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Abstract
A literature review of medical implant applications of mesoporous silica films was written, highlighting the
advantages and limitations of different film synthesis methods. Both films synthesized through the EISA sol-gel
method and particulate films, including those synthesized through the direct growth method, were reviewed and
discussed. All films were found to have their strengths and weaknesses, however, the films synthesized through
the direct growth method was found to be the most promising type for coating implants. In addition to the
literature review, copper-doped mesoporous silica films were synthesized on titanium grade 2 substrates. SEM
shows that particles grown on all the films and EDX elemental analysis confirms the presence of copper in the
material. Nitrogen physisorption measurements show that particles with incorporated copper have a higher
specific surface area, and pore volume compared to un-doped particles. No copper content could be confirmed
through FTIR. The particles grown on titanium substrates were more rod-like compared to the ones grown on the
silicon substrates as control.

Purpose
This work was conducted to investigate the utilization of mesoporous silica films for medical implant
applications, through which method they are prepared, what application they are intended for, and how well they
performed. Herein, several mesoporous silica films for medical applications are presented. In this work a brief
description how the films were synthesized, and the results of each study is presented, and followed by a
discussion of the different types of films; their strengths and weaknesses and what applications they are suitable
for. In addition, the experimental work of the synthesis and characterization of mesoporous silica films are
presented. This kind of film has already been grown on silicon substrates and proven to work as drug delivery
systems in vitro. The films synthesized in this work were grown on titanium substrates to further evaluate the
feasibility of using this kind of film for implants. The mesoporous silica were also doped with copper, as its
therapeutic effect could be useful in future medical applications.
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A film consisting of SBA-X particles on a silicon substrate
A film consisting of SBA-X particles on a titanium substrate
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Introduction
Mesoporous materials are an interesting field to study because of the beneficial properties the materials possess
due to their pores, such as large specific surface area, well defined pore structure, narrow pore size distribution
and the ability to functionalize their surface to name a few. These properties can be used to great effect in drug
delivery, chemical separation, catalysis or gas sensing [1].
A mesoporous material is a material with pores with a diameter between 2 and 50 nm according to the IUPAC’s
classification. Materials with pores with a diameter lower than 2 nm are classified as microporous whereas
materials with a pore diameter above 50 nm are classified as macroporous [2]. Nanoporous materials is another
way to classify materials after pore size, and here, materials with pore size of 1 to 100 nm are included [3]. All
mesoporous materials fall within this range and can thus be considered as nanoporous materials.
Mesoporous materials come with different pore structures and shapes of the pores, such as spherical pores in a
bcc structure – that is, pores ordered as the corners as well as the centre of a cube – or a hexagonal structure with
cylindrical pores [4]. Mesoporous materials can be created from a large amount of different elements; however,
they are most commonly composed of SiO2 but can also be made of various metal oxides such as TiO2, SnO2 or
ZrO2 or mixed oxides such as SiTiO4 or ZrTiO4 [5]. When synthesizing mesoporous materials, the most common
technique is to use precursors to grow walls of oxide around micelles in a micellar solution. These precursors
could be organic metal oxides, alkoxides for instance, or inorganic salts like metal chloride salts [5]. Mesoporous
carbon has also been synthesized, but here, one most often use another mesoporous material as a template, in
which the mesoporous carbon is grown [6].
When it comes to drug delivery applications of mesoporous silica, they have usually been studied in their
powder form, e.g. as mesoporous hollow silica spheres [7]. These tend to be difficult to apply in combination
with prostheses or implants as once the particles enter the body, they will follow the flow of body fluids and not
remain where they are needed. A promising approach to solve this is to deposit a mesoporous film onto the
implant, allowing for a localized drug release. This approach is the focus of this study, where the films presented
and discussed are all intended for the coating of medical implants.

General synthesis method
While there are several different methods of synthesizing mesoporous materials the most common approach is
the wet chemical technique called the sol-gel method, through which mesoporous silica particles are obtained.
With this technique, surfactants (surface active agents) form micelles in an aqueous solution. The silica precursor
is added into this solution where it undergoes hydrolysis and then condensation, this solution is called the sol. In
the presence of the micelles, the silica-precursor’s hydrolysis and condensation reactions lead to the formation of
surfactant-silicate species. This self-assembled surfactant-silicate material is called a gel. The gel precipitates out
of the solution which then is filtered, and the solid material can be washed and treated. The micelles need to be
removed so that the pores are accessible, and this can be done either by calcination (heating at high temperature)
or by chemically extracting the micelles. Depending on the desired structure of the mesoporous material being
synthesized one need to carefully choose the experimental variables, such as an appropriate silica precursor and
surfactant, as well as temperature and pH of the solution as these will all affect the material characteristics [1].

Evaporation-Induced Self-Assembly
Evaporation-Induced Self-Assembly (EISA) is the most common method of producing mesoporous silica films.
For this method, a precursor solution is prepared like stated previously with surfactants and a silica precursor.
The critical micelle concentration (CMC) which needs to be reached for the surfactants to form micelles have not
yet been reached at this stage. This solution is then deposited onto a substrate, for instance, through spin-coating
or dip-coating, and then the ethanol in the solution starts to evaporate. The evaporation of ethanol increases the
concentration of the surfactants above the CMC, which induces the formation of micelles which the silica can
attach to, forming the desired silica network [8]. This method has the benefit of being simple and scalable, as
well as low-cost [9]. However, cylindrical pores are in generally oriented parallel to the substrate, thus
preventing easy access to them. The methods used to deposit the film also prevents the coating of non-planar
surfaces [10]. The thickness of the film can be controlled by varying the rate of which it is deposited onto the
substrate [11].
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Electro-Assisted Self-Assembly
Electro-Assisted Self-Assembly (EASA) is another method used for synthesizing mesoporous silica films. After
preparing the precursor solution like previous, one submerges a conducting substrate (electrode) into the solution
and applies a cathodic potential to achieve electrodeposition. The thickness of the film is controlled by the time
the cathodic potential is applied. This method allows for preparing films on non-planar surfaces and with pore
channels perpendicular to the surface for easy access. However, the surface that is to be coated with the film
needs to be conductive for this method to work [10]. No mesoporous silica films for medical applications
prepared through this method could be found within the scope of this study.
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Literature review
In this chapter, different mesoporous silica films for medical implants are presented and discussed. In the first
and second sub-chapters the different films are presented with their characteristics and the results of the
experiments conducted on them. In the third sub-chapter the films and methods used to prepare them are
discussed and compared to each other, highlighting their advantages and disadvantages.

Mesoporous films using EISA
Microbial biofilms are cells attaching to each other and surfaces by produces a slimy extracellular matrix and are
often involved in infections in the body. The formation of biofilms on implants are hard to treat and pose a major
problem. To solve this problem, a mesoporous silica coating has been developed for use on implants for the
controlled release of the broad-spectrum antibiotic ciprofloxacin. The material was synthesized using the triblock
copolymer EO20PO70EO20 (P123) as the structure directing agent and tetraethyl orthosilicate (TEOS) as the silica
precursor. The films were prepared on glass substrates through the EISA method, using dip-coating, after which
they were calcined. To evaluate how to best delay the release of ciprofloxacin, the prepared films were further
modified; with sulfonic acid before the loading of the antibiotic, with bis(trimethoxysilyl)hexane and finally with
dioctyltetramethyldisilazane. Each version of the film received an additional modification compared to the
previous version [7].
X-ray diffraction (XRD) measurements confirm that the film has an ordered pore structure. Using a profilometer,
the layer thickness of the film grown on a glass slide was shown to vary between 30 and 150 nm. Static contact
angle measurements were conducted on the films during the process of modifying its surface. Initially one could
see the hydrophilicity of the mesoporous silica surface due to the decrease in contact angle compared to a glass
slide. A slight increase of the contact angle was observed after the sulfonic acid modification. After being
modified with bis(trimethoxysilyl)hexane the film exhibited hydrophobic properties, and even more so after
being modified with dioctyltetramethyldisilazane, giving the film a contact angle of more than 90°. To test the
ciprofloxacin release, the films were placed in phosphate buffered silane (PBS), which was used to imitate
human body fluids. The concentration of ciprofloxacin in the PBS was measured using spectrophotometry at
different time intervals and the whole medium was replaced after each measurement. From the unmodified
mesoporous silica film loaded with ciprofloxacin, 0.2 μg cm-2 was released. The film modified with sulfonic acid
had an almost ten times larger release with 1.9 μg cm-2. Both films showed an initial burst release, where most of
the drug was released within the first few hours of being immersed in the buffer, and only releasing small
amounts after the first 24 hours. Practically, all the ciprofloxacin which could be released from the sulfonatemodified film was released after 12 days. The film modified with bis(trimethoxysilyl)hexane showed a slower
release of the drug. Approximately 90% of the drug had been released by the 12th day, but small amounts could
still be detected up until the 31st day. An even more prolonged release was obtained with the addition of the
dioctyltetramethyldisilazane coating, where less than 50% of the drugs had been released by the 12th day. A
constant release rate was observed for 30 days after an initial burst release. After the 30th day, smaller regular
doses could be observed up until day 63. These surface coatings did not affect the total amount of drug which
was released, which was around 2.0 μg cm-2 in all cases. The biocompatibility of the films was tested using the
mouse fibroblast cell line NIH3T3. Tests were conducted on films both with and without ciprofloxacin. The
films modified with sulfonic acid, both with and without ciprofloxacin, were shown to be highly biocompatible,
with cells adhering and proliferating – that is, the cells are dividing and increasing in number – on the surface
without problem. The films with additional coatings showed a somewhat lesser degree of cell proliferation.
Cracks were also seen on these organosilane-derived coatings during this experiment. The antibacterial efficacy
was tested using the luminescent bacteria P. aeruginosa, PAO1 CTX::lux. After being immersed for 6 hours in a
medium with bacteria, the ciprofloxacin-loaded films showed only about one eight of the bacterial luminescence
compared to films without ciprofloxacin, indicating that the bacteria were killed. The time-dependent release of
the drug was also tested by incubating the films in Lysogeny Broth, a nutrient rich medium, and collecting the
supernatants every 48 hours for 10 days. These samples were then tested for their effect on the proliferation of
the P. aeruginosa bacteria. The sulfonated film loaded with ciprofloxacin released the drugs very fast and no
proliferation of the bacteria could be observed for two days, after the two days the remaining antibiotic could not
prevent proliferation up to 90% of the control. The films functionalized with bis(trimethoxysilyl)hexane
prevented proliferation for six days, after which a slow increase of bacterial viability, up to 40% of the control,
could be observed. The film modified with both bis(trimethoxysilyl)hexane and dioctyltetramethyldisilazane
prevented proliferation up to 40% of the control initially, but after two days it decreased to approximately 10%
for six days, to then increase to 60% of the control after ten days. In conclusion. it was shown that the
mesoporous material loaded with ciprofloxacin can prevent the proliferation of the bacteria P. aeruginosa. It was
also shown that a delayed release could be realized by coating the film with a layer of
bis(trimethoxysilyl)hexane, but that coating the film with an additional of dioctyltetramethyldisilazane decreased
3

the biocompatibility somewhat as well as reduced the release of ciprofloxacin by too much to reduce the
bacterial proliferation to practically zero [7].
In a follow up study of the previous work, a film was prepared to treat chronic otitis media. Chronic otitis media
is the chronic inflammation of the middle ear and is hard to treat as recurring bacterial infections disturb the
healing process. The ossicular chain, the bones in the middle ear, can in many cases be destroyed due to chronic
otitis media and needs to be reconstructed. In this work, middle ear prostheses were coated with mesoporous
silica modified with ciprofloxacin and tested on rabbits. The film was synthesized like in the previous work
described and dip-coated onto Bioverit®II implants. The coating was further modified with sulfonic acid and
loaded with ciprofloxacin [12].
The rabbits were infected with the P. aeruginosa laboratory strain PAO1 in the middle ear after which the study
group received a coated implant, and the study group received an unmodified implant. After a maximum of
seven days the rabbits were put to death and samples to study was extracted from them. The study group and
control group showed distinct differences in their general condition. The rabbits’ posture and movement, feed
intake, defecation, body weight and whether or not they developed fever were also studied. In every case, the
rabbits with a coated implant fared better than those without the coated implant. The study group barely showed
any disorders of their general condition while the control group was severely impaired and two of the rabbits had
to be euthanized after day three.
Examination of the rabbit’s blood showed that every animal in the control group had a white blood cell count
above the normal range at times during the study, while only two had it in the group with coated implants. There
were however no statistically significant differences between the groups.
After euthanising the rabbits their organs were studied. Several organs belonging to the control group showed
discoloration, fluid build-up or enlargement. The study group however showed no conspicuous alteration of the
organs. Middle ear irrigation of the control group was mostly highly purulent (71.4%), while the rest was either
mildly purulent or turbid. The middle ear irrigation of the study group was significantly different from the
control group, where roughly half of the animals’ irrigation was mildly purulent and the rest only turbid. In
addition, all rabbits in the control group had developed an abscess in the middle ear while only one of the rabbits
in the study group had. Microbiological studies of the animals’ organs showed that the control group’s organs
contained Escherichia coli and Klebsiella pneumoniae pneumoniae, while the study group showed no signs of
microorganism in the organ samples. Significant differences were observed between the two groups when it
come to the swab samples of the brain, where the study group showed no sign of the bacteria P. aeruginosa. In
other findings there were no significant differences. There was a considerably lower amount of the bacteria in
the study group than in the control group; however, it was not statistically significant. In conclusion, the coated
implants showed to effectively reduce the infections in the middle ears of the rabbits, as well as preventing the
infection to spread throughout their bodies [12].
A different system for the treatment of infections has been realized through the incorporation of an antimicrobial
peptide into the silica, instead of loading the pores of the film with a drug. In this study the antimicrobial peptide
LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) as well as low molecular weight
antimicrobial chlorhexidine has been incorporated into mesoporous silica through a one-pot EISA method, using
a non-aqueous system at low reaction temperature. This work is of interest because it shows that antimicrobial
agents can be incorporated into the material used for implant coatings for the treatment of localized infections.
These infections are seldom treatable systematically with antibiotics because of the multi-resistance of many
strains of bacteria in hospital environments as well as due to the formation of collagen capsules around the
implant which prevents antibiotic localization and bacteria killing. The peptide LL-37 is used in this work
because antimicrobial peptides provide a potent, fast and broad-spectrum activity while at the same time,
bacterial resistance development seems limited. By choosing the right peptide for the case, good selectivity
between bacteria and eukaryotic cells can be obtained.
Most one-pot methods for the synthesis of mesoporous silica are aqueous. This allow for only a limited number
of drugs to be incorporated into the material, this is especially true for drugs which are highly soluble in water.
In addition, an acid or basic solution is needed for these one-pot syntheses to happen, these harsh conditions can
decompose the drugs. With the novel method used in this work, up to 100% of the drugs used can be
incorporated into the material; this could also offer advantages for the incorporation of proteins and peptides
which are sensitive to harsh chemical conditions.
The silica mesoporous matrices were synthesized using P123 as a structure directing agent. The antimicrobial
compounds were added prior to the TEOS. Mesoporous silica functionalized with thiol-groups was obtained
using 3-mercaptopropyltrimethoxysilane (MPTMS) which was also added to the solution prior to the addition of
TEOS. The MPTMS provided the pore walls with a more hydrophobic character, which increases the interaction
with the peptide and reducing the release kinetics. This is useful both for having a tuneable and delayed release
of the peptide, as well as allowing for stable storage [13].
4

Transmission electron microscopy (TEM) shows a very homogenous mesoporous arrangement with a
hexagonally ordered cylindrical pores in all the samples. N2 adsorption was used to determine the textural
properties of the samples after they were treated in Tris – an organic compound, here used to simulate body
fluids - and after calcination. Calcined samples were discovered to have a higher surface area and larger pore
diameter if they were incorporated with antimicrobial agents than if they were not. This effect increases with
increased molar amount of antimicrobic agents incorporated. There were no significant textural differences
between samples functionalized with thiol-groups and those which were not. The samples which have released
their antimicrobial agents in Tris had a smaller surface area and pore volume than those calcined, indicating a
loss of organic matter which was shown to be larger for higher molar amounts of the drug. The samples modified
with thiol-groups had a smaller surface area, pore diameter and pore volume than the samples which were not
modified, indicating that the dissolution process was decreased due to the partially hydrophobic functional
group. No significant differences in release rate between the different antimicrobial agents were observed,
however, there was a difference in the release rate between the unmodified and the thiol-modified mesoporous
silica. The release rate from the thiol-modified mesoporous silica was observed to be slower for all the microbial
agents compared to that of the unmodified mesoporous silica, and, in the case of LL-37, the release rate was
almost half of that of the unmodified material. To test the materials’ antibacterial performance two experiments
were performed. In the first, both Gram-negative and Gram-positive bacteria were incubated exposed to
mesoporous silica loaded with either LL-37 or chlorhexidine. Both LL-37 and chlorhexidine dramatically
reduced the survivability of bacteria, especially for low and intermediate number of bacteria. However, at a very
high number of bacteria only the material with chlorhexidine was found to be efficient, this is believed to be
because of an incomplete release of LL-37 during the incubation time. The bactericidal effect was similar when
measured 1 month after synthesis as well as 10 months after synthesis for each antimicrobial agent,
demonstrating that they did not degrade over time. The second experiment a situation relevant for implants was
simulated. Here the mesoporous silica was placed on top of an agar gel containing bacteria which was allowed to
proliferate. Neither LL-37 loaded nor chlorhexidine loaded material showed any detectable bacterial growth.
Both materials prevented the growth of both Gram-negative and Gram-positive bacteria on their surface. The
mesoporous silica itself was found to have a very low toxicity, however, those loaded with chlorhexidine showed
pronounced toxicity whereas those loaded with LL-37 showed a low to very low toxicity, like that of the unloaded mesoporous silica. In conclusion, incorporating antimicrobial peptides into mesoporous silica films seem
like a good way of combating infections, especially due to the seemingly limited bacterial resistance
development as well as a low toxicity. The thiol-functionalization not only delayed the release of the peptide,
allowing for a sustained and tuneable release, but it also allowed for a stable storage of the material [13].
Another system, also using the approach of incorporation into the silica rather than loading the pores, has been
studied for dental implants. A common problem regarding dental implants is peri-implantitis, the inflammatory
disease caused by bacterial infections which affects the soft and hard tissues around osseointegrated implants –
where the implant is in direct contact with bone without any intermediate soft tissue – which can lead to the loss
of the implant. To synthesise a film to prevent peri-implant infections, silver nanoparticles (AgNPs) were
incorporated into mesoporous silica and then coated onto titanium alloy (Ti6Al4V) substrates, using the EISA
sol-gel technique. AgNPs were synthesized using soluble starch as a biocompatible reducing and stabilizing
agent to increase the biocompatibility of the material. The film was synthesized using both P123 and
poly(ethylene glycol) (PEG) as structure directing agents. The AgNPs were mixed with TEOS. The film was
deposited onto titanium alloy substrates using slip-coating, a method where the substrate is suspended in an
inverted position with tweezers attached to a clamp, allowing rotation of the tweezers; the substrate is then
brought into contact with the synthesis solution for a time before it is slipped away horizontally by rotating the
tweezers. The structure directing agents were removed through calcination [14].
The synthesis yielded a material which shows a highly ordered mesoporous silica structure with a high
dispersion of AgNPs. The coatings were uniform with only a few microstructural defects. The AgNPs had a
mean size of 8 nm and the silver content of the material was 6.1 wt.%. The pore diameter was shown to be
around 4 nm. The materials’ antibacterial properties were evaluated by their ability to inhibit both the planktonic
growth and the biofilm formation of the bacteria Aggregatibacter actinomycetemcomitans (serotype b) in two
experiments. These bacteria were selected because it is a representative pathogen of dental peri-implantitis. In
the first experiment bacterial survival in the supernatant placed in contact with the material was studied at
different incubation periods. The coatings significantly reduced the bacterial survival with respect to the
uncoated control substrates. The coating containing 2.5 wt.% AgNPs reduced the bacterial survival by
approximately 40% while the coating containing 5 wt.% AgNPs reduced it by approximately 60%. It was also
discovered that the mesoporous silica surface, without any AgNPs, reduced the bacterial planktonic growth on
the surface by approximately 10%. In the second experiment the survival of bacterial biofilm grown on the films
were studied. The results showed that the coated titanium reduced the biofilm survival to up to 70%. Fluorescent
staining of the bacteria confirms that the coating reduces the bacterial viability and that the bactericidal effect
increases with higher content of AgNPs. The release of AgNPs in water was also evaluated to investigate the
5

antibacterial principle, showing a sustained release of the metal. The material surface was shown to release a low
amount of silver initially; however, the release was significantly increased up to 15 days of being immersed in
the water. After 24 days the release of silver had stabilized; for the film with 2.5 wt.% Ag content the release
was 0.011 µg/cm2 while the film with 5 wt.% Ag content had a release of around 0.022 µg/cm2. In conclusion,
AgNPs were successfully incorporated into the mesoporous silica and the bacterial survival on the film was
significantly reduced. The bactericidal effect increased with higher silver content. It was also discovered that the
mesoporous film itself reduced the bacterial planktonic growth on the surface somewhat [14].
Studies have shown that a rougher surface of the implant helps with osseointegration. However, the events
involved in osseointegration occur on the nanoscale while most commercially available implants have their
morphologies only controlled at micron level. By using a coating of mesoporous silica one can obtain a
homogenous nanostructure on the implant surface which could promote apatite formation. Bioactive glass is also
a common way to accelerate the osseointegration process as when in contact with fluids tends to form a
carbonated apatite layer. In this work bioactive glass nanoparticles (BGNPs) have been incorporated into a
mesoporous silica film for use on titanium dental implant surfaces to promote apatite growth for faster
osseointegration. Bioactive glass nanoparticles were synthesised using the sol-gel method with a molar
composition of 58SiO2:40CaO:5P2O5. The film was synthesised through the EISA method, using P123 as the
structure directing agent and TEOS as the silica precursor. The BGNPs were added to the solution at the same
time as the TEOS. The films were deposited onto Ti6Al4V titanium substrates through slip-coating and on
Ti6Al4V titanium mini-implants through dip-coating. Both films were then calcined [9].
Characterization of the coated substrates show a smooth, uniform coating layer without micro defects and with
observable nanoparticles of bioactive glass in the form of micro-sized aggregates in the silica matrix. The
coating has a highly ordered hexagonal mesoporous structure with pore diameter of around 6.5 nm. The
bioactivity of the film was evaluated through immersing the film in simulated body fluid (SBF). Coated titanium
sheets showed a higher degree of mineralization than the uncoated ones, and energy-dispersive X-ray (EDX)
elemental analysis showed the presence of calcium and potassium – the main elements of mineralized bone
tissue – on the coated sheets while it was not detected on the uncoated ones. The films were also evaluated for
their differentiation of human bone marrow mesenchymal stem cells (hBMSCs). This was done through the
cultivation of hBMSC on the films which were then studied. It was discovered that the hBMSC covered both the
unmodified and modified sheets, but that mineralized nodules could only be found on the modified ones.
Characterization of the mini-implant shows a homogenous and continuous surface of mesoporous silica with
incorporated nanoparticles of bioactive glass, like that of the coated substrates. Further studies of the implant
were done in vivo by implanting it into the proximal tibia (shinbone) of rats. Histological images show clear
differences in the tissue/implant interface between the modified and unmodified implants after three weeks since
implantation. Images of implants coated with mesoporous silica with incorporated nanoparticles of bioactive
glass show a larger amount of mature bone surrounding the implant compared to that of the uncoated implant
where much of the surrounding tissue was soft or fibrous. After six weeks both implants showed a larger
presence of mature bone surrounding it, however, the unmodified implant was observed to have gaps at the
implant/tissue interface as well as a presence of soft or fibrous tissue while the coated implant’s surface was
fully covered in mature bone. Scanning electron microscopy (SEM) images show that the modified implant had a
greater presence of highly mineralized tissue closely bound to the surface compared to the unmodified. EDX
analysis show that calcium and potassium was the predominant element in the tissue on the coated implant,
corresponding to mineralized bone tissue whereas the tissue covering the uncoated implant had much less
calcium and potassium content, and a higher carbon content than the tissue on the modified implant.
In conclusion, it was found that after immersion in SBF, the coated substrates had a higher degree of
mineralization compared to the uncoated substrate, and that the main elements of mineralized bone tissue could
only be found on the film. When tested in vivo on mice it was shown that the coated implant’s surface was
surrounded by mature bone while the uncoated implant had a looser fit with more soft tissue surrounding it [9].
One of the most used materials for prosthetics where the body load is high is the Ti6Al4V alloy. However, this
material is bioinert and does not adhere to bone very well. In this work, the alloy was coated in glass through
enamelling to protect it from corrosion, and then coated in mesoporous silica to improve the bioactivity. The
different glasses made for study were tailored to have a thermal expansion coefficient close to that of the alloy
and was enamelled to the alloy in a dental furnace. The thickness of the glass coating was ~ 50 μm. The silica
coating was prepared through the EISA method, using P-123 or L-121 as the structure directing agent and TEOS
as the silica precursor. The sol-gel was spin-coated onto the glass, first at 1000 rpm for 5 seconds, followed at
2000 rpm for 5 seconds. The organic templates were removed through either thermocalcination or
photocalcination. While thermocalcination burns away the surfactants with a high temperature, photocalcination
removes the surfactants through photochemical decomposition by irradiating them with a vacuum ultraviolet
light, that is UV radiation with a wavelength between 10-200 nm [15].
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Several different types of glass were prepared, but due to the thermal-induced stress from the enamelling
process, only glass coatings with ≥ 57 mol % silica content were crack-free as their thermal expansion
coefficient was like that of the alloy. To evaluate the adhesion of the different layers to each other, the Vickers
hardness test was used. The produced cracks in the glass did not propagate along the alloy-glass interface, but
were driven into the glass, indicating that the adhesion was strong. The silica film did not delaminate after the
indentation. Characterization of the film show a hexagonal ordering of the pores and that they run parallel to the
substrate. The uncoated backsides and sides of the films coated on glasses with 57 and 61 mol % silica content
respectively were polished with silicon carbide paper to remove metallic oxide by-products from the enamelling
process before being immersed in SBF. After seven days of immersion, the films were analysed through SEM
and were observed to have formed apatite crystals, like those seen formed on bioactive glass. Coatings created
with glass of high silica content were observed to be resistant to dissolution in the SBF. After four months of
immersion, no variation in the composition of the coating, or any sign of corrosion could be found. The Vickers
hardness test was conducted once again after the immersion in the SBF, producing the same results as before the
in vitro tests, indicating that the SBF did not affect the adhesion of the glass/alloy interface. Cracks formed
spontaneously in coatings using glass with 57 mol % silica content, and the cracks grew while immersed in SBF.
Coatings using glass with higher silica content did not grow cracks due to a lower tensile stress. Of the different
glasses that worked well for coating the alloy, only the one with 57 mol % silica content could induce the
formation of apatite after over a month of immersion in SBF without the mesoporous silica coating.
Thermocalcination caused overreactions at the glass/alloy interface, whereas the photocalcination, occurring at
room temperature, did not affect the glass/alloy interface. The calcination disordered the mesopores somewhat,
and photocalcination was observed to be less aggressive than thermocalcination. Photocalcination also produced
silanol groups on the film surface. In conclusion, the coated titanium alloy had no signs of corrosion after four
months of immersion ion SBF, and it was observed that a higher silica content in the glass improved the
resistance to dissolution. The mesoporous silica coating successfully improved the bioactivity of the surface to
that of a similar level seen on bioactive glass. Photocalcination was observed to disorder the mesopores less than
thermocalcination, as well as producing silanol groups on the film’s surface [15].

Mesoporous particulate films
Mesoporous particulate films are coatings consisting of mesoporous nanoparticles deposited onto a substrate.
There are different kinds of particulate films. One kind where the particles are synthesised beforehand and could,
if so desired, be functionalized in a step separate from the film preparation. These particles are then dispersed in
ethanol and then deposited onto the substrate surface through methods like spin-coating or dip-coating, for
instance. Another kind of particulate film discussed in this study is the direct growth films where substrates are
added to the synthesis solution and the particles grown on the substrate.
In one study, different mesoporous silica nanoparticles were synthesised and used to prepare films which then
were studied. Five types of spherical particles with pore diameters between 2.6 nm and 3.5 nm and cylindrical
mesoporous silica particles with a pore diameter of 2.6 nm were synthesized. The spherical particles were
synthesised using cetyltrimethylammonium chloride (CTAC) as the structure directing agent and tetramethyl
orthosilicate (TMOS) as the silica precursor, whereas the cylindrical particles were synthesized using
cetyltrimethylammonium bromide (CTAB) as the structure directing agent and tetraethyl orthosilicate (TEOS) as
the silica precursor. Particles which were amino-functionalized were obtained by mixing
(aminopropyl)trimethylsilane (APTMS) with the TMOS and (3-aminopropyl)triethoxysilane (APTES) with the
TEOS. Microscopy glass and silicon wafers were used as substrates and were treated with the flame of a Bunsen
burner filled with butane and tetramethylsilane (TMS) in order to remove contaminations and obtain a clean
silica surface. The particles were deposited on the substrates through spin-coating at a speed of 500 to 2000 rpm
for 30 s. The concentration of particles in the dispersion was 10 wt.% in all cases except when the particle
diameter was lower than 250 nm, in that case the concentration 5 wt.% was used. The surfactants were removed
either through calcination or ion-exchange [16].
Well-ordered films with a limited number of cracks were obtained for all the particles, where the films prepared
with larger particles were more ordered than those prepared with smaller particles. The films were not
completely homogenous but could vary locally with one particle layer. Agglomerates of particles in the
dispersions or formed during the spin-coating caused most of the inhomogeneity. Films prepared with aminofunctionalized particles showed a high level of thickness homogeneity and a high level of local order, although
there were more microcracks in these films compared to the films prepared with calcined particles. Films
homogenous on the micro scale were also obtained by using both spherical and rod-shaped particles.
To study the films’ potential to be used for local drug delivery, as well as their cytocompatibility – that is, if cells
can adhere and proliferate freely, HeLa cells - a cell line of human cervical cancer cells - were incubated on
selected films under in vitro conditions. The cells attached and proliferated nicely to the films just as well as to
the glass slides used as control. No dead cells were seen; however, the shape of the cells was affected. The cells
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were found to have a more three-dimensional shape on the particulate films, more so on the films with rodshaped particles than that of the spherical shaped ones.
The film thickness was lower where cells were attached compared to where no cells were found, providing
evidence of cells internalizing the particles from the film. To further investigate the possibility of using this
method to intracellularly deliver drugs, the particles were loaded with the fluorescent dye 3,3’Dioctadecyloxacarbocyanine perchlorate (DiO), that acted as a hydrophobic model drug. Confocal fluorescence
micrographs show that particles were internalized by the cells, and that the model drug was successfully released
in the cytoplasm after 24 hours. In conclusion, particulate films were prepared by spin-coating mesoporous silica
nanoparticles onto a substrate. It was shown that cells adhere better to films made up of spherical particles than
rod-shaped particles. The film was also proven to be able to deliver a model drug intracellularly [16].
Another study using the same system was conducted to see if biological cues could be delivered with a
particulate film. The film was prepared like above on microscopy glass, using spherical mesoporous silica
nanoparticles with a pore diameter of 3 nm. These particles were loaded with the Notch inhibitor γ-Secretaseinhibitors (GSI) DAPT to evaluate the ability to directly deliver the inhibitor to muscle stem cells to enhance
muscle differentiation. The dispersion solution had a concentration of 10 wt.% of mesoporous silica
nanoparticles and the spinning speed used was 1800 rpm. The surfactants were removed either through
calcination or through ultrasonication in ammonium nitrate solution three times and then washed twice in
ethanol. Polymer scaffolds (3Dtro®) were also impregnated with particles [17].
To test the biocompatibility of the film, myoblasts from the mouse myoblast cell line C2C12 were incubated on
the film. The cells attached and proliferated nicely on the film, even growing slightly better compared to those
grown on cover slips used as control, however, the difference was not statistically significant. The films were
tested if they allowed cell differentiation by reducing the serum content in the culture medium to induce
differentiation. After 72 hours, the cells had fused to long fibres on both the film and the control. Based on the
morphological features of the cells, no significant difference in differentiation efficacy was observed between the
cells grown on the film and those grown on the cover slip. Western blot analyses show that the differentiation
process progressed faster on glass than on the film. Cells grown on the film expressed a slightly higher degree of
the Notch protein, but the Notch activity was unchanged. The stability of the films was tested by incubating them
in the culture medium for four days. Inductively coupled plasma (ICP) analyses of the medium shows a rapid
initial release of SiO2 which stabilised after 24 hours. SEM images of the film showed no change in its structure.
To test if the dissolved silica was toxic, C2C12 cells were incubated in the same medium used to test the stability
of the film. No changes in cell viability and proliferation were observed. To test the film’s ability to
intracellularly deliver drugs, mesoporous silica nanoparticles were loaded with DiO after film preparation.
Confocal fluorescence micrographs show that the particles were internalized, and the model drug released in the
cell. Notch inhibition promotes the differentiation of muscle fibres; to test the possibility of delivering Notch
inhibitors for stem cell differentiation, the particles were loaded with GSI DAPT. C2C12 cells were grown on
the film and an earlier differentiation could be observed on the DAPT loaded films compared to films not loaded
with DAPT. As glass surfaces are not optimal for in vivo transplantation, polymer scaffolds were purchased and
impregnated with particles loaded with fluorescent dye. Confocal fluorescence micrographs show that the cells
grown on the scaffold successfully internalized the particles, which then released the dye in the cytoplasm. In
conclusion, it was observed that the film was biocompatible, with C2C12 cells proliferating on the film and that
the film itself did not induce or inhibit cell differentiation. The film loaded with the Notch inhibitor GSI DAPT
was able to induce an earlier differentiation in the cells compared to the control. A polymer scaffold was also
impregnated with particles and cell internalization of the particles was observed [17].
In a third study using the same system, films were prepared to test the kinetics of particle internalization of
muscle stem cells and the possibility of a sequential release of particles. In this study, spherical mesoporous
silica nanoparticles with a pore diameter of 3.2 nm were synthesized like previous and the surfactants removed
by washing under ultrasonication followed by ethanol and centrifugation, this was done three times, after which
the particles were dried in vacuum overnight. The particles were made fluorescent through covalently attaching
the dye Atto594. The substrates used were glass cover slips which were aminofunctionalized with APTES. The
substrates were further functionalized by covalently attaching hyaluronic acid through an amide bond. The
substrates were then immersed into a particle dispersion to adsorb the particles. To link the particles to the
surface covalently, the films were immersed in a solution with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-Hydroxysuccinimide (NHS) for 3 hours [18].
The synthesis yielded films that were homogenous over large areas and without multilayer agglomerates,
indicating that all particles were in direct contact with the substrate and have the possibility of being covalently
linked to it. Films with adsorbed particles were structurally equivalent to those with covalently linked particles.
Particle uptake was evaluated by seeding films with C2C12 cells followed by confocal fluorescence microscopy.
The micrographs showed that after 24 hours of incubation some of the adsorbed particles had been internalized
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by the cells, however, there was no sign of particle uptake from films with covalently linked particles. Similar
concentrations of internalized particles were observed up to 72 hours for the adsorbed particles, indicating a
continuous uptake even after cell division. Particle uptake from the films with covalently linked particles was
first seen after 72 hours. It was also observed that the particle uptake of these adsorbed particles was slower than
that observed from films spin-coated onto glass. Cells were shown to adhere to all films 3 hours after incubation,
and after 6 hours flat cell morphology with only a small number of membrane protrusions were seen. There was
no difference in size or shape between the cells grown on the particulate films and those grown on a cover slip
functionalized with hyaluronic acid. After 24 hours the cells had a similar shape and cell density, however, the
viability of the C2C12 myoblasts were reduced with the presence of the silica nanoparticles, although not
statistically significant. After 48 hours the cell viability had decreased even more, however, the difference
between the film and the control was less pronounced for the films with covalently linked particles. In
conclusion, particulate films were prepared by covalently linking the particles to the substrate. Compared to the
film with adsorbed particles, the film with covalently linked particles showed no uptake by the cells until after 72
hours after incubation. It was also shown that both of the films affected the cell viability negatively, but the one
consisting of covalently linked particles affected it less [18].
Mesoporous silica particulate films have also been prepared through matrix assisted pulsed laser evaporation
(MAPLE) deposition to investigate the feasibility of releasing Zinforo (ceftarolinum fosmil), a
cephalosporin antibiotic, in its biologically active form to prevent infections at the bone/implant interface.
Spherical mesoporous silica nanoparticles with an average pore diameter of 2.3 nm were synthesized using
CTAB and TEOS, the structure directing agent was removed through calcination. Particles were mixed with
Zinforo in a grinding mortar in the presence of chloroform until the solvent was completely evaporated.
Unloaded particles and loaded particles with a mass ration of 4:1 were dispersed in dimethyl sulfoxide and were
poured into a pre-cooled target holder and then immersed in liquid nitrogen. MAPLE deposition was conducted
using a krypton fluoride laser source. The coating was deposited onto glass, double side polished (100) silicon,
and titanium grade 2 discs [19].
The synthesis yielded a homogenously distributed coating on the surface with several aggregates on top of it,
with no concavities or distortions from the laser during the deposition. The thickness of the coating did not
exceed 400 nm. XRD measurements suggest a highly ordered cubic framework. The biocompatibility was tested
both in vitro with human cells and in vivo using a mouse model. For in vitro tests the EAhy926 endothelial cell
line was used. The cells grown on the film had morphology like that of the cells grown on a bare substrate. The
cells proliferated well, and their viability was maintained. In vivo tests were conducted by injecting mice with a
suspension of the mesoporous silica particles. After 7 and 14 days the mice were euthanized, and the internal
organs were harvested and studied. The particles were only found in large amounts in the red pulp of the spleen
compared to the other organs after 7 days. Hypertrophy, an increase in cell size, of the white pulp in the spleen
was observed. To study the biofilm formation E. coli ATCC 25922 were grown on films prepared on glass
substrates. Comparing the film to a bare glass substrate, a clear inhibitory activity on the formation of biofilms
could be observed after 24 hours. This inhibitory activity has significantly reduced at 48 and 72 hours, however,
a slight inhibitory activity remains. In conclusion, a homogenously distributed film was obtained through
MAPLE deposition. The film’s biocompatibility was tested, and the cells’ viability was observed to be
maintained. An inhibitory effect on biofilm formation was observed when tested by growing E. coli ATCC
25922 on the film [19].
A new material for drug delivery has been produced, with an aim to overcome the disadvantage of the loss of 3D
fine-structure of other methods. In this work, the particles forming the film were directly grown on
trichloro(octadecyl)silane (OTS) functionalized silica wafers, using P123 as the structure directing agent and
TEOS as the silica precursor. Different amount of ammonium fluoride (NH4F) was added to the synthesis
solutions prior to the addition of the TEOS in order to control the thickness of the film. The wafers were added
to the solution under static conditions. The surfactants were removed through calcination. After the synthesis of
the films, they were functionalized in a solution of carboxyethylsilanetriol di-sodium salt and the organic
buffering agent HEPES. The films were then incubated with a mixture of NHS and EDC in HEPES to activate
the carboxy group from the previous functionalization. The films were labelled with the fluorescent dye
ATTO647N-amine. The films were loaded with DiO as well, to act as a model drug [20].
SEM showed a homogenous film, a monolayer of particles grown directly on the substrate, with pores which
were oriented parallel to the substrate and were around 400 nm long. The size of the particles depended on the
amount of NH4F used; for films with no NH4F the particles had a width of around 1000 nm while those with the
highest concentration of NH4F had a width of around 200 nm. The thickness of the film increased with wider
particles. Continued characterization show that the different films had average pore diameters between 10.4 and
11.0 nm and that all the materials have hexagonally ordered cylindrical pores. However, the film containing no
NH4F seemed to have plugs in the mesopores. C2C12 were seeded on the surface of the films to evaluate their
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biocompatibility. A uniform cell growth with well-shaped cells, as well as several focal adhesion contacts could
be observed through fluorescent staining of the cells. C2C12 cells were used to test the drug release and after 8
hours of incubation only a weak signal of DiO could be detected inside the cells. After 24 hours a small amount
of the particles on the film was observed to have been internalized by the cells.
To study the possibility to control the area for film growth the substrates were partially irradiated with a
Nd:YAG-laser. The laser was used to selectively remove hydrophobic parts of the substrates. After using these
substrates for film synthesis, it was observed that the film only grew on the non-irradiated areas. In conclusion, a
particulate film consisting of SBA-15 particles grown on the substrates have been prepared. NH4F was used to
control the thickness of the film. The film was shown to be biocompatible and the particles were observed to be
internalized by the film and release the DiO inside them at a slower rate than seen in other particulate films. It
was also shown that the area which the particles grow on can be controlled with the use of lasers on the substrate
[20].

Discussion
Mesoporous films prepared through EISA are useful when drugs need to be distributed in a certain place, but
also affect the surrounding tissue, such as when treating and preventing inflammation. It is more direct compared
to injecting the drugs into the body, where the drugs will spread throughout the body and not in a specific place,
but less so compared to particulate films where cells must internalize the particles directly from the film to take
up the drugs. While hydrophobic drugs are not spontaneously released into the body, hydrophilic drugs, such as
antibiotic ciprofloxacin, tend to be spontaneously released from the porous materials, and it is therefore
important to functionalize it in order to bind the drug to it; this is true for all mesoporous materials. Therefore,
literature presents various attempts to control the drug release, e.g. the usage of sulfonic acid to create a negative
charge in the pores, to which the positively charged ciprofloxacin could attach, increasing the drug loading
capacity almost tenfold [7]. Other functionalizations are available such as amino-functionalization, giving the
film a positive charge, and used to bind to the carobxyl-group in TRITC in [16], or carboxy-functionalization
providing a negative charge, which was used to label the particles with the ATTO in [20].
The release of drugs from EISA prepared films is diffusion controlled, that is, the drugs will just diffuse out in
the surrounding medium [7]. To delay the release of the drugs different coatings were used.
Bis(trimethoxysilyl)hexane successfully delayed and prolonged the release of the drug, thus increasing the
effective antibacterial activity period. The additional coating of dioctyltetramethyldisilazane did delay and
prolong the release of the drugs even further. While a prolonged release is desirable when it comes to tissue
engineering, the released amount of drug was too small to prevent the initial proliferation of bacteria on the film,
unlike the films without any coating or just the bis(trimethoxysilyl)hexane coating. In addition, the extra coating
compromised the biocompatibility of the film, an important factor in bioengineering, as you want the cells to
adhere and proliferate as if the film was not there, or even better. The coating cracked spontaneously which
might have been the cause of the lower biocompatibility, but perhaps the hydrophobic nature of the coating itself
prevented the cells from adhering to the film as easily as to the films without the final coating. The use of only
one coating was observed to have a high biocompatibility, striking a balance between a delayed and prolonged
release of the drug and preventing the initial proliferation of bacteria on the film, while still allowing cells to
proliferate like normal. The film was also used in an experiment conducted on rabbits [12]. The film was not
coated like in the previous work; however, a delay in the release was not needed due to the planned length of the
study. One could clearly see a difference between the study and the control group, both in behaviour and in later
studies of their organs. The film had not only affected the local inflammation in the study group but also
prevented the spread of the bacteria throughout their bodies and to their organs.
Loading films with drugs is not the only medical application of films prepared through the EISA method. In [9],
[13], [14], peptides and nanoparticles were incorporated into the mesoporous silica during the synthesis process.
One advantage of these materials is that there is no need to load the films with drugs after the film is prepared,
and, while it might still be useful, this also removes the need to functionalize the mesoporous silica. This method
does however add an extra step to the synthesis process where you add the additional material to the solution.
These materials have to be prepared beforehand as is the case in [9], [14], and in the case of the film with
incorporated peptides, a non-aqueous system at low reaction temperature is needed for the synthesis to avoid
water and heat-mediated reactions.
This method seems more versatile compared to films where you load the pores with drugs, such as in [7], [12]. A
film could be incorporated with silver or peptides for their antibacterial effect, having a similar application as a
film with the pores loaded with drugs; or it could instead have bioactive glass incorporated into it, giving the
material a significantly different application to that of the promotion of the formation of apatite, helping with the
osseointegration of implants.
Drug loading have mainly been done through impregnation of the mesoporous silica. In addition to being a timeconsuming process, impregnation comes with a few limitations, for instance, the aggregation of drugs outside the
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particles [13]. These limitations are avoided with the direct incorporation of the antibacterial substance into the
mesoporous silica like in [13], [14].
The use of peptides incorporated in the silica has some advantages to treating localized infections compared to
the use of a film loaded with antibiotics due to the multi-resistance of many bacteria and the formation of
collagen capsules around the implant. The peptide provides a potent, fast and broad-spectrum activity while, at
the same time, the bacterial resistance development seems limited [13]. Using mesoporous silica with
incorporated antimicrobial peptides might be a better choice than using a film with its pores loaded with
antibiotics. However, a problem with incorporating organic compounds like the peptide is that the films cannot
be calcined without destroying the organic compound. To get access to the pores another means of extracting the
surfactants is needed. A chemical method might make this possible, perhaps by using ethanol. This comes with
the benefit of not decomposing the surfactants, so that they can be used for another synthesis, a disadvantage is
however that a large amount of ethanol is needed and that all the surfactants might not be removed.
It was reported in [14] that a higher concentration of the silver nanoparticles increased the antibacterial efficacy.
While increasing the concentration of the silver nanoparticles sounds tempting and might very well be the right
thing to do to improve this film, it is worth noting that silver is toxic. It was also reported that the pure
mesoporous film reduced the planktonic growth of the bacteria, albeit to a lesser degree than of the films with
incorporated silver nanoparticles. This could be due to the silanol functional groups on the silica surface, which
have a higher hydrogen bond acidity and higher lipophilicity compared to other alcohols [21].
The release of these antibacterial components is somewhat different compared to the films where the drug is
loaded into the pores. The silica needs to be dissolved to release the incorporated material, delaying the release
somewhat. This makes it possible to use this film without any functionalization or without an additional coating
like the one used in [7] to delay the release. However, functionalization of the film would be recommended to
reduce the release rate even further as is the case in [13]. If the film with incorporated silver nanoparticles was
functionalized to delay the release of the silver particles, a higher concentration of them could be used without
threatening to damage the cells intended to internalize the particles. It is possible that both the film containing
silver nanoparticles and the film containing the peptides could make use of a coating to further delay the release.
The film with the incorporated bioactive glass is on the other hand not supposed to release the incorporated
material for cells to internalize, unlike the films synthesised in [13], [14]. The mesoporous silica provides a
homogenous nanostructure on the implant surface which promotes the formation of apatite, while the bioactive
glass accelerates the osseointegration process by producing a carbonated apatite layer when it comes in contact
with body fluids [9]. The silica will dissolve over time but coating it with a protective layer to prolong the
process would simply prevent the film from functioning the way it is supposed to.
If the mesoporous silica both helps with the formation of apatite and is the reason for the reduced planktonic
growth, it would mean that the film used for osseointegration [9] would also have a slight antibacterial effect
while the films with incorporated peptides or silver nanoparticles [13], [14] would help with the osseointegration
of the implant, albeit at a lower rate than a material intended for that application.
In [15], Ti6Al4V was coated with a thick layer of glass to protect the alloy from corrosion, and a mesoporous
silica layer was synthesized on the glass. Of the three types of glass created that were suitable for coating the
alloy, only one was able to induce the formation of apatite. That glass spontaneously cracked while immersed in
SBF and would seem unsuitable for its intended purpose. The other two types of glass would protect the alloy
from corrosion but are both bioinert. It was suggested that this probably was due to the high silica content [15].
If the high silica content is the reason for the material being bioinert, it would seem strange that a pure silica film
would induce the formation of apatite. It was, however, written in [9] that it was the nanostructure of the
mesoporous film that induced the formation of apatite and not the silica itself.
In this work, both photocalcination and thermocalcination were used. It was observed on the photocalcined films
that silanol groups had been produced on the surface. The silanol groups might enhance the bioactivity of the
film, inducing the formation of apatite.
In comparison to previously mentioned films, the mesoporous silica is pure, it is neither functionalized nor
loaded with drugs and nothing is incorporated into it. This would show that mesoporous silica alone induces the
formation of apatite, albeit slower than films with bioactive glass incorporated into it like in [9].
The study itself puzzles me as I do not see the reason for conducting it. The purpose of their work was to create a
glass coating for implants made from Ti6Al4V to protect them from corrosion. The mesoporous film was
prepared to compensate for the bioinertness of the glass. Ti6Al4V have a high corrosion resistance and is being
used for implants and prosthetics, where the problem is more in lines with inflammation or rejection of the
implant than its corrosion. While I do see a reason for coating the glass with mesoporous silica, I do not see the
reason why one would coat the alloy with glass in the first place, just to compensate for the bioinertness of the
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glass with a mesoporous silica film. It is my opinion that simply coating the Ti 6Al4V with a mesoporous silica
film, perhaps with incorporated bioactive glass, like in [9], would have been a better call.
Although EISA is low-cost and a versatile synthesis method, allowing the use of different deposition techniques,
there exist some limitations related to the use of films synthesized by the EISA sol-gel method as platforms for
drug delivery to cells or for cell cultivation. Depending on how the film was prepared, limited film thickness
could lead to a lower maximum loading capacity, and the release of the drugs is typically diffusion controlled.
There are limited variations of film morphology and if thicker films are needed then it will require a longer
processing time. One way of overcoming these limitations is a film of mesoporous particles which are loaded
with the drugs. The particles can be functionalized in a step separate from the film preparation and a mix of
particles could be used to deliver different drugs or biological cues [16].
In [16]–[19] spherical mesoporous silica particles was synthesised to prepare films for drug delivery. Unlike
films prepared by means of EISA, like [7], [12] which delivers the drugs through diffusion, these films deliver
the drugs by having cells internalize particles, loaded with drugs, from the film. This comes with the advantages
of a more localized delivery as the drugs will only affect the cells on the film itself. In addition, this kind of film
allows for the delivery of hydrophobic drugs or biological cues. Hydrophilic drugs can still be used with
particulate films while retaining the advantage of the localized delivery through the use of a coating which
remains closed in body fluids but opens up in intercellular conditions. This coating could possibly be pH
dependent. Another advantage of these films compared to those previously mentioned is that they can deliver
biological cues to cells. This could take the form of a protein like GSI DAPT for muscle stem cells, which when
internalized will cause the cell to differentiate and form muscle fibres, as reported in [17].
In order to load the particles properly with drugs they too need to be functionalized, just like the previous films
discussed. It is worth noting that a negatively charged particle is generally harder to internalize for cells, giving a
lower uptake compared to particles functionalized to have a positive charge, as observed on human dendritic
cells in [22]. Therefore, it is important to know which cells are to internalize the particles so that a proper
functionalization can be chosen. A too high number of internalized particles can also be harmful for the cell. If,
for instance, muscle stem cells are the target of the drugs, it might be useful to have negatively charged particles
as this will make it harder for cells to internalize them. On the other hand, if the target is cancer cells, a quick
uptake would be preferable as one wants to kill the cells as soon as possible.
In the case of [16]–[18] the particles were functionalized during their synthesis, and in order to remove the
surfactants from the pores one cannot calcine them as that would ruin the functionalization. A way to avoid this
problem is to functionalize the particles after the synthesis and calcination.
Due to the nature of the film, these particles can be functionalized separate from the substrate, so that one could
use particles with different functionalization, drugs loaded and release kinetics on the same film. For instance, in
[18], particles were covalently bound to the substrate as opposed to simply adsorbing them to it. If one
functionalizes the particles in different ways, it might be possible to both covalently bind some particles while
others are adsorbed, giving a staged release of the drug. One could further delay and stage the release of particles
by, for instance, covalently linking particles to the substrate and then coat the film and adsorb another layer of
particles on top of the coating.
In [16], [17], the particles were dispersed in ethanol and then spin-coated onto the substrates and this seem to be
the most common way of preparing particulate films. Spin-coating was described as a fast and reproducible
method that gives good control of the film thickness [16], however, this method is ill suited for coating anything
but flat surfaces. In [17] scaffolds were successfully impregnated with the particles, however, coating an implant
with a fine-structure and still have it retain said fine-structure of the implant might be hard. Thicker films can be
prepared using particulate precursors compared to what is normally achieved by dip-coating or spin-coating
using molecular precursor sols [16]. This would allow for a higher absolute amount of drug in the film compared
to thinner films. In [16] it was reported that the films prepared with amino-functionalized particles had more
microcracks compared to the films prepared with calcined particles. This was due to the differences in surface
chemical properties between the dry and still wet particles during the drying process, leading to different
capillary pressures and interaction between the particles. This seems to be unavoidable if the films are prepared
with spin-coating, however, steps can be taken to reduce the microcracks by additions to the sol or through
special drying conditions [16]. The MAPLE deposition technique used in [19] seems to be limited to coating flat
surfaces as well, and would not do well for coating implants.
For particulate films, the shape and size of the particles affect how well cells adhere to the film. The shape of the
cells reflects their ease of attachment to the film. A cell that easily attaches to the film will have a flat, twodimensional morphology, while one with a harder time to attach will have more of a 3D morphology and
filopodia/membrane protrusions [16], [18].
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It was observed in [16] that cells adhered better to spherical particles compared to rod-shaped particles and that
this was probably due to the film with the spherical particle being more ordered than the film with the rodshaped particles. This would suggest that having similarly sized and shaped particles is not only important for
the films’ homogeneity, but also so that the film is highly ordered to allow for easy cell adherence.
Another type of mesoporous particulate film is the ones prepared through the direct growth method, like in [20].
The synthesis process of these films is simpler compared to the previously discussed particulate films in that one
basically just prepares the synthesis solution and add the substrates to it. By using this method, one obtains a
film consisting of a monolayer of particles directly grown on the substrate. Unlike the particulate films
mentioned in [16]–[19], it is possible to coat irregular surfaces using the direct growth method, and unlike the
films obtained through the EISA sol-gel method, this film will retain the implants’ fine-structure, due to only
coating it with a single layer of particles. In addition, several loose particles are obtained from the synthesis
solution which can be filtered and used for other projects.
The direct growth films use the same drug delivery method but have an inherent slower particle uptake compared
to other particulate films due to the particles’ strong bond to the substrate. A similar particle uptake can only be
achieved for other particulate films with functionalization, like in the case of the covalently linked particles in
[18]. This is an advantage when a delayed release of a drug is required, but less useful when the intention is to
kill cancer cells. A disadvantage of the direct growth film is that you cannot functionalize the particles on the
same film in different ways, nor can you load them with different drugs, like the previously mentioned
particulate films allow.
Unlike the films prepared through the EISA sol-gel method, the pores of the particles of the direct growth film
are easily accessed due to their separation, thus allowing an easier loading of drugs.
If a staged release of a drug is wanted, the film could after the loading of drugs, be coated with a hydrophobic
layer. Upon this layer the leftover particles from the synthesis could be adsorbed, or otherwise bound, and then
loaded with drugs, creating a sort of hybrid film. This method would however compromise the fine structure of
the implant, although through this method one would avoid the disadvantage of not being able to use differently
functionalized or loaded particles on the film.

13

Experimental work
Introduction
In this experiment mesoporous silica films doped with copper were synthesised on titanium substrates using the
direct growth method. Films synthesised through the direct growth method on silicon substrates have already
been proven in vitro to work as a drug delivery system [20]. It is now interesting to modify the films with metal
ions to further improve the films therapeutic effect. Copper was chosen to be incorporated into the mesoporous
silica of these films as it is important for the development and maintenance of bone [23]. In additions, the films
were grown on titanium grade 2 substrates as implants are mainly made from titanium. Films were also
synthesised without copper, as well as with and without hydrothermal treatment. In addition, films were also
grown on silicon substrates to use as control.

Chemicals
Triblock copolymer EO20PO70EO20 (P123) (average Mn ≈ 5800, Sigma-Aldrich), tetraethyl orthosilicate (TEOS)
(reagent grade 98%, Sigma-Aldrich), copper(II)chloride dihydrate (CuCl2 ∗ 2H2O) (MW = 170.98 g/mol,
Sigma-Aldrich), trichloro(octadecyl)silane (OTS) (≥90%, Sigma-Aldrich), heptane (anhydrous 99%, SigmaAldrich), hydrochloric acid (≥ 37%, Sigma-Aldrich), nitric acid (≥65%, Sigma-Aldrich), ammonia (25%,
Honeywell Speciality Chemicals Seelze GmbH), hydrogen peroxide (30%, Scharlab S. L.), potassium bromide
(KBr) (purity >= 99%, Sigma-Aldrich).

Substrate preparation
Silicon and titanium grade 2 wafers were cut into small pieces and RCA cleaning of the wafer pieces was
performed at 85 ℃ for 20 minutes, where the cleaning solution consisted of five parts H2O, one part ammonia
and one part hydrogen peroxide. The wafer pieces were then gently washed using deionized water and dried at
60 ℃. The wafer pieces were incubated with a nitric acid (65%) solution for 15 minutes to produce silanol
groups on the substrate surface, after which they were gently washed with deionized water. The wafer pieces
were then functionalized with trichloro(octadecyl)silane (OTS) at 18 ℃ for 15 minutes in heptane (20 ml of
heptane and 100 μl of OTS), after which they were gently washed using heptane and then set to dry at 60 ℃. The
wafer pieces were heated for two hours at 200 ℃ to bind the OTS to the substrate surface, after which they were
stored in heptane to preserve the functionalization until the next day. The substrates were removed from the
heptane and dried, after which they were added to the synthesis solution.

Synthesis
Two round flasks were prepared with 2.4 g triblock copolymer EO20PO70EO20 (P123) to which 80 ml of
hydrochloric acid (1,84 M) was added. The P123 was dissolved over night with a lid on, at a stirring rate of 500
rpm in a water bath at 20 ℃. Two beakers of 1 ml heptane and 5.5 ml tetraethyl orthosilicate (TEOS) was
premixed for 30 seconds to 1 minute while 0.8396 g (20 at% of the amount of TEOS used) copper(II)chloride
dihydrate (CuCl2 ∗ 2H2O) was added to one of the round flasks with dissolved P123. The CuCl2 ∗ 2H2O was
allowed to dissolve for 10 minutes, after which the premix of heptane and TEOS was added to both round flasks.
The synthesis solutions were stirred for exactly four minutes, after which they were left static overnight.
A mix of silicon and titanium substrates were added to both synthesis solutions after 12 minutes of static time.
The following day the solutions and films were further divided into two batches each, one batch from each round
flask was hydrothermally treated at 60 ℃ for 24 hours. All particles were filtered, the films were washed with
deionized water and then all of it was dried at 60 ℃, after which they were calcined at 550 ℃ for 5 hours with a
heating rate of 10 ℃/min.
Four samples were obtained, Santa Barbara Amorphous-15 (SBA-15) particles (SBA), copper-doped SBA-15
particles (SBA-Cu), SBA-15 particles which were hydrothermally treated (SBA-Ht) and copper-doped SBA-15
particles which were hydrothermally treated (SBA-Cu/Ht). Films grown on titanium substrates are denoted SBAX-Ti while films deposited on silicon substrates are denoted SBA-X-Si.

Characterization
Scanning electron microscopy (SEM) was performed using a Leo 1550 Gemini Scanning electron microscope
operating at 3 kV. Energy-dispersive X-ray spectroscopy (EDX) was perform using the same Leo 1550 Gemini
used for the SEM, operating at 20 kV.
A Micromeritics ASAP 2020 was used to obtain the nitrogen sorption isotherms for the residue of the synthesis
process. The pore size was calculated using the Kruk-Jaroniec-Sayari (KJS) method, where the pore size
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distribution was calculated from the adsorption isotherm. The total pore volume was calculated at P/P 0=0.99 and
the Braunauer-Emmet-Teller (BET) surface was calculated at P/P0=0.07-0.18.
Fourier-transform infrared (FTIR) spectroscopy was performed using a Bruker Vertex 70. A tip of a spatula of
sample was mixed with ~ 300 mg KBr and crushed using an agate mortar and pestle. The obtained powder was
pressed into a pellet at ~ 8000 kg of load for 10 minutes. 32 scans at a scanning velocity of 10 kHz were
performed for every sample in the range 370 – 7000 cm-1. Background scans was also performed, which were
subtracted from the sample scans. The spectra were baseline corrected and normalized to allow for an easier
comparison.

Results and discussion
Films grown on titanium substrates were all observed to have a blue tint (Fig. 1). Samples SBA-Ti and SBA-CuTi both had a faint blue tint whereas SBA-Ht-Ti and SBA-Cu/Ht-Ti had a much deeper colouration, where SBACu/Ht-Ti was the darkest. The copper doping could explain some of the colouration, but this would not explain
why the films not containing any copper also had a blue tint, and why SBA-Ht-Ti, which was un-doped, was
observed to have a deeper blue colouration compared to the copper-doped SBA-Cu-Ti. The other difference
between the films is the hydrothermal treatment which only SBA-Ht-Ti and SBA-Cu/Ht-Ti received. The
titanium substrates reacting due to the heat could explain why those films had a deeper blue colouration, and
perhaps the copper doping could explain why the SBA-Cu/Ht film had a deeper blue colour compared to that of
SBA-Ht-Ti. It is possible that the calcination of the films is what caused the slight tint in SBA-Ti and SBA-CuTi.

Fig. 1. From left to right: SBA-Ti, SBA-Cu-Ti, SBA-Ht-Ti and SBA-Cu/Ht-Ti.
SEM micrographs of the prepared films are shown in Fel! Hittar inte referenskälla.. The films grown on
titanium substrates were not very homogenous. The particles grown on the titanium substrate were longer than
they were wide, taking on a rod-like shape, with the exception of a few particles spotted on SBA-Ti and SBAHt-Ti, which were somewhat wider than they were long, however, not by much. The particles could be seen in
aggregates on SBA-Cu-Ti, SBA-Ht-Ti and SBA-Cu/Ht-Ti. On SBA-Cu-Ti there seemed to be two kinds of
aggregates, one where the particles fuse together forming larger lumps, and another where they seem to pile onto
of each other. Compared to the particles on the other films, those on SBA-Cu-Ti looked less like actual particles,
but more like a network of silica. The aggregates observed on SBA-Ht-Ti were mainly of the piled particle kind,
while on SBA-Cu/Ht-Ti most particles seemed to be fused together. There was however observed on SBACu/Ht-Ti aggregate of piled particles surrounded by areas devoid of particles. These aggregates of piled particles
could probably be removed in an ultrasonic bath, as they are most likely not strongly bound to the rest of the
film. Elongated features of roughly the same length of the particles could be found on the substrate of all the
films, except for SBA-Cu/Ht-Ti. On SBA-Ht-Ti, these elongated features seemed more prevalent and were also
observed to form fibrous chains or branching networks. There were also thinner particles on SBA-Ht-Ti forming
similar fibrous chains. These elongated features are most likely where a particle started growing but due to
hydrophobic/hydrophilic interaction, never came to be. If the substrate had been more hydrophobic, these
elongated features could instead have been replaced by particles. In this work OTS was used to functionalize the
substrate, another chemical, might have given the substrate a higher hydrophobicity. Spots devoid of particles
were found on all the films. This could be due to the hydrophobic functionalization being compromised in these
spots. One reason could be that the substrates were not properly dried before being incubated in the nitric acid.
Loose hexagonal platelets could also be observed on the films. A more thorough rinsing or preferably an
ultrasonic bath should remove these loose platelets.
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Fig. 2. SEM micrographs of (column 1) films grown on titanium substrates and of (column 2) films grown on
silicon substrates. The materials are (a, b) SBA, (c, d) SBA-Cu, (e, f) SBA-Ht and (g, h) SBA-Cu/Ht.
The reason for having both hydrothermally treated and non-treated films is that titanium dissolves into
titanium(III) chloride in the presence of hydrochloric acid at high temperatures. Since hydrochloric acid is
present in the synthesis solution, it is not viable to hydrothermally treat films on titanium substrates at a 100 ℃,
and instead 60 ℃ was chosen. The films grown on silicon substrates that did not receive hydrothermal treatment
varied a lot more in their appearance compared to those grown on titanium substrates. SBA-Si was observed to
be almost devoid of particles, with only a few hexagonal features and lumps. Around the hexagonal features one
can see a tissue phase, indicating that these features are bound to the substrate and may be the start of a particle
16

which has not fully evolved. The reason there were not any particles grown on the substrate could be explained
by the possibility that the substrate landed upside down in the synthesis solution, or perhaps against another
substrate, preventing the solution from reaching and interacting with the functionalized surface. Another factor
which could contribute to this is that the film was not hydrothermally treated, and thus the silicon dioxide did not
condense properly. SBA-Cu-Si did have particles grown on the substrate, however, the film was nonhomogenous, and the particles were and misshaped, being curved or even in the shape of a spiral seashell. Most
particles were found in aggregates, fused together or in layers. Elongated features like those observed on the
films grown on titanium substrates were also observed. SBA-Ht-Si and SBA-Cu/Ht-Si were both more
homogenous than any of the other films. Both had particles that were wider than they are long – basically halved
hexagonal platelets standing upright. It seemed like there existed more particles on SBA-Cu/Ht-Si than on SBAHt-Si, or at the very least that they were slightly more densely packed.
Due to the lack of particles on SBA-Si, comparing it with SBA-Ti will not tell us much; however, comparing
SBA-Cu-Ti with SBA-Cu-Si we can see that both have misshaped particles and some aggregates. The particles
on SBA-Cu-Ti seemed to be more densely packed compared to the particles on SBA-Ti, so perhaps a similar
difference could have been seen between SBA-Si and SBA-Cu-Si, had particles grown on the former. Perhaps it
is the incorporated copper that caused this. Due to SBA-Cu-Si and SBA-Cu-Ti having shared characteristics, it is
not improbable that SBA-Si would have similar characteristics to SBA-Ti, had particles grown on the former.
For instance, it is not improbable that the elongated features would have been present on SBA-Si, due to their
presence on SBA-Ti.
There are three parameters that differ for the films: whether they were copper-doped or not, whether they
received hydrothermal treatment or not, as well as what type of substrate was used.
A difference observed between the films grown on titanium substrates compared to those grown on silicon
substrates is that the former all seemed to have more particles grown on the surface compared to the latter. Or at
the very least, a denser packing of particles, as is the case of the SBA-Cu/Ht-Ti. Elongated features and
aggregates of particles could be observed on all films grown on titanium substrates except SBA-Cu/Ht-Ti,
whereas, on the films grown on silicon substrates it could only be observed on SBA-Cu-Si. The particles
observed on the titanium substrates were in almost every case longer than they are wide, a few exceptions could
be seen on SBA-Ht-Ti. The particles grown on SBA-Cu-Si looked like those grown on its titanium substrate
counterpart, while the hydrothermally treated films had particles which were all wider than they were long. It
was also observed that the copper-doped particles were more densely packed than those without copper, which
can be best seen comparing the SBA-Cu/Ht films with the SBA-Ht films, where SBA-Cu/Ht-Ti is observed with
large aggregates of fused particles while SBA-Cu/Ht-Si looks like SBA-Ht-Si, just with more particles.
It was also observed that the films which received hydrothermal treatment was more densely packed compared
to those which did not. The hydrothermally treated films were a lot more homogenous than the other films. The
particles grown on silicon substrates were wider than they were long and lacked aggregates of particles
compared to their non-treated counterparts; whereas the particles grown on titanium substrates were similar in
shape and size with their untreated counterparts with the exception of SBA-Cu/Ht-Ti and its large aggregates of
fused particles. It is worth noting that the desired shape of the particles was that of SBA-Ht-Si and SBA-Cu/HtSi This shape was not achieved on SBA-Cu-Si which can be explained by the lack of thermal treatment. The
same can be assumed to be true for SBA-Si had particles grown on the substrate.
None of the particles grown on titanium substrates were observed to have the desired shape. Perhaps it was just
this synthesis that went wrong, or the functionalization of the substrates not being hydrophobic enough. Or
maybe the synthesis itself needs to be modified slightly for the particles to take on the desired shape on titanium
substrates.
EDX measurements were made on the films grown on titanium substrates to measure the copper content in the
film. No EDX measurements were made on the films grown on silicon substrates as they were only made as
control for the morphology study. While all the samples contain oxygen, these values were removed as it is the
copper/silicone ratio that is interesting for this study. Values obtained for SBA showed 0.0 at. % copper and 100
at. % silicon on all but one of the measurements which showed 2.1 at.%.copper All values obtained for SBA-Cu
showed 0.6 at. % copper and 99.4 at. % silicon. For SBA-Ht all but one of the measurements showed a copper
content of 0.0 at. % and 100 at. % silicon, however, one of the measurements obtained showed a copper content
of 0.5 at. % and a 99.5 at. % silicon content. Finally, the values obtained for SBA-Cu/Ht lay between 1 and 1.1
at. % copper with a silicon content of 99 and 98.9 at. % respectively.
No copper should have been detected for SBA and SBA-Ht as no copper was incorporated into the silica during
synthesis. These obtained values on these films were probably caused by the adhesive copper tape used to study
them in the SEM and could have been avoided if we had used an adhesive carbon tape instead. Of the films
which did have copper incorporated into the silica SBA-Cu/Ht had a higher copper content compared to SBACu. The only difference between the preparations of these films is that SBA-Cu/Ht was hydrothermally treated
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after the synthesis while SBA-Cu was not. The difference in copper content could be due to restructuring of the
material due to continued condensing of the silica [24], allowing for more copper from the synthesis solution to
bind to the silica. To obtain more results to analyse, SEM and EDX analysis could have been performed on the
sample powders as well, but it was decided against this due to time constraints.
Nitrogen physisorption analysis of the particle powders was performed and the results are presented in Fig. 3 and
Table 1. As can be seen in Fig. 3(a, b), all the samples give type IV isotherms, where SBA and SBA-Cu have a
type 2 hysteresis loops which is typical for materials with non-uniform pore sizes or shapes, while SBA-Ht and
SBA-Cu/Ht have type 1 hysteresis loops, which is typical for mesoporous material with uniform, cylindrical-like
pores [25]. All materials except for SBA-Cu show a tail in the desorption branch of the isotherm, indicating that
there exists plugs or constrictions in the mesopores [26]. A longer hydrothermal treatment time or a higher
treatment temperature would have removed more of the plugs in the mesopores. The physisorption isotherms of
SBA and SBA-Cu are similar to each other, however, SBA was observed to have a slight step-like look to the
desorption branch, this indicates that the desorption of nitrogen did not occur simultaneously for all pores, giving
evidence of there being a large number of pores with another size compared to the rest. This can also be seen in
Fig. 3(c), where the pore size distribution is wider for SBA, indicating that the mesopore size is less
homogenous than the other samples.

Fig. 3. (a) Physisorption isotherms of samples without hydrothermal treatment, (b) physisorption isotherms of
samples with hydrothermal treatment and (c) pore size distributions of the different samples.
While SBA-Ht and SBA-Cu/Ht have similarly shaped physisorption isotherms, one can clearly see that SBACu/Ht have a larger pore volume as a higher quantity of nitrogen was adsorbed. The pore size distribution also
shows that the samples which received hydrothermal treatment both have wider pores as well as a greater pore
volume compared to the samples which did not. The copper-doped sample was observed to have an increased
specific surface area after being hydrothermally treated while the sample without copper had its specific surface
area reduced. This result seems odd as hydrothermally treating the material should lead to an increase in pore
size and pore volume, but also a reduced specific surface area due to losing some of the microporosity in the
pore walls. This is observed in the case of the un-doped material, but SBA-Cu/Ht has the highest specific surface
area of all the samples. It also seems that the copper-doped samples have a higher pore volume and specific
surface area compared to their un-doped counterparts; however, the pore width is not necessarily wider. Due to
some of the films not forming properly, there might have been something that went wrong during the synthesis
of the silica which could explain the unexpected results of the increased specific surface area of the
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hydrothermally treated copper doped film. Another explanation could be that the incorporation of copper
somehow induces micropores in the silica structure, thus increasing the specific surface area.
Table 1
Results from nitrogen physisorption measurements on the residual powders.
Sample
Specific
Pore diameter Total pore
surface area
[nm]
volume [cm3/g]
[m2/g]
SBA
565
7.2
0.54
SBA-Cu
598
7.0
0.55
SBA-Ht
533
8.1
0.59
SBA-Cu/Ht
633
8.0
0.66
FTIR measurements were made to see if the introduction of copper affects the silica structure. The FTIR-spectra
of the particle samples can be seen in Fig. 4. Vibrations of O-Si-O bonds can be seen in all the samples at around
460 cm-1, 800 cm-1 and at 1000-1200 cm-1 and are roughly the same for all the samples except at the band around
460 cm-1 where the copper-doped samples had a higher transmittance. A band representing Si-OH vibrations can
be seen at 960 cm-1. However, it seems like the vibration is low to non-existent for SBA-Ht. A narrow band is
seen around 1380 cm-1 which is due to C-H vibrations in CH3. There is a lower transmittance for the
hydrothermally treated samples, especially for SBA-Ht, compared to the rest. A band can be seen at 1630 cm-1
this one is generated by O-H vibrations in water molecules, these are most likely from the KBr used, as it was
not dried before being used to make the pellets. A band with double peaks corresponding to CO2 can be seen
from 2300 cm-1 to 2400 cm-1 in all samples but SBA-Cu. This band is due to carbon dioxide from air. Two
bands, around 2855 cm-1 and 2915 cm-1 can be seen, and correlates to C-H vibrations in CH2. The transmittance
was lower for the hydrothermally treated samples. The carbon related bands should not be visible due to the
calcination process removing all organic compounds. The samples must have either not been calcined properly
so that there still was a trace of P123 or contaminated before the measurement. The wide band seen between
3000 cm-1 and 3800 cm-1 is a superposition of contributing O-H vibrations from both water molecules, which
presence is confirmed by the water band at 1630 cm-1, but also from Si-OH because of the band at 960 cm-1.
Between around 1340 cm-1 and 2000 cm-1 there is more noise for all samples compared to other intervals, this
noise seems to be greater for samples not containing copper. SBA-Ht had an overall lower transmittance
compared to all the other samples except for the silica peaks at around 800 cm-1 and 1000-1200 cm-1. The copper
content could not be confirmed through FTIR.
The amount of sample used for the KBr pellets used to obtain these measurements varied somewhat for each
pellet, and a better result could have been obtained if more care was taken when measuring the amount of KBr
used, allowing the comparison of the transmittance of the samples. The results could also have been improved if
the background scans were done with a sample-free KBr pellet, and not just the empty chamber like in this study.

Fig. 4. FTIR-spectra of the samples.
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Summary
Literature review
In general, the EISA sol-gel technique has the benefits of providing a high uniformity of the created pattern
while still being low-cost, simple and scalable. Compared to other mesoporous silica films these films are
relatively thick. This thickness compromises any fine structure, so if this structure is to be retained, another type
of film is needed. The pores are generally parallel to the substrate, preventing easy access to them. The release of
hydrophilic drugs is less localized compared to that of particulate films as the drug is released through diffusion
and not inside a cell. Hydrophobic drugs cannot be used as these will not diffuse out of the pores, the only way
for cells to internalise a hydrophobic drug is to internalise the material housing the drug, this is however not
possible due to the size of the film.
Particulate films achieve a more localized delivery of drugs compared to films prepared through the EISA solgel technique, and thus the side effects are reduced. These films allow the use of hydrophobic drugs and the
delivery of biological cues directly to the cells. The particles can be functionalized in a step separate from the
substrate, allowing differently functionalized and loaded particles to be used in the same film. The particles need
to be bound to the surface in order to delay the release of the drugs, as adsorbed particles will be internalized by
cells quickly. A staggered or sustained drug delivery can be achieved through covalently linking particles to the
substrate while other particles are adsorbed. Varying the particles’ size and shape allow for tuning of the film
thickness and morphology. Having a homogenous and ordered film is needed for good cell adherence. A thicker
film than what normally can be prepared using molecular precursor sols can be achieved, allowing for a higher
absolute amount of drug to be loaded. The films are usually prepared through spin-coating, which is only
suitable for flat surfaces.
Particulate films prepared through the direct growth method have the same drug delivery mechanism as those
prepared through spin-coating particles onto the substrate, but with an inherent slower release due to the strong
bond between the particles and the surface they were grown on. Easily accessible pores allow for a quick and
easy loading of drugs. The synthesis process is also simpler compared to other films, as everything is done in the
synthesis solution. The synthesis method also allows for the coating of an object of any shape and only a
monolayer of particles is grown on the surface, retaining any fine structure on the implant. In addition, there is
no wasted silica since SBA-15 rods are obtained from the synthesis solution. Films synthesised through the
direct growth method seems to be the most promising type of mesoporous silica film for use with implants.

Experiment
Mesoporous silica films made up of copper-doped SBA-15 rods were obtained on OTS-functionalized titanium
grade 2 substrates through the direct growth method. The particles which were grown on titanium substrates
were more elongated compared to the control films grown on silicon substrates which were platelet shaped. The
morphology of the films varied depending on whether the films were hydrothermally treated and if they were
copper-doped or not. It seemed like films with copper-doped particles had their particles more densely packed
compared to those not containing any copper. Copper content in the films were confirmed through EDX
elemental analysis, with the hydrothermally treated film having a higher copper content than the one not
hydrothermally treated. Nitrogen physisorption showed a higher specific surface area and a higher pore volume
for copper-doped samples, especially for the sample which also received hydrothermal treatment. No real
difference in the silica structure could be seen through FTIR measurements other than that SBA-Ht had less
silanol groups but more water content and was in general more contaminated than the other samples. This
experiment needs to be repeated with other methods of confirming the copper content and more work will also
be needed to obtain better particles for the films grown on titanium substrates; trying another substrate
functionalization could be a solution. From the physisorption data it would seem that SBA-Cu/Ht particles would
be the best choice when it comes to drug loading due to the particles having the highest specific surface area and
total pore volume out of all the samples. However, due to the particles fusing together on the film (SBA-Cu/HtTi), the cells would not be able to internalize them. Therefore, out of the films prepared on titanium substrates,
SBA-Ht-Ti would seem to be the most suitable for medical implant applications, due to the particles having a
higher total pore volume and greater specific surface area compared to SBA, as well as having better shaped
particles on the film compared to the copper-doped particles.

Outlook
For the medical application of mesoporous silica films in general, a combination of drug loading and doping of
the silica in the same film could be a viable next step to take. Both have been proven to work separately and it is
time to test them together, perhaps bioactive glass together with antibiotics to improve the osseointegration of
the implant, but also prevent or delay the initial inflammation. The films discussed in this work seem promising,
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although most have only been proven to work in vitro so far. In vivo animal tests would be a proper course of
action to eventually be able to use these films for implants in humans.
The direct growth method seems like the most promising method for coating implants due to the retention of any
fine-structure. This type of film grown on silicon wafers have been tested in vitro and the results seem
promising. However, this film needs to be grown on titanium to be of use for implants and more work is needed
here to improve the film quality. However, once the synthesis of these films on titanium substrates have been
improved, their bioactivity, cytotoxicity needs to be studied. In vitro cell studies of these films with copperdoped particles would also be interesting.
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