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Abstract
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drugs. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Pharmacy 312. 61 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1502-7.

Polyelectrolyte microgels are used as delivery vehicles for amphiphilic drugs in, e.g., treatments
of liver cancer by a method called trans-arterial chemoembolization. The thesis deals with
fundamental properties of such delivery systems related to the self-assembling properties of the
drug molecules and their interaction with the charged polymer network of the microgel. The
main objective was to establish mechanistic models describing the loading and release of drugs
under relevant conditions. For that purpose experimental techniques providing thermodynamic,
compositional and microstructural information were used to elucidate how the kinetics depend
on the stability of the drug self-assemblies and the volume response of the microgels.
Micromanipulator-assisted microscopy studies showed that negatively charged microgels phase
separated during loading and release of cationic amphiphilic drugs. At intermediate loading
levels the drug aggregates and part of the network formed a collapsed phase coexisting with
a swollen, drug-lean phase. In particular, during release in a medium of physiological ionic
strength, the drug-lean phase formed a depletion layer (shell) surrounding a drug-rich core.
Investigations of a series of drugs with different molecular architectures showed that the drug
release rate was determined mainly by the stability of the drug aggregates in the core and the
diffusive mass transport of drug molecules through the shell. Detailed studies of polyacrylate
microgels interacting with amitriptyline hydrochloride showed that swelling of the shell network
greatly influenced the release rate. Furthermore, experiments with a specially constructed
microscopy cell was used to establish that the collapsed and swollen phases could coexist
in equilibrium, and that the swelling of the network in the swollen phase depended on the
proportion between them when present in the same microgel. The latter effect was related
to the elastic coupling between the phases. Confocal Raman microscopy was employed to
demonstrate, for the first time, the related elastic effect, that the concentration of amitriptyline in
the swollen phase decreased with increasing proportion of the collapsed phase. Small-angle X-
ray scattering showed that the collapsed phase had a disordered microstructure of drug micelles
with ellipsoidal shape. The aggregation number increased with increasing concentration of
drug in the microgel, most likely by incorporating the uncharged base form. By providing
detailed information about thermodynamic properties and microstructures, the results of the
thesis provide a basis for rational design of microgel drug delivery systems.
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β binding ratio 
r radius 
ADI adiphenine hydrochloride 
AMT amitriptyline hydrochloride 
AMPS acrylamide methylpropanesulfonate 
C12TA+ dodecyltrimethylammonium ion 
CAC critical aggregation concentration 
CCC critical collapse concentration 
CMC critical micelle concentration 
CPC cetylpyridinium chloride 
CPZ chlorpromazine hydrochloride 
C/S swelled core/collapsed shell 
DOX doxorubicin 
Nagg aggregation number 
PA polyacrylate 
Rout microgel radius in the reference state 
S/C swelled shell/collapsed core 
Span 60 sorbitane monostearate 
SAXS small angle X-ray scattering  
TEMED N,N,N′,N′-tetramethylethylenediamine 
V/V0 volume ratio 
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Introduction 

Advances in drug discovery increase the need to develop novel delivery sys-
tems that offer protection to sensitive pharmaceutical substances, improve tar-
geting and have the possibility to control the release process.1-4 Such carriers 
help deliver drugs to the desired organs, improve their efficacy and reduce 
side effects. Especially for highly toxic active substances, encapsulating these 
molecules with the possibility for a local release at a specific organ would 
open up a new way to design new active pharmaceutical substances or even 
to reformulate already existing molecules. Biomacromolecules such as pep-
tides and proteins are sensitive to denaturation.5 They need a carrier system 
that protect them from degradation and maintain their native conformation. 
Microgels possess both chemical and mechanical properties that can be used 
to overcome these challenges.6-14 They offer protection against denaturation. 
Here the nature of electrostatic interaction and water content inside the micro-
gels help sensitive water-soluble biomacromolecules retain their native con-
formation and reduce the risk of aggregation. Electrostatic interactions facili-
tate loading large amounts of cationic amphiphilic drugs inside microgels.15 
Then the release process can be triggered by exposing the gel to different en-
vironmental stimuli such as pH or ionic strength.16-22  

Doxorubicin, for example, is a cationic amphiphilic drug that is registered 
on the market as a cancer therapeutic.23 DC beads are polymer microgels with 
a negative charge. Doxorubicin can be loaded in large amounts inside DC 
beads.24-26 The loading process is accompanied by a decrease in the volume of 
the beads. After releasing the doxorubicin, they tend to swell. For the treat-
ment of liver cancer, doxorubicin-loaded DC beads are applied locally by a 
catheter to the malignant cells in the liver.27 The elevated ionic strength trig-
gers the release process. Here the drug is released in a controllable manner. At 
the same time, the gels swell, causing the blood flow to the malignant tissue 
to stop, which provides a therapeutic dual effect. Embolization is beneficial to 
decrease the supply of nutrients to the tumour and at the same time, it limits 
the systemic spreading of the drug. 

Much literature describes the chemical and pharmaceutical properties of 
microgels. But there is little information about the aggregation properties of 
the drugs inside the microgels and how self-assembly can affect the release 
profile. To predict the release profile of drugs from these gels with high accu-
racy, it is crucial to study the aggregation properties of the drugs together with 
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the mechanical properties of the microgels. In this work, we studied in depth 
the interaction between cationic amphiphilic drugs and oppositely charged mi-
crogels. In Paper I, we focused on the interaction between different cationic 
amphiphilic drugs and DC beads. We studied swelling and deswelling during 
loading and release. We also studied the importance of aggregation properties 
on the loading and release of doxorubicin. In Paper II, we used amitriptyline 
(AMT) as a model cationic amphiphilic drug and polyacrylate microgels as a 
model microgels delivery system. We studied the equilibrium properties at a 
low ionic strength while the kinetic properties, the loading and release, were 
studied both at a low and high ionic strength. In Paper III, we investigated in 
depth the stability of the phase separated state noticed in Paper II. One single 
microgel was equilibrated in a small volume of amitriptyline solution both at 
a low and high ionic strength to capture the intermediate phases. In Paper IV, 
we focused on the internal microstructure of polyacrylate microgels loaded 
with amitriptyline, doxepin and chlorpromazine (CPZ), respectively. A small-
angle X-ray scattering technique was used to determine the shape of the ag-
gregates and the aggregation number. In Paper V, we used Raman microscopy 
technique to analyze the composition of different parts of a single polyacrylate 
microgel loaded partially with amitriptyline at different loading levels.  

Microgels 
Microgels can be defined as soft and elastic spherical particles filled with wa-
ter. They consist of permanently cross-linked polymer chains, in this work 
polyelectrolytes with negative charges. Microgels in this thesis can exhibit 
sizes from 10 µm to 1000 µm in diameter. They show volume responsiveness 
to environmental variations such as temperature, pH and ionic strength.28  
Cross-linked polymer microgels are commonly used in drug delivery applica-
tions.9, 29, 30 The electrostatic attractions between negatively charged microgels 
and oppositely charged cationic amphiphilic drugs facilitate loading large 
amounts of a drug inside these gels, with the added possibility of controlling 
the release process.31-34 In addition, these gels can protect water-soluble bio-
molecules from denaturation. 



 

 13

 
Figure 1. Polyacrylate microgels in water. 

In this thesis I have used polyacrylate (PA) microgels consisting of slightly 
cross-linked polyacrylate chains with ~1.4 mol% cross-linker N,N′-meth-
ylenebisacrylamide. Since PA is a weak polyelectrolyte, the ionization degree 
is sensitive to pH. In this thesis, we used sodium phosphate buffer to keep the 
pH at 7.4 where the microgels are almost fully ionized. In an aqueous medium, 
polyelectrolytes dissociate into polyions and counterions.35 The counterion 
entropy of mixing increases the osmotic pressure inside the gels and causes 
absorption of tremendous amounts of water, resulting in gel swelling,36-38 see 
Figure 1. This means that, increasing the ionic strength of the solution sur-
rounding the microgels decreases the volume of the gel. In addition, the elas-
ticity of the gel network influences the swelling degree of the gel.39-41 Increas-
ing the degree of cross-linking reduces the swelling responsiveness of the gel.  

We used the inverse suspension polymerization technique to form spherical 
microgels. The gels formed by this technique are polydisperse in size. In order 
to synthesize a more uniform size of microgels, the microfluidic technique can 
be used. 

DC beads, sometimes referred to as microspheres or microgels, consist of 
polyvinyl alcohol segments integrated with chains containing negatively 
charged groups of AMPS.42 These beads contain both charged and uncharged 
moieties. They are non-biodegradable which is beneficial for use as an em-
bolic agent for the local treatment of liver cancer. Their volume responsive-
ness is lower than that of polyacrylate microgels, which simplifies theoretical 
analyses of drug release from them. 

Biodegradable microgels can be interesting in subcutaneous drug delivery 
applications.43 A commonly used class consists of cross-linked hyaluronate 
chains. At pH 7.4, the carboxylate groups are almost completely dissociated, 
possessing a negative charge. Hyaluronate microgels are not included in this 
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thesis but the conclusions from the polyacrylate microgels and DC beads fa-
cilitate building a theoretical model to predict the release profile for hyalu-
ronate microgels. 

Cationic amphiphilic drugs 
Cationic amphiphilic molecules are typically characterized by the presence of 
a positively charged hydrophilic head group attached to a hydrophobic group 
of varying size and complexity,44, 45 see Figure 2. They can be found in many 
drug classes registered on the market such as anticancer, antidepressant and 
antihypertensive drugs.  

Understanding the mechanism of interaction between these drugs and op-
positely charged microgels is necessary to design novel drug delivery carriers. 
Loading amphiphilic drugs causes the gels to deswell, while they swell again 
during the release process. Prior to this work, very little information existed 
about the aggregation properties and the distribution of cationic amphiphilic 
drugs inside microgels, and how these properties affect the release profile of 
a drug from microgels.  

Efthymiou et al.46 studied the aggregation properties of different am-
phiphilic molecules in water. They observed that all studied amphiphilic drugs 
formed small ellipsoidal micelles despite the differences in the properties of 
the hydrophobic part. This was in disagreement with previous work performed 
by Attwood et al.44, 47, 48 with results based on classical techniques such as 
static light scattering and conductivity. Attwood suggested that molecules 
with flexible hydrophobic groups form closed micelles while the molecules 
with rigid ones form open aggregations that lack the well-defined critical mi-
celle concentration. In this thesis we studied the aggregation properties of dif-
ferent amphiphilic drugs in PA microgels by using a small-angle X-ray scat-
tering technique. 
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Figure 2. The chemical structures of different cationic amphiphilic drugs. pKa refer-
ences: AMT,49 doxepin,50 chlorpromazine51 and doxorubicin.52 

CAC and CCC 
The drug concentration needed to form micelles in a solution is called the crit-
ical micelle concentration (CMC). While the critical aggregation concentra-
tion (CAC) has been defined as a drug concentration in a solution in equilib-
rium with a gel, i.e. the concentration outside the gel needed to start forming 
micelles inside the gel.53-56 The CAC value is usually much lower than the 
CMC value.53, 57, 58 For example the CAC value for AMT is 0.37 mM (PA 
microgels) at an ionic strength of 10 mM, which is around 100 times lower 
than the CMC value, see Paper II. The reason for the difference between the 
two values was described earlier in a surfactant-polyelectrolyte system.59 Sur-
factant molecules interact strongly with polyions of opposite charge. At a cer-
tain concentration, surfactant form micelles due to the hydrophobic effect. 
These micelles are stabilized by the polyions themselves and not the simple 
counterions. Compared with the binding of simple counterions the binding of 
polyions is associated with a smaller loss of entropy, and there is instead an 
entropic gain from the release of polyion counterions. This means the polyions 
induce and facilitate the formation of surfactant micelles at a concentration 
lower than CMC.  

The critical collapse concentration, CCC, is the drug concentration needed 
to activate volume phase transition of the gel. The results in Paper II showed 
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that the CAC value was slightly lower than CCC. This means that a drug ag-
gregation inside a gel is important but not sufficient to induce phase separa-
tion.   

Phase transition in gels 
Surfactant-microgel systems 
Surfactant-gel systems have been studied extensively both experimentally and 
theoretically.60-85 Nilsson et al.86 studied the loading kinetics of dodecyltrime-
thylammonium ions (C12TA+) in polyacrylate microgels by using microma-
nipulation and light microscopy techniques. Here the volume transition was 
tracked during the loading process. A collapsed shell was formed surrounding 
a swollen core. They concluded that the surfactant diffusion through the stag-
nant layer in the liquid surrounding the microgel has a major role during the 
binding, and derived a theoretical deswelling model describing the volume 
changes during the loading process. The model was based on the assumption 
that the transport of surfactant from the liquid to the gel core was overall rate 
controlling, and that the gel was in osmotic equilibrium with its surroundings 
at every step of the binding process. The model described how variations in 
flow rate, surfactant concentration, CAC and gel size affected the rate of vol-
ume change, in satisfactory agreement with experiment. 

Jidheden et al.87 studied the equilibrium properties of C12TA+ in polyacry-
late microgels. A single microgel was inserted in a small aqueous droplet en-
closed inside an oil drop to prevent evaporation. Images were taken at specific 
intervals to track the changes in the gel. They observed phase separation in the 
microgels at a low ionic strength when the amount of surfactant in the droplet 
was smaller than that required to collapse the entire gel. A surfactant rich 
phase formed a dense shell outside the swollen gel core. The drawback of this 
technique is the presence of oil in contact with the system. Uncharged species 
of amphiphilic molecules may partition from the water phase to the oil. In 
Paper III, we developed a new technique where the system is not in contact 
with oil. 

According to the theoretical calculations by Gernandt and Hansson,88 the 
core/shell phase separation could be stabilized by limiting the amount of sur-
factant in the system. They found that, for solution-to-gel volume ratios below 
200, the phase separated state represented the global free energy minimum of 
the model system. Under those conditions the surfactant concentration is suf-
ficient to induce phase separation but the amount is not enough to fully load 
the gel.  

In previous studies of equilibrium properties of microgels interacting with 
oppositely charged amphiphilic molecules, focus has been on phase separation 
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in a form of core/shell or shell/core pattern.87, 88 In Paper III, we noticed a 
redistribution of the molecules to form another pattern of phase separation. 

Understanding the behavior of the network and aggregation properties of 
oppositely charged amphiphilic molecules improves our understanding of the 
loading and release process. Therefore, it is important to investigate this inter-
action with clinically relevant cationic amphiphilic drugs. 

Drug-microgel systems 
Microgels can carry a large amount of oppositely charged drug inside. The 
electrostatic attractions facilitate drug diffusion into microgels, as an exchange 
with simple counterions.18, 19 At a certain concentration, the drug molecules 
aggregate due to the hydrophobic effect.89 The drug aggregates can be viewed 
as macroions interacting strongly with the polymer segments. The attraction 
between the segments and the oppositely charged drug causes a reduction in 
the volume of the gel that is larger than the reduction of the osmotic swelling 
pressure caused by the replacement of the network counterions,90 as illustrated 
in Figure 3.  

In general, there are two types of phase transition: continuous or discrete.77, 

91 In the continuous phase transition, the drug distributes evenly in the gel at 
all loading levels. The amount of drug uptake increases gradually with increas-
ing free concentration on the liquid until reaching a fully collapse state.87 In 
the discrete phase transition, the drug prefers to aggregate in one part of the 
gel at intermediate loading levels due to a net attractive interaction between 
drug aggregates. If there is enough supply of drug molecules (large solution 
volume) there is a jump in the gel volume at a critical drug concentration, and 
the collapsed part grows until reaching a homogenous fully collapsed state. 
The discrete phase transition in a surfactant-gel system was studied in depth 
in literature.59, 74, 79, 92

All the drugs studied in this thesis showed volume phase transition with 
intermediate states of phase separation. In Paper III we designed a new mi-
croscopy cell to study the stability of phase separation both at a low and high 
ionic strength. Phase separation usually occurs with hysteresis between load-
ing and release.93 Hysteresis in this case means that the concentration of drug 
in the solution where the collapse transition takes place is different from that 
where the swelling transition takes place.  

 
Figure 3. Schematic presentation of the interaction between a negatively charged mi-
crogel and an oppositely charged amphiphilic drug. 
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Cross-links and deformation 
One of the main features that characterize microgels is cross-linking. The 
polyelectrolyte chains form a three-dimensional network. This means that any 
change in one part of the gel will affect the other parts. Microgels have a shape 
memory which makes them return to their original shape after deformation. 
The gel has a reference state where the network is relaxed. Any compression 
or extension from the reference state causes loss in the configurational en-
tropy. By removing the external force, the gels return to their original form. 
The micelles formed inside microgels interact strongly with the network pol-
yion chains. The gels have a tendency to phase separate into micelle-rich and 
micelle-lean domains due to polyion-mediated attractions between the mi-
celles.57, 94, 95 Coexistence of phases with different degree of swelling causes 
tensions in the network because of the cross-linking, and the collapsed part 
affects the swelled part, and vice versa.  

Gernandt and Hansson93 described theoretically, in an illustrative way, the 
relationship between the collapsed and swelled parts. The gel was divided into 
uniform volume elements. At the interface between the core and the shell, the 
network on the collapsed and the swelled side need to adapt to each other. In 
the case of collapsing a swelled gel, the new phase forms in the outer layer of 
the gel as a shell.96 Here the shell elements in contact with the swollen ele-
ments need to stretch biaxially to fit the swollen elements. The stretching is 
followed by relaxation in the radial direction. In this way the composition in 
the deformed elements remains almost the same as the original composition 
before deformation. In the case of swelling a collapsed gel, the swollen shell 
elements in contact with the core are compressed biaxially to fit the collapsed 
core elements, followed by a radial relaxation. But in this case, these elements 
do not return to the original composition. Understanding the difference be-
tween the cost of deformation of the core/shell (C/S) during the loading pro-
cess and the shell/core (S/C) during the release process, is important to predict 
the loading and release profiles accurately. 
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Aims of the thesis 

The overall aim of my work is to improve understanding of the mechanism of 
interaction between cationic amphiphilic drugs and oppositely charged micro-
gels. In specific, to understand how the self-assembling properties of the drug 
and the volume responsiveness of the microgels affect the drug loading to and 
release from microgels. 

• Paper I: To provide a mechanistic understanding of the loading and 
release profile of different cationic amphiphilic drugs in DC beads 
microgels. 

• Paper II: To improve the fundamental understanding of the loading 
and release profile of cationic amphiphilic drugs in microgels. We 
investigated the interaction of amitriptyline in polyacrylate micro-
gels, experimentally and theoretically, from an equilibrium and ki-
netic perspective. 

• Paper III: To investigate if the sharp boundary between the core 
and the shell observed in polyacrylate microgels during amitriptyline 
loading and release is stabilized thermodynamically or kinetically. 

• Paper IV: To study the aggregation properties of different cationic 
amphiphilic drugs in polyacrylate microgels by using a small-angle 
X-ray scattering technique. 

• Paper V: To investigate the composition of different parts of a poly-
acrylate microgel at intermediate drug loads by using a Raman mi-
croscopy technique. 
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Methods 

Gel synthesis 
Microgels 
Polyacrylate microgels were synthesized in our lab by the inverse suspension 
polymerization technique.86, 87, 97 The aqueous phase consisted of a mixture of 
acrylic acid, cross-linker N,N′-methylenebisacrylamide (1.4 mol% of the total 
amount of monomers), accelerator TEMED, sodium hydroxide and water, 
while the organic phase was composed of a mixture of Span 60 and cyclohex-
ane. The organic phase was added to a two-neck flask under a nitrogen atmos-
phere to prevent the oxygen from dissolving in the mixture. The flask was 
heated to 45 °C under 400 rpm stirring. The aqueous phase was activated by 
adding ammonium persulfate (initiator). Immediately after activation, the 
aqueous phase was injected stepwise into the organic phase. The temperature 
was raised to 60 °C and the stirring was increased to 1000 rpm. After 30 min, 
the reaction was stopped by adding methanol. The resulted microgels were 
removed and dried in a Carbolite Furnaces airflow oven at 60 °C. Then the 
dried microgels were suspended in water and rinsed a few times with water. 
The pH was controlled to be ca. 9. The microgels were stored in a refrigerator. 
With this technique, the resulting microgels were polydisperse with diameter 
sizes ranging from 10 µm to 1000 µm. Sieves with different pore sizes were 
used to collect the desired gel size. 

DC beads (100-500 µm diameter) were purchased from Biocompatible, UK 
and used as received.  

Macrogels 
Polyacrylate macrogels were synthesized by mixing acrylic acid, cross-linker 
N,N′-methylenebisacrylamide (1.4 mol% of the total amount of monomers), 
accelerator TEMED, and ammonium persulfate in water. The solution was 
degassed and poured into small glass tubes and then heated for 3 h at 65 °C. 
The macrogels were stored overnight in a 0.5 M sodium hydroxide solution. 
After that, the resulting macrogels were rinsed with water three times with 24 
h interval between each rinse. The pH was kept at ~ 9.  
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Solution preparation 
In Paper I, we used water as a medium to dissolve amphiphilic drugs and to 
study the loading process, while 150 mM NaCl salt was used to trigger the 
release process. In Paper II-V, we used sodium phosphate buffer to keep the 
pH of the system at 7.4. The ionic strength during loading was 10 mM (5 mM 
phosphate buffer + 5 mM NaCl) while during the release process the ionic 
strength was raised to 155 mM (5 mM phosphate buffer + 150 mM NaCl).  

Microgel charge density 
We used a Mettler Toledo MT5 microbalance to weigh freeze-dried polyacry-
late microgels. The remaining moisture inside the microgels, after freeze-dry-
ing, was determined by using a differential scanning calorimeter (DSC Q 
2000, TA instrument). The weighed gels were suspended in water in a micros-
copy cell designed in our lab to measure the diameter of all the gels. The cell 
was placed in a light microscope and multi-images were taken to include all 
the gels inside the cell. From the diameter of the microgels, we calculated the 
total volume of all the gels. Finally, the average concentration of the polyacry-
late segments in microgels was measured by dividing the weight of the freeze-
dried polyacrylate microgels by the total volume of the gels. 

Loading and release experiments 
The collapse/swelling of a single microgel during drug loading and release, 
respectively, were studied experimentally by using a micromanipulator-as-
sisted light microscopy technique. In this technique, we were able to track the 
volume changes of a single microgel, and monitor the distribution of the drug 
inside the gel during loading and release. A micropipette was used to hold a 
single microgel with a desired volume, as illustrated in Figure 4. The gel was 
inserted inside a flow pipette under controlled conditions. Images were taken 
at specific intervals to investigate the intermediate phases during the loading 
and release process. We varied the flow rate, size of the gel and drug concen-
tration in the solution that flowed in the pipette to analyse the transport pro-
cess. The detailed setup can be found in Paper II. This method provides quan-
titative information regarding the loading and release process.  

We investigated the distribution of the drug inside the gel by using a fluo-
rescence microscopy technique. Rhodamine B was used as a hydrophobic 
probe to track the distribution inside the gel. This probe distributes in the hy-
drophobic part of the drug micelles. As a result, the intensity of the color inside 
the gel reflects the concentration of the drug micelles in the gel.  
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Figure 4. Schematic illustration for the micromanipulator-assisted light microscopy 
technique. 

Binding isotherms 
Here we studied the binding isotherms for AMT in both polyacrylate micro-
gels and macrogels. In principle, we dissolved a certain amount of AMT in a 
dispersion of microgels. The amount was chosen to cover the intermediate 
loading levels. After equilibration, the concentration of AMT in the solution 
in equilibrium with the microgels was measured by UV absorption spectros-
copy using a µDISS profiler (Pion Inc.). This instrument provides concentra-
tion measurements with high accuracy. The binding ratio β, which represents 
the molar ratio of AMT to polyacrylate segments in the microgels, was calcu-
lated by the following equation 

                                               (1) 

where  represents the total concentration of AMT in the system,  
represents the concentration of AMT in the solution outside the microgels and 

 represents the concentration of PA segments in the microgels.  
We used the same technique to measure the binding isotherm of AMT in 

systems of polyacrylate macrogels. The only difference is that we equilibrated 
one macrogel with AMT instead of a microgels dispersion. 
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Swelling isotherms 
We studied the swelling isotherms for a single polyacrylate microgel in AMT 
solution at 10 mM and 155 mM ionic strength. Equilibrating one single mi-
crogel (diameter: 100-1000 μm) in a small volume of a drug solution (3-15μl) 
needs a special setup. Here, we designed a new microscopy cell that enables 
us to equilibrate a single microgel in a small volume of AMT solution, as pre-
sented in Figure 5. The cell consists of a glass tube attached to a petri dish. At 
10 mM ionic strength, the gel was selected and positioned in the tube by using 
a micro holder. Then the tube was sealed to prevent evaporation. To avoid 
optical reflections, the petri dish was filled with water. Images were captured 
to investigate the volume change at different loading levels and distribution of 
AMT inside the gel. The binding ratio was calculated by using equation 1.  
At 155 mM ionic strength we used a slightly different approach. First, the gel 
was loaded with AMT by inserting the gel in 0.7 mM AMT solution at 10 mM 
ionic strength overnight. Then the loaded gel was moved to a small volume of 
AMT solution at 155 mM ionic strength. Different loading levels could be 
captured by controlling the volume and the concentration of AMT solution. 
After 5 h equilibration time, we captured images of the gels to analyze the 
volume changes and drug distribution. The amount of AMT inside the gel was 
measured by moving the gel, after equilibration, to a 250 µl buffer solution 
and its concentration was measured by a µDISS profiler. The number of moles 
of AMT was divided by the number of moles of acrylate segments in the gel 
to get the binding ratio. As far as we know, this is the first experimental study 
to investigate the swelling isotherm for an amphiphilic drug in a single micro-
gel at physiological ionic strength. 

 
Figure 5. Schematic illustration of the small-volume microscopy cell setup.  
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Drug concentration inside the gel 
We measured the concentration of AMT, chlorpromazine (CPZ) and doxepin 
in a single microgel to investigate the sensitivity of fully collapsed gels to 
different drug concentrations in the solution. The gel was equilibrated in a 
drug solution of a certain concentration overnight and images were captured 
to determine the size of the gel after reaching a fully collapsed state. Then the 
gel was moved to a 250 µl buffer solution to release its cargo. The concentra-
tion of the drug in the buffer solution, which corresponded to the amount of 
the drug initially inside the gel, was measured by using a µDISS profiler 
equipped with a 20 mm probe. The measured drug amount was divided by the 
volume of the gel after equilibration to get the concentration inside the gel. 

Theoretical models for release 
Gel model 
In paper II we used a mean-field model to calculate the composition of the 
microgel.   The microgel was considered to consist of a solution of monovalent 
anions and cations, a polymer network, water, and drug micelles in equilib-
rium with drug monomers. The total free energy of the gel was described as a 
sum of the free energy of mixing, electrostatic free energy, a transfer free en-
ergy, and the elastic deformation energy of the network. The calculations of 
the entropy of mixing took into account excluded volume interactions between 
micelles. The electrostatic energy was based on a capacitor model for polyion-
mediated attractions between micelles. The transfer free energy describes the 
hydrophobic effect, mainly the non-electrostatic free energy of transferring 
drug monomers into a micelle. In the case of a microgel with a collapsed core 
surrounded by a swollen shell, the deformation of the network in the shell is 
anisotropic and depends on the radial position. Therefore, the lateral and radial 
strains were calculated based on the current position in relation to the position 
in a reference state.76 

Release model 
In a fully loaded microgel, the drug distributes evenly forming aggregates in 
equilibrium with drug monomers. Moving the gel to drug-free solution of 155 
mM ionic strength triggers the release. The model calculations were based on 
the intraparticle diffusion-controlled mechanism. Here the salt enters the gel 
within a few seconds. Thereafter the drug aggregates dissolve in the outer 
layer forming a swelled part (shell) in contact with a collapsed one (core). The 
concentration of the drug outside the gel can be set to zero because of the sink 
condition. The release model is based on the presence of a sharp boundary 
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between the core and shell, a depletion-layer model. Here the concentration 
gradient of the monomer between the inner and outer layer of the shell, the 
diffusion coefficient and the thickness of the shell are assumed to determine 
the release rate. During the release process, the core decreases in size while 
the shell expands. Here inward and outward growth of the shell can be ob-
served. The inward growth is due to the dissolution of the aggregates in the 
core. This means the shell grows at the expense of the core. The outward 
growth is caused by the swelling the gel network where the shell expands as 
drug aggregates dissolve.  

The moderate volume change observed experimentally between the col-
lapsed and the swollen states of DC beads, justifies assuming a fixed gel vol-
ume in the theoretical release calculation. Thus in the model of Paper I, the 
increase of the shell thickness was attributed only to the shrinking of the core. 
However, due to the very high responsiveness of polyacrylate microgels, we 
needed to include the volume change of the gel in the calculations in Paper II. 

Small-angle X-ray scattering technique 
Small angle X-ray scattering (SAXS) is a powerful analytical technique to 
investigate microstructures in colloidal systems. In principle, an X-ray radia-
tion source with a low wavelength is transmitted through the sample. The re-
sulting X-rays are collected on a detector where the scattering pattern contains 
information about the electron density distribution in the sample, and therefore 
about the spatial distribution of molecules and molecular assemblies. From 
the scattering angle, we calculate the scattering vector q =  (θ) where the λ 
represents the wavelength of the X-ray source, which for CuKα is 1.54Å, and 
2θ represents the scattering angle.98 A Xeuss 2.0, Xenocs X-ray system was 
used to investigate the microstructure of drug-loaded microgels. Freeze-dried 
microgels were equilibrated in solutions with different concentrations of 
AMT, chlorpromazine and doxepin. The fully loaded gel slurry was mounted 
on a gel holder and positioned at 270 mm from the detector. The background 
scattering from the solution in equilibrium with the gels was subtracted from 
the raw scattering of the gel sample by the data reduction routine in the 
XSACT 2.4 software. The resulting curves represent the scattering from the 
drug-microgel complexs. The scattering intensities were plotted as a function 
of q and analyzed using SasView 4.2.2 software. A scattering model using a 
core-shell ellipsoid form factor99, 100 combined with a Hayter-Penfold Re-
scaled Mean Spherical Approximation (RMSA) structure factor101, 102 could 
be fitted to the all recorded SAXS curves. The volume of the micelle was cal-
culated by using the equation Vmic =   . The aggregation number 
Nagg was calculated by dividing the total volume of a micelle by the volume 
of a single drug molecule. 
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Raman microscopy technique 
Raman microscopy merges Raman spectroscopy with microscopy technique. 
It is an analytical method commonly used in pharmaceutical development pro-
cesses to investigate the chemical composition of a dosage form. It is a laser-
based technique where the resulting spectra depend on the vibrational mode 
of molecules.103 The spatial resolution is typically in the range of a few micro-
metres which permits investigating different spots inside the microgels used 
in this thesis. In paper V, the Raman microscopy technique was used to study 
the concentration of AMT in specific parts of partially loaded PA microgels. 
First, we designed a microscopy cell suitable for the Raman microscope. 
Briefly, we fixed a glass tube, 1.5 mm diameter, in a well plate. Then we se-
lected a single gel by using a gel holder which was attached to a microinjector. 
The gel holder was detached from the injector and was fixed inside the glass 
tube. Here the gel was equilibrated in a small volume of AMT solution. The 
new setup offered the possibility to move the cell freely without the need to 
be attached to the injector. The measurements were performed on a Renishaw 
Qontur Raman spectrometer using a 785 nm laser and a 1200 lines/mm grat-
ing. The system was calibrated with a Si reference with the pronounced vibra-
tion mode at 520.5 cm-1. We compared the intensity of the spectra between 
different microgels with variety of loading levels and between different spots 
in phase separated microgels. 
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Results and discussion 

Gel characterization 
Polyacrylate microgels were exposed to different electrolyte concentrations 
(buffer + NaCl) to characterize volume responsiveness to ionic strength. The 
results showed that the average gel volume per mole of carboxylate groups 
decreased from 0.015 m3/mol in water to 0.004 m3/mol in 155 mM ionic 
strength buffer (5 mM phosphate buffer + 150 mM NaCl, pH 7.4). Different 
gels in a variety of sizes showed almost the same swelling properties, which 
revealed homogeneity between microgels in their network structures, see Fig-
ure 6A.  

Freeze-drying of polyacrylate microgels did not affect the stability of the 
network. After dispersion in water, they regained their spherical shape. The 
swelling was reversible and the microgels were stable after exposure to differ-
ent electrolyte concentrations. Polyacrylate macrogels and microgels showed 
a similar swelling response to changes in electrolyte concentration as shown 
in Figure 6B. 

 
Figure 6. Volume responsiveness of PA gels in electrolyte solutions. A) Microgel 
volume, per mole of carboxylate groups, in different electrolyte concentrations. The 
legend represents the radius of each microgel in 5 mM buffer.  B) Macrogel volume, 
per mole of carboxylate groups, in different electrolyte concentrations. 
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Equilibrium properties at 10 mM ionic strength 
In Paper II, we investigated the interaction between AMT and PA macro- and 
microgels by means of binding and swelling isotherms. The binding isotherms 
describe the relationship between the loading levels of a drug inside the gel 
and the free drug concentration which the gel is in equilibrium with, while the 
swelling isotherms describe the changes in the volume of the gel in response 
to the binding ratio or the free drug concentration.  

Microgels  
A suspension of PA microgels were equilibrated with AMT for 6 weeks. The 
binding isotherm revealed that, above a critical aggregation concentration, the 
drug started to load onto the microgels cooperatively until all gels were ho-
mogenous and fully collapsed. The binding isotherm, as shown in Figure 7A, 
can be divided into three regions, the transition points between them are indi-
cated with arrows. 

 
Figure 7. Binding isotherms of AMT in PA microgels (A) and macrogels (B). Arrows 
represent the transition point between different regions. β is the binding ratio and 
AMT free represents the equilibrium concentration of AMT.  

The first region is accompanied by low loading levels. Here the binding ratio 
increases gradually with increasing concentration of free drug. The micro-
scope images showed no sign of phase separation but the slope of the curve 
indicated the presence of drug aggregates inside microgels.104  

The second region started at β ~0.22. The binding ratio increased sharply 
with increasing amount of added AMT while the free AMT concentration 
(outside the gels) remained almost constant. The images in this part revealed 
the presence of collapsed gels in equilibrium with swelled ones, see Figure 8. 
One interesting finding was that, at intermediate loading levels, the drug pre-
ferred to aggregate in one gel until it was fully collapsed while leaving the 
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other gels swelled. Raising the loading concentration increased the proportion 
of collapsed gels to swollen ones. We believe no one has reported this type of 
distribution earlier, i.e., of collapsed and swollen gels in the same system.  

The third region starts when all the gels are fully collapsed. The binding 
ratio increased slightly with increasing AMT concentration, which indicates 
non-cooperative binding.  
 

 
Figure 8. Light microscopy images of suspension of PA microgels equilibrated in 
AMT solution at 10 mM ionic strength. β is the binding ratio that represents the load-
ing level inside the gel. The dark spheres are collapsed PA microgels fully loaded with 
AMT. 

Macrogels  
Single cylinder-shaped macrogels were equilibrated in AMT solutions for 8 
weeks. The binding isotherm presented the same regions as in the microgels 
system, see Figure 7B. In the first region, the gel decreased in size with no 
sign of phase separation. The slope of a log-log curve in this region is larger 
than 1 for β > 0.02. In addition, the swelling isotherm for the macrogel-AMT 
system, in the same region, showed a decrease in the volume of the gel, see 
Figure 9. This indicates the presence of drug aggregates inside the gel before 
phase separation. We concluded that AMT aggregation inside the gel was im-
portant but not sufficient to induce phase separation. Phase separation started 
at β ~0.22, marking the transition to the second region, where the binding was 
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cooperative until the whole gel was fully collapsed. The difference between 
the microgels and the macrogel systems is that the latter contains only one 
macrogel instead of a suspension of microgels. Here the collapsed phase ap-
peared in the outer layer of the gel, forming a core/shell pattern. 

Notice the dramatic change in drug concentration inside the gel between 
the highest loading level in the first region and the third region. In the first 
one, the drug concentration was 0.029 M while the drug concentration inside 
the macrogels at the beginning of the third region was around 1.8 M. This 
reveals a huge loading capacity of these gels which can be beneficial in drug 
delivery applications.  

 
Figure 9. Swelling isotherms for PA macrogels in AMT solution at 10 mM ionic 
strength. 

Loading kinetics at low ionic strength 
In this study, a single microgel was positioned in a flow of AMT solution (0.6, 
0.8, 1 mM) under controlled conditions. The gel decreased in volume over 
time as shown in Figure 10. Here we have a phase transition from a swollen 
state to a collapsed one. During the loading process, the gel´s outer layer col-
lapsed and formed a dense shell surrounding a swollen core. The thickness of 
the shell increased over time at the expense of the swollen part until the whole 
gel was homogenous and fully collapsed.  

The flow rate, AMT concentration and gel size were varied to investigate 
the mechanism of the loading process. The deswelling time decreased with the 
increase of the flow rate or the concentration of AMT, while increasing the 
size of the gel prolonged the deswelling time, as shown in Figure 11.  
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A theoretical model was applied to analyse the deswelling profiles. The 
drug transport was calculated based on the rate of mass transfer to the gel 
surface (“stagnant layer diffusion”) and inter-diffusion of AMT monomers 
and sodium ions in the aqueous domains between micelles in the shell. As 
shown in Paper II, the model predicts well the deswelling profile for the 
smaller microgels and the higher AMT concentrations, while at a loading con-
centration 0.6 mM the theoretical curve deviates at the later stages of the load-
ing. The loading rate at this stage was small and a possible explanation to the 
deviation is that the monomer concentration at the core-shell boundary had 
time to relax down to the true core-shell equilibrium value. This means that 
the concentration of the AMT in the inner layer of the shell was smaller than 
the assigned value in the calculations.  

 
Figure 10. A) Light microscopy images for a single PA microgel during loading with 
AMT. B) Fluorescence microscopy images for a single PA microgel during loading 
with AMT. Notice the gel holder to the left of the gel. 

 
Figure 11. Deswelling kinetics for PA microgel. A) Volume ratio vs time for micro-
gels of different sizes; flow rate: 0.07 m/s and AMT concentration: 0.8 mM. The leg-
end represents the gel radius in 10 mM buffer. B) Volume ratio vs time for a single 
microgel (radius = 77 µm in 10 mM buffer) in different flow rates and AMT concen-
trations. 
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Release kinetics at elevated ionic strength 
A single microgel was placed in a flow of AMT solution under controlled 
conditions. After reaching a homogenous fully collapsed state, the gel was 
exposed to a buffer solution containing 150 mM NaCl to trigger the release 
process in a medium of physiological ionic strength, see Figure 12. The gel 
started to release the drug from the outer layer first. Over time the shell grew 
while the dense core decreased in volume, as more AMT complex dissolved 
into AMT monomers. The monomers diffused through the shell into the solu-
tion outside the gel (sink condition).  

 
Figure 12. Light microscopy images for a single PA microgel during AMT release at 
150 mM NaCl. 

The volume changes during release were monitored at specific time intervals. 
Three gels of different sizes (Table 1) were loaded with AMT and then ex-
posed to elevated ionic strength. Gel 2 was exposed to cycles of loading and 
release with different loading concentrations and flow rates of the release me-
dium. In each cycle, a loaded gel was exposed to a buffer solution containing 
150 mM NaCl until all the AMT released from the gel. After that, the gel was 
washed with water and loaded with the next AMT concentration. The results 
showed that increasing the initial size of a gel decreased the swelling rate. 
However, the loading concentration (1, 0.8, and 0.6 mM) and the flow rate of 
the release medium did not affect the swelling rate.  

The experimental results were compared with theoretical model calcula-
tions. The release profiles which are important in drug delivery applications, 
were successfully described by a theoretical model. Figure 13A shows the the-
oretical curves for the swelling rate. The calculations predict almost quantita-
tively the effect of the gel size on the swelling rate. Figure 13B shows that, by 
normalizing the time by gel radius in the relaxed state Rout to highlight only 
the influence of the intensive properties, the data in Figure 13A collapsed on 
one master curve. The results suggest that the transport of the drug molecule 
through the shell is the rate-limiting step for the release and swelling rates. 
This means that both the aggregation properties of the drug inside the gel and 
the thickness of the depletion layer (shell), i.e., the distance that the drug mon-
omers need to travel from the core to the gel boundary, are crucial to accu-
rately predict the release profile. In order to correctly describe the evolution 
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of the shell thickness, the model calculations took into account that the swell-
ing of the shell network is affected by the elastic coupling to the collapsed 
core network. 

 

 
Figure 13. A) Swelling kinetics for PA microgel during AMT release at 150 mM 
NaCl. Gel radius (r) in water; gel 1= 59 µm, gel 2 = 90 µm, gel gel 3 = 106 µm. Flow 
rate = 0.07 m/s. Gel 2 experiment performed in 6 cycles with different loading con-
centrations 1, 0.8, and 0.6 mM, respectively; cycle 1-3 at flow rate 0.07 m/s; cycle 4-
6 at 0.12 m/s. V represents the actual microgel volume while Vend represents the mi-
crogel volume after releasing all AMT. Solid lines represent theoretical swelling 
curves. B) The time for each curve in (A) was normalized by Rout

2, where Rout is the 
radius of the gel in the relaxed reference state. 

 

Table 1. The radius (r) of the microgels in the release experiments.  

Gel no r (µm) r (µm) 
 No salt 150 mM NaCl 
1 59 38 
2 90 58 
3 106 68 
   

Phase equilibrium in single microgels 
We studied the equilibrium properties of one single gel in a limited volume of 
AMT solution both at 10 mM ionic strength and at 155 mM ionic strength. 
The amount of AMT was chosen to be enough to load the gel partially with 
AMT. The aim was to capture the gels at intermediate loading levels to study 
the stability of the aggregates and the drug distribution inside the gel.  
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10 mM ionic strength 
The swelling isotherm showed that the gel decreased in size with an increase 
in the binding ratio, see Figure 14. At a binding ratio <0.26, the gel was ho-
mogenous with no sign of phase separation. The decrease in volume at this 
stage indicated the presence of drug aggregates inside the gel, since adding 
the same amount of a simple salt to the solution did not decrease the volume 
to the same degree. Above 0.26, the phase separation appeared in the gel in 
the form of dense parts on the outer layer.  

 
Figure 14. Swelling isotherm for AMT-PA microgel system. V/V0 was plotted vs 
binding ratio β. 

In the AMT-PA microgel system, the phase separation patterns differ from a 
core/shell pattern in the surfactant-gel system, see Figure 15. At β=0.35, we 
observed that dense domains on the surface of the gel co-existed with a swol-
len core. Here the gel still had almost a spherical shape. However, at β=0.6 
there was one dense domain in contact with the swollen one. With increasing 
β, the shape and size of the collapsed part approached the one in the fully 
collapsed state which means that the collapsed part preferred to be close to the 
relaxed fully collapsed state. This means that the rearrangement observed was 
driven by the elastic deformation energy.     
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Figure 15. PA microgels equilibrated in a limited amount of AMT solution at 10 mM 
ionic strength. Each gel represents a separate experiment. Images captured after equi-
libration by light microscopy (upper row) and fluorescence microscopy (lower row). 

To track the drug distribution over time, images were taken at specific inter-
vals. At the beginning, the drug entered the outer layer forming a dense shell 
surrounding the core. After equilibration, the drug redistributed to form dense 
domains suspended in the microgel. Interestingly at high binding ratios (β > 
0.5), one big dense domain in contact with a swollen domain appeared, as 
shown in Figure 16. Here the collapsed part dominated over the swollen part 
and the gel preferred to regain the shape of the fully collapsed gel. The ques-
tion arises whether the swelling of the swollen part and the AMT concentra-
tion in the swollen part increased or not. This was studied in detail by using 
Raman microscopy technique, see Paper V.  

 
Figure 16. Light and fluorescence microscopy images for one single gel in a limited 
volume of AMT solution at different time scales. Notice the redistribution of AMT. 
The final binding ratio β is 0.6. 

155 mM ionic strength 
We first equilibrated a single gel in 0.7 mM AMT solution (10 mM ionic 
strength) overnight to reach the fully collapsed state. Then the gel was inserted 
in a small volume of AMT solution (at 155 mM ionic strength) for 5 hours to 
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partially release AMT from the gel. Images captured by light microscopy re-
vealed that AMT was released from the outer layer so that a swelled shell 
formed surrounding the collapsed core, see Figure 17.  

 
Figure 17. Light microscopy images for different gels equilibrated in a limited volume 
of AMT solution at 155 mM ionic strength.   

In addition, the swelling isotherm showed that the volume of the gel increased 
with a decrease in the binding ratio and that the swelling trend could be di-
vided into two regimes, see Figure 18a. In the first regime (at high β), the shell 
was thin and the dense part dominated the swollen one. Here the volume of 
the gel increased moderately with the decrease in the binding ratio to β=0.4. 
After this point, entering the second regime, the volume increased faster with 
a decrease in the binding ratio until it reached a homogenous, fully swollen 
gel state. In the latter regime, the shell dominated over the core in volume. 
The change in slope of the swelling isotherm when going from the first to the 
second regime reflects how the presence of the collapsed phase affected the 
swelling of the swollen phase, and vice versa, due the elastic coupling between 
them. Figure 18b shows the theoretical curve for the swelling isotherm at 155 
mM ionic strength. The model assumed that the binding ratio in the core at 
every instance was similar to the binding ratio in the same fully loaded gel. 
The model curve lacks a distinct transition point between the two regimes but 
it describes well the trend of the swelling ratio at low binding ratios and that 
the swelling increment is largest in the lower binding range where core has 
the smallest effect on the swelling of the shell. 

At this stage, we cannot confirm that the systems in Figure 17 reached true 
equilibrium but it is clear that the core-shell phase boundaries remained dis-
tinct for extended time periods. This study provides the first experimental ev-
idence that the phase coexistence at intermediate loading levels are stabilized 
by thermodynamic factors. The results support the theoretical model sug-
gested in Paper II where the release kinetics was tracked indirectly by moni-
toring the swelling of the gel in controlled conditions. In the model we as-
sumed that phase boundary between core and shell was stabilized by thermo-
dynamic factors during the release process, and that the microgel re-estab-
lished the osmotic equilibrium quickly at every step of the release process. 
Thus, the volume of the gel was determined by the amount of AMT remaining 
in the core.  
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Figure 18. Swelling isotherm for PA microgels equilibrated in a limited volume of 
AMT solution at 155 mM ionic strength. 5 hours equilibration time. a) Experimental 
results. The data point (cross) represents a fully collapsed microgel at 10 mM ionic 
strength. b) Theoretical swelling isotherm. 

Binding isotherm at physiological ionic strength 
In this study, we investigated phase separation at elevated ionic strength in 
microgel suspensions by means of binding isotherms. Polyacrylate microgels 
were equilibrated in solutions with different amounts of AMT at 155 mM ionic 
strength (pH = 7.4). The results revealed that the binding could be divided into 
four regimes. The transition points between the regimes are indicated with 
arrows in the binding isotherm shown in Figure 19. At a low AMT concentra-
tion, the binding ratio increased slightly with an increase in the AMT concen-
tration until reaching a short plateau which represents the second region. The 
plateau could be explained by the formation of micelles in the solution outside 
the gels. This was confirmed by measuring the surface tension for the AMT 
solution in a buffer system of 155 mM ionic strength. In the third region, the 
binding increased sharply and the free concentration was almost constant. Mi-
croscopy images (at β=0.27) revealed the presence of a phase separation re-
sembling the one at 10 mM ionic strength (see Paper II). The gels collapse one 
after the other at increasing AMT concentrations until reaching the last region 
where all the gels are homogenous and fully collapsed. The binding ratio in-
creased slightly to reach values exceeding unity at the end of the investigated 
concentration range. This was in agreement with theoretical model calcula-
tions suggesting that the elevated ionic strength would facilitate the binding 
ratio over the unity.77  
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Figure 19. Binding isotherm of AMT-PA microgels at 155 mM ionic strength. 

It is interesting to note that the phase separation remained stable at high ionic 
strength, see Figure 20. This was not obvious at the outset, since adding salt 
is known to dissolve polyelectrolyte complexes. However, the destabilizing 
effect of the added salt was evidenced by the fact that the critical collapse 
concentration needed to reach phase separation (CCC) increased from 0.37 
mM at 10 mM ionic strength to 2.4 mM at 155 mM ionic strength. The ob-
served equilibrium between collapsed and swollen microgels gives additional 
support to the idea that the mechanism of drug release at physiological ionic 
strength can be described as a phase transformation between collapsed and 
swollen phases as assumed in the release model presented in Paper II.  
 

 
Figure 20. Light microscopy images for PA microgels equilibrated in AMT solution 
at 155 mM ionic strength. The dark spheres are collapsed PA microgels fully loaded 
with AMT. 
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Amphiphilic drugs in DC beads 
In Paper I, we investigated the loading and release kinetics of different am-
phiphilic molecules to/from DC beads. DC Beads are polymer microgels con-
sisting of polyvinyl alcohol attached to poly(2-acrylamido-2-methylpropane-
sulfonate). These gels possess a negative charge. They can carry a large 
amount of cationic amphiphilic drugs inside. We studied amitriptyline (AMT), 
chlorpromazine (CPZ), adiphenine (ADI) and dodecylpyridinium chloride 
molecules. Micromanipulator-assisted light microscopy was used to inspect 
the internal morphology of the gels. During the loading process, a single gel 
was exposed to a flow of amphiphilic drug solution. The results showed that 
the gel deswelled over time until reaching a homogenous fully collapsed state. 
The size of the fully collapsed gel was around 10% of the gel before loading 
for the studied molecules. The deswelling rate was studied by applying differ-
ent concentrations of each amphiphilic drug. In general, the loading time de-
creased with an increase in the loading concentrations. Interestingly the vari-
ation in the loading rate between different drug molecules (in the studied 
range) was very small. This can be explained by the large concentration gra-
dient between the loading drug concentration and the critical aggregation con-
centration inside the gel.  

During the release, the gel was exposed to 150 mM ionic strength NaCl 
solution. The gel swelled gradually over time until reaching a homogenous 
state, free from the drug. The release starts in the outer layer, forming a swol-
len shell surrounding a collapsed core. The core consists of drug aggregates 
which act as a reservoir for the released drug monomers, where the concen-
tration of the monomers in the core equals the critical aggregation concentra-
tion CAC.105 The monomers move through the shell to the outer layer of the 
gel (sink condition). Here the release rate was not affected by the loading con-
centration for each studied drug but there were differences between the release 
profiles of various drugs. The swelling rate increased with increasing critical 
micelle concentration (CMC).  

One major finding in Paper I is an explanation of the mechanism of drug 
release from DC beads. Previous literature suggested a simple ion-exchange 
as a primary mechanism to describe the release process.106-108 In this work, we 
found that drug aggregation properties inside the gel exerted a significant ef-
fect on the release profile. A depletion-layer mechanism was suggested for 
release, where the drug aggregates in the core´s outer layer dissolve into mon-
omers. The monomers move through the depletion layer, the shell, to the so-
lution outside the gel. This means that the CAC inside the gel can be used to 
predict the release profile. A drug with a low CMC - and thus CAC (assuming 
a correlation between CAC and CMC) - has a slower release profile than a 
drug with a high CMC. This can be explained by the resulting differences in 
the concentration gradient. A similar mechanism was observed for the release 
of AMT from PA microgels in Paper II. However, modelling of the release 
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required more involved calculations taking into account the swelling of the 
shell during the release. In conclusion, the mechanism of interaction between 
cationic amphiphilic drugs and oppositely charged microgels provided in Pa-
per I and II can be used to develop novel drug delivery carriers. 

Doxorubicin (DOX)-DC beads 
The deswelling and swelling rate for DC beads during loading and release of 
doxorubicin was studied by using micropipette-assisted light microscopy, see 
Figure 21. The hydrophilic and the hydrophobic parts in DOX molecules are 
not well separated in comparison to other simple cationic amphiphilic drugs, 
for example amitriptyline. For this reason, we used the surfactant cetylpyri-
dinium chloride (CPC) as a control molecule. It has similar hydrophobic prop-
erties to the DOX with a CMC value of 0.9 mM. In general, the volume re-
sponsiveness of the gel to DOX is qualitatively the same as in the other studied 
amphiphilic drugs in Paper I. DC beads decreased in size during the loading 
process. The drug entered the outermost layer first, forming a collapsed do-
main. The collapsed part grew as more DOX entered the gel until reaching a 
fully collapsed gel. The gel at this level contained a large amount of DOX 
aggregates. This is beneficial in drug delivery applications. After that, expos-
ing the gel to 150 mM NaCl triggered the release process. DOX released from 
the outermost layer first, forming a swelled shell free from aggregates. It was 
interesting to observe that the release of DOX was slow and incomplete even 
after a long exposure time, 6000 s. To understand the incomplete release we 
need to understand the mechanism behind the release process. The model cal-
culations suggested that the fully loaded gel consists of drug aggregates in 
equilibrium with free monomers of DOX. The monomer concentration is 
equivalent to the critical aggregation concentration. This means the concen-
tration of the DOX monomers in a fully collapsed gel is lower than AMT, 
ADI, and CPZ (see Paper I). The drug released from the outermost layer builds 
two separated compartments in the gel. The collapsed core full with aggre-
gates is surrounded by a swollen shell free from the aggregate. The core serves 
as a reservoir for DOX monomers. The monomers move from the core´s outer 
layer to the bulk via the swelled part. The calculations showed that the con-
centration gradient between the core and the bulk are an important and rate-
limiting step for the release process and not the simple ion-exchange in phys-
iological environments. Due to the low CMC109 value for DOX and hence 
CAC, the concentration gradient is lower than for AMT, ADI, CPZ, which 
affects the release rate. The mechanism highlighted the importance of under-
standing the aggregation properties in order to predict the release of am-
phiphilic drugs from microgels. 
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Figure 21. Light microscopy images for DC-beads A) during loading with doxorubi-
cin B) during doxorubicin release.   

Aggregation properties inside microgels 
Cationic amphiphilic drugs tend to aggregate inside oppositely charged mi-
crogels. These self-assembly is beneficial to load substantial amounts of a 
drug. Polyacrylate microgels, for example, can carry AMT in a concentration 
of 1.8 M at β=0.85. The aggregation properties affect the loading capacity and 
the kinetics of loading and release. We found that there is a direct relationship 
between the critical aggregation concentration (CAC) inside the gel and the 
release rate, see Paper I. The results highlight the importance of investigating 
the nature of the drug self-assemblies formed in the microgels. To improve 
our understanding, we studied the microstructure of polyacrylate microgels 
loaded with AMT, chlorpromazine (CPZ) and doxepin, respectively by means 
of the small angle X-ray scattering technique (SAXS). We first equilibrated 
the microgels in amphiphilic drug solutions of different concentrations. There-
after, the fully loaded microgels were mounted on a gel holder and scattering 
curves were collected. The scattering data were analyzed and best fitted by 
using SasView software. The results revealed that the studied molecules built 
small ellipsoid micelles inside microgels but no ordered crystalline structures 
occurred. The scattering curves for AMT, CPZ and doxepin all lack distinct 
Bragg peaks. They show instead broad correlation peaks. For the samples with 
binding ratio < 1, this may be explained by the very small aggregation number 
(see below). However, for the samples with binding ratio > 1, where the ag-
gregation number was higher and the drug concentration inside the microgel 
was very high, this is remarkable.  

In a previously studied C12TAB-gel system at 10 mM ionic strength, the 
SAXS measurements showed the presence of a cubic liquid crystalline 
phase83. Increasing the ionic strength to 150 mM dissolved the order structure. 
In addition, Ashbaugh and Lindman110 studied the effect of the micelle surface 
charge on the scattering curves in a similar system. The non-ionic surfactant 
octaethylene glycol monododecyl ether (C12E8) was added in different propor-
tions to the complex to form mixed micelles with the cationic surfactant in the 



 

 42 

gel. They found that increasing the proportion of non-ionic surfactant in mi-
celles shifted the cubic peaks to lower q values. Further increase in the C12E8 

content caused disappearance of the distinct peaks to form a broad correlation 
peak instead. This showed that decreasing the surface charge of the micelles 
“melted” the liquid crystalline phase into a disordered micellar phase.  

Returning to our work, the ionization degree of AMT, CPZ and doxepin 
are sensitive to the pH of the medium. At pH 7.4 there is a small percent of 
uncharged species in the liquid solution.46 However, with increasing drug con-
centration in the solution there is a hydrophobic driving force to continue in-
corporating drug even beyond the point where the binding ratio is larger than 
unity. The systems can accomplish this without excessive “overcharging” of 
the gels by recruiting preferentially uncharged drug molecules from the solu-
tion. It is possible that the lack of liquid crystalline order, even in the most 
highly concentrated microgels, can be explained by the presence of uncharged 
species in the micelles, weakening the electrostatic interactions in the com-
plexes. 

In the AMT-PA microgels system, we equilibrated a suspension of micro-
gels in 1-20 mM AMT solution at 10 mM ionic strength. The scattering data 
at 1 mM solution showed a broad correlation peak at scattering vector q ≈ 0.3. 
Increasing the concentration in the solution caused a shift of the maximum to 
lower q, see Figure 22. Above 10 mM, the curve resembled the ones observed 
previously by Efthymiou et al.46 in the AMT-water system well above CMC. 
The curves are typical for a system of micelles interacting with each other. In 
such systems, the scattering is dominated by the form factor at low concentra-
tions but strongly influenced by the structure factor at higher concentrations, 
supressing the scattering at low q. Thus, since there are large concentration 
effects on the scattering curves it is important to be able to determine the con-
centration of the drug inside a microgel. Such measurements impose a chal-
lenge in a microscale experiment. However, in Paper IV, we succeeded in 
measuring the concentration of the drug inside the microgels by building a 
microscopy cell specially designed to equilibrate one single microgel inside a 
specific concentration of the drug. After equilibration, the gel became homog-
enous and fully collapsed. We used a µDISS profiler to determine the amount 
of the drug inside the gel as described above, in combination with determina-
tion of gel volumes from microscopy images. The results revealed that the 
concentration of AMT inside the gel increased with increasing loading con-
centrations in the range of 1-20 mM of AMT solution. It is noteworthy that 
the gel at 1 mM reached a fully collapsed state. This means that loading con-
tinued after reaching non-cooperative binding (see Figure 7). The scattering 
curves showed sensitivity to the concentration of the drug inside the gels. As 
the concentration in the gel increased, the correlation peak shifted to lower q 
and the influence of the structure factor decreased. This is contrary to the AMT 
scattering curves in water, where the maximum of the scattering curves shifted 
to higher q and the influence of the structure factor increased with increasing 
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concentration.46 This can be explained by the ratio of the non-ionic to ionic 
species in the micelles. As the non-ionic proportion inside the micelles rises, 
the aggregation number grows, and thus in a closely packed system the centre-
centre distance between micelles increases. This results in a shift in the corre-
lation peaks to lower q.  

The shape of the scattering curves could be fitted with a scattering model 
for ellipsoidal micelles. We used a two-compartment (core/shell) model in 
which the micelle consists of a core and shell with different electron density. 
The polyion-dressed hydrophilic head groups of an amphiphilic drug comprise 
the electron rich shell while the hydrophobic moieties represent the core. The 
main parameters for this model are the polar axis, equatorial axis and shell 
thickness. The ratio of polar to equatorial semi-axis (rpolar/requ) describes the 
ellipticity of the micelles. The rpolar/requ ratio less than 1 indicates the presence 
of oblate ellipsoid micelles while the rpolar/requ ratio higher than 1 indicates the 
presence of prolate ellipsoid micelles. We used a core-shell ellipsoid model 
combined with Hayter-Penfold RMSA structure factor to determine the shape 
of the aggregates formed by AMT, CPZ and doxepin in PA microgels. The 
structure factor was necessary to take into account the effect of the interactions 
between adjacent micelles.  

In the AMT-PA microgels system, fitting the scattering curves showed that 
the micelles have oblate ellipsoid form with a small aggregation number. The 
micelles became more elongated as the binding ratio increased. The polar-to-
equatorial ratio decreased with an increase in AMT binding ratio from 0.9 at 
β 0.85 to 0.5 at β 2.1.   

At β 0.85 the aggregation number inside the microgel was 11. The aggre-
gation number was increased with an increase in the equilibrium concentration 
to reach 42 at β 2.1. The micelles grew mainly by extending the length of the 
equatorial axis. The aggregation number is comparable to the ones reported 
for AMT in concentrated aqueous solutions.46 Interesting to point out is that 
at β 2.1, the model fitted the experimental scattering curve with a very small 
shell thickness. This means that the difference in the electron density between 
the core and the shell was small. Actually, it was possible to fit the curve by 
using a homogenous ellipsoid model resembling the one previously used in 
AMT-water system. This indicates the influence of the increase in the non-
ionic species in the complex.  
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Figure 22. SAXS scattering curves for AMT-PA microgels. Csol represents drug con-
centration in a solution in equilibrium with the microgel. β represents the binding ra-
tio. Solid lines represent the fitting curves performed by SasView. 

The effect of ionic strength on the aggregation properties was studied by equil-
ibrating microgels in AMT solution at low and high ionic strength. The bind-
ing ratio was set to 0.84 and 0.89 in 10 mM and 155 mM ionic strength, re-
spectively. Figure 23 showed that at elevated ionic strength the scattering 
curve was broader than at 10 mM ionic strength. The curve resembles the ones 
recorded at 3 mM AMT solution, see Figure 22. Also the curve for AMT-PA 
at 10 mM ionic strength, resembles the one at 1 mM equilibrium concentra-
tion. There was similarity between the curves towards high q, where the scat-
tering pattern is dominated by the form factor. This means that the aggregation 
number did not changed much. However, elevating the ionic strength de-
creased the influence of the structure factor. This means that the interaction 
between micelles decreased at high ionic strength. 
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Figure 23. SAXS curves for AMT- PA system at 10 mM and 155 mM ionic strength. 

The scattering curves for chlorpromazine-PA microgels at 10 mM ionic 
strength also indicated a strong correlation between micelles. The maximum 
scattering intensity increased when increasing the equilibrium concentration 
from 0.25 mM to 0.5 mM, but was followed by a drop in the intensity when 
the concentration was further increased to 1 mM, 2 mM and 3 mM, as shown 
in Figure 24.  

 
Figure 24. SAXS curves for CPZ-PA microgels system at 10 mM ionic strength. The 
legend represents drug concentration in a solution in equilibrium with the microgel. 

The latter effect was unexpected but could be explained by microscopy images 
for a single microgel equilibrated in solutions with 0.25 - 3 mM CPZ, reveal-
ing that CPZ precipitated on the surface of the gel for concentrations ≥ 1 mM, 
see Figure 25. Thus it is likely that, for those samples, the concentration in the 
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gels was lower than expected. At 0.5 mM CPZ, the experimental curve was 
best fitted by using a model with a core-shell ellipsoid form factor and Hayter 
RMSA structure factor. The result showed that CPZ-microgels complex form 
oblate shape aggregates with aggregation number 23. 

 
Figure 25. Microscopy images for CPZ-PA microgel system at 10 mM ionic strength. 

The scattering curves for the doxepin-PA microgels system at 10 mM ionic 
strength were rather insensitive to variations in the equilibrium concentration. 
As shown in Figure 26, the pattern of the curves remained almost the same in 
the studied range between 2 mM and 5 mM equilibrium concentration. The 
binding ratio inside the gel revealed that the amount of doxepin inside the gel 
remained the same after increasing the equilibrium concentration in the stud-
ied range. This explains the similarity of the scattering curves. A theoretical 
model based on a core-shell ellipsoid form factor combined with a Hayter 
RMSA structure factor was fitted on the scattering data for doxepin-PA mi-
crogels complex at 5 mM doxepin solution. The results revealed that the ag-
gregates form small oblate ellipsoid micelles with aggregation number 11.  

 
Figure 26. SAXS curves for doxepin-PA microgels system at 10 mM ionic strength. 
The legend represents the equilibrium concentration. 

In conclusion, we combined different experimental techniques to study the 
aggregation properties inside microgels. These properties are very important 
in understanding the drug-microgels interactions and thus predict loading and 
release profiles. 
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Composition of the swollen phase   
In Paper II, we noticed that microgels at a high binding ratios, redistributed 
from a core/shell pattern to an asymmetric pattern. Furthermore, the intensity 
of the fluorescent probe in the swelled part was lower than in a gel with a 
binding ratio just below the phase separation limit. This indicated that the 
AMT concentration in the swollen part could actually decrease upon phase 
separation, a behaviour that would resemble precipitation in a supersaturated 
solution. However, in gels this could be caused by elastic effects rather than 
by interfacial tension. To investigate this we used, in Paper V, the Raman mi-
croscopy technique to track the changes in the composition of different parts 
of homogeneous and phase separated microgels. A new microscopy cell de-
sign was used in this work to be able to perform Raman measurements. After 
equilibration of a single polyacrylate microgel in a small volume of AMT so-
lution, the gel tended to partially collapse, forming a dense phase in contact 
with a swollen phase. A set of microgels with different binding ratios could 
be created by controlling the initial concentration of the drug in the solution, 
the volume of the solution and the size of the gel. In gel 1, the binding ratio 
was 0.25. The gel volume decreased upon loading of the drug but the gel re-
mained homogenous with no sign of phase separation, see Figure 27. This was 
in agreement with the results in Paper III, where phase separation of a single 
PA gel in AMT solution was first noticed at β=0.26. It is worth mentioning 
that in a suspension of PA microgels equilibrated in AMT solution, phase sep-
aration occurred at β=0.22, see Paper II.  

As shown in Figure 27, at a binding ratio of 0.34, gel 6 consisted of col-
lapsed domains in contact with swollen ones. The gel was deformed but still 
retained a globular shape. At β > 0.5, the separation into a collapsed and a 
swollen phase was more distinct. The gel deformed heavily on the side of the 
collapsed part while the swelled one appeared to strive to maintain the shape 
before phase separation.        

 
Figure 27. Light microscopy images for PA microgels equilibrated in a limited vol-
ume of AMT solution. Each image represents a separate experiment.  

Raman spectra (see Figure 28) showed that the concentration of AMT in the 
swollen part of a gel with a binding ratio 0.53 was lower than in a loaded gel 
just before phase separation (binding ratio 0.25). This means that the concen-
tration needed to start collapsing a swelled gel is higher than the Maxwell 
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point, which is the concentration at which swollen homogeneous and col-
lapsed homogeneous gel states have the same free energy. This can be ex-
plained by the presence of elastic forces in the polymer networks that act as 
an energy barrier hindering the phase separation to occur.78, 85  Once phase 
separation occurs, the gel network relaxes with an increase in the binding ratio. 
With that the chemical potential of the drug, and therefore also the concentra-
tion of drug monomers in the swollen phase decreases. This explains also the 
hysteresis in the equilibrium concentration needed to collapse a swelled gel 
during loading and to swell a collapsed gel during release.  
 

 
Figure 28. Raman spectra for different parts in a single microgel equilibrated in a 
small volume of AMT solution. The equilibrium solution, in legend, represents the 
AMT solution in equilibrium with gel 2. Gel 1; βgel1 0.25, homogenous gel with no 
phase separation. Gel 2; βgel2 0.53, phase co-existence. Gel 4; β 0.22, homogenous gel 
with no phase separation, equilibrated in 2 gels system.   

We further studied this effect by performing a separate experiment where we 
inserted two microgels in a limited volume of AMT solution, sufficient to load 
one gel with a binding ratio 0.55 or both with 0.275. Initially, both gels de-
creased in volume, indicating that micelles formed in them. However, after a 
few days, one of them further decreased in volume at the same time as a col-
lapsed phase appeared in it, while the other gel increased slightly in volume, 
see Figure 29. This means that AMT redistributed between the gels. Accord-
ing to the above results for single microgels, the nucleation of the collapsed 
phase requires a minimum binding ratio of ca. 0.26, which is just below the 
binding ratio in each gel if AMT would have distributed uniformly between 
them. Thus, in principle both gels could have been in the phase separated state. 
However, the observed non-uniform distribution with the collapsed phase in 
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one of the gels is expected to be consistent with the lowest elastic deformation 
energy.  

It is interesting to note that the binding ratio of gel 4 decreased to 0.22, as 
obtained from comparison with the swelling isotherm for a single PA microgel 
in Paper III. This is the same value as the minimum binding ratio required for 
collapsed microgels to coexist with swollen microgels in suspensions of PA 
microgels in AMT solutions (see Figure 8). This means that the average de-
formation energy per microgel in a suspension of collapsed and swollen mi-
crogels is lower than in a phase separated single microgel.  

Understanding the effect of elastic forces on the loading and release pro-
cesses enhances understanding of the mechanism of interactions and thus im-
proves theoretical models, which can predict release profiles in such delivery 
systems with high accuracy. 

 
Figure 29. Microscopy images of two PA microgels in a limited volume AMT solu-
tion. V/V0 represents the volume ratio where V is the actual volume and V0 is the 
initial volume in 10 mM phosphate buffer before adding AMT. The binding ratio β is 
derived from the swelling isotherm in Paper III. 
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Conclusions 

The focus of this thesis was on understanding the interaction between cationic 
amphiphilic drugs and oppositely charged microgels. The findings are valua-
ble to the design of a novel drug delivery system based on loading a large 
amount of amphiphilic drug inside microgels with the possibility to control 
the release. We successfully used different experimental techniques to obtain 
thermodynamic, compositional and microstructural information that are es-
sential to understand the mechanism of the loading and release.  

A depletion-layer mechanism was suggested for the release process. Dur-
ing the release, a swelled shell formed, free of aggregate, surrounding a col-
lapsed core. The self-assembling properties of the amphiphilic drugs inside 
the core have a direct influence on the release profile. The calculations suggest 
that the transport of the drug through the shell is the rate-determining step. 
Here the stability of the aggregates in the core and the concentration gradient 
for drug monomers between the core and the gel´s outer layer play a major 
role. In addition, the distance from the core to the shell that the monomers 
travel should be taken into account, especially for highly responsive micro-
gels.  

We succeeded in designing a new microscopy cell suitable for microscale 
experiments to investigate the stability of the phase coexistence. For AMT-
PA microgel system, we concluded that the phase separation could be stabi-
lized by thermodynamic factors. In addition, equilibrating a suspension of PA 
microgels with AMT at a physiologically relevant ionic strength reveals a bi-
modal distribution of the drug where the drug prefers to aggregate in one gel 
at a time. If there is sufficient amount of drug molecules, the gels collapse one 
after the other until all the gels are fully collapsed. The findings indicate that 
the sharp boundary between the collapsed and the swelled part during the re-
lease process, in Paper II, is influenced by thermodynamic interactions and 
not a result of slow dynamics.   

The SAXS scattering curves for the AMT, CPZ and doxepin in PA micro-
gels showed no ordered crystalline structures despite the drug being very con-
centrated inside the gel. The drug aggregates formed small ellipsoidal mi-
celles. In AMT-PA microgels complex, the aggregation number increased 
with an increase in the concentration of the drug inside the gel. We concluded 
that the presence of nonionic species, which form mixed micelles together 
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with ionic species, influences the aggregation properties. Here further inves-
tigations are needed to quantify the ratio of ionic to nonionic species.     

We compared the intensity of Raman spectra for AMT in PA microgel with 
different loading levels to investigate the effect of the elastic coupling between 
the swollen and collapsed phases. The results revealed that the cost of defor-
mation acts as a hindrance to phase separation at the Maxwell point. But once 
phase separation occurs, the concentration of the drug needed to stabilize the 
phase coexistence decreases with an increase in the loading level inside the 
gel. This information is valuable to understanding the hysteresis between the 
swelling and collapse transitions, which is important for improving the pre-
diction of release profiles. 
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Future perspective 

The information obtained from this thesis can be used as a foundation to study 
more complex amphiphilic biomacromolecules in microgels systems. 

In this thesis, we investigated the effect of ionic strength on the interactions 
between amphiphilic drugs and microgels carrier systems. We recommend ex-
panding these studies by using different trigger factors such as glucose, pH 
and temperature. Furthermore, it would be interesting to investigate how the 
addition of albumin to the solution as a competitor to the microgels for binding 
of drug molecules would affect the drug release. 

A time-resolved fluorescence quenching technique can be used to study the 
aggregation number of drug aggregates inside microgels. This technique of-
fers complementary information to the results obtained from SAXS. Finally, 
we suggest expanding Raman microscopy studies to investigate the ratio of 
ionic to non-ionic species of drug aggregates inside microgels. 
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