lindén *a

Spatially and temporally controlled drug delivery is important for implant and tissue engineering

applications, as the efficacy and bioavailability of the drug can be enhanced, and can also allow for

drugging stem cells at different stages of development. Long-term drug delivery over weeks to months

is however difficult to achieve, and coating of 3D surfaces or creating patterned surfaces is a challenge

using coating techniques like spin- and dip-coating. In this study, mesoporous films consisting of SBA-15

particles grown onto silicon wafers using wet processing were evaluated as a scaffold for drug delivery.

Films with various particle sizes (100–900 nm) and hence thicknesses were grown onto

trichloro(octadecyl)silane-functionalized silicon wafers using a direct growth method. Precise patterning

of the areas for film growth could be obtained by local removal of the OTS functionalization through

laser ablation. The films were incubated with the drug model 3,30-dioctadecyloxacarbocyanine
perchlorate (DiO), and murine myoblast cells (C2C12 cells) were seeded onto films with different particle

sizes. Confocal laser scanning microscopy (CLSM) was used to study the cell growth, and a vinculin-

mediated adherence of C2C12 cells on all films was verified. The successful loading of DiO into the films

was confirmed by UV-vis and CLSM. It was observed that the drugs did not desorb from the particles

during 24 hours in cell culture. During adherent growth on the films for 4 h, small amounts of DiO and

separate particles were observed inside single cells. After 24 h, a larger number of particles and a strong

DiO signal were recorded in the cells, indicating a particle mediated drug uptake. The vast majority of

the DiO-loaded particles remained attached to the substrate also after 24 h of incubation, making the

films attractive as longer-term reservoirs for drugs on e.g. medical implants.
Introduction

The development of controlled drug delivery systems that can
administer drugs locally and with a regulated release prole
within the human body is of great relevance for e.g. medical
implants and tissue engineering applications.1 Especially chal-
lenging is the delivery of hydrophobic drugs, which cannot be
administered directly.2 An ideal scaffold material for these
applications should be nontoxic, biologically active and dissolve
over time. In the last 25 years mesoporous silica has gained a lot
of attention in various elds of research, from catalysis to
medical applications. The possibility to control the material
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characteristics, e.g. pore sizes and particle morphology, in
combination with large surface areas up to 1000 m2 g�1 and
tunable surface functionalities, are a few reasons for why this
class of materials attracts extensive interest for use in drug
delivery and tissue engineering applications.3–11 The high inner
surface area of the particles allows the loading with a large
amount of active substancemolecules. The synthesis of a variety
of silica-based lms has been reported in literature, mainly by
using evaporation-induced self-assembly in spin- or dip-
coating,12,13 or e.g. electro-assisted self-assembly,14 vapor-phase
deposition,15 or interfacial polymerization.16 Mesoporous lms
have previously been used as a drug delivery system,17,18 but
a controlled release of the drugs is oen limited to diffusion
control or degradation of the silica matrix itself.19

Wiltschka et al. reported on coating of pre-formed meso-
porous silica nanoparticles with a diameter of about 400 nm on
glass slides by spin-coating.20 By a further functionalization of
glass slides with hyaluronic acid it was possible to covalently
link a sub-monolayer of particles to the substrate, leading to
a delayed uptake of particles by cells over several days.21 This
allowed a potentially delayed particle-mediated release of small
hydrophobic drugs within cells. Although spin-coating is an
RSC Adv., 2019, 9, 17745–17753 | 17745
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attractive means for preparing homogeneous, particle-based
coatings, coat large, or 3D substrates, is virtually not possible.
Furthermore, controlled micro-patterning of surfaces remain to
be demonstrated for both above described methods.

In this work, we use a direct growth (DiG) method to form
lms consisting of mesoporous silica particles grown onto
a silicon substrate.22 Using the described method, it has previ-
ously been shown that it is possible both to grow lms with
controlled thickness and on 3D-substates.23 This is of great
importance for fabricating porous coatings on implants without
compromising the ne structures of the substrate. The particles
themselves in powder form have been shown to efficiently
immobilize enzymes,24 and to act as a potential drug carrier.25

By varying the particle size using various NH4F concentration in
the synthesis solution, the lm thickness can be altered to
preserve ne structures of the substrate.23 We show in this study
that it is possible to functionalize the lms with ^Si–R–COOH
aer synthesis and to load the lms with a hydrophobic, small
molecule model drug, DiO, conrming the accessibility of the
pores. Cells can adhere to all lms, and the particles are taken
up by the cells prior to release of their cargo. However, the
particle uptake aer 24 h of cultivation is still small, indicating
that the lms can act as long-time drug reservoir on e.g. an
implant. The data show further that areas for lm growth can be
controlled by removal of the substrate functionalization using
laser pulses prior to the lm growth. This enables selective
patterning of the substrate which is useful when designing the
implant. Thus, the results show that silica lms grown with the
DiG method have an excellent potential to be used as a new
material for drug delivery and tissue engineering applications,
especially when a long-term drug release and a controlled
surface morphology are needed.

Experimental
Chemicals and cells

Tetraethoxysilane (TEOS, 98%), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, $97.4%), N-hydrox-
ysuccinimide (NHS, 98%), hydrochloric acid (HCl, $37%),
nitric acid (HNO3, $65%), ammonia (NH3, 32% in water),
heptane (99%), trichloro(octadecyl)silane (OTS), ammonium
uoride (NH4F, $98%), poly(ethylene glycol)-block-poly(-
propylene glycol)-block-poly(ethylene glycol) (P123, Mn � 5800),
40,6-diamidine-20-phenylindole dihydrochloride (DAPI),
phalloidin-tetramethylrhodamine B isothiocyanate (Phalloidin-
TRITC), 3,30-dioctadecyloxacarbocyanine perchlorate (DiO), and
C2C12 cells were purchased from Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany. Hydrogen peroxide (H2O2, 30%)
and (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
sodium salt (HEPES, 99.3%) was purchased from Merck KGaA,
Darmstadt, Germany. Carboxyethylsilanetriol di-sodium salt
(25% in water) was purchased from ABCR GmbH & Co. KG,
Karlsruhe, Germany. ATTO 647N-amine was purchased from
ATTO-TEC GmbH, Siegen, Germany. Dulbecco's Modied Eagle
Medium (DMEM), L-glutamine, antibiotics and fetal calf serum
(FCS) and Alexa488 conjugated goat anti-mouse secondary
antibody (A11029) was purchased from Life Technologies –
17746 | RSC Adv., 2019, 9, 17745–17753
Thermo Fisher Scientic, Darmstadt, Germany. Mouse mono-
clonal anti vinculin antibody (ab18058/clone SPM227) was
purchased at Abcam, Cambridge, UK. All chemicals were used
as supplied by the manufacturer without further purication.
Synthesis

Film synthesis. The protocol for synthesizing the lms fol-
lowed the DiG method presented in literature.22,23 In the
synthesis P123 (0.414 mmol) was dissolved in HCl (1.84 M, 80
mL) at 20 �C. Simultaneously, 0, 0.189, or 0.756 mmol of NH4F
was added to the solution. Subsequently, 1 mL of heptane was
mixed with 5.5 mL of TEOS and added to the P123 solution.
Aer stirring for 4 min, the solution was kept under static
conditions over night. OTS functionalized silicon wafers,
prepared as reported elsewhere,22 were added to the synthesis
solution under static conditions aer 12, 7 or 0.5 min,
depending on the NH4F concentration. Aerwards, a hydro-
thermal treatment step (100 �C, 24 h) was performed, followed
by ltration and washing with deionized water, and nally all
lms were calcined at 550 �C for 5 h (heating rate: 1 �C min�1).
The lms are named as DiG_X, where, X corresponds to the
NH4F/P123 molar ratio.
COOH-functionalization

Aer the synthesis, the lms were washed extensively with
demineralized water in an ultrasonic bath to remove free
particles from the surface. Subsequently, the lms were placed
in a solution of carboxyethylsilanetriol di-sodium salt (25% in
water) and HEPES (25 mM, pH 7.2) and stirred at ambient
temperature for 2 h (1 mg mL�1). Aerwards the functionalized
lms were washed twice with ethanol and dried at 60 �C.
Labeling with ATTO dye

For activation of the carboxy group, the COOH-functionalized
lms were incubated with a mixture of NHS (69.5 mmol in
HEPES) and EDC (55.8 mmol) in HEPES (25 mM, pH 7.2) for
20 min at room temperature. Aer washing with water,
a mixture of HEPES and ATTO647N-amine (1 mg mL�1 dis-
solved in DMSO, 32.75 nmol) was added to the lms and stirred
for one hour. For purication the lms were washed twice with
water and dried at 60 �C over night.
DiO loading and release

Before incubation with themodel drug DiO all lms (either non-
labelled or ATTO-647N labelled) were dried at ambient
temperature for 1 h. The dried lms were incubated in amixture
of cyclohexane and DiO (2.27 mM) for 4 h at RT. Aer the
incubation all lms were washed with cyclohexane and dried at
60 �C for 40 min. To determine the release of the model drug in
an aqueous environment DiO loaded lms were incubated with
2 mL of DMEM + 10% FCS solution for 24 h. The released
amount of DiO was subsequently analyzed by UV-vis measure-
ments as well as used for the incubation of cells in m-Slide 8
wells (ibitreat m-slide, IBIDI, Munich, Germany).
This journal is © The Royal Society of Chemistry 2019
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Substrate patterning

The patterning process was performed using a ash lamp
pumped and q-switched Nd:YAG-Laser (Quanta Ray GCR-4,
Spectra Physics) at a wavelength of 1064 nm, a pulse length of
10 ns and a pulse repetition rate of 10 Hz. For this purpose, an
experimental setup was created. The laser beam was focused
down to a spot diameter of approximately 1 mm using an
antireection coated plano-convex lens with a focal length of
500 mm. OTS functionalized silica wafers were moved with
a high or low traversing speed of 2 mm s�1 or 10 mm s�1 over
a length of 10 mm by use of a computer-controlled translation
stage. The pulse energy was increased in steps until plasma
formation was observed. This resulted in the pulse energy levels
of 15 mJ, 19 mJ, and 29mJ. Concerning a spot diameter of 1 mm
this results in radiant exposure (He) values of 1.9 J cm�2, 2.4 J
cm�2 and 3.7 J cm�2. The pulse energy was measured using
a power meter (Nova II, OPHIR) and a corresponding
measurement head (30A-P-SH, OPHIR). For each set of param-
eters (velocity and pulse energy) a linear array of 5 separated
lines was irradiated by the laser.
Cell culture

C2C12 cells were cultivated under standard cell culture condi-
tions (37 �C, 90% humidity, 5% CO2) in DMEMmixed with 10%
FCS, 2 mM L-glutamine, and antibiotics. Films were incubated
with a cell suspension (50 K cells per mL) and cultivated for 24 h
under standard cell culture conditions. The cells were then xed
with paraformaldehyde (4%) in phosphate buffered saline (PBS,
pH 7.4). Staining of cells was performed using DAPI (0.1 mg
mL�1) for cell nuclei and Phalloidin-TRITC (50 nM) for la-
mentous actin. The visualization of focal adhesion contacts
(FACs) was performed by using a mouse monoclonal anti vin-
culin antibody and Alexa488 conjugated goat anti-mouse
secondary antibody as described previously.26
Material characterization

The morphology of the lms was visualized by scanning elec-
tron microscopy (SEM) using a Leo 1550 Gemini Scanning
ElectronMicroscope operated at 3 kV. The working distance was
3–5 mm. The lm thickness was calculated from SEM micro-
graphs of the lm cross sections. The pore characteristics were
analyzed using nitrogen sorption isotherms recorded on
a Quantachrome Instruments Quadrasorb-SI operated at
�196 �C. The specic surface area was calculated using the BET
method at the relative pressure of 0.1–0.2. The pore size
distribution was calculated using the KJS-method on the
adsorption isotherm, and the total pore volume was determined
at P/P0 ¼ 0.99. Small angle X-ray diffraction (SAXRD) measure-
ments were performed on an PANAlytical Empyrean in trans-
mission mode using Cu Ka radiation.
Biological assessment

The growth, adhesion, and particle uptake of cells on top of
lms were visualized using a Leica TCS SP8 confocal laser
scanning microscope and LASX soware (Leica Microsystems,
This journal is © The Royal Society of Chemistry 2019
Wetzlar, Germany). Lasers emitting at 405 nm (used for exci-
tation of DAPI), 488 nm (for DiO), 552 nm (for Phalloidin-
TRITC) and 638 nm (for Atto647-labelled mesoporous silica
nanoparticles (MSNs)) were used for the detection of integrated
uorophores. Fluorescence was detected using a HP CL APO
63�/1.40 OILCS2 oil immersion objective (Leica Microsystems)
and a pinhole setting of 1 airy unit. The drug loading of the
lms was studied by UV-vis spectroscopy measurements of the
supernatant using an Analytik Jena AG spectrophotometer
SPECORD® 50.

Results and discussion

Films were synthesized using the DiG method with three
concentrations of NH4F. SEM micrographs of the lms are
presented in Fig. 1. All lms consist of mesoporous SBA-15
particles directly grown onto the substrate with the pores
oriented parallel to the surface. No free particles are observed
on the substrate aer ultrasonication treatment. The particle
width and lm thickness decreases with an increasing salt
concentration (Table 1), which is consistent with the data
previously shown by Wu et al.23 The micrographs clearly shows
that a vast majority of the particles are well attached to the
substrate. It has been suggested that this type of lms is formed
through nucleation of silica coated micelles on the hydrophobic
substrate, and that the particles grow from these sites.22

However, defects in the interface between the particles and
substrate can appear, as is indicated by the black arrow in
Fig. 1(a). This defect yields a particle that is only partly bound to
the substrate and can thus inuence the particle detachment
rate. The time for adding the substrates to the synthesis solu-
tion increased with decreasing salt content to gain the desired
lm morphology since the material formation rate is signi-
cantly increased by the addition of NH4F.23,27 The salt affects the
condensation rate of the silica precursor, and also the structure
of the silica network, and therefore it is of great importance that
the substrates are added during a time window in the formation
of the siliceous network where micelles can nucleate onto the
substrate, but prior to the micelle aggregation. In order to
demonstrate that DiG lms can also be grown on rough, 3D
surfaces, a DiG_0.00 was synthesized onto an alumina sand
blasted silicon wafer. The SEM micrograph in Fig. 1(d) reveal
that the lm follows the 3D structure of the substrate in all
directions. Hence, the lms are not limited to at substrates,
and coating of e.g. an implant should be possible as long as the
surface is pre-hydrophobized.

Nitrogen physisorption and SAXRD analysis of the corre-
sponding SBA-15 powders from the lm syntheses were per-
formed. The results are presented in Fig. 2 and Table 1. As can
be observed in Fig. 2(a), all materials give type IV nitrogen
isotherms with type 1 hysteresis loops, typical for mesoporous
materials with cylindrical pores. DiG_0.00 shows a small tail in
the desorption branch of the isotherm, indicating plugs or
constrictions in the mesopores.28 The pore size distributions
show that the pore size varies from 10.4 nm to 11.0 nm with
decreasing NH4F concentration. Fig. 2(b) illustrates the SAXRD
diffractograms of the powders. All materials show three peaks
RSC Adv., 2019, 9, 17745–17753 | 17747
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Fig. 1 SEM micrographs of top view and cross sections of (a) DiG_0.00, (b) DiG_0.45, (c) DiG_1.83 showing the difference in particle size when
the NH4F concentration is altered, and (d) DiG_0.00 grown on rough substrate, where the film follow the inclines of the substrate. The arrow is
showing a defect in the interface between particle and substrate.
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corresponding to the hexagonal p6mm structure of SBA-15. The
silica wall thickness is calculated as unit cell parameter – pore
size and shows that the silica walls are decreased for DiG_0.45.
A previous study has shown that the wall thickness of SBA-15 is
decreased when the NH4F concentration is increased.29 This
was attributed to the change in solubility of the PEO chains of
P123 when the salt concentration is altered. A TEM micrograph
of DiG_0.00 powder showing the hexagonal pore ordering is
provided in the ESI, Fig. S1.†
Cell culture and adherence

To study the potential of utilizing lms synthesized with the
DiG method in medical applications, and to visualize the
particles, uorescence labeling of the DiG lm particles was
performed using an ATTO647N dye. The successful binding of
the uorescent dye was corroborated by CLSM, and a homoge-
neous distribution of MSNs on the surface of the lms,
comparable to the previously shown SEM images in Fig. 1, could
be conrmed (Fig. S2, ESI†).

To determine the biocompatibility of the lms, C2C12 cells
were seeded on the lm surfaces. Cells grown on blank silicon
wafers were used as reference. The number of focal adhesion
contacts (FACs), characterized by vinculin staining at the end of
actin laments, indicate adhesion strength on a given surface.30

CLSM veried a regular formation of the actin cytoskeleton and
vinculin-mediated FACs on all of the investigated surfaces,
indicating that growth and adhesion was not compromised in
presence of the lms (Fig. 3). Furthermore, the presence of
a multitude of FACs suggests a good adherence of cells on the
Table 1 Physiochemical characteristics of the films and corresponding

Material SSABET [m2 g�1]
Pore size
[nm]

Total pore volume
[cm3 g�1]

Unit cell para
[nm]

DiG_0.00 724 10.4 0.93 13.0
DiG_0.45 549 10.5 0.98 12.5
DiG_1.83 563 11.0 0.96 13.3

17748 | RSC Adv., 2019, 9, 17745–17753
surfaces of the lms, independent of the lm morphology
(Fig. 3(a)–(c)). Also, the shape and appearance of the adhesion
points of C2C12 cells on all surfaces are in good agreement with
the work of others.31
Model drug loading and release

Due to their high inner surface area, MSNs have been exten-
sively used as drug delivery vehicles especially for drugs
showing a low solubility in aqueous environments.32,33 More-
over, with such a system a premature uptake of active
substances by cells could be excluded as these drugs are only
released from the porous system aer the particles have been
taken up by cells. To show the general accessibility of the lm
porosity for drug loading, DiG_0.00 was loaded with DiO,
a hydrophobic model drug. The DiG_0.00 was chosen for these
studies since it consists of the largest particles and hence more
available effective surface area and pore volume per cm2.
However, as the conclusions drawn are naturally also fully
relevant also for the thinner lms.

Fig. 4(a) shows a CLSMmicrograph of the DiO loaded lm. It
is clear that all particles on the lm surface are lled with DiO.
The drug loading into the lms was also veried by UV-vis
measurements on the supernatant before and aer DiO
adsorption (Fig. 4(b)). The intensity of the DiO signal (503 nm)
decreased by 15% as a result of the incubation of DiG_0.00 with
a substrate area of about 5 cm2. The stability of the DiO loading
was observed by submerging DiO loaded lms in an FCS con-
taining DMEM solution for 24 h. No DiO signal could be
detected in the supernatant, see Fig. 4(b), indicating that no
powders

meter Wall thickness
[nm]

Particle length
[nm]

Particle width
[nm]

Film thickness
[nm]

2.6 550 � 60 920 � 220 400 � 40
2.0 350 � 40 510 � 60 225 � 20
2.3 280 � 30 110 � 20 115 � 15

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Nitrogen isotherms and pore size distributions, and (b)
SAXRD diffractograms of the synthesized materials.

Fig. 3 Visualization of FACs of C2C12 on Films with different particle
sizes by vinculin staining. CLSM micrographs of C2C12 on (a) DiG_1.83,
(b) DiG_0.45, (c) DiG_0.00, and (d) a silicon wafer without film. Staining:
blue ¼ nucleus, red ¼ microfilaments, green ¼ vinculin stained FACs.
The specificity of secondary antibody binding was demonstrated in
a negative control omitting the primary anti vinculin antibody (ESI S3†).

Fig. 4 (a) CLSMmicrograph of DiO (yellow) loaded film (DiG_0.00), (b)
UV-vis measurement of supernatants before (black) and after loading
DiO into DiG_0.00 film (4 h, blue). Release of DiO during a 24 h
incubation period into the surrounding cell culture media (turquoise).
CLSM micrographs after incubation of cells (blue ¼ nucleus) with the
supernatant of the DiO release experiment for 24 h with (c) and
without (d) staining the cytoskeleton of cells (white).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 7
:5

7:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DiO is leaching out from the lms. Further, no DiO-mediated
intracellular uorescence could be detected subsequent to
incubation of C2C12 cells with the supernatant of the release
experiment (Fig. 4(c) and (d)), which additionally conrms the
stability of the model drug loading under cell culture condi-
tions.34 The lack of free model drug in the supernatant indicates
that the drug must be delivered to the cells according to
a different mechanism. Previous studies have reported that
a cellular uptake of hydrophobic drugs is favored by intracel-
lular release of drugs from loaded particles taken up from the
lm surface.20 The possibility of particle-mediated transport of
drugs was investigated by further cell experiments. Therefore,
cells were seeded on the surface of DiG_0.00 lms loaded with
the model drug DiO and the uptake of drug and particles was
investigated by CLSM. The corresponding micrographs are
presented in Fig. 5. Aer an incubation of 4 hours only a weak
signal of DiO could be detected inside C2C12 cells (Fig. 5(a)),
whereas aer an incubation time of 24 hours a strong signal of
the model drug could be visualized within cells (Fig. 5(b)). To
investigate the drug uptake inmore detail, the particles forming
lms were labeled with ATTO647N dye prior to the loading with
DiO. The DiO concentration in this experiment was reduced
with a factor of 5 to enable clear visualization of the ATTO647N
This journal is © The Royal Society of Chemistry 2019
dye signal. Hence, a co-localization of DiO (yellow) and the
uorescently labeled MSNs (red) inside cells could be observed
aer 8 and 24 h of cell culture (Fig. 5(c)). This suggests a particle
RSC Adv., 2019, 9, 17745–17753 | 17749
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Fig. 5 CLSM micrographs showing the DiO (yellow) uptake from
DiG_0.00 in cells after a cultivation time of (a) 4 h and (b) and 24 h, (c)
co-localization of MSN (red) and DiO (yellow) signal within cells after
different time of incubation (left ¼ 8 h, right ¼ 24 h), and (d) C2C12
cells grown on film free silicon wafers incubated with free DiO-solu-
tion in cell culture media for 24 h (blue ¼ nucleus, white ¼ microfil-
aments, yellow ¼ DiO).
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mediated uptake of drugs from the lms. The particle uptake
and particle-mediated transport of active agents shown here is
in accordance with former work of us and others where the
uptake of MSNs as potential drug carriers occurred from cell
culture media in both monolayer and hydrogel cultures.6,7,35

Fig. 5(d) demonstrates comparatively weak staining subsequent
to incubation of free DiO on lm free silicon wafers prior to the
cell cultivation, illustrating the need of a particle-mediated
uptake for lipophilic active substances by cells. The particle
mediated drug uptake mechanism is illustrated in Fig. 6. It has
though been observed that lipophilic drugs can be taken up by
cells through a kiss-and-run mechanism when drug loaded
nanoparticles come in contact with the hydrophobic membrane
surface of the cells.36 This mechanism cannot fully be excluded
based on the present results. However, the amounts of drugs
available on the lms surface is limited to themolecules close to
the pore openings, and the CLSM micrographs only show DiO
signal when particles are internalized in the cells. Aer a culti-
vation of 24 h it was additionally possible to observe that only
a small fraction of the lm particles had been taken up by cells
while the majority of the particles remained on the substrates
surface (Fig. S2, ESI†). No particle-free areas around adhered
cells could be detected. As discussed above, a gradual detach-
ment of particles from the substrate can be due to differences in
the particle growth. A previous study, employing DiG lms as
a catalyst host in esterication, revealed minor particle
detachment from the substrate aer 1 h of reaction.23 Aer
washing and reuse of the lm, no additional detachment was
observed, showing the stability of the lms aer the initial
17750 | RSC Adv., 2019, 9, 17745–17753
particle detachment. The lm stability has also been shown for
different surfactant removal techniques, where the lms did not
show morphological changes upon ethanol extraction at 78 �C
for 24 h, or sonication inmethanol.23 In the presented study, the
lms were treated in an ultrasonic bath three times prior to the
cell cultivation in order to remove any free particles from the
surface. Fig. 1(a) shows a defect in the particle/substrate inter-
face formed during the lm growth, e.g. only one side of the half
hexagonal prism is bound to the substrate. In addition, smaller
particles can be observed in the cross section. These defects are
leading to a faster loosening of the particles, and hence yield the
initial drug release. One can hypothesize that a continued drug
release will depend on dissolution of the silica framework in the
body uid,37 which can lead to a continued particle loosening
from the substrate or exposure of the drugs through disinte-
gration of the pore walls at the lm surface. This can be
compared to the spin-coated particulate system developed by
Wiltschka et al. that showed a signicantly increased uptake of
particles by the cells and particle-free areas were easily observed
around the adhered cells.20 A consequence of an increased
particle uptake is a non-desired increased cell toxicity as shown
by Böcking et al., who observed an enhanced toxicity whenmore
than 5 layers of particles were spin-coated onto the substrate.38

In addition, a long-lasting uptake of particles from spin-coated
lms by cells, as it is advantageous in potential later applica-
tions, can only be achieved by further time consuming surface
modications.21 For these reasons, the presented lms have the
potential to be used as an implant coating material without
further surface modication, providing a reservoir for a long-
time uptake of drug loaded particles by surrounding cells.
Patterning

The microstructure of surfaces has in many studies been shown
to be important for how cells respond to the substrate,
including cellular alignment and stem cell differentiation. (See
for example ref. 39–41.) Thus, as a further development,
micropattern DiG lms were synthesized by local removal of the
hydrophobic surface lm on the substrate, as it has been shown
that functionalization of the substrate with hydrophobic
molecules, like OTS or TMCS, is required for a densely packed
lm to form.23 Here, OTS functionalized substrates were
partially irradiated with a Nd:YAG-Laser using tuneable pulse
energy. An irradiation with a pulse energy of 29 mJ using
a traversing speed of 2 mm s�1 and 10 mm s�1 resulted in
a selective removal of the hydrophobic groups on Si-wafer. Both
lower pulse energies (15 mJ and 19 mJ) showed almost no
removal effect. This indicates a threshold between 19 mJ and 29
mJ at a spot diameter of 1 mm or 2.4 J cm�2 and 3.7 J cm�2 in
terms of radiant exposure. Also, the plasma formation on the
sample surface during the laser irradiation starts between 19mJ
and 29 mJ. Film synthesis using the irradiated substrates
revealed that the particles only grow at the non-irradiated areas
on the substrates, i.e. where the functionalization was intact
(Fig. 7). The various sample velocities resulted in different
shapes of the irradiated area, where a fast movement resulted in
separate, circular domains and a slow movement gave linear
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Schematic illustration of the drug loading and release mechanism from DiG films to C2C12 cells.
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structures, shown by the photographs in Fig. 7(a) and (b). The
irradiated and lm containing areas are indicated by red and
green arrows, respectively. The lm growth was conrmed using
CLSM, where the lms were functionalized with COOH-groups
and subsequently marked with ATTO647N (Fig. 7(c) and (d)).
These micrographs show lm growth solely on non-irradiated
areas of the substrate. The green lines in the micrographs are
artefacts due to interference.

The different appearance of the two sample velocities was
expected and can be explained by the different overlapping
areas. In case of 10 mm s�1 at 10 Hz two adjacent laser pulses
Fig. 7 Photographs of films grown on substrates treated with pulsed
laser at a traversing speed of (a) 10mm s�1 and (b) 2mm s�1 and a pulse
energy of 29 mJ, where the blue arrows indicating areas with particles,
red arrows indicating irradiated areas. CLSM micrographs of the
patterned areas showing that particles only grow outside of the irra-
diated areas (c) and (d), where the green signal refers to the ATTO647N
fluorescently labeled films.

This journal is © The Royal Society of Chemistry 2019
with a diameter of approximately 1 mm shows no overlapping at
all and can be clearly separated. Using a sample velocity of
2 mm s�1 the distance between two adjacent pulses is smaller
by a factor of 5 which makes it impossible to distinguish the
single pulses. With both sample velocities the irradiated areas
showed a signicant irregular boundary structure (Fig. 7(c) and
(d)). This irregularity and the observation of a threshold
between 2.4 J cm�2 and 3.7 J cm�2 that coincides with the
beginning of plasma formation indicates a removal mechanism
based on a photo-mechanical effect. Also, a formation of small
dots near the center of the irradiated areas (both velocities) was
observed and can be seen in Fig. 7(c) and (d). The arrangement
of the dots is very similar for each irradiated area in case of
10 mm s�1 and shows a repeating appearance at 2 mm s�1. This
indicates that at these dots the Si-substrate shows ablation
induced by local maxima of the radiant exposure within the
laser beam prole. It is hence clear that laser irradiation can be
used for pattering a substrate and control the lm growth on
a substrate, but there are several points for further investiga-
tions, like the hot spot formation, the inuence of the substrate
ablation threshold or the behavior at higher levels of radiation
exposure. Also, to support the hypothesis of photo-mechanical
interaction some further experiments should be performed.
Conclusions

We have shown that lms synthesized with the DiG method can
be used as a drug delivery system. C2C12 cells adhere well on
lms comprising of particles with various sizes. The accessible
pores make it possible to load the lms with potential drugs,
DiO, and functionalization of the lm surfaces with e.g. COOH-
groups is possible. The lms are biocompatible with good
growth and adherence of C2C12 cells. The DiO is distributed to
the cells mainly through particle uptake where the particles
release their cargo inside cells. No release of DiO from the lms
could be detected in the supernatant aer 24 h. The particles
are bound to the substrate, resulting in a slow uptake of the
drugs and hence, the lms are suitable as a drug-reservoir. In
RSC Adv., 2019, 9, 17745–17753 | 17751
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combination with the 3D growth of particles23 and the possi-
bility of a local control of the growth areas of particles on
substrates by pre-treatment with lasers enables new potential
applications, especially in the eld of implant coatings where
necessary areas can be provided with lm while other areas can
be omitted to enable an optimal healing process. As an outlook,
one can imagine DiG lm growth on other substrates than Si-
wafers, e.g. titanium or exible polymers to come closer to
a medical application.
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R. Brenner, M. Lindén and C. Sahlgren, Mesoporous silica
nanoparticle-based substrates for cell directed delivery of
Notch signalling modulators to control myoblast
differentiation, Nanoscale, 2014, 6(3), 1490–1498.

39 J. Y. Lim and H. J. Donahue, Cell Sensing and Response to
Micro- and Nanostructured Surfaces Produced by Chemical
and Topographic Patterning, Tissue Eng., 2007, 13(8), 1879–
1891.

40 J. L. Charest, M. T. Eliason, A. J. Garćıa and W. P. King,
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