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Abstract 
Colloidal assemblies of surfactants and polymers in aqueous solutions have 
been used by human mankind for hundreds of years and they are of great 
importance in many of our technological processes, such as fabrication of 
soap and papermaking. Less than two decades ago the idea of using 
colloidal assemblies as templates of inorganic materials was borne. A new 
population of materials, referred to as surfactant templated materials, took 
form. These materials showed extraordinary properties such as 
monodisperse pore size distribution, large surface areas and pore volumes.  
 
The main focus of this thesis has been on synthesis and functionalisation of 
spherical mesostructured silica particulate materials. In the first part of the 
work, mesostructured materials with expanded pores have been produced 
using a well established aerosol-based method as well as the newly 
developed emulsion and solvent evaporation (ESE) method. Increase in pore 
size was realized through using Pluronic block copolymer F127 together 
with a swelling agent poly(propylene glycol) as template. The influence of 
the swelling agent on pore size expansion was shown to have a roughly 
linear relationship. Furthermore, the impact of synthesis parameters on 
internal and exterior morphology has been investigated. Accessibility of the 
internal pore space, as well as the external surface roughness were shown to 
be highly dependent on synthesis temperature. Additionally, a very 
interesting well ordered 3D closed packed (P63/mmc) material was produced 
using the ionic surfactant C16TAB as template in the ESE method.  
 
In the second part of the thesis work, mesoporous spheres with large pore 
size, having either hydrophilic or hydrophobic surface properties, were used 
as carriers of an enzyme, lipase. The enzymatic activity of lipase was 
increased onto the hydrophobic surface, compared to lipase immobilized 
into the hydrophilic support as well as for lipase free in solution. This effect 
was probably due to a combination of enhanced hydrophobic interactions 
preventing denaturation of the enzyme and interfacial activation of the 
enzyme.  This study generated an inorganic carrier material that is a 
promising candidate for biocatalysis applications. Additionally, mesoporous 
spheres were used as carriers of a model drug, Ibuprofen, to study the effect 
of polyelectrolyte multilayers on release properties. However, these layers 
were shown impermeable independent on pH and the substance was only 
released from uncoated particles.  
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1. Introduction 
Mesostructured materials are a fairly new type of materials having pores in 
the mesoscopic range of 2-50 nm. These materials have been object for an 
exponentially increasing number of publications since the discovery in the 
beginning of the 1990’s. The large interest of these materials was evoked by 
their materials properties that are beneficial for a wide range of current and 
potential applications. Characteristic features of ordered mesoporous 
materials are their monodisperse and adjustable pore size in an inert and 
biocompatible matrix having a surface that is easily modified. These 
properties, in combination with the large surface area and pore volume, 
make mesoporous materials to potential candidates in applications such as 
catalytic reaction engineering, separation processes, as containers in 
delivery and release applications and in consumer products. However, today 
the usability of mesoporous materials in the field of biochemistry and 
separation of macromolecules is limited. In most cases these biomolecules 
requires a pore size above 10 nm, which is seldom reported for mesoporous 
materials.  
 
The area of mesostructured materials were introduced at the Institute for 
Surface Chemistry (YKI) due to the expectations of using these materials in 
commercial products. The investments in expanding the knowledge within 
this area have been fruitful since the interest from industry is high. Focus 
over the last few years has been on demonstrating the ability to scale up the 
process for industrial need and to develop a toolbox for materials design to 
be able to meet a large variety of demands. Two processes for synthesis of 
mesostructured materials are available at YKI, an aerosol-based and an 
emulsion based synthesis, which both produce spherical particulate 
materials. The objective in the first part of this work has been to expand the 
pore size of mesostructured materials to be able to use them in 
bioapplications, as well as obtaining better control of the internal 
mesostructure and exterior morphology by varying several synthesis 
parameters. In the second part of the work the focus has been to demonstrate 
the use of mesoporous spherical particles as biocatalysts as well as in 
delivery- and release applications.   
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1.1 Mesostructured materials 
Mesostructured materials, also called surfactant templated materials, are 
hybrid materials that consist of an inorganic matrix and an organic template. 
However, by removing the organic template a porous inorganic material is 
received.   

1.1.1 Inorganic matrix 
The inorganic matrix in the mesostructured materials can be varied. Most 
commonly used are SiO2 (silica) and TiO2 (titanium dioxide), but also other 
types of metal oxides have been used such as aluminium, tungsten, iron and 
zirconium oxide. The inorganic matrix is formed through polymerization of 
inorganic species in solution, which can be divided into two steps: 
hydrolysis and condensation.  
 
In this work, silica has been used as inorganic matrix and tetraethyl 
orthosilicate (TEOS) as silica source. In the first step (hydrolysis), TEOS is 
hydrolyzed into silicic acid and ethanol is released, and in the second step 
(condensation) silicic acid cross-links into a rigid network of amorphous 
silica.  
 
Hydrolysis:    ≡Si-O-R + H-O-H → ≡Si-OH + R-OH 
 
Alcohol condensation:  ≡Si-O-R + HO-Si≡ → ≡Si-O-Si≡ + R-OH 
Water condenstation:  ≡Si-OH  + HO-Si≡ → ≡Si-O-Si≡ + H-O-H 
 
The hydrolysis step, as well as the condensation step, is highly pH 
dependent. The best pH conditions for formation of mesoporous structures 
are characterized by a fast hydrolysis rate and a slow condensation rate. The 
best conditions are found at pH 0-pH 2, or around pH 9. [1] 

1.1.2 Organic template 
The organic template is acting as a footprint for the mesoporous material 
and is formed by self-assembly of amphiphilic molecules into liquid 
crystalline phases. Amphiphilic molecules, also called surfactants, which is 
an abbreviation of surface active agents, contain a hydrophobic as well as a 
hydrophilic part. There are three main groups of amphiphilic molecules: 
ionic, non-ionic and zwitterionic surfactants. The ionic surfactants usually 
consist of a hydrophobic alkyl chain connected to an ionic head group that is 
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either positively or negatively charged. Non-ionic surfactants on the other 
hand either consist of a hydrophilic uncharged head group (e.g. an 
oligo(ethylene oxide) chain) attached to a hydrocarbon chain, or it is a block 
copolymer. In the last group, zwitterionics, the surfactants consist of a head 
with a positively as well as negatively charged group attached to a 
hydrophobic tail. [2] 
 
Amphiphilic molecules in solution start to form micelles at the critical 
micelle concentration (CMC). Thereafter, a further increase in concentration 
results in self-assembling of the surfactants into liquid crystalline phases. A 
liquid crystalline phase, or mesophase, is a single phase system with no 
short range order, but with order over the macroscale. There are different 
types of liquid crystalline phases such as cubic, hexagonal and lamellar 
phases. The type of phase that is formed is dependent on temperature if a 
temperature sensitive amphiphilic molecule is used i.e. a lyotropic liquid 
crystalline phase, surfactant concentration, and the surfactant critical 
packing parameter (CPP). CPP is defined according to Eq. 1: 
 

CPP =
v

a0 • lmax

       (1) 

 
where v is the volume of the hydrophobic chain, a0 is the optimal area of the 
head group, which is affected by the water content, and lmax is the extended 
length of the hydrophobic chain. Low values of CPP promotes formation of 
cubic and hexagonal phases whereas the lamellar phase is formed at CPP=1, 
and reversed cubic and hexagonal phases at CPP>1 (see Fig. 1). [2]  
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Figure 1. The impact of critical packing parameters (CPPs) on aggregate structure. 
(Reprinted with permission from [2]. © John Wiley & Sons.) 

1.1.3 Ionic templates 
The most important family of ionic templated mesostructured materials is 
the MCM-family, where MCM is an abbreviation for Mobile Composite of 
Matter [3]. These materials are templated by cationic cetyltrimethyl-
ammonium amphiphiles (CnTA+, n=8-16). Within this group, MCM-41, 
consisting of a silica matrix with a two dimensional (2D) hexagonal 
structure has attracted most interest. Other family members are MCM-48, 
with a bicontinuous cubic structure, and MCM-50, having a lamellar 
structure [4, 5]. Ionic templated mesoporous silicas generally have a pore 
size in the region of 2-4 nm and a wall thickness in the range of 1-1.5 nm.  

1.1.4 Non-ionic templates 
The first attempts using non-ionic templates was presented by Tanev and 
Pinnavaia in 1995 [6]. Uncharged silica species in combination with non-
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ionic amines were used, which resulted in hexagonal mesoporous silica 
materials. Not far after Bagshaw et al. [7] published the use of poly(ethylene 
oxide) surfactants (CnEOx, n=11-15, x=9-30, where C denotes the alky chain 
and EO an ethylene oxide unit), as well as the use of a short Pluronic block 
copolymer, P64 (EO13PO30EO13), as templates. These materials are 
designated as MSU-X (X denotes which PEO-family that is used) and 
compared to the ionic templated (CnTA+) materials they have thicker walls, 
which generates better mechanical stability. In addition, these templates are 
biocompatible and non-toxic. However, the pore size of these materials are 
in the same range as the ionic templated materials and to be able to produce 
mesoporous silica with larger pores Zhao et al. [8] used high molecular 
weight Pluronic’s (EOYPOXEOY, x=30-70, y=5-26) as templates. The pore 
sizes of these materials were in the range of 4-10 nm in absence of any 
additive and the wall thickness in the range of 3.1-6.4 nm. The use of 
Pluronic’s as templates are designated as the SBA-family of materials (SBA 
is an abbreviation for Santa Barbara Amorphous) [8]. The most important 
structures are SBA-15 (2D hexagonal, see Fig. 2) and SBA-16 (cubic). 
Microporosity is introduced into the walls of calcined mesoporous materials 
templated by Pluronic’s and poly(ethylene oxide) surfactants since the 
poly(ethylene oxide) blocks penetrates the inorganic pore wall. 
 

 
 
Figure 2. TEM image of Pluronic F127-templated mesoporous silica with a 2D hexagonal 
(SBA-15) structure. The white dots represent the pores and the dark area the inorganic 
matrix.  The characteristic pattern formed by the pores of a 2D hexagonal structure is 
marked by dotted lines. The schematic drawings represent the self-assembly of rod shaped 
micelles that act as fingerprints of the pore structure. The white rhombus indicates the 
smallest repeating unit, the unit cell, which can be divided into crystallographic distances as 
unit cell size (a) and d-spacing (d).   
 
 
 

a 

d 
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(EO)Y(PO)X(EO)Y - Pluronic 
The Pluronic’s consist of a propylene oxide block sandwiched between two 
ethylene oxide blocks. The PO-block is less polar and more hydrophobic 
than the EO-blocks, especially at low temperatures [2]. Micelles are formed 
in aqueous solutions at concentrations above CMC by aggregate formation 
of the block copolymers, which are folded to shields the hydrophobic PO-
blocks from the aqueous surrounding (Fig. 3). In reversed phases the EO-
blocks form the core. 
 

 

Figure 3. Schematic drawing of a micelle formed by Pluronic block copolymers 
 
The phase formed is dependent on temperature and concentration i.e. the 
Pluronic surfactants form lyotropic liquid crystalline phases. If the volume 
of the EO-part, which can be expanded by increasing the water content, is 
dominant, then phases to the left in the so called Fontell scheme are formed. 
On the other hand, if the PO-volume that can be swelled by addition of 
organic additives is high, then phases to the right are formed. At low 
Pluronic concentrations micellar solutions appear, and at higher 
concentrations they turn into different kinds of cubic, hexagonal and 
lamellar phases. [2] 
 

The Fontell Scheme 
 
 ”Oil-in-water”          Mirror plane        ”Water-in-oil” 

      ⏐ 
 Micelle ‹ Hexagonal ‹ Lamellar ‹ Reversed Hexagonal ‹ Reversed Micelle 
         ⏐ 
           ↑                ↑             ↑                            ↑ 
         Cubic            Cubic        Cubic                          Cubic 
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1.2 Synthesis routs 

1.2.1 Precipitation  
In the early 1990’s two different precipitation methods to synthesize 
mesoporous material in the presence of amphiphilic molecules were 
reported independently of each other. Kuroda et al. used an intercalation 
pathway, where fold sheeted materials called FSM-n were formed through 
intercalation of amphiphilic molecules forming micelles between kanemite 
sheets [9]. The other method, presented by researchers at Mobil Research 
and Development Corporation, involves precipitation of mesoporous 
materials from solutions containing an inorganic precursor and dilute 
concentrations of amphiphilic molecules [10]. The inorganic precursor 
interacts with the amphiphiles forming precipitates that obtains a well 
ordered mesostructure. The mechanism behind formation of mesostructured 
materials precipitated from dilute solutions depends mainly on the charge of 
the inorganic species and the templating molecule. An electrostatic 
assembly approach is suggested when charged inorganic species (I+/-) and 
ionic surfactants (S+/-) are used. Self-assembly occurs in a direct pathway 
when using oppositely charged inorganic species and surfactants (I+S- or I-

S+), whereas a counterion (X- and M+) mediated self-assembly approach 
occurs if inorganic species and surfactants of same charge are used (I+X-S+, 
where X=Cl- or Br- or I-M+S-, where M=Na+ or Br+) [10, 11]. Neutral 
templating directed through hydrogen bonding is suggested when having 
uncharged inorganic precursors and amphiphilic molecules (I0S0) [6, 12]. 
Precipitation from dilute solutions is the most common way to synthesize 
mesostructured materials today.  

1.2.2 Evaporation induced self-assembly (EISA) 
Evaporation induced self-assembly (EISA) is an alternative method 
complementing the precipitation method. This method is based on the work 
by Attard et al. from 1995 [13] and further developed by Brinker et al. in 
1999 [14], who coined EISA as a concept. The route of synthesis includes 
formation of liquid crystalline phases through evaporation of solvent at 
moderate temperatures. The liquid crystalline phase acts as a direct template 
that is trapped during condensation of the inorganic precursor. Alberius et 
al. [15] previously showed that surfactants have similar phase behavior in 
water as in the solution of the pre-hydrolyzed inorganic species. Therefore 
phase diagrams including the templating molecule and water can be used to 
design materials with a desirable mesostructure. Further, different 
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macroscopic morphologies can be provided by the EISA method; monoliths 
that takes shape of the beaker [13, 16], mesostructured spherical particles 
can be obtained through the aerosol-based process [14, 17] and emulsion 
based methods [17-20], or thin films can be achieved by spin- or dip-coating 
[21, 22].  

1.3 Tuneabillity of pore size 
The pore size of mesoporous materials is effectively tuned in the range of 2-
8 nm by using templating surfactants of different length [3, 7, 8, 23-26]. 
However, swelling of the mesophase by addition of organic additives [3, 4, 
8, 25, 27-47] as well as control of parameters such as temperature and 
moisture content is crucial to further expand the pore size [48].  
 

 
 

a)  
b) 

Figure 4. Swelling of micelles consisting of block copolymers by incorporation of an 
organic additive, a) formation of elongated/rod shaped micelle due to the use of a swelling 
agent with a chain having the same length as the hydrophobic segment and b) formation of 
spherical shaped micelle due to the use of a organic additive having a chain that is longer 
than the hydrophobic segment. 
 
High degree of expansion of the pore size is realized through addition of an 
organic additive/swelling agent. The size, shape and hydrophobicity of the 
swelling agent have an impact on the location of the organic additive inside 
the micelle. The swelling agent will either penetrate the surfactant 
blocks/hydrophobic tail, or it will not be mixed with the surfactant and 
arrange itself as a hydrophobic core in the middle of the micelle (see Fig. 4). 
Penetration of the surfactant induces an increased hydrophobic volume as 
well as CPP-value, which promotes formation of rod shaped micelles. If the 
swelling agent on the other hand is located in the centre of the micelle, the 
head group area is increased and the CPP-value decreased, then formation 
of phases with high surface curvature, such as the cubic phases, are 
promoted. The surfactant is penetrated by organic additives having a length 



 

 9

that is shorter or equal to the length of the hydrophobic tail/block of the 
templating molecule. In contrast, accumulation in the core is favored by 
swelling agents with a bulky structure, or a chain that is longer than the 
length of the hydrophobic segment in the micelle.  Swelling agents with a 
high degree of hydrophobicity will also be located in the core of the micelle 
and promote formation of globular aggregates. Organic additives with more 
hydrophilic nature may on the other hand partly be mixed with the palisade 
layer and partly with the core, or only with the palisade layer, which favors 
rod shaped micelles [2, 46]. 
 
In the case of mesostructured materials templated by temperature sensitive 
molecules, such as the Pluronic’s and poly(ethylene oxide) surfactants, the 
pore size may also be controlled by temperature. Increasing temperature 
promotes micellar growth and decreases CMC. This has to do with the 
hydration and conformation of the polar EO head group. At low temperature 
the EO chain has the conformation giving lowest energy (Fig. 5a). This low 
energy conformation of the chain is strongly polar that results in favorable 
interactions with water molecules i.e. high hydration. At higher 
temperatures formation of a less polar conformation of the EO chain will 
result for entropic reasons and the EO chain becomes more hydrophobic 
(Fig. 5b). The loss in hydration of the EO chain makes the interaction with 
water molecules less favorable, which decreases CMC. Just a moderate 
increase in temperature can transform a low viscous solution of Pluronics in 
water to a highly viscous gel. The gelation process corresponds to the 
formation of a liquid crystalline phase. The loss in hydration of the EO 
chain will promote micellar growth by swelling of the hydrophobic core i.e. 
the EO-chain penetrates the core due to the less favorable interactions with 
the aqueous surrounding. [2, 25, 41, 42, 45] 
 
 
 
 

 

 a)            b) 

Figure 5.  Temperature-dependent conformations of the EO-chain, where a) represents the 
low temperature anti-gauche-anti conformation and b) the high temperature anti-anti-anti 
conformation. 
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The content of water/moisture during the polymerization step has also an 
impact on the formed mesophase and the pore size of Pluronic and 
poly(ethylene oxide) templated mesostructured materials [48]. Higher 
moisture content allows increased head group area, since the water 
molecules interact with the more hydrophilic poly(ethylene oxide) chains. 
This effect will be more prominent at lower temperatures due to the 
increased hydrophilic character of the poly(ethylene oxide) blocks.  

1.4 Functionalisation 
Mesoporous materials are a promising candidate in many applications due 
to their extraordinary properties such as monodisperse and tunable pore size, 
high surface area and pore volume in an inert and biocompatible matrix 
having a surface that is easily modified. The use of mesostructured materials 
has successfully been demonstrated in applications such as catalysis, 
sensors, separation processes, pigments and as nano-containers [49-59]. The 
number of possible applications based on mesostructured materials is 
controlled by the inventiveness of the researchers and the industrial need. 
Some different types of functionalisation of mesostructured materials used 
in this work will be discussed below.  

1.4.1 Surface functionalisation 
The internal surface of mesoporous silica materials is easily modified by 
organic functionalisation [53, 60]. This is either performed by covalently 
grafting organic species onto the surface, or by incorporating organic 
functionalities directly during synthesis. In the first method, called post-
synthesis grafting, the surface silanol groups act as anchoring points for 
organic groups  [4, 61-63]. Post-synthesis grafting is mainly carried out 
through silylation, where silanes react with free silanol groups (≡Si-OH) 
(Fig. 6). The second method introduces the organic functionalities by co-
condensation of siloxane or organosiloxane precursors in presence of the 
templating molecules [64, 65]. This method allows higher degree of 
functionalisation of the surface compared to the grafting method. On the 
other hand, co-condensation may reduce the order of the internal 
mesostructure, which is not affected by the grafting process. Surface 
functionalisation is important in many applications such as separation 
processes or catalysis. 
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Figure 6. Functionalisation of silica by grafting using different types of silanes: chloro-
silanes, organo-silanes or amino-silanes.  

1.4.2 Immobilization 
Biomolecules, such as enzymes and proteins, as well as drugs have 
successfully been immobilized into mesoporous materials [49, 66-74]. The 
main reasons for immobilization of enzymes on mesoporous supports are to 
purify the reaction solution and reuse the enzyme, as well as to increase the 
enzyme stability [69]. Enzymes attached on a solid support can easily be 
separated through techniques such as filtering or centrifuging and thereby be 
reused as long as enzymatic activity is maintained. The use of porous 
supports increases enzyme stability since denaturation of the enzyme may 
be prevented to a larger extent compared to enzymes free in solution. It is 
the limited space inside the pores and the interaction between the solid 
support and the enzyme that enhance the enzyme stability [69, 70, 73]. 
However, denaturation may occur anyway if the pore size is substantially 
larger than the immobilized enzyme and if the interactions between the 
enzyme and the support are too weak or too strong [69, 73]. High enzyme 
stability is thus provided by a close match in pore and enzyme size, which 
further strengthen the excellence of mesoporous structures as host material 
due to their monodisperse and tunable pore size distribution, as well as by 
the ability to controlling the surface-enzyme interactions. However, when 
designing the carrier material one should keep in mind that limited pore 
space may also lead to decreased the enzymatic activity due to diffusion 
problems of the reagents and reactants [73].  
 

Cl-SiR3 
or 
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In 1996 Diaz and Balkus [49] were the first to report on immobilization of 
biomolecules in mesoporous materials. High loading capacity of 
cytochrome c, papain and trypsin, which are small globular enzymes, as 
well as pore loading of the larger enzyme horseradish peroxidise, were 
shown using MCM-41 as support. After this report different types of carrier 
materials such as MCM-48, SBA-15 and mesocellular foams have been 
used together with a variety of enzymes and proteins, where some of the 
most frequently reported are lysozyme, lipase, glucose oxidase, bovine 
serum albumin and chloroperoxidase [67, 68]. Using mesoporous materials 
as nano-containers for drugs facilitate storage of the drug in dry conditions 
compared to for example storage in liposomes that must be kept in 
solutions. The mesoporous carriers provide high loading capacity and fine 
control over release properties due to the ordered pore network. 
Additionally, surface functionalisation are easily performed, which further 
improves loading and release properties [71]. Drugs immobilized in 
mesoporous supports are used in slow- or trigged release applications such 
as delivery of the drug over an extended period of time or at the right time at 
the right place [74]. 
 
There are mainly four different immobilization techniques: chemical 
binding, adsorption, encapsulation and cross-linking [68, 70, 72]. 
 
Chemical binding: Surface functionalisation of the mesoporous supports is 
carried out to allow covalent binding between the support and the 
immobilized molecule. This prevents leakage of the immobilized molecule, 
which is preferred in applications designed for enzyme immobilization. The 
most useful surface functional groups for protein binding are thiols, 
carboxylic acids, alkyl chlorides and amines. In the case of drug release 
applications this method is extensively used to increase adsorption 
properties and allow better control of the release. 
 
Adsorption: No functionalisation of the support is needed, which makes this 
method cheaper than covalent bonding and therefore more interesting from 
and industrial perspective. Interactions between the support and the 
immobilized molecule occur either through ionic or weak physical (such as 
van der Waals interactions, hydrogen bonding or hydrophobic interactions) 
bonding. However, physical bonding is usually too weak for immobilization 
resulting in problems with leakage. Electrostatic interactions are enhanced 
at conditions where the substrate is oppositely charged to the immobilized 
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molecule. In the case of mesoporous silica substrates this occurs at a pH 
above the isoeletric point of silica and below the isoeletric point of the 
adsorbate, or the other way around. However, the best properties for enzyme 
adsorption are found to be at a pH close to the isoeletric point of the enzyme 
since they pack more efficient due to the absence of electrostatic repulsions 
[68]. 
 
Encapsulation: Functionalisation of the support is carried out to physically 
encapsulate the adsorbate inside the pores to prevent leakage. This is 
achieved by reducing the entrance size of the pores by silylation [49] or by 
blocking using e.g. cadmium sulphide nanoparticles [49, 75]. Encapsulation 
of the carrier through adding an outer skin, such as polyelectrolyte 
encapsulation, has also been reported [76, 77]. Polyelectrolytes are 
macromolecules containing ionisable groups. In this work polyelectrolytes 
will be referred to as charged polymers. The method used for encapsulating 
the carrier material is known as layer-by-layer deposition, which was 
introduced by Decher et al. in 1992 [78]. This is achieved by alternating 
exposure of the charge surface of the silica particles to solutions of 
oppositely charged polyelectrolytes, with a rinsing step between each 
deposition cycle as demonstrated in Fig. 7.  
 
 
 

 
Figure 7. Schematic drawing of polyelectrolyte depositions on top of mesoporous 
particulate materials. 1) the uncoated negatively charged mesoporous particles are 
submerged into a positively charged polyelectrolyte solution, 2) rinsing of the 
polyelectrolyte coated mesoporous particle, 3) the mesoporous particles having positively 
charged polyelectrolyte coatings are dispersed in a negatively charged polyelectrolyte 
solution, 4) rinsing of the polyelectrolyte coated mesoporous particles. This procedure is 
repeated until the desired number of polyelectrolyte layers is built. 
 
 

1 2 3 4 
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Cross-linking: The adsorbate is cross-linked inside the pore space during 
loading to prevent leakage. However, in the case of enzyme immobilization 
enzymatic activity may be reduced due to diffusion problems of the 
reactants and reagents, as well as denaturation of the enzyme.  

 
1.4.2.1 Immobilization of lipase in mesoporous particles 
Much work has been done on immobilization of lipase in mesoporous 
materials. The influence of surface texture, hydrophobicity and pore size on 
the enzymatic activity and the reusability of lipase, as well as the loading 
capacity [79-87] have been investigated. Lipases prefer hydrophobic 
supports since both activity and stability is enhanced on such supports, 
compared to hydrophilic ones [80, 88]. Lipases adsorb to silica surfaces 
mainly through ionic and/or hydrophobic interactions.  
 
Lipases are enzymes classified as glycerol ester hydrolases (E.C. 3.1.1.3) 
that acts on carboxylic ester bonds. They are found in most living 
organisms, where they act as the main enzyme responsible for breaking 
down fats in the digestive system. In the human digestive system lipases 
convert triglycerides, found in oils from food, to diglycerides, 
monoglycerides, glycerol and free fatty acids (Fig. 8).  
 

 
 
Figure 8. Hydrolysis of triglyceride into glycerol and free fatty acid catalyzed using lipase. 
 
Most of the lipases have their hydrophobic active site shielded by a lid. 
These lipases undergo so-called interfacial activation that results in a 
dramatic increase in enzymatic activity of the lipases at an interface. In 
enzyme kinetics studies, reactants are called substrates and interfacial 
activation may occur at the substrate interface provided that the substrate is 
insoluble in the enzyme solution, at micellar aggregates of the substrate in 
water soluble systems, or through adsorption of lipase onto a solid surface. 
 
 

CH2-OOC-R   CH2-OH 
I    I 
CH2-OOC-R    → CH2-OH + OH-CO=R 
I    I 
CH2-OOC-R  CH2-OH 

Triglyceride       Glycerol       Fatty acid 

    Lipase 
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Besides the natural function of hydrolyzing carboxylic ester bonds, lipases 
can also catalyze other reactions such as esterfication, interesterfication, 
acidolysis, alcholysis and aminolysis. This versatility of lipases make them 
one of the most used and potentially useful enzyme class for industrial 
applications [89]. Today they are mainly used in the food industry, in 
cleaning formulations and in the pharmaceutical sector. The use of lipases in 
cleaning applications is the largest market for these enzymes. Lipolase®, 
the first commercial lipase developed for being used in detergents was 
launched by Novozymes, formerly Novo Nordic, in 1988. This lipase is 
produced by the fungus Thermomyces (formerly Humicola) lanuginosus and 
used in this work for studies of enzymatic kinetics of lipase immobilized in 
mesoporous particles. This lipase has an isoeletric point close to pH 4, the 
diameter of this globular enzyme is around 4.6 nm and the structure is seen 
in Fig. 9.  

 
Figure 9. Three-dimensional structure of a lipase from Thermomyces lanuginosus. The 
image is generated from the Protein Data Bank at www.rcsb.org/pdb/home/, according to 
the coordinates in the pdf file 1tib. 
 
The kinetics of enzyme reactions is commonly studied by the Michaelis-
Menten model, where the rate of catalysis, V, varies with substrate 
concentration, [S], as shown in Fig. 10.  
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Figure 10. Reaction rate as a function of substrate concentration of an enzyme following 
the Michaelis-Menten kinetics, where Vmax is the maximum velocity and km the Michaelis 
constant.  
  
At low concentrations the reaction rate increases almost linearly with 
substrate concentration, but at high concentration there is a maximum 
reaction rate independent of substrate concentration. At ½Vmax, i.e. when 
half of the active sites are filled, the corresponding substrate concentration 
is equal to the Michaelis constant.  
 
The kinetics of enzymes according to the Michaelis-Menten model can be 
described as follows: 
 

PEESSE k

k

k

+⎯→⎯
⎯⎯←
⎯→⎯

+ 3

2

1

                                      (2) 

 
An enzyme, E, combines with a substrate, S, to form an ES complex at a rate 
expressed by the constant k1. The reaction rate, V, is defined as the rate of 
the production of the product, P, in moles per minute. V is dependent on the 
conversion rate constant, k3, which is often referred to as kcat or the turnover 
number. The turnover number is defined as the maximum number of 
molecules of the substrate that an enzyme can convert to a product per 
catalytic site per unit of time and can be calculated according to Eq. 3: 
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where [ET] is the total enzyme concentration expressed in moles. 
 
The Michaelis-Menten equation can be transformed into a straight line plot 
given in Eq. 4: 
 

 [ ]SV
k

VV
M 111

maxmax

⋅+=        (4) 

 
where the slope of the line is kM/Vmax, the intercept on the y-axis is 1/Vmax 
and the intercept on the x-axis is -1/kM (see Fig. 11). 
 

1/[S ]

1/V

1/V max
-1/k m

 
Figure 11. A straight line plot of the Michaelis-Menten equation. 

 
This plot facilitates calculation of Vmax and km. Each point on the straight 
line in Fig. 11 is received by measuring the velocity of substrate 
transformation at a fixed enzyme concentration and substrate concentration. 
To measure this velocity, the concentration of the product is plotted versus 
time and the slope of the plot at the initial state represents the velocity, V, at 
a fixed substrate concentration [S].  
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1.4.2.2 Ibuprofen containing encapsulated mesoporous particles 
The use of mesoporous materials as drug delivery systems was 
demonstrated in 2001 using MCM-41 as carriers of Ibuprofen [66]. 
Ibuprofen is one of the most commonly studied substances for drug release 
applications using mesoporous materials as carriers, where the roles of 
mesostructure, pore size and surface area on adsorption and release 
properties have been extensively investigated. Mesoporous materials with 
more open pore structures and larger pore sizes release Ibuprofen at higher 
rates [66, 71, 90-92].  The adsorption strength can be increased by addition 
of functional groups, which also prolong the release times [71, 92-95]. 
Another way of controlling release properties is to add an outer skin, e.g. 
polyelectrolyte multilayers, encapsulating the mesoporous carrier [76, 77]. 
 
Ibuprofen is an aromatic molecule (see Fig. 12), with a pKa around pH 5. It 
is an anti-inflammatory drug used for relief of symptoms such as arthritis 
and fever. The solubility of Ibuprofen in water is low; around 10ppm at 
room temperature, but the solubility is enhanced by increased pH and 
temperature. 

 
Figure 12. Ibuprofen (the image is from www.wikipedia.org). 
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2. Experimental 

2.1 Materials 
In this work the ionic amphiphilic molecule cetyltrimethylammonium 
bromide (C16TAB) and the non-ionic Pluronic block copolymer F127 
((EO)106(PO)70(EO)106) were used as templating molecules for the 
mesostructured particulate materials. Expansion of pore size was realized 
through incorporation of poly(propylene glycol) (M.W. 3000), acting as a 
swelling agent in the F127-templated system. Tetraethoxysilane [(TEOS), 
Purum >98%] was used as silica source and Arlacel P135 (a polymeric 
PEG-30 dipolyhydroxystearate from Uniqema) was used as emulsifier in the 
emulsion and solvent evaporation (ESE) method.  
 
Ibuprofen [(Purum >98%), Sigma-Aldrich] and lipase from the fungus 
Thermomyces (formerly Humicola) lanuginosus have been used for loading 
of mesoporous spheres. The lipase, with the commercial name, Lipolase®, 
was a gift from Novozymes A/S. Encapsulation was performed using the 
following polyelectrolytes: poly(ethyleneimine) [PEI (M.W. 25000), 
Aldrich], sodium poly(styrenesulfonate) [PSS (M.W. 70000), Aldrich] and 
poly(allylamine hydrochloride) [PAH (M.W. 70000), Aldrich].  

2.2 Synthesis 
Two methods have been used for producing particulate mesostructured 
materials: an aerosol-based (Fig. 13) and an emulsion-based method (Fig. 
14), which both originates from the EISA route [17, 96]. Both methods can 
be divided into 5 distinct steps: (1) preparation of a precursor solution; (2) 
droplet formation; (3) evaporation of ethanol and water; (4) polymerization 
of the inorganic precursor and (5) surfactant removal by calcination.  
 

1. The precursor solution was prepared through pre-hydrolysis of 
TEOS for 20 minutes at acidic conditions (pH 2), which then was 
mixed with the templating agent/agents dissolved in ethanol. 
Thereafter the solution was stirred for additional 10 minutes.  
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2. Aerosol-based method: Droplet formation was realized through 
feeding the precursor solution through a two-flow spray nozzle (see 
Fig. 13). The carrier gas shears the precursor solution into droplets 
having the same composition as the precursor solution. The droplets 
enter a vertical spray chamber. 
ESE method: Emulsification of the precursor solution into a 
continuous oil phase was performed at room temperature through 
pouring the precursor solution into the oil under vigorous stirring for 
approximately 30 seconds. The droplets consisted of the precursor 
solution stabilized by an emulsifier (Arlacel P135) that was 
dissolved into the oil phase prior to emulsification. To offer an 
extended span of temperatures for the synthesis two oils, tetradecane 
with a melting temperature of 5.5°C and hexadecane with a melting 
temperature of 18°C, have been used.  
 

3. The concept of EISA-based synthesis methods is to begin with a 
concentration of the precursor solution below the critical micellar 
concentration, which thereafter will be enriched above CMC through 
evaporation of ethanol/water. At this stage formation of the liquid 
crystalline phase takes place which settles the final mesostructure. In 
our methods the droplet size was reduced during this step due to 
evaporation. 
Aerosol-based method: Evaporation of ethanol and excess water 
takes place at room temperature and was completed within a few 
seconds after the droplets entered the vertical spray chamber. 
ESE method: The fresh emulsion was directly transferred to a 1000 
mL round-bottom flask that was connected to a rotary evaporator 
with a vacuum pump attached and submerged into a temperature-
controlled water bath. The flask was rotated at a constant speed, and 
vacuum was applied to remove ethanol and excess water. The 
concentration of water (moisture content) in the mesostructure was 
controlled by the time that vacuum was applied. Control of moisture 
content in combination with synthesis temperature extends the range 
of possible structures formed by this method compared to the 
aerosol-based method. In our experiments, the temperature was 
tuned in the range of 10-30°C and the evaporation time was varied 
over the range of 30-120 minutes.         
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4. Polymerization of the inorganic species traps the liquid crystalline 
phase into a solid network. In our experiments silicic acid, formed 
from hydrolysis of TEOS, was cross-linked into silica (SiO2).   
Aerosol-based method: Polymerization of silicic acid occurred at 
280°C and it was completed within a few seconds after the droplets 
entered a horizontal high temperature furnace. The dry powder was 
collected in a Teflon filter. 
ESE method:  Polymerization is slow in this method due to low 
temperatures. In our case the particles were separated from the oil 
phase through centrifugation approximately 12 hours after 
termination of vacuum.  

 
5. Template extraction was done in a high temperature furnace at 

temperatures of 550-600°C for 4-5 hours. Particles provided by the 
ESE method were washed in ethanol prior to calcination. The 
particle size distribution of the aerosol produced material was 
centered around 3-5 µm and the particle distribution of the ESE 
produced spheres was centered around 10 µm [17, 96]. 

 
 

 
 

Figure 13. Schematic drawing of the aerosol-based process. 
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Figure 14. Schematic drawing of the emulsion-based process. 
 

Table 1 summaries the different sample compositions used in this work for 
each process.  
 
Table 1. Synthesis parameters 
Template Weight ratio  

PPG/F127 
Øtemplate

*  
(vol-%) 

Synth. Temp. 
(°C) 

Method** 

(nr.) 
Paper 

F127 0 50.0 280 1 I 
F127+PPG 0.03 50.8 280 1 I 
F127+PPG 0.09 52.2 280 1 I, II 
F127+PPG 0.16 53.6 280 1 I 
F127+PPG 0.31 56.8 280 1 I, II 
F127+PPG 0.63 59.5 280 1 I, II 
F127+PPG 1.56 61.9 280 1 I 
C16TAB - 50.0 280 1 V 
F127+PPG 0.09 52.2 10, 20 2 III, IV 
C16TAB - 50.0 30 2 III 
* Øtemplate corresponds to the total volume of templating molecule/molecules related to the 
total volume of the pre-hydrolyzed inorganic species in solution and is calculated from 
following equation in reference [15]: 
 

( )templateinorg

templateinor
templatepol

m
m

φρ
φ

ρ
−⋅

⋅
⋅=

1
 

 
where ρtemplate is the density of the template that was assumed to be 1 g/cm3, minorg is the 
mass of silicic acid (Si(OH)4) and ρinorg is the density of silicic acid that is assumed to be 
1.5 g/cm3. However, the volume ratio of F127 and C16TAB to silicic acid was kept constant 
at 50-vol%.   
** Method nr. 1 is equivalent to the aerosol-based synthesis and nr. 2 to the ESE method. 

Vacuum 
pump 

Surfactant
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2.3 Characterization methods 
Several characterization methods have been used and they are briefly 
discussed below. I focus on the information I obtained from each technique 
and the limitations of the techniques for my particular purpose. However, 
since AFM-porosimetry is a newly developed method and the subject of one 
of the papers this technique is described in more detail than the others.  
 
A summary of the characterization methods used for this work, 
corresponding to each paper, are presented in Table 2. The main 
characterization methods are AFM porosimetry, nitrogen sorption, small 
angle X-ray diffraction (XRD), UV/VIS spectroscopy, transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM).  Other 
techniques that were used are mercury porosimetry, dual polarization 
interferometey (DPI), raman spectroscopy, fourier transform infrared 
spectroscopy (FTIR), confocal laser scanning microscopy (CLSM), light 
scattering microscopy and thermal gravimetric analysis (TGA). 
 
Table 2. Characterization methods 

 Paper      
Method I II III IV V 
AFM porosimetry  X    
Nitrogen sorption X X X X X 
Mercury porosimetry X X    
XRD X X X X X 
DPI     X 
UV/VIS spectroscopy   X X X 
Raman spectroscopy     X 
FTIR    X  
TEM X X X X X 
SEM X X X X X 
CLSM    X  
Light scattering    X   
TGA     X 

 

2.3.1 AFM-porosimetry 
AFM-porosimetry is a method that we developed to be able to measure total 
pore volume of spherical particles regardless of pore size or pore 
connectivity, since this is difficult to achieve by conventional techniques 
[97]. The methodology is based on using an atomic force microscope 
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(AFM) as a balance to measure masses of individual particles (Fig. 15). The 
volume of the particles was calculated by measuring the diameter of the 
spheres using a scanning electron microscope (SEM). The bulk density of 
the sample was then extracted from the slope of the linear fit to the plot of 
particle mass versus particle volume. Finally, the pore volume1 (Vpore) can 
be calculated by subtracting the volume of 1 g silica from the total volume 
of 1 g of the sample, according to Eq. 5:  

 

2

11

SiOsample
PoreV

ρρ
−=        (5) 

 
where ρsample and 

2SiOρ are the bulk density of the sample and the density of 
amorphous silica, respectively. The well established value for the density of 
amorphous silica, 2.2 g/cm3, was used in Eq. 5.  
  

a) 
 

b) 
Figure 15. a) Schematic drawing of a mesoporous particle attached to an AFM-cantilever 
and b) a SEM image of a particle attached to an AFM-cantilever. A laser beam is focused at 
the tip of the cantilever and the reflection is measured by a detector simultaneously as the 
cantilever oscillates.  
 
AFM cantilevers, working in colloidal probe mode [78, 98], are sensitive to 
attached mass. Thermal vibrations make the cantilever oscillate, and a 
resonant frequency for each cantilever can be measured by AFM. The 
particle mass is then obtained from the shift in resonant frequency of the 
cantilevers with and without particle attached according to following 
equation: 
 
                                                 
1 The pore volume was expressed in cm3/g to be comparable with data extracted from 
nitrogen adsorption and mercury porosimetry data. 

~5 µm 

Laser 
 

Detector 

~300 µm 
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where kn is the normal spring constant, νp and ν0, the resonant frequency of 
the cantilever with and without any particle attached, respectively. The 
normal spring constant as well as the resonant frequency was conveniently 
obtained using the software AFM Tune IT v2.5 (ForceIT) [99]. All weight 
measurements were performed with particles calcined at 600°C. 

2.3.2 Sorption techniques 
General information: All sorption techniques result in an adsorption-
desorption isotherm created by penetration of liquid or gas into the degassed 
samples by increased pressure.  
 
Nitrogen sorption 
Nitrogen sorption is a non-destructive technique. A hysteresis in the 
adsorption-desorption curve is commonly obtained for mesoporous 
materials, since capillary condensation of nitrogen in the pores takes place 
at higher pressures than capillary evaporation.  
Information obtained: The surface area is commonly derived using the 
BET equation and pore size distribution can be calculated using different 
methods. In this work the following methods have been used: the Barret-
Joyner-Halenda (BJH) method [100], the modified Broekhoff-de Boer 
(BdB-FHH) method [101], the Kruk-Jaroniec-Sayari (KJS) method [102] 
and the non-local density function (NLDFT) theory model [103, 104]. These 
methods, except for NLDFT, are based on the Kelvin equation. NLDFT is a 
method based on statistical mechanical models. 
Limitations: Only valid for micro- to mesopores. BJH and KJS are only 
applicable for tubular pore geometries. 
 
Mercury porosimetry 
Information obtained: Pore volume and pore size distributions are 
obtained from the isotherm [105-107]. 
Limitations: Only valid for meso- to macropores. Closed pores are 
disregarded and high pressures may deform/destroy the sample.  
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Water calorimetry  
Information obtained: Pore volume and pore size distributions are 
obtained from the isotherm [108]. 
Limitations: Samples with high hydrophobicity cannot be characterized. 

2.3.3 Spectroscopic methods 
General information: All spectroscopic methods involve the interaction of 
matter with radiation as a function of wavelength or frequency. Different 
types of radiation, such as electromagnetic, X-ray and electron beam 
radiation may be applied depending on the method used for characterization.  
 
Powder X-ray diffraction (XRD) 
This is a non-destructive technique, which delivers an X-ray diffraction 
pattern through measurements of the intensity of a scattered X-ray beam as 
a function of scattering angle. Scattering occurs due to electron density 
variations in the sample and gives rise to diffraction peaks according to 
Bragg’s equation: 
 
nλ=2d·sinθ           (7) 
 
where n is an integer, λ is the wavelength, d the distance between reflecting 
planes and θ the Bragg diffraction angle. 
Information obtained: Structural information in the region 1-100 nm is 
obtained. The d-spacing, which is a characteristic crystallographic 
parameter can be obtained from the diffraction pattern, as well as 
information about the degree of order in the sample and the size of the 
ordered domains. 
Limitations: The surface of the sample must be very smooth to obtain good 
quality of the collected X-ray diffraction pattern, which is not always simple 
to obtain if the particles are large. Grinding of the sample is then demanded, 
which (partly) destroys the sample. In most cases, only few higher ordered 
(or no) peaks are present in the diffraction pattern of mesostructured 
materials. This makes it difficult to assign the internal structure without any 
complementary information.  
 
Dual polarization interferometry (DPI) 
Adsorption of molecules on a waveguide sensor ship will cause changes in 
the phase of light exiting the sensing waveguide with respect to the 
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reference waveguide. The polarization of light is alternated and gives rise to 
two independent phase shifts. 
Information obtained: Adsorbed mass, layer thickness and refractive index 
can be calculated by solving Maxwell’s equations for each polarization of 
light. Information about the response of the layers through environmental 
changes may be obtained.   
Limitations: Assumptions about the surface layer structure, most often that 
the surface layer is homogeneous, must be done.  
 
UV/VIS spectrometry 
Organic compounds absorb light in the UV or visible region of the 
electromagnetic spectrum. The intensity of light is measured before and 
after passing through a sample at a wavelength where the compound under 
investigation is known to absorb light. Characteristic absorption 
wavelengths for the compound can be measured by scanning over the whole 
range of wavelengths.  
Information obtained: Concentration of substances in solutions. 
Limitations: Substances absorbing light at wavelengths below 180 nm are 
not possible to detect. Measurements of solutions containing micrometer 
sized particles cannot be performed since such particles scatter to much 
light.  
 
Raman spectroscopy 
A raman a spectrum is obtained through measuring the wavelength of the 
inelastic scattered photons form a sample illuminated with monochromatic 
light (for example laser). Molecules and chemical bonds have characteristic 
spectra. The raman spectrophotometer has a lateral resolution down to 250 
nm and a vertical resolution down to 500 nm.  
Information obtained: Chemical composition.  
Limitations: No concentration profiles of Ibuprofen loaded in mesoporous 
micrometer sized spheres could be obtained due to limitations in lateral as 
well as vertical resolution. 
 
Fourier transform infrared spectroscopy (FTIR)  
Infrared light transmitted through a sample generates a spectrum, revealing 
at which wavelengths the sample absorbs energy. The position of the peaks 
corresponds to characteristic fingerprints of the material. 
Information obtained: Chemical composition. 
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Limitations: Information from peaks with low intensity may be lost if they 
are located close to broad peaks with high intensity. 

2.3.4 Microscopy techniques 
Transmission electron microscopy (TEM) 
In a TEM microscope the images are obtained by transmission of electrons 
through a very thin sample. Illumination of the sample is provided by an 
electron gun where the electron beam is directed by lenses that are all 
electromagnetic. The point resolution is in the range of a few Å. 
Information obtained: Quantification of internal structure.  
Limitations: Only a small fraction of the sample can be characterized. 
Internal structure of thick samples, for example in the centre of a 
mesostructured particle, is difficult to analyze due to multiple information 
from several layers.  
 
Scanning electron microscopy (SEM) 
Images of the sample are created through scanning an electron beam over 
the sample. The incoming electrons interact with the sample and scattered 
electrons, primary backscattered electrons and secondary electrons, are 
detected.  The information is converted into a virtual image. The resolution 
is around 10-50 nm. 
Information obtained: Surface topography and morphology. 
Limitations: It is difficult to find the focus distance at which the diameter 
of spherical particles should be measured.   
 
Confocal laser scanning microscopy (CLSM) 
A focused laser beam is used to create an illuminated spot. Fluorescent light 
emitted from the illuminated spot of the sample is collected by an objective 
and directed by a mirror to be focused on the detector. A small aperture, a 
pinhole in the range of 10-100 μm, is used to eliminate the out-of-focus 
light. The resolution is approximately 0.2 μm laterally and 0.4 μm in depth. 
Information obtained: Images of fluorescent samples where the change in 
intensity by time can be qualitatively related to changes in concentration. 
Distribution profiles of molecules loaded into particles. 
Limitations: Bleaching of the fluorescent dye may take place during 
illumination, which requires corrections.  
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Light scattering microscope with vacuum cell 
A conventional light scattering microscope equipped with a high speed 
CCD camera and a heating/cooling cell connected to a vacuum pump was 
used to study the evolution of emulsion droplet structures. The experiments 
were performed to gain a deeper understanding of particle formation in the 
ESE method. All in situ experiments were carried out at similar conditions 
in terms of sample compositions, synthesis temperature, and concentration 
of emulsifier as in the ESE method. However, to avoid coalescence of 
droplets more diluted emulsions where required in the in situ experiment.  
Information obtained: Light microscope images. 
Limitations: It is difficult to increase the temperature above room 
temperature due to problems with condensation of moisture at the window 
of the vacuum cell.  

2.3.5 Other analytical techniques 
Thermal gravimetric analysis (TGA) 
TGA measures the loss of mass, reordered by a very accurate balance, as a 
function of temperature. 
Information obtained: Composition of the sample. 
Limitations: It is sometimes difficult to quantify the dry mass of hydrated 
samples, or which components that is combusted/decomposed at a certain 
temperature or in a temperature span.   

2.4 Enzymatic activity 
The enzymatic activity was measured for lipase free in solution as well as 
for lipase entrapped in mesoporous spheres having either hydrophilic or 
hydrophobic surface properties. The mesoporous spheres were produced 
using the ESE method resulting in hydrophilic surface, whereas the 
hydrophobic spheres were obtained after silylation of the spheres. The 
mesoporous spheres were produced at 10°C and vacuum was applied for 
120 minutes. F127 and poly(propylene glycol) were used as template at a 
weight ratio of PPG/F127=0.09.  
 
The enzymatic activity of lipase was evaluated according to the Michaelis-
Menten model. All measurements were performed at room temperature and 
in MOPS buffer at pH 7.5 using 4-nitrophenyl acetate as substrate. The 
resulting product, 4-nitophenol, has a strong yellow color that was easily 
detected spectrophotometrically at a wavelength of 400 nm. The 
concentration of the product was measured as a function of time for each 
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sample at several concentrations of the substrate. The catalytic rate, V, of the 
enzymatic reaction was measured at initial reaction conditions as the slope 
of a linear fit corresponding to the concentration versus time plot. The 
enzymatic parameters, kM and Vmax, were evaluated according to Eq. 4 by 
plotting catalytic rate, V, versus substrate concentration [S]. The enzymatic 
parameter, kcat, was calculated according to Eq. 3, where the total content of 
the immobilized lipase in each sample was measured using amino acid 
analysis performed at amino acid analysis center in Uppsala, Sweden. The 
specific activity, defined as the number of moles of the product transformed 
per second and per milligram of lipase, was also calculated. Specific activity 
is given as EU/mgLipase, where EU is enzymatic unit i.e. μmol/min.  In the 
case of lipase free in solution, the concentration of the product could be 
measured continuously in the UV/Vis spectrophotometer. In the case of 
lipase immobilized in mesoporous particles product concentration was 
measured by taking aliquots of the reaction solution at a time interval of 
approximately 5 minutes. The reaction solution was separated from the 
particles prior to measurements.  
 
Lipase was labeled with a fluorescent probe, Alexa Fluor® 488, to be able to 
visualize the presence of the lipase inside the mesoporous spheres using a 
confocal laser scanning microscope. The leakage of lipase as a function of 
time was investigated by measuring the decrease in fluorescent intensity 
using the confocal laser microscope. Additionally, the decrease in enzymatic 
activity as a function of leakage was studied. This was performed through 
measuring lipase activity after consecutive experiments where the samples 
were dried between each measurement. 

2.5 Release studies of Ibuprofen 
The impact of polyelectrolyte and silica encapsulation on the release of 
Ibuprofen from mesoporous particles was investigated. The carrier material 
was C16TAB-templated mesoporous particles produced by the aerosol-based 
method. The Ibuprofen loaded samples were either coated with 
polyelectrolyte layers according to following sequence: PEI (PSS/PAH)x 
PSS, where x=2 or 4 correspond to 6 and 10 layers respectively, or coated 
with a silica layer formed on top of a layer of PEI. The polyelectrolyte 
encapsulation procedure was either performed from polyelectrolyte 
solutions saturated with Ibuprofen, referred to as “saturated” systems, or 
from solutions containing no Ibuprofen. The silica layer was added through 
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mixing PEI coated and loaded spheres with pre-hydrolyzed TEOS. All 
polyelectrolyte solutions contained 0.1 M NaCl. 
 
Release of Ibuprofen from uncoated, polyelectrolyte coated and silica 
coated particles were investigated at different pH: pH 2, pH 7 and pH 8. The 
release experiment in water (pH 7) were either conducted at newly prepared 
samples, referred to as “fresh” samples, or samples that had been stored for 
approximately 2 years that are referred to as “aged” samples. Release 
studies at pH 2 and pH 8 were performed using aged samples. Concentration 
versus time profiles of Ibuprofen were measured using an UV/VIS 
spectrophotometer.  
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3. Summary of Key Results and Discussions 
This part of the thesis is focused on the key results of my research, where 
the subject is moving from synthesis and characterization of mesostructured 
particulate materials towards applications. Many interesting materials have 
been produced over the years, but there has only been enough time to 
demonstrate the use of a few of them in applications.  

3.1 Expansion of pore size and pore volume in Pluronic F127-
templated mesostructured silica particles (Papers I, II and 
III) 
The extent of potential applications for mesoporous materials is dependent 
on the tuneabillity of the pore size. Materials with a pore size in the lower 
range of the mesoporous scale may be useful in applications where the aim 
is to load small molecules into the pores, for example biocides or drugs, 
whereas large pores are required when loading of biomolecules are 
considered. There have been a large number of publications over the years 
on mesoporous materials having a pore size in the range of 2-10 nm, but 
ordered mesoporous materials with pore sizes above 10 nm are rarely 
documented [24, 47, 109]. However, addition of high concentration of 
swelling agent increases the pore size above 10 nm, but these highly swollen 
structures, referred to as mesoporous cellular foams (MCS), are consisting 
of large cages with a random size distribution [110, 111]. 
 
Expansion of the pore size of Pluronic block copolymer F127-templated 
mesostructured samples, using poly(propylene glycol) as a swelling agent, 
has been studied in my thesis work. These materials have been produced 
using both the aerosol assisted method as well as the ESE method. The 
TEOS to silica ratio was kept constant during synthesis, while varying the 
weight ratio of poly(propylene glycol) to F127. Hereafter, these samples are 
designated according to their weight ratio of PPG/F127. The results from 
these two methods are discussed below. 

3.1.1 Aerosol-produced particles 
Incorporation of poly(propylene glycol) into F127-templated aerosol 
produced particles have a strong influence on the internal structure of the 
samples as visualized in Fig. 16. At low concentrations of poly(propylene 
glycol), below PPG/F127=0.31, typical mesostructures with the 
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characteristic monodisperse pore size distributions are displayed (Figs. 16a-
b). Thereafter, at a weight ratio of 0.31, a small fraction of monodisperse 
mesopores seems to coexist with a microemulsion-templated foam structure 
(Fig. 16 c). Thus, at a composition close to the weight ratio of 0.31 a phase 
transformation from a mesophase into a foam structure occurs. Further 
addition of the swelling agent resulted in a phase separation of the oil from 
the swollen template, yielding a two-phase system of coexisting foam and 
large vesicles as seen for samples 0.63 and 1.56 (Figs. 16d-e). 
 

 
Figure 16. TEM images of aerosol produced mesostructured materials having F127 as 
template. Expansion of the pore sizes has been realized through addition of poly(propylene 
glycol) according to following weight ratio of PPG/F127: a) 0, b) 0.09, c) 0.31, d) 0.63 and 
e) 1.56. 
 
The TEM image and corresponding X-ray diffraction pattern of sample 
PPG/F127=0 (Figs. 16a and 17a) suggest that we have a two dimensional 
(2D) hexagonal structure close to the surface and either a disordered or a 
micellar cubic phase in the centre. However, according to the phase diagram 
of F127 in water at 1:1 volume ratio a micellar cubic mesostructure should 
be expected [112]. The appearance of a structure consisting of spherical 
shaped pores connected through small windows is further supported by the 
broad hysteresis of the nitrogen isotherm in Fig. 17b. However, the broad 
hysteresis may also be due to pore blocking or tubular pores with 
pronounced waists. The internal structure of sample 0.09 was assigned to be 

Weight ratio PPG/F127 

0 0.310.09 0.63

Phase trans. 

1.56 

a 

b 

c

d

e
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a well ordered 2D hexagonal structure with p6mm symmetry according to 
the TEM image and the X-ray diffraction pattern (Figs. 16b and 17c). The 
TEM image clearly displays the characteristic arrangement of the pores 
according to the 2D hexagonal unit cell (Figs. 2 and 16b). The X-ray 
diffraction pattern shows a strong peak at low angles that was assigned to 
the [10] reflection in the p6mm space group (Fig. 17c). The presence of 
higher ordered peaks corresponding to the [11] and [20] reflections are also 
indicated in the diffraction pattern, which suggests a well ordered 
mesostructure. The transformation from spherical pores, in sample 
PPG/F127=0, to tubular pores, in sample 0.09, was realized due to increased 
CCP value (Eq. 1) upon addition of the swelling agent, which promotes 
formation of rod shaped micelles. Thereafter, at a weight ratio close to 0.31 
the 2D hexagonal mesophase could not be further expanded, which 
promoted the phase transformation into foams (Figs. 16c-e). In the X-ray 
diffraction pattern of sample 0.63 a single broad peak located at low 
diffraction angles are shown (Fig. 17e), which supports a disordered 
structure with large cages. The nitrogen sorption isotherm in Fig. 17f 
displays a very broad hysteresis that indicates the presence of a large portion 
of closed pores and/or small windows between the cages.  
 
The expansion of pore size upon addition of poly(propylene glycol) was 
also investigated with theoretical models. The motivation for this was to 
develop a tool useful for design of materials where the expansion of the pore 
size can be predicted. These models were based on simple geometrical 
relations to describe the effect of swelling on the mesostructure. Two 
models were used to describe the 2D hexagonal mesostructures, the tube 
model (Fig. 18a) and the facetted tube model. In the facetted tube model, the 
pore was shaped as a hexagon in the cross-cut that resulted in uniform wall 
thickness and increased packing ability of the pores. Furthermore, the foam 
structure was described by the single sphere model. This model assumes 
randomly packed spheres only separated by the silica wall and uses a simple 
geometrical relation of a sphere surrounded by a silica shell with a thickness 
of 2/

2SiOd .  
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Figure 17. Characterization of aerosol produced mesoporous materials using X-ray 
diffraction and nitrogen sorption. X-ray diffraction patterns are displayed for samples a) 0, 
c) 0.09 and e) 0.63. Nitrogen sorption isotherms are shown for samples b) 0, d) 0.09 and  f) 
0.63. 
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Figure 18. a) Dimensions of the unit cell of the 2D hexagonal phase with cylindrical tubes, 
where a=unit cell, dSiO2=wall thickness and dp=pore diameter, this model has been used to 
predict the pore size of the mesoporous materials. b) Models and experimental data show 
the expansion of pore size as a function of weight ratio of PPG/F127. Four methods to 
evaluate the pore size distribution from the nitrogen sorption isotherm have been used: 
BJH, BdB-FHH, KJS and NLDFT. Two samples having a weight ratio of PPG/F127=0.31 
are presented. 
 
The pore size, dp, is expressed as: 
 

2SiOp dad −=         (8) 
 
where a is the unit cell (or centre to centre distance in the singe sphere 
model referred to as d in Eq. 11) and 

2SiOd  is the silica wall thickness. 
 
The unit cell size in the tube and facetted tube model as well as in the single 
sphere model were calculated according to Eqs. 9-11: 
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where 

2SiOφ  represents the area fraction of silica in the unit cell of the 2D 
hexagonal models, or the volume fraction of the silica shell in the single 
sphere model.  
 
Four methods have been used to calculate the pore size from the nitrogen 
adsorption isotherm of the samples: the BJH, BdB-FHH, KJS and NLDFT 
methods (see page 25 for explanation of abbreviations). As seen from the 
experimental results in Fig. 18b, the trend in pore size expansion of the 
hexagonal mesostructured samples upon addition of poly(propylene glycol) 
was predicted to be roughly linear using the BdB-FHH, KJS or NLDFT 
methods. For the BJH method, which is the most commonly applied method 
for pore size evaluation; a much faster increase in pore size expansion was 
predicted. However, the consistence between the pore sizes calculated using 
the BdB-FHH, KJS or NLDFT methods, together with the match to the 
theoretical models for tubular pores, indicates that the BJH method 
overestimates the pore sizes for these samples. An increase in pore size form 
approximately 8 nm to 11 nm was realized by incorporation of 
poly(propylene glycol). Furthermore, the pore sizes of the foam structured 
samples, 0.31 and 0.63, were calculated using the BJH method as well as the 
NLDFT method. In this case the BJH method was shown to underestimate 
the pore sizes compared to previous results. On the other hand, the NLDFT 
pore sizes calculated using a spherical kernel generated larger pores that 
agree well with the theoretical (sphere) model. In fact, the BJH method is 
only valid for tubular pores in contrast to the NLDFT and BdB-FHH 
methods that have solutions for spherical as well as tubular pores.  

3.1.1.1 AFM-porosimetry 
The pore volume of porous materials is most commonly measured by 
nitrogen sorption in the range of micro- to mesopores and mercury 
porosimetry in the range of meso- to macropores. The total pore volume of 
materials containing pores over the whole range may be extracted from 
combining these two measurements. However, mercury porosimetry results 
in an inadequate pore volume in the presence of closed pores, and the 
structure may collapse before complete filling of the pores. To overcome the 
problem of measuring pore volume regardless of pore size distribution and 
pore structure a new technique, AFM porosimetry, was developed. This new 
technique was used to measure the pore volume of samples 0.09, 0.31 and 
0.63, and the corresponding graphs on particle mass versus particle volume 
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of samples 0.09 and 0.63 are presented in Fig. 19. The bulk densities of 
these samples were calculated from the slope in the graphs and are listed in 
Table 3. In addition, the density of a sample, consisting of silica spheres 
produced in absence of a template, was also measured (Table 3). Thereby 
the accuracy of AFM-porosimetry was established by the agreement 
between the silica density calculated from AFM data using the untemplated 
sample, 2.06±0.23 g/cm3, with the theoretical silica density of 2.2 g/cm3. 
Furthermore, the bulk densities of samples 0.09 and 0.63 decreased with 
increasing content of poly(propylene glycol) as expected. The pore volumes 
of these samples were calculated to be 0.68±0.06 for sample 0.09 and 
1.24±0.11 for sample 0.63 according to Eq. 5. The accuracy of this method 
was further established by the similarity in pore volume of sample 0.09 as 
measured by nitrogen sorption and AFM-porosimetry. The much larger pore 
volume measured for the macroporous sample using AFM-porosimetry, 
compared to nitrogen sorption, indicates the ability of AFM-porosimetry to 
measure the total pore volume regardless of pore size and pore connectivity. 
The pore volumes measured by mercury porosimetry is lower than 
corresponding pore volumes measured by the other techniques, since 
mercury can not penetrate pores smaller than 3 nm or closed pores. 
 
  Table 3: Data on density and pore volume measured by AFM-porosimetry, nitrogen 
sorption and mercury porosimetry. 

Weight 
ratio 

PPG/F127 

AFM† 
Bulk density 

(g/cm3) 

AFM† 
Pore volume 

(cm3/g) 

BJH 
Pore volume  

(cm3/g) 

NLDFT†† 
Pore volume  

(cm3/g) 

Hg 
Pore volume

(cm3/g) 
    No 
temp.* 

    0.09 
    0.31 
    0.63 

2.06 (0.23) 
0.88 (0.05) 
0.92 (0.01) 
0.59 (0.04) 

--- 
0.68 (0.06) 
0.63 (0.01) 
1.24 (0.11) 

---- 
0.69 
0.77 
0.86 

---- 
0.65 
0.71 
0.62 

--- 
0.56 
--- 

0.51 

* Silica particles without template produced by the aerosol-based method. 
† The error of the measurements is given within parentheses.  
†† NLDFT pore volume for sample 0.09 is calculated by the cylindrical kernel and pore 
volume for sample 0.63 by the spherical kernel.  
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Figure 19. Graphs of mass versus volume, where the slope of the line represents the 
density of: a) sample 0.09 and b) sample 0.63. R represents the linear correlation coefficient 
of the linear fit (R = 1 means a perfect linear correlation of the data).  
 
AFM-porosimetry measurements performed on sample 0.31 showed a 
similar bulk density and pore volume as for sample 0.09, which was not 
expected due to the higher content of template used in the 0.31 sample. 
However, sample 0.31 had been exposed for 100% relative humidity prior to 
AFM-porosimetry measurements. To investigate if this exposure had 
induced moisture uptake of sample 0.31, pore volumes of all of these 
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samples were re-measured using water calorimetry (Fig. 20) [108].  Pore 
volumes of these samples are calculated from the isotherms in Fig. 20 to be 
0.64 cm3/g for sample 0.09 and 0.72 cm3/g for sample 0.31. Measured pore 
volumes using water calorimetry agrees well with nitrogen sorption data for 
both samples, but differentiates in the case of AFM-porosimetry data 
obtained for sample 0.31. These results indicate that sample 0.31 had 
increased its weight with approximately 10-wt% due to water uptake. In the 
case of sample 0.63 the total pore volume could not be measured by water 
calorimetry.  
   

 
Figure 20. Water calorimetry adsorption curve. 

3.1.2 ESE-produced particles 
The recently developed ESE method was also used for investigating the 
impact of poly(propylene glycol) on the internal mesostructure. 
Additionally, the influences of temperature and moisture content on internal 
structure were studied. The synthesis conditions were changed according to 
Table 4, where the moisture content is decreased by increasing the time for 
which vacuum was applied. Nitrogen sorption measurements showed that 
the pore size was increased by addition of poly(propylene glycol) for 
samples produced at 10°C as well as 20°C,. However, the largest increase in 
pore size was achieved for the sample with highest moisture content 
produced at 10°C (sample 0.09 treated under vacuum for 30 minutes) due to 
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further swelling of the micellar structure by incorporation of moisture. One 
interesting observation utilizing the ESE method is that the pore sizes of the 
swollen samples were not expanded to the same extent as in the aerosol-
based method by using the same composition. One possible explanation 
could be that the liquid crystalline phase was trapped at different 
temperatures in the two methods i.e. at higher temperature for the aerosol 
produced samples. It has previously been reported that the pore size of 
Pluronic templated mesostructured samples expanded roughly linear with 
increasing temperature [113]. However, no pronounced difference in pore 
size between the samples produced at 10°C and 20°C, respectively, could be 
measured. The reason for this may be that the temperature span is too small, 
or that we have used different moisture contents i.e. time intervals for 
applying vacuum was tuned. Another explanation could be the different 
evaporation kinetics applied for these two methods. 
 
Table 4: Synthesis parameters, adsorption properties of Janus Green B (JGB) and nitrogen 
sorption data evaluated using both the modified BdB-FHH method and the BJH method. 

Weight 
ratio 

PPG/F127 

Temp. 
(°C) 

Tvacuum 
(min) 

BdB-FHHa 

Pore size 
(Å) 

BJHa 
Pore size 

(Å) 

Pore 
volume 
(cm3/g) 

Adsorbed 
 JGB 

(mg/gSiO2) 
   0 10 120 51 (11)  53 (17)  0.42 42 
   0 20 60 52 (14)  53 (16)  0.31 25 
   0.09 10 120 65 (16) 61 (21)  

69 (22)b 
0.42 50 

   0.09 20 60 64 (12) 69 (21) 0.32 21 
   0.09 10 30 70 (15) 72 (27) 0.53 75 

a Full width half maximum of main adsorption peaks are given in parentheses. 
b In the BJH pore size distribution of sample 3 a pronounced double peak is detected and 
therefore two pore sizes are reported. 
 
Representative TEM images of the samples produced at 10°C are shown in 
Fig. 21 and the internal structure of these samples was assigned to be 2D 
hexagonal with p6mm symmetry. The occurrence of this structure, in the 
samples produced at 10°C as well as at 20°C, was further supported by 
corresponding X-ray diffraction patterns (not shown). Compared to the 
aerosol method a more well ordered 2D hexagonal phase was produced in 
absence of the swelling agent. However, in the sample with highest moisture 
content (sample 0.09 treated under vacuum for 30 minutes) the 2D 
hexagonal structure seems to coexist with an additional structure (Fig. 21c). 
This is probably a micellar cubic structure since addition of moisture will 
increase the effective head group area and decrease the CPP value, which 
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favors formation of cubic phases (Eq. 1). Furthermore, as previously 
mentioned, formation of cubic micellar phases at these conditions is 
consistent with the phase diagram of F127 in water.  
 

 
a) 

 
b) 

 
c) 

Figure 21. Representative TEM images of ESE produced mesostructured silica materials 
templated by F127. The synthesis temperature was 10°C for all samples, but synthesis 
conditions were changed in terms of PPG/F127 weight ratio and time for which vacuum has 
been applied as follows a) PPG/F127=0, vacuum time=60 minutes, b) PPG/F127=0.09, 
vacuum time=120 minutes and c) PPG/F127=0.09, vacuum time=120 minutes. All samples 
have a hexagonal (p6mm) mesostructure, but sample c) also contains cubic domains. 
 
Accessibility of the internal pore space is one of the most important 
properties of mesoporous materials in terms of usage of the material in 
applications such as storage and delivery of substances. The accessibility of 
the ESE produced samples was investigated using a coloured dye, Janus 
Green B (JGB), to probe the pore space. From these results large differences 
in adsorption capacity of the samples as a function of pore volume were 
detected (Table 4). As much as over 3 times more dye was adsorbed into the 
sample with highest moisture content produced at 10°C, compared to the 
samples produced at 20°C.  Thus, variations in synthesis parameters have 
large impact on the structure of the samples, and increased adsorption 
capacity was primary achieved by decreased synthesis temperature. 
Surprisingly, theses results indicate that addition of poly(propylene glycol) 
had no impact on the adsorption capacity i.e. the pore volume was 
unaffected.  
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3.2 C16TAB-templated mesostructured silica particles with 
3D hexagonal structure (Paper III) 
A three dimensional (3D) hexagonal closed packed structure with P63/mmc 
symmetry was produced using C16TAB as template in the ESE method. To 
our knowledge we are the first to report formation of this structure in 
spherical particles, from evaporation induced self-assembly, using C16TAB 
as template. Previously, the same composition has been used in the aerosol-
based method, and that resulted in formation of a 2D hexagonal phase [17]. 
The appearance of different structures may be caused by the different 
synthesis conditions used in these methods in terms of temperature and 
moisture content. Cagnol et al. have previously shown that a variety of 
structures, including the 2D and 3D hexagonal structures, may be produced 
at constant C16TAB to silica molar ratio, but at different humidity [114]. 
Higher moisture content, which we suggest that we have in the ESE 
produced sample, increases the head group area of the surfactant that 
promotes formation of spherical shaped pores (Eq. 1).      
 
 

Figure 22. X-ray diffraction pattern of the C16TAB-templated sample.  Several higher 
ordered peaks in the small angle X-ray diffraction pattern are indexed and the positions are 
indicated by arrows.  
 
The formation of a 3D hexagonal structure is supported by the 
corresponding X-ray diffraction pattern (Fig. 22) and TEM image (Fig. 
23a). In the X-ray diffraction pattern pronounced triple peaks at low q-
values corresponding to the [100], [002] and [101] peaks, and several higher 
ordered peaks could be indexed according to the P63/mmc space group [115-
117]. The unit cell values a and c are calculated using the [100] and [002] 
peaks to be 63.7 Å and 103.0 Å, respectively. This corresponds to a c/a ratio 
of 1.62, consistent with a hexagonal closed packed structure. The TEM 
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image in Fig. 23a shows the P63/mmc structure likely viewed in the a-c (or 
b-c) plane. This is confirmed by the angle between the a- and the c-axis, 
which is close to 90°. A small tilt of the sample is probably responsible for 
the minor offset, about 2-4°, of the angle that is expected to be 90°. TEM 
images of the unit cell displayed in the a-b plane (not shown), with the 
characteristic angle of 120° between the a- and the b-axis further supports 
the formation of the P63/mmc structure. This structure has a large pore size, 
5.1 nm according to the BdB-FHH method using the spherical pore model, 
compared to the corresponding aerosol produced 2D hexagonal structure 
having a pore size of 2.5 nm (BdB-FHH tubular pore model) [17]. BET 
surface areas of both structures were above 1000 m2/g and the pore volume 
of the 3D hexagonal structure was 0.92 cm3/g compared to 0.72 cm3/g for 
the 2D hexagonal structure. This interconnected 3D hexagonal structure, 
with high pore volume and relatively large pore size, is a very interesting 
material for applications where high adsorption capacity is of outmost 
importance. 3D interconnected structures are superior to use in loading 
applications compared to 2D hexagonal structures due to better accessibility 
of the internal structure. It is well known that tubular pores often are aligned 
parallel to the surface that results in few pores ending at the surface (see Fig. 
24). Few open pores at the surface will thereby limit the accessibility of the 
internal pore space as well as require longer time for loading. 
 

 
a) 

 
b) 

Figure 23. Representative TEM images of the C16TAB-templated sample, where image a) 
represent the internal 3D hexagonal (P63/mmc) mesostructure projected in the a-c (or b-c) 
plane and b) shows the swelled interfacial macrostructure.  
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An interesting phenomenon seen for the C16TAB-templated sample, in 
comparison to the F127-templated samples, was the formation of a foam 
structure at the interface of the particles (Fig. 23b).  This is probably due to 
swelling of the C16TAB-templated micelles by the oil phase (tetradecane). 
The alkyl chain of C16TAB has a much more hydrophobic character than the 
poly(propylene oxide) blocks of F127, which facilitate penetration of the 
C16TAB-templated mesophase by the oil. 
 

 
Figure 24. High resolution TEM image of the surface of a mesostructured particle 
templated by F127, having a 2D hexagonal structure. The fingerprint-like pattern at the 
surface represents the tubular pores aligned parallel with the surface. 

3.3 Morphology control using the ESE method (Paper III) 
The synthesis temperature have a large influence on particle morphology of 
the ESE produced samples templated by F127. From in situ measurements 
the preformed emulsion was shown to consist of spherical droplets of the 
precursor solution in the continuous oil phase independent of temperature 
(Figs. 25a and d). However, the final morphology of the samples produced 
at 10°C was smooth spherical particles (Figs. 25b-c), compared to at 20°C 
where more irregular particles with a surface roughness at the nanometer 
scale was produced (Figs. 25e-f). The hydrophilic/hydrophobic balance of 
F127 is temperature sensitive as previously mentioned in chapter 1.3, where 
only a small change in temperature may change the hydrophilicity of the 
ethylene oxide chain. In our experiments, an increase in temperature 
decreased the hydrophilic character of the ethylene oxide chain, which 
resulted in decreased interfacial tension between the dispersed phase and the 
oil. Evaporation of ethanol/water further decreased the surface tension and 
induced wrinkling of the surface.  Control of particle morphology may be of 
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utmost importance in applications where the particles interact with 
biological systems. For example, the immune response is known to be 
affected by surface roughness at the 10-100 nanometer level, as we have in 
our sample [118].  
 

a) b) c) 

d) e) f) 
Figure 25.  Light microscope image of the initial emulsion formed at a) 10°C and d) 20°C, 
light microscope image of the particles formed after evaporation of ethanol and water at b) 
10°C and e) 20°C, SEM image of particles produced by the ESE method at c) 10°C and f) 
20°C 

3.4 Immobilization of lipase (Paper IV) 
Immobilizations of enzymes in inorganic supports have shown to improve 
enzymatic activity and reusability. Mesoporous materials meet the demands 
of an optimal carrier having a biocompatible matrix that is easy to surface 
functionalize in combination with tunable pore size.  
 
Thermomyces lanuginosus lipase was immobilized in ESE produced 
mesoporous spheres, with hydrophilic (non surface treated) as well as 
hydrophobic (surface treated) surface properties. ESE produced particles 
were chosen as carrier material due to the larger particle size that facilitated 
investigation of the distribution of lipase using confocal laser scanning 
microscopy (CLSM). These measurements showed that lipase was 
successfully introduced into both the hydrophobic and the hydrophilic 
particles (Figs. 26a-b). Leakage of lipase in buffer solutions, measured by 
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CLSM (Fig. 27a), was shown to continue for the first two hours for the 
hydrophobic carrier and for four hours for the hydrophilic carrier before 
leveling off. Additionally, the same trend was observed in terms of 
enzymatic activity, measured by UV/VIS spectroscopy (Fig. 27b). However, 
the decrease in lipase concentrations of the samples was less pronounced 
than the decrease in enzymatic activity, probably due to denaturation of the 
lipase over time. Furthermore, the decreases in lipase concentration as well 
as enzymatic activity were more pronounced for the hydrophilic carrier 
material compared to the hydrophobic one. This indicates that the 
interaction between the surface and the lipase was stronger for the 
hydrophobic support, which enhances the stability of the lipase and thereby 
increases the enzymatic activity. 
 

 
a) 

 
b) 

Figure 26. Confocal microscope images of lipase loaded mesoporous spheres with a) 
hydrophilic surface properties and b) hydrophobic surface properties. 
 
Table 5: Activity of lipase immobilized on hydrophilic and hydrophobic supports, as well 
as free in solution. Activity was measured using 4-nitrophenol acetate as substrate. 

Sample Loading 
(mg/gSiO2) 

kM 
(mM) 

Vmax 
(µM/min) 

kcat 
(s-1) 

Specific activitya 
(EU/mgLipase) 

Hydrophilic 1.30* 1.5 1.9 3.0 5.8 
Hydrophobic 0.77* 3.4 2.7 7.2 13.9 
Free in solution 0.03** 0.8 55.3 2.9 5.5 

a EU= µmol/min 
* Lipase concentrations were measured at the samples after 2 hours of pre-release in buffer 
solution. 
**The total amount of the enzyme, expressed as mg lipase, in the UV/VIS cuvette. 
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Figure 27. a) Release profiles of lipase from the hydrophobic and hydrophilic samples 
measured by confocal scanning laser microscope. b) Activity of lipase adsorbed in 
hydrophobic and hydrophilic spheres measured after consecutive experiments.  
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Enzymatic activities of lipase were calculated from the 1/V versus 1/[S] 
plots of lipase immobilized in the hydrophilic support (Fig. 28a) and the 
hydrophobic support (Fig. 28b), as well as for lipase free in solution. The 
enzymatic parameters, kM, Vmax (obtained from the plots), specific activity 
and kcat (calculated from Eq. 3), are given in Table 5 together with the total 
content of lipase in the loaded spheres. The turnover number, kcat, and the 
specific activity are used for further discussion since these parameters are 
independent of total enzyme concentration in contrast to km and Vmax. The 
specific activity is expressed as EU/mgLipase, where EU (enzymatic unit) is 
defined as µmol of substrate converted per minute. The specific activity of 
lipase immobilized into the hydrophobic support was 13.9 EU/min, 
compared to 5.8 EU/min for lipase onto the hydrophilic surface and 5.5 
EU/min for lipase free in solution. An increase in activity yield of 2.5 times 
where then received for lipase immobilized onto the hydrophobic support, 
compared to lipase free in solution. The higher specific activity and kcat 
measured for the biocatalyst with hydrophobic surface properties, compared 
to the one with hydrophilic surface properties, further supports that lipase 
has a more stable conformation onto the hydrophobic surface. Surprisingly, 
the specific activity of lipase immobilized onto the hydrophilic support was 
similar to the one of lipase free in solution. This was not excepted since 
lipase is an interfacial activated enzyme. However, this was probably an 
effect of denaturation of the enzyme in combination with diffusion problems 
of the substrate and product, in and out, from the carrier material. Pore sizes 
of these mesoporous spheres was around 4-7 nm that are in the same range 
as the size of the lipase (4.6 nm), which thereby induced diffusion problems. 
Increased pore size would reduce the diffusion problems, but may on the 
other hand also decrease the stability of the enzyme. Furthermore, the 
enzymatic activity of the immobilized lipase was measured after pre-release 
in solution in order to retain a constant loading (Fig. 27a), which reduced 
enzymatic activity due to denaturation effects (Fig. 27b).  
 



 

 50

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

0 500 1000 1500 2000 2500

1/[S ] (M-1)
1/

V
 (m

in
/M

)

 
a) 

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

0 500 1000 1500 2000 2500

1/[S ] (M-1)

1/
V

 (m
in

/M
)

 
b) 

Figure 28. Double-reciprocal plots of enzyme kinetics according to the Michaelis-Menten 
method for lipase entrapped in mesoporous particulate silica materials with a) hydrophilic 
surface or b) hydrophobic surface. The reciprocal rate of the reaction is plotted as a 
function of the reciprocal concentration of the substrate. The slope is km/Vmax, the intercept 
at the y-axis corresponds to 1/Vmax and the intercept on the x-axis to -1/km. 

3.5 Sustained release of Ibuprofen from encapsulated 
mesoporous carriers (Paper V) 
Polyelectrolyte multilayers are receiving much interest due to the structural 
responses induced in them by changes in solution properties such as 
temperature, pH or ionic strength. Free multilayer capsules in solution have 
been reported as carrier of active substances, due to their ability to load as 
well as release the substance by varying the solutions properties [119-123]. 
The benefit using porous particles as carriers, compared to microcapsules, is 
facilitated storage since the encapsulated porous particles can be stored at 
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dry conditions. Polyelectrolyte coated spheres may then combine the 
triggering ability with enhanced storage conditions. 
 
Ibuprofen loading of the uncoated mesoporous sample was measured to be 
25-wt% of the total sample weight. Encapsulation of the particles reduced 
the Ibuprofen content, which decreased with the number of polyelectrolyte 
layers in the coating. However, release of Ibuprofen during polyelectrolyte 
deposition was partly prevented through saturation of the polyelectrolyte 
solutions with Ibuprofen prior to deposition. These systems are hereafter 
referred to as “saturated”. Furthermore, the Ibuprofen content of the 
PEI/SiO2 coated particles was higher than the polyelectrolyte encapsulated 
samples. On the other hand, the polyelectrolyte coatings were thick and 
homogeneous as visualized in the TEM image in Fig. 29a, compared to the 
more inhomogeneous silica coating shown in Fig. 29b.  
 

a) b) 
Figure 29. TEM image of a) polyelectrolyte coated and b) PEI/SiO2 coated mesoporous 
spheres. 
 
Characterization of the build-up of polyelectrolyte layers was done using 
dual polarization interferometry (DPI). Incorporation of Ibuprofen in the 
layers was strongly suggested due to increased layer thickness (compare 
Fig. 30a with Figs. 30b-c), refractive index and adsorbed amount in 
presence of Ibuprofen. Interestingly no change in film thickness could be 
measured either by rinsing with water (Fig. 30a), pH 1.4 buffer (Fig. 30b) or 
pH 8 buffer (Fig. 30c). It has previously been suggested in the literature that 
permeability changes of PSS/PAH polyelectrolyte capsules were due to 
variations in pH and ionic strength. Less dense layers with higher 
permeability were detected at pH below 6, whereas dense layers 
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impermeable for at least macromolecules were detected for pH above 8 
[120, 121]. In this work PEI and PAH have been used for encapsulation and 
both are weak polyelectrolytes. These are highly charged at acidic 
conditions and partly charged at neutral pH. Swelling of the PEI and PAH 
layers was then expected to occur at acidic conditions. PSS on the other 
hand, which was used as the top layer for all polyelectrolyte coated samples, 
is a strong polyelectrolyte with a negative charge and was therefore 
expected to be unaffected by change in pH.  
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Figure 30.  DPI measurements showing the film thickness of PEI-(PSS-PAH)2-PSS 
multilayers in presence of 0.1 M NaCl  a) in absence of Ibuprofen and rinsed in water (pH 
7), b) in presence of Ibuprofen and rinsed in pH 1.4 buffer and c) in presence of Ibuprofen 
and rinsed in pH 8 buffer.  
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Release data are presented as wt-% of Ibuprofen released as a function of 
time, see Fig. 31. Release of Ibuprofen in water was performed on newly 
prepared, “fresh”, samples as well as on “aged”, samples that had been 
stored for approximately 2 years. No change in release properties for the 
“unsaturated” polyelectrolyte coated samples at “fresh” or “aged” 
conditions were detected as shown in Fig. 31a. However, for the “saturated” 
polyelectrolyte coated samples a decrease in total amount of Ibuprofen 
released were detected at “aged” compared to “fresh” conditions (Fig. 31a). 
100-wt% of the Ibuprofen was released for 6 layer coatings at fresh 
conditions compared to 75-wt% at aged conditions. This indicates that the 
presence of Ibuprofen induces a rearrangement of the polyelectrolyte 
coating into a more dense structure with time. Furthermore, the amount of 
Ibuprofen released was affected by the number of polyelectrolyte layers that 
was deposited in the coating process. At neutral conditions, for “aged” 
samples, a decrease from 75-wt% to 65-wt% in the total amount of 
Ibuprofen released was detected for the “saturated” systems with 6 and 10 
layers, respectively (Figs. 31a-b). The release of Ibuprofen at neutral pH 
from the “unsaturated” and aged samples decreased from 55-wt% for 6 
layers to 40-wt% for the sample with 10 layers (Figs. 31a-b). Release 
studies performed at pH 2 (Fig. 31c) and pH 8 (Fig. 31b) buffers showed 
that the same total amount of Ibuprofen was released as in water. But on the 
other hand, the release rate was significantly higher at pH 8 compared to pH 
2 and in water. In the case of the uncoated and PEI/SiO2 coated samples 100 
wt-% of Ibuprofen were released at acidic, neutral as well as basic 
conditions (Fig. 31c-d).  
 
Raman spectroscopy studies were performed to establish that the rather 
unexpected finding of incomplete release of Ibuprofen from the 
polyelectrolyte coated samples was correct (Fig. 32 spectra a-c). A spectrum 
of crystalline Ibuprofen, spectrum a, was compared to spectrum of 
Ibuprofen loaded in a polyelectrolyte coated sample before, spectrum b, and 
after, spectrum c, release in water. Several characteristic peaks of Ibuprofen 
were seen for the loaded sample prior to release and after release two peaks, 
one at 790 cm-1 and another at 975 cm-1, were retained (emphasized by 
dotted lines). These peaks indicate that not all Ibuprofen was released from 
the polyelectrolyte coated samples immersed in water. However, the peak 
located at 975 cm-1 was slightly shifted compared to the position of the peak 
in the spectrum of crystalline Ibuprofen. The explanation of this may be that 
Ibuprofen is obtained in its amorphous form inside the pores, compared to 
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the crystalline form prior to loading as shown by the X-ray diffraction 
patterns in Fig. 32. This is an important finding since the amorphous form of 
drugs is preferred in medical applications due to better dissolution 
properties. Furthermore, no raman peaks that did not correspond to silica 
were seen for the uncoated and PEI/SiO2 coated samples after release in 
water, which suggest total release from these samples as also indicated by 
release data.  
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Figure 31. Release profiles of Ibuprofen from a) mesoporous particles coated with PEI-
(PSS-PAH)2-PSS from either unsaturated or saturated solutions (aged and fresh) in water b) 
mesoporous particles coated with PEI-(PSS-PAH)4-PSS layers from either saturated or 
unsaturated solutions (aged) in water, c) mesoporous particles (aged) with and without 
coating in pH 2 solution and d) mesoporous particles (aged) with and without coating in pH 
8 buffer. Error bars are omitted for clarity in figures c and d.  
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Figure 32. Raman spectra of a) Ibuprofen, b) Ibuprofen loaded mesoporous silica particles 
coated with PEI-(PSS-PAH)2-PSS prepared in presence of Ibuprofen and c) Ibuprofen 
loaded mesoporous silica particles coated with PEI-(PSS-PAH)2-PSS prepared in presence 
of Ibuprofen after release in water. The dotted lines show the peaks in spectrum c at 790 
cm-1 and 975 cm-1. 
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Figure 33. X-ray diffraction patterns of a) Ibuprofen, b) mesoporous C16TAB-templated 
silica particles, c) mesoporous C16TAB-templated silica particles loaded with Ibuprofen and 
d) mesoporous C16TAB-templated silica particles mixed with Ibuprofen. Anna Hillerström 
at YKI is acknowledged for sharing these results with me. 
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To sum up, the final concentration of Ibuprofen after release in solutions 
was constant independent of pH, but the release rate was increased at pH 8. 
For the polyelectrolyte coated systems these findings demonstrate that a 
fraction of Ibuprofen was released without any barrier effects whereas the 
remaining fraction was efficiently enclosed. This effect most probably arises 
from the presence of two populations of particles, one fraction without- or 
with very permeable coatings, and another with homogeneous coatings that 
prevent release. The fraction of particles with impermeable coatings 
increased by the number of polyelectrolyte layers in the coating as seen 
from the release data. Higher amount of Ibuprofen was released from the 
“saturated” polyelectrolyte coated samples compared to their “unsaturated” 
equivalents, which indicate that more permeable coatings were obtained in 
presence of Ibuprofen. Furthermore, no barrier effect was achieved from the 
inhomogeneous PEI/SiO2 coating. Finally, the higher release rate of 
Ibuprofen at pH 8 could be attributed to the higher solubility of Ibuprofen at 
increased pH since the coatings were shown to not affect the release rate. 
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4. Conclusions 
The objective of this work was to further explore the field of synthesis and 
functionalisation of mesostructured particulate materials. Two industrial 
scalable processes were used for synthesis; the aerosol-based method and 
the emulsion and solvent evaporation (ESE) method, where both rely on the 
concept of evaporation induced self-assembly (EISA). Spherical droplets 
with identical compositions were formed, either by an aerosol or in an 
emulsion. These droplets consist of an inorganic precursor together with 
water, ethanol and a templating surfactant at a concentration below the 
critical micellar concentration (CMC). Evaporation of water and alcohol 
takes place, which results in enrichment of the surfactant concentration 
above CMC forming liquid crystalline phases. Polymerization of the 
inorganic species traps the liquid crystalline phase resulting in 
mesostructured material. Removal of the organic phase creates a porous 
matrix with a pore size within the mesoscale of 2-50 nm. 

 
Well ordered mesoporous materials with a pore size above 10 nm are rarely 
reported, which is demanded in applications dealing with immobilization or 
separation of biomolecules. In this work expansion of the pore size above 10 
nm, in F127-templated mesoporous spheres using poly(propylene glycol) as 
a swelling agent, was successfully performed. A roughly linear increase in 
pore size up to 11.3 nm was realized through addition of poly(propylene 
glycol) forming a well ordered 2D hexagonal structure. However, further 
addition of swelling agent induced a phase transformation into a disordered 
foam structure. We have studied the impact of poly(propylene glycol) at the 
F127-templated system using the aerosol-based method as well as the 
emulsion-based method. The aerosol produced samples showed a more 
pronounced expansion compared to the ESE produced materials. This may 
be an effect of the higher synthesis temperature used in the aerosol-based 
process or due to different evaporation kinetics. However, enhanced control 
over internal structure as well as exterior morphology was achieved using 
the ESE method due to the ability of tuning several synthesis parameters. In 
the ESE method, temperature was shown to have a large impact on the 
internal structure, affecting the adsorption capacity of the spheres, as well as 
exterior morphology, resulting in smooth or rough surface textures at 10-
100 nanometer scale. Addition of poly(propylene glycol) in combination 
with high moisture content was shown to have most pronounced impact on 
the expansion of the pore size.     
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Formation of foam structured samples, containing micro-, meso- and 
macropores, induced a challenge in characterization of the pore volume of 
the samples. This encouraged us to develop a new method, AFM-
porosimetry, to be able to measure the pore volume of spherical particulate 
materials independently of pore size or pore connectivity, which cannot be 
done by conventional techniques. In this method, the atomic force 
microscope (AFM), was used as a balance to measure weight of individual 
particles. Several particles within the same batch were measured and the 
particle mass was plotted versus particle volume, calculated from the 
diameter of the spheres. Bulk density of the samples was thereafter 
extracted from the slope of the linear fit and pore volumes could be 
calculated from the bulk density and the density of the matrix material i.e. 
silica having a density of 2.2 g/cm3. AFM-porosimetry was able to measure 
total pore volume of foam structured samples, which other techniques such 
as nitrogen sorption, water calorimetry and mercury porosimetry failed to 
do. The validity of the technique was quantified by measuring the pore 
volumes of mesoporous samples and comparing these values to nitrogen 
sorption data.   
 
3D interconnected structures have been difficult to synthesize using the 
aerosol-based method, which are of great interest in loading- and release 
applications. However, a well ordered 3D hexagonal closed packed 
(P63/mmc) material, templated by the ionic surfactant cetyltrimethyl-
ammonium bromide (C16TAB), was produced using the ESE method. This 
material has large surface area and pore size, as well as high pore volume 
and could be of great interest for future applications where high adsorption 
or release rates are of importance.  
 
Mesoporous materials are an optimal carrier of enzymes and drugs due to 
their monodisperse, and tunable pore size in combination with a 
biocompatible matrix that are easy to surface functionalize. In this work we 
have successfully incorporated an enzyme, lipase from Thermomyces 
lanuginosus, into mesoporous silica spheres having either hydrophilic- or 
hydrophobic surface properties. The carrier material was produced by the 
ESE method using F127 together with poly(propylene glycol) as template 
resulting in a pore size in the same range as the size of the lipase. The 
enzyme kinetics, of immobilized lipase as well as lipase free in solution, 
was carefully studied by the Michaelis-Menten model. Enzymatic activity of 
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lipase immobilized onto the hydrophobic support was shown to be superior 
compared to lipase immobilized into the hydrophilic carrier as well as for 
lipase free in solution. In addition, studies on leakage of the immobilized 
lipase in solution were performed using the confocal laser scanning 
microscope (CLSM). Release of lipase from the hydrophobic support 
continued for a shorter period of time before leveling off compared to the 
hydrophilic support. Less amount of lipase was released from the 
hydrophobic carrier compared to the hydrophilic, due to stronger enzyme-
surface interactions. 
 
Mesoporous particles encapsulated by polyelectrolyte layers were used as 
carrier of a model drug, Ibuprofen. The impact of the polyelectrolyte 
coatings on the release properties was studied over a range of pH from 2-8. 
However, these polyelectrolyte coated mesoporous spheres were shown to 
contain two populations of particles, one population with impermeable rigid 
coatings and another population with uncoated or partly coated spheres 
having no barrier effect. Furthermore, constant amount of Ibuprofen was 
released independent of pH, which suggests that no structural changes of the 
polyelectrolyte multilayers were induced by tuning of pH. The increased 
release rate at pH 8 was simply due to increased solubility of Ibuprofen. 
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5. Future work 
In this work much effort has been concentrated on design and synthesis of 
mesostructured particles resulting in many interesting materials. However, 
only a few materials were chosen to be demonstrated in applications and I 
hereby want to take the opportunity to point out some of these other 
materials as high potential candidates for future applications:  
 

• The aerosol produced mesoporous sample with 11 nm large pores 
could be used as a new carrier material for biomolecules. We did not 
choose to use this material as carrier of lipase due to the small 
particle size that would make the confocal laser scanning microscope 
(CLSM) studies difficult. 

 
• The aerosol produced foam structured samples with a PPG/F127 

weight ratio of 0.31 and 0.63 would be interesting to use as pigment 
in paper coatings used for inkjet printing. Paper and board are 
surface treated with a pigment coating to enhance optical properties 
and to obtain good printing quality. These coatings consist of a 
pigment providing the required optical properties, most commonly 
silica gels and a binder to enhance mechanical properties and to 
provide adhesion of the pigments to the paper/board. In water based 
inkjet printing it is of outmost importance that the high water content 
of the ink vehicle is quickly adsorbed by the coating preventing 
lateral spreading. The penetration of the dye, separated form the 
aqueous phase, into the pigments must be low to be able to 
immobilizing the dye at a high density onto the surface of the 
pigments, which result in sharp colors. Another important aspect is 
the binder content needed for fixation of the pigments. It has 
previously been shown by Wedin et al. that mesoporous particles, 
templated by the Pluronic surfactant P104, required less binder 
compared to conventional pigments i.e. different types of silica gels, 
due to reduced penetration of the porous structure [124]. In our case 
we have a meso/macroporous sample (0.31) and a foam structured 
sample (0.63) with higher pore volumes compared to P104 materials, 
which should allow higher penetration rates of the aqueous phase. A 
small pre-study has been done using the 0.63 material as pigment for 
paper coating employed for water-based inkjet printing. The 
outcome was that much less binder was needed to fix the pigment at 
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the paper compared to conventional pigments, but printability was 
not improved except for the bleeding properties that were satisfying. 
However, the coating procedure was not optimized and resulted 
thereby in inhomogeneous coatings. I think there is an opportunity to 
develop new pigments with enhanced printability, compared to 
conventional pigments, using the 0.63 sample as well as the 0.31 
sample through optimizing the coating procedure i.e. composition of 
the coating, coating speed, thickness of the coating etc. The 0.31 
sample is very interesting due to the outer mesostructure, reducing 
penetration of the binder, in combination with the internal 
macrostructure allowing large pore volume. 

 
• The ESE produced sample with a surface roughness at the 

nanometer scale would be interesting to use in bioapplications. It has 
been shown that roughness at the nanometer scale enhance antigen 
capture of immunoassayed-biosensor surfaces, as well as promoting 
adhesion and growth of for example muscle cells and neurons [118]. 
Thereby there are great opportunities using this material in biosensor 
applications as well as for coatings of implants. 

 
• Loading and release applications using 2D mesostructured samples 

are restricted by the low accessibility due to few open pores at the 
surface. However, we have synthesized a well ordered 3D hexagonal 
closed packed material using the industrial scalable emulsion and 
solvent evaporation method. The improved accessibility of the 
internal pore space of this material, in combination with high pore 
volume (0.9 cm3/g), large surface (1037 m2/g) area and pore size 
(5.1 nm) makes it very interesting for future loading and release 
applications. It could also be valuable to try this material as pigment 
in paper coating applications. 
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