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Hepatocellular carcinoma (HCC) causes ~ 600,000 deaths annually, making it the second most
deadly cancer form. HCC is classified into five stages and for the intermediate HCC treatment,
the two most commonly used drug delivery systems (DDSs) are lipiodol-based emulsions and
drug-eluting beads. The aims of this thesis were to develop in vitro methods suitable for studying
these DDSs. It is important to investigate the release mechanisms and release rates with relevant
in vitro methods, as this can improve the understanding of the in vivo performance. Miniaturized
in vitro methods with sample reservoirs separated from the release medium by a diffusion barrier
were developed and shown to be suitable for studying drug release from particle DDSs (Paper
I). In Paper II these methods were further developed and used to study the release of doxorubicin
(DOX) from the clinically used drug-eluting beads. DOX release rates were affected by the
method set-up and the characteristics of the release medium. The choice of method and volume
of release medium could improve the in vivo-likeness of the in vitro release profiles. Applied
theoretical models suggested a film-controlled type of DOX release mechanism from the beads
when self-aggregation, DOX-bead interaction, and DOX deprotonation were taken into account.
A micropipette-assisted microscopy method was used to further improve the understanding
of the release mechanism of amphiphilic molecules from the beads (Paper III). A detailed
analysis suggested an internal depletion-layer model dependent on molecular self-aggregation
for the release. It was further suggested that a simple ion-exchange mechanism is unrealistic in
physiological conditions.
The important pharmaceutical factors for the emulsion-based formulations were investigated
in Paper IV. DOX solubility, lipid phase distribution, and emulsion stability increased when the
contrast agent iohexol was added. Also, an increase in release half-life (h) was observed from
emulsions with iohexol.
The in vitro methods and theoretical models presented in this thesis can be used during
development and optimization of future DDSs.
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EPR
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PVA
TACE

acrylamide methylpropanesulfonate
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drug delivery system
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Introduction

Hepatocellular carcinoma and its treatment
Primary liver cancer is dominated by hepatocellular carcinoma (HCC), which
contributes to 70 – 90% of primary liver cancers.1-3 HCC has an incidence
mortality ratio of 0.95 and globally it causes ~ 600,000 deaths annually,
making it the second most deadly cancer.2, 4 Twice as many men as women
suffer from HCC, and the disease is more common in Asia and Africa compared to Europe and North America.4, 5 HCC development is often preceded
by development of liver cirrhosis. Therefore, the risk factors of HCC and liver
cirrhosis, such as infection with hepatitis B and/or C virus, high alcohol intake,
nonalcoholic steatohepatitis, and aflatoxin intake, are similar.3, 4 Despite the
successful development of novel therapies for the treatment of hepatitis, the
incidence rate of HCC is rising, which is attributed to advancing age, diabetes,
and obesity.1
Since HCC often develops in a diseased and cirrhotic liver, the remaining
liver function is important in the treatment of HCC. The liver function is often
classified using the Child-Pugh A – C classification, where A is characterized
by a well-preserved liver function and C by a poor function.1 Several staging
systems have been proposed for providing a clinical classification system of
HCC, with the Barcelona-Clinic Liver Cancer (BCLC) classification being the
most commonly used.1 BCLC classifies HCC patients into 5 stages, 0, A, B,
C, and D, where 0 is very early and D describes an advanced terminal stage.
The recommended treatment depends on tumor progression and the liver
function. Tumor resection, liver transplantation, and local ablation with
radiofrequency or percutaneous ethanol injection, are available treatment
options for BCLC 0 – A.1 BCLC B is described as an intermediate stage with
multinodular tumors and a Child-Pugh A-B function of the liver. Oral multikinase inhibitors (sorafenib, regorafenib, and lenvatinib) are approved for advanced HCC, whereas palliative care is recommended for the terminal stage,
BCLC D.1, 6 The recommended treatment for the intermediate-stage HCC patients, and the focus of this thesis, is the intra-arterial infusion of a drug
delivery system (DDS) loaded with cytostatic agent(s).1
The DDS is administered in an interventional oncology procedure called
transarterial chemoembolization (TACE) (Figure 1). HCC is a solid and
highly vascularized tumor that receives 90% of the blood supply from the
hepatic artery, compared to normal liver tissue where 75 – 80% of the blood
9

supply originates from the portal vein.7 The difference in blood supply
between tumor and the healthy liver is the rationale for TACE.1, 8

Figure 1. Schematic illustration of the transarterial chemoembolization (TACE)
administration site in hepatocellular carcinoma (HCC) treatment. The tumor receives
a majority of its blood supply from the hepatic artery, compared to the healthy liver,
which receives the majority of its blood supply from the portal vein. This difference
is the rationale for TACE, where local drug delivery from a drug delivery system
(DDS) with dual action – chemotherapy and embolization – is administered through
the hepatic artery. The procedure is carried out with interventional radiological
techniques that visualizes the procedure using radiological-image guidance.
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Compared to no treatment, TACE increases the median survival from 16 to 20
months.9 The functions of the DDSs used in TACE are dual. The DDSs release
the cytostatic drug and embolize the treated artery, which decreases the supply
of oxygen and nutrients to the tumor. TACE decreases the systemic toxicities
of the used cytostatic agents, and the administration of the DDS is enabled
using contrast agents and radiological-image guidance.1, 8, 10, 11

Drug delivery systems
A pharmaceutical formulation is often needed for enabling efficient delivery
of any drug to the body and site of action. Some formulations are designed to
release its drug content immediately, while other release the drug over a
prolonged time. There are several different pharmaceutical formulations
available. The most common ones are tablets intended for oral use.12 However,
other formulations, such as capsules, ointments, creams, gels, suspensions,
and suppositories are all in clinical use. After oral administration, the drug
must be dissolved in the gastrointestinal (GI) lumen, permeate across
membranes, such as the gut-wall in order to be absorbed, and then avoid firstpass metabolism in the gut and liver to reach the systemic blood compartment.
If a drug is administered through the parenteral route it does not have to cross
membranes to be systemically available. However, after intra-arterial
administration it will be immediately available for systemic action.
Cytostatic agents can be administered via the parenteral route to
minimize adverse events related to GI-exposure, and to ensure reproducible
bioavailability. There are several DDSs currently used to deliver cytostatic
agents to the intended site of action, which is the tumor.1, 13 The tumor
microenvironment is characterized by low pH (6.2–6.9) and leaky blood
vessels, which by the enhanced permeability effect (EPR) can induce
accumulation of small particles inside the tumor.13-17 The EPR effect is one of
the major driving forces behind the development of nano-formulations, such
as liposomes in tumor treatment. These have been shown to decrease critical
adverse events related to the cytostatic agents.13, 15, 16 Currently, there are two
nano-sized liposomal DDSs containing doxorubicin (DOX) on the European
market, Caelyx and Myocet. Both are indicated for the treatment of breast
cancer.13, 15, 16
The recommended treatment for the intermediate-stage HCC is TACE with
a DDS loaded with cytostatic agent(s).1 Similarly to the use of nanoformulations the goal for using TACE is to increase intra-tumor
concentrations of the cytostatic agent and to reduce adverse events.1 The two
most often used DDSs are lipiodol-based emulsions and hydrogel microparticles.1, 10
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Lipiodol-based emulsions
Even though emulsions have a complex nature and are thermodynamically
unstable, they have applications in a wide variety of pharmaceutical products,
such as topical, subcutaneous and parenteral formulations.18, 19 The lipid phase
of the emulsions used in TACE is lipiodol. In the 1980’s X-ray investigations
showed that lipiodol accumulated in tumor tissue at least up to three days after
administration.20 This lead to the implementation of lipiodol-based emulsions
in treatment of intermediate HCC.21, 22 The efficacy and safety of lipiodolbased emulsions has been evaluated in a systematic review including ~ 10,000
patients. After TACE treatment, the overall survival rate was 70% after one
year and 32% after five years.21
Lipiodol is an ethylated ester derived from poppy seed oil, with 73%
lineolic, 14% oleic, 9% palmitic, and 3% stearic acid. It is iodinated with an
iodine concentration of 480 mg iodine/ml.23 Despite its widespread use, the
exact chemical structure with regards to the positioning of the iodines is
unknown.24
The aqueous phase of the lipiodol-based emulsions often contains cytostatic agents and other components, such as contrast agents used to visualize
the administration.1, 8 The addition of contrast agents generates more stable
emulsions, because they equalize the densities of the lipid and aqueous
phases.10, 22, 25
The emulsion is prepared ex tempore by mixing the emulsion components
just prior to administration (Figure 2).8, 22, 25 The mixing is often performed by
connecting two syringes to each other and pumping the components back and
forth until an emulsion is formed.22, 26 The intra-hepatic administration is often
lobular and the emulsion generates partial and temporary embolization of
treated arteries.27 This partial embolization, which causes a reduction or
blockage in blood flow, has been described as lipiodol’s mechanism of action.27 A full embolization can be achieved by the addition of embolizationmaterial, such as gelatin-sponge, but the benefits of this addition has been
debated.22, 28
DOX, epirubicin, cisplatin, and miriplatin are the most commonly used
cytostatic agents in lipiodol-based emulsions. They can be used in single- or
multiple-drug regimes.21 The drug release rates in vitro and in vivo depend on
emulsion stability, aqueous-to-lipid phase ratio, preparation technique, and
emulsion composition.10, 22, 26, 29, 30 The clinically used lipiodol-based emulsions are not standardized and in the clinical reports there is lack of
information on, or large variations in; preparation method, aqueous-to-lipid
phase ratio, and aqueous phase composition.10, 22, 25, 26, 31-50 This makes
comparisons of tumor responses between clinical studies highly difficult.
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Figure 2. Emulsion ex tempore preparation prior intra-arterial dosing; the aqueous
phase is illustrated by the red solution and lipiodol is illustrated by the yellow
solution. The emulsions were prepared by pumping lipiodol and the aqueous phase
back and forth between the two connected syringes.

Hydrogel microparticle
Hydrogel microparticles could be used as a DDS for the delivery of cytostatic
drugs, proteins, and peptides, since they protect the drug from degradation
and the environment from the drug.51, 52 There are several DDS microparticles
in clinical use, for example, DC bead®, HepaSphereTM, TANDEMTM, and
LifePearlTM.53 DC bead® is a hydrogel microparticle used in TACE. The beads
are currently available in three size distributions, covering a range of 70 – 700
µm. It is considered as an ion-exchange hydrogel, consisting of polyvinyl
alcohol (PVA) and integrated with negatively charged 2-acrylamido-2methylpropanesulfonate (AMPS).54 The beads are classified as a medical device and are loaded with DOX or irinotecan before intra-hepatic
administration.54, 55 When loaded with irinotecan, the beads are used for
treating metastatic colorectal cancer. If the beads are loaded with DOX, the
indication is intermediate-stage HCC. The loading of the intended dose is in
accordance with the manufacturer’s instruction.56 In short, the cytostatic agent
is dissolved in ion-free water and when the beads are added, the cytostatic
13

agent can be loaded into the beads (Figure 3). During loading, sodium ions
will be replaced by drug ions through an ion-exchange.54 The loading time is
dependent on the size of the bead and if there is any stirring or shaking applied
to the vessel containing the beads. According to the manufacturer, beads of 70
– 150 µm are considered completely loaded after 3 hrs, whereas beads of 500
– 700 µm require up to 24 hrs for complete loading.

Figure 3. Loading doxorubicin (DOX) to DC bead®. DOX is dissolved in ion-free
water and when the beads are added, it can be loaded into the beads. During the
loading, sodium ions will be replaced by DOX ions through an ion-exchange process.54

The loaded beads are administrated as close to the tumor as possible. As the
beads are non-biodegradable, they generate a permanent embolization of the
treated arteries. If the intended dose does not cause full embolization,
unloaded beads can be used to achieve complete blockage of the blood flow.
The embolization is suggested to be part of the anti-tumor effect.1
Compared to the variability of the lipiodol-based emulsions, the beads have
been described to generate reproducible and predictable results in blood vessel
blockage, and a prolonged drug release.53 Drawbacks of the bead DDS is that
it is difficult to assess if the treatment is successful, because the beads cannot
be monitored with any imaging technique after administration. Also, the
permanent embolization of this DDS makes it impossible to treat the same
vessel several times, which is possible with the lipiodol-based emulsion.
From a pharmaceutical perspective these two most commonly used TACE
DDSs, i.e. lipiodol-based emulsions and the bead DDS, are disparate. Compared to the emulsions, beads generate lower maximum plasma concentrations
of DOX and lower total plasma exposure (area under the curve).53 The beads
reduce serious liver toxicities and lower the rates of cytostatic-related side14

effects compared to the lipiodol-based emulsions.53, 57 However, both lipiodolbased emulsions and the beads result in similar survival rates.53, 57, 58

Doxorubicin
Several cytostatic agents, such as DOX, epirubicin, cisplatin, and miriplatin
are currently used in the treatment of HCC.21 Since DOX can be loaded on
both lipiodol-based emulsions and the beads, it was chosen as a model substance in Paper II – IV. DOX is used as a cytostatic agent for breast and lung
cancer. It is also used off-label to treat liver cancer.10 The suggested
mechanisms of action of DOX are the binding of DOX to DNA and the DNAbinding protein topoisomerase I and II.59, 60 At physiological conditions, the
amphiphilic DOX (molecular mass = 543.52 g/mol) exists both as a protonated
monovalent cation and a deprotonated neutral entity.61, 62 The two pKs of DOX
depend on the experimental conditions. At 37 °C, and an ionic strength of
0.15, it has two physiologically relevant pKa, one at 7.5 (phenol) and one at
9.5 (amine).62 The phenol pKa varies between 7 and 8, depending on the
experimental conditions.61, 62
Dimers form when the DOX concentration is ~ 10 µM, while larger
aggregates with 40 DOX-molecules form at 1 mM.63 When the concentration
of DOX is further increased, both stacking and rod-like micelles of DOX appear.59, 63-66 Also, the addition of salt, such as NaCl, results in highly viscous
gels containing DOX bundles.67 It is suggested that hydrogen bonds between
DOX molecules induce its self-aggregation.59, 67 The partitioning (octanol-tobuffer (pH 7.3)) of DOX is also dependent on DOX concentrations, with log
partitioning of ~ 2 below 20 µM and ~ 0.4 at 500 µM.62 This indicates that
DOX is mostly aggregated in the aqueous phase. DOX is a rigid complex
molecule and it is sensitive to light and changes in pH. Its self-aggregating
properties also makes it an adhesive molecule.68, 69 Despite these challenging
properties, it is often used as the model substance of choice in novel DDSs
intended for tumor treatment.

In vitro release methods
In vitro investigations of drug release from a DDS are important throughout
the drug innovation and development process. For oral DDSs compendial
methods such as paddle, basket, and continuous-flow are used (Figure 4).70
For the flow-through method, the sampling can be both on- and off-line. The
amounts released in the basket, paddle, and dialysis-membrane methods are
usually analyzed off-line.70 The flow-through method is the compendial in
vitro release method that is most often used for parenteral formulations. It can
be modified to enable investigations of several types of DDSs (Figure 4D).71,
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The drug release from non-solid DDS can also be investigated using dialysis
membrane methods.73-75 No standardizations exist in the in vitro release
methods of the highly variable parenteral DDSs, which leads to a large
variation in the literature guidelines for the in vitro release testing.76

Figure 4. Schematic illustration of dissolution methods. A) Basket method. B) Paddle method. C) Dialysis membrane method. D) Flow-through method.

The compendial methods use relatively large amounts of DDS and release
medium (200-900 ml). This enables measurements under sink-conditions. On
the other hand, it can be limiting if there is only a small amount of DDS
available.70, 77 Also, the release investigation of cytostatic molecules in
compendial methods generate large volumes of waste, which is problematic
from safety and environmental perspectives. The use of miniaturized in vitro
methods decrease the used amounts of sample and release media.77-79 There
are several commercially miniaturized methods available, such as the SDi2
and T3, both from Sirius Analytical, as well as the µDiss profiler (pION Inc,
USA).79-81 The µDiss is a miniaturized dissolution apparatus developed to
measure drug solubility (Figure 5). This apparatus enables continuous reading
and collection of drug absorbance in the range of 200 – 700 nm, using fiber
optic dip-probes connected to a UV-detector.78, 79
The UV-probe is placed centrally into 25-ml glass vials, in which
dissolution or release takes place. The background turbidity can be reduced
by applying the second-derivate spectrum setting to enhance peaks and reduce
baseline shifting.82, 83 With Mini-IDRTM discs the µDiss can determinate the
intrinsic dissolution rate, and the combination of the µFluxTM and the µDiss
enables evaluations of the disappearance and appearance rate over a
membrane.84
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Figure 5. Schematic illustration of the µDiss (pION Inc, USA). A) Point of absorption measurement in the UV-dip probe of the µDiss. B) Magnetic stirrer for stirring
of release medium. C) 25 ml glass vial. D) Heating block for temperature adjustment
of release medium.

Theoretical release models
Theoretical release models are useful tools in pharmaceutical development.
They can be applied to investigate and characterize drug release mechanisms
from DDSs.85-87 Release models can be classified as empirical models, which
do not describe the mechanism(s) of release, but merely the rate of release, or
as mechanistic models that provide information about the mechanism(s) of
release.88-90 A drug can be released from a DDS in several ways and drug
diffusion is often involved in the release.86, 87, 89 Even if there are several steps
involved in the release of a drug from a DDS, the model can often be
simplified to describe only the rate-limiting step.85 The geometry and material
of the DDS, drug solubility, interactions with the DDS, and swelling and/or
erosion of the DDS are important factors of the release mechanism(s).85
More advanced models, such as physiologically-based pharmacokinetic
(PBPK) models, integrate information on physiology and the properties of the
investigated drug. This modeling approach enables simulations of overall drug
disposition and organ-specific exposure.
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Our group has developed physiologically-based biopharmaceutical (PBBP)
models, which also account for the biopharmaceutical aspects of drug
delivery.91-93 The inclusion of biopharmaceutical factors, such as solubility,
dissolution, partitioning, and particle size, to the models could increase the
mechanistic understanding and lead to effective DDSs design.94 The proposed
PBBP concept was recently recognized by a US workshop report.95
The combination of in vitro release methods, theoretical release models,
and PBBP, can lead to a synergistic effect when implemented in evaluation of
existing DDSs, or in the design of novel DDSs.93
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Aims of the thesis

The aims of this thesis were to develop in vitro methods suitable for studying
the release of cytostatic agents used in parenteral formulations. The in vitro
release profiles were used to investigate the release mechanisms in order to
increase the understanding of important formulation-factors. The specific
aims were:


To develop a miniaturized in vitro release method suitable for investigation of the release of cytostatic drugs from a DDS and to
examine its in vivo predictive ability. Furthermore, to investigate
the release mechanism of the DDSs and simulate an in vivo
response based on the in vitro release profiles.



To investigate important factors in—and the mechanism of—DOX
release from the bead DDS. Additionally, the in vivo-likeness of the
in vitro release profiles were examined.



By experimental and theoretical models improve the understanding
of the release mechanism of amphiphile molecules from the bead
DDS.



To investigate the important pharmaceutical factors for emulsionbased formulations, such as emulsion-stability, DOX lipid-phase
distribution, and the release of DOX from lipiodol-based
emulsions.
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Methods

In this part of the thesis the compounds, DDSs, experimental methods and
models are briefly described. The reader is referred to the included papers for
further details.

Compounds studied
The compounds used in this thesis are depicted in Figure 6. The substance
with clinical relevance for the treatment of HCC—DOX—was investigated in
Paper II, III, and IV. In Paper I model substances were used due to the
cytostatic properties of DOX. The molecules were chosen to represent high
(class I) and low (class II) solubilities according to the biopharmaceutics
classification system (BCS) (Paper I).96 Two molecules were negatively
charged and two positively charged and their lipophilicity covered a three-fold
range. They were all considered to be less harmful than DOX – an advantage
in the method-development process. In Paper III, the six molecules were
chosen based on their amphiphile properties described by their critical micelle
concentration (cmc).
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Figure 6. Molecular structures of the studied compounds in Papers I – IV.

Drug delivery systems investigated
In Paper I the in vitro release profiles of eight clinically used DDSs were
investigated. Two of the DDSs were non-solid formulations (an oral
suspension and a gel for dermal application), two were oral modified release
(MR) tablets, and four were oral immediate release (IR) tablets.
In Paper II and III the clinically used microgel bead-based DDS was
studied. Paper IV focused on four clinically relevant lipiodol-based emulsions.
21

The aqueous phase compositions of the emulsions were: water and lipiodol
(W/L), saline 0.9% and lipiodol (S/L), iohexol and lipiodol (I/L), and a
mixture (v/v) of iohexol (85%) and water (15%) (IW/L). The emulsions had
an aqueous-to-lipid phase ratio of 1:0, 1:1, 1:2, 1:3, and 1:4.

In vitro methods
µDiss
In all papers (I – IV) a µDiss profiler (pION Inc, USA) was used to analyze
the in vitro release of a molecule from its respective DDS. Each channel of
the µDiss was calibrated individually with stock solutions of the molecule of
interest. The concentration was determined as the area under the
concentration–wavelength curve of the second-derivative spectrum.
The µDiss has been used to study the drug release from the investigated
formulations in Papers I, II, III, and IV. However, the experimental set-ups
have been modified and adjusted from free flowing to sample reservoir and
dialysis tube to suit the investigated DDS (Figure 7).

Figure 7. Schematic description of the four modified and developed experimental
set-ups applied in the µDiss profiler. 1) Point of concentration measurement. 2) Formulation. 3) Magnetic stirrer used to stir the release medium. A) The 3 mm sample
reservoir (SR3) used in Paper I. B) The sample reservoir (SR6 and SR8) used in Paper II. C) Free-flowing method used in Paper II and III. D) Dialysis-membrane
method used in Paper IV.

The sample reservoir method was developed in Paper I as an inset of magnetic
ferritic stainless steel, assembled with the mini-IDR discsTM (Figure 7A). A
small cylindrical cavity was drilled at the center of the disc inset. This was 3
22

mm deep and 3 mm in diameter, with a sample volume of 21 µl. The DDS
was placed in the cavity and retained with a diffusion barrier held in place by
a ring-shaped magnet. The diffusion barriers that were investigated were: (i)
a nylon mesh filter (pore size 150 µm), (ii) a polyvinylidene fluoride filter
(pore size 0.45 µm) and (iii) a cellulose-based dialysis membrane,
approximate pore size 0.003 µm (molecular weight cut-off 12-14 kDa). The
resulting release profiles from the miniaturized in vitro method were
compared to historical release data of each DDS.
In Paper II the miniaturized in vitro method was further improved by using
the inert material polyether ether ketone (PEEK) to manufacture sample
reservoirs (Figure 7B). Also, the screw-cap assembling procedure (see Paper
II for details) of the sample reservoir was improved compared to the one used
in Paper I. Two dimensions of sample reservoirs were manufactured, one had
a diameter of 6 mm, a depth of 2 mm, and a cavity volume of 57 µl; the other
had a diameter of 8 mm, a depth of 1 mm, and a cavity volume of 50 µl. In
Paper II a free-flowing method where the DDS was not contained inside a
cavity was studied (Figure 7C). The impact on the release of DOX from the
beads of the used in vitro release method, i.e. the 6 mm and 8 mm sample
reservoirs, and the free flowing method, were investigated in Paper II. Also,
the effect on DOX release rates from the beads by release medium factors,
such as release medium composition, temperature, and stirring rate were investigated.
In Paper IV, the µDiss was used to study the release of DOX from four
clinically relevant lipiodol-based emulsions. The lipid part of the formulation
can interfere with the UV-analysis. Therefore, a dialysis membrane (12-14
kDa) was used to prevent the formulation from spreading. The lipiodol-based
emulsions were placed inside the dialysis tube, which was placed inside the
glass vial in a free-flowing set-up (Figure 7D).
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Micropipette-assisted microscopy
A schematic illustration of a previously described micropipette-assisted
microscopy technique used to study the bead-volume change and morphology
of a single bead in Paper III is shown in Figure 8.97

Figure 8. A schematic illustration of the micropipette-assisted microscopy method.
The selected solution is pumped by single-pass through the flow pipette at 8 ml/min,
giving a continuous flow over the investigated bead. The bead is positioned inside
the flow pipette (2 mm in diameter). A micropipette and the suction of a
microinjector enables holding of the bead (70 – 500 µm in diameter) inside the flow
pipette. The bead is monitored using light or fluorescence microscopy. The solutions
used in the method is schematically illustrated in the top-right corner.

A Petri dish was placed on an optical light microscope (Olympus Bx-51,
Olympus, Japan) equipped with a DP digital camera (Olympus, Japan) that
enabled analysis of the bead in a microscopic picture. A peristaltic pump
provided a continuous fluid flow rate of 8 ml/min through a 2 mm diameter
glass flow-pipette. The bead was held in place inside the flow pipette with a
micropipette combined with a microinjector, which was used to create suction
through the micropipette. Binding or release of substances to the bead was
induced by changing the solution in the flow pipette.97 The use of fluorescence
microscopy with a UV-lamp (Olympus U-RFL-T, Japan) enabled the
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investigation of the distribution of molecule aggregates inside the bead, which
can be difficult to assess using only light microscopy.

Theoretical models employed
In this section, the used theoretical models will be briefly described. For a full
description of the models, the reader is referred to the respective papers.
The Weibull function can be fitted to several different release profiles, and
it is useful in order to compare drug release profiles from various matrices.87
Monte Carlo simulations in combination with the Weibull function has been
performed to suggest release mechanisms depending on the predicted values
from the Weibull function.88 These release profiles of the miniaturized and
historical data were analyzed with the Weibull function to suggest release
mechanisms for the investigated DDSs. The in vitro release profiles were also
used together with GI-Sim to simulate in vivo plasma concentration vs time
profiles.94
In Paper II the effect of stirring rates on DOX release from the beads in the
free-flowing method was used to investigate the release mechanism(s). Two
theoretical models were used; the film control and internal depletion-layer
models. Each release model was based on the assumption that DOX-monomers were in local equilibrium with micelle-like aggregates of DOX inside
the beads.63-65, 67 In the film-control model, DOX-aggregates inside the beads
were assumed to be homogeneously distributed in the bead throughout the
release process (Figure 9). The release rate was controlled by the mass transfer
of released DOX-monomers from the bead boundary across the stagnant layer
film to the bulk phase of the release medium.
In the internal depletion-layer model DOX-aggregates were assumed to be
heterogeneously distributed inside the beads (Figure 9). A shell, i.e. a
depletion layer, free from DOX aggregates, was formed within the beads
during the release process. During DOX release the core was assumed to have
the same composition as the initially homogeneous bead. Furthermore, the
effect of salt addition on the equilibrium between protonated and deprotonated
DOX was investigated with the Poisson-Boltzmann (PB) cell model.98 Two
scenarios were considered: a) at the beginning of the experiment the initial
DOX content in the beads was in local equilibrium with the solution; and b)
at the end of the release experiment the beads were in equilibrium with the
solution. The deprotonated form of DOX dominates in the aggregates even
when the protonated form dominates in the solution, both at the start (a) and
the end (b) of the release experiments. The effect of salt addition on DOX
dimerization in the solution was investigated with a dimerization model that
provided a qualitative account of DOX dimerization.
The film and internal depletion-layer models of Paper II describe the
release of DOX in the free-flowing method. A limitation of the free-flowing
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method is that the fluid velocity of the release medium relative that of the
beads is unknown. Thus, it was used as a fitting parameter in the models. In
Paper III, drug release from the beads was investigated in the micropipetteassisted microscopy method, which provides a controlled fluid flow during
release (Figure 8). Therefore, the fluid flow can be calculated and does not
need to be fitted. Also, no presumptions were made about the initial
distribution of amphiphile within the bead during release, as was the case in
Paper II. The amphiphile could exist as free monomer-ions of permanent
charge, or as aggregates of a fixed aggregation number, similar to in Paper II.
In Paper III, the mobile components of the system are the free amphiphile
monomer-ions and the monovalent salt-ions. These three components can
move through the system unaffected by the sterical hindrance of the bead
polymer-network. The movements of the mobile ions were electrostatically
coupled to each other, meaning that the monomers could only move if they
did so accompanied by another charged species. The total charge of each bead
was calculated from the experiments. The only variable parameter in the
model was the critical aggregation concentration of the amphiphiles inside the
bead (cacb), which describes the amphiphile concentration needed to induce
the formation of aggregates inside the bead.

Figure 9. Both film control and internal depletion-layer models are based on the assumption that doxorubicin (DOX) forms micelle-like aggregates inside the bead.
These aggregates are assumed to be in local equilibrium with DOX-monomers. In
the film-control model (left) DOX is assumed to be homogenously distributed
throughout the bead during the release process. In the internal depletion-layer model
(right), DOX is assumed to be heterogeneously distributed throughout the release
process. In this model, the bead will be divided into a DOX aggregate rich core and
a shell without aggregates.

In Paper IV an empiric release model was developed to adjust for the diffusion
of DOX across the applied dialysis membrane. Further mechanistic analysis
of the release from the emulsions was not possible due to their unstable nature.
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Investigations of emulsion-based formulations
Pharmaceutical factors of importance for the in vivo performance of the
emulsion-based formulations were investigated in Paper IV. The solubility of
DOX in phosphate buffer saline (PBS) and in the emulsion components were
investigated in a shake-flask method.99 The distribution of DOX from the
aqueous phase of the emulsion to the lipid phase was investigated for four
aqueous phase compositions at an aqueous-to-lipid phase ratio of 1:4. DOX
distribution was analyzed after 15 min and 1 h, respectively. The stability of
the emulsions was investigated both at the macroscopic and microscopic level
by visual inspection. The microscopic investigation enabled measurements of
emulsion droplet-size. The release of DOX from the emulsions was measured
in a modified miniaturized in vitro method with the dialysis tube set-up
(Figure 7D).
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Results and discussion

In vitro methods
Pore size
In Paper I, a miniaturized in vitro release method consisting of a sample
reservoir was developed. In Paper IV, the dialysis tube was used to study the
release of DOX from emulsions. The pore-size and material of the used
diffusion barrier was shown to have an impact on the drug release rate in both
Papers I and IV (Figure 10). In Paper I, the time needed to reach equilibrium
through the nylon mesh filter, 150 µm pore size, was more than a hundred
times shorter than that of the other two diffusion barriers: the polyvinylidene
fluoride filter (with a pore size of 0.45 µm) and the cellulose-based dialysis
membrane (with a pore size of 0.003 µm [molecular weight cut-off 12-14
kDa]). The different equilibrium times for diclofenac (6.8 h) and metoprolol
(25 h) could be explained by a difference in membrane-affinity. This
difference is related to the charge difference of the compounds, where the
positively charged metoprolol will interact with the negatively charged
membrane, resulting in longer retention time for metoprolol.
In Paper IV, the release of DOX from the aqueous phases of the emulsions
were investigated using a dialysis membrane as the diffusion barrier (Figure
10B). Depending on the aqueous phase composition, the equilibrium was
reached between 3 to 15 h, showing that this barrier caused a decrease in the
appearance rate of DOX (Figure 10B).
The diffusion barrier in Paper II was a nylon mesh with a pore-size 80 µm.
When an aqueous solution of 2 mg/ml DOX was loaded in the 6 mm sample
reservoir, a complete transport across the mesh was reached within 1 min
(Paper II). This shows that the 80 µm nylon mesh had a negligible effect on
the release rate.
The effects of the diffusion barriers pore sizes and the hydrodynamics of
the sample reservoir was further investigated (Paper ii).100 It was concluded
that the exchange of dissolution media between the sample reservoir and the
release medium would be rapid, with almost complete mixing within less than
one minute for nylon meshes of > 80 µm pore size.100 It was assumed that the
pore sizes of 80 µm was sufficiently large to enable the flow of fluids. The
fluid flow was reduced with smaller pores, leaving molecular diffusion to be
the dominating mass transport mechanism across the diffusion barrier.70 If
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molecular diffusion is the mechanism of mass transport, the total available
pore area will determine the transport rate across the membrane.

Figure 10. A) Correlation between equilibrium time (h) and pore-size described with
a nonlinear semi-log function for diclofenac and metoprolol, y = 3.4 - 1.5 * log x,
R2 = 0.98, and y = 13 - 5.4 * log x, R2 = 0.96, respectively. Metoprolol observed
values (■) and the non-linear semi-log function values (—); diclofenac observed
values (●) and the non-linear semi-log function values (—). B) In vitro doxorubicin
(DOX) release from emulsion 1:0, i.e., only the aqueous phase with DOX
concentration of 2.5 mg/ml, through a 12-14 kDa dialysis membrane. Emulsions
compositions; water and lipiodol □ (W/L), saline 0.9% and lipiodol ■ (S/L),
iohexol and lipiodol ● (I/L), and a mixture of iohexol ○ (85%) and water (15%)
(IW/L). All experiments were performed with the µDiss in 20 ml of phosphate
buffer saline at a pH of 7.4, 37 °C, with a stirring rate of 100 rpm throughout the
experiment. Lines represents the curve-fitted released DOX (%).

Also, interactions between the drug and the diffusion barrier can further decrease the diffusion across the membrane. As DOX is positively charged an
interaction with the negatively charged cellulose membrane is possible. The
use of dialysis membranes or diffusion barriers with small pore size should
therefore be used with great care. However, for DDSs such as emulsions it is
necessary to use a dialysis membrane, as it can prevent the DDS from
spreading outside the sample container, thereby reducing the disturbance on
the UV-measurements.101 If the applied diffusion barrier reduces the rate of
drug mass transport, this needs to be adjusted for in the data analysis, as the
diffusion across the dialysis membrane will affect the appearance rate in the
release medium.91, 102, 103 The empirical release model developed in Paper IV
is an example of a data analysis adjustment method for the appearance rate.
To conclude, for particle DDSs the use of a diffusion barrier such as a nylon
mesh > 80 µm does not affect the release rate. The use of dialysis membranes
will most likely affect the release rate for non-solid DDSs, such as emulsions,
which needs to be accounted for in the data analysis.
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In vitro release investigations with the µDiss
In Paper I, the miniaturized µDiss method was used to investigate the release
of four drugs from eight selected DDSs. These novel in vitro release profiles
were compared to historical data.104-116 It was shown that the applied release
method had an impact on the release rate of the four studied drugs from the
eight studied DDSs (Paper I). The applied method could increase or decrease
the release rate, depending on the set-up. In the miniaturized method, only a
representative portion of each DDS was investigated, whereas the historical
release methods enabled examination of an intact formulation unit, such as a
tablet. A drawback of the miniaturized method is that whole tablets were not
examined. This could explain some of the observed differences between the
in vitro release profiles of the miniaturized and historical methods. However,
the difference in method set-up, such as release media and stirring rates,
seemed to affect the drug release to a larger extent than if a whole tablet or a
representative part of a tablet was examined (Paper I).
The used method also affected the release rate of DOX from the beads in
Paper II. Here, the release of DOX from the beads were investigated in three
experimental set-ups, one free-flowing and two sample-reservoir methods.
The in vitro release rates of DOX from the beads in both the 6- and 8-mm
sample reservoirs, as well as the free-flowing methods with a stirring rate of
0, 100, and 400 rpm, is shown in Figure 11A. For all bead sizes, the
corresponding DOX release rates were significantly lower in the 6 mm sample
reservoirs than in the free-flowing method (p < 0.05). The release rates in the
6-mm sample reservoir were significantly lower than in the 8 mm sample
reservoirs, except for the 300 – 500 µm beads (p < 0.05). Since the 80 µm
nylon mesh had a negligible effect on DOX diffusion across the nylon mesh,
the release delay should not be attributed to the nylon mesh. It is suggested
that the packing and resulting confinement of the beads in the sample reservoir
could explain the observed reduced release rate. Similar results have been
shown in a microfluidic-network method, where the release of DOX decreased
with increased bead confinement.117
The in vitro release rate in the free-flowing method was also dependent on
bead size (Figure 11A). DOX release rates increased with the higher available
surface area of the smaller beads, which is in line with literature data.118 Salt
concentration of 100 mM in the release medium resulted in higher DOX
release rates from the beads, compared to salt concentrations of 10 mM (Paper
II). As ion-exchange had been proposed as a release mechanism, an increase
in DOX release with increased salt concentrations was expected.118 However,
the 10-fold increase in salt concentration only lead to a 3-5 fold increase in
DOX release. This will be further discussed in “Theoretical models”.
The up to three times higher release rates observed with temperatures of 47
and 57 °C compared to 37 °C (Figure 11B), are in line with previous reports
of DOX release from ion-exchange resins.119 An increase in temperature
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increase the diffusion rate of DOX, i.e. the Brownian motion of the
molecule.59, 62, 64, 120, 121 For DDSs used in the treatment of HCC, prolonged
drug release at 37 °C, over weeks or even months, is often intended. To enable
relevant evaluation times of the DDSs, accelerated in vitro release tests, such
as increased temperatures, might be important.122 However, mechanistic
conclusions drawn from accelerated studies are only valid if the release
mechanism is the same as in real-time investigations.76

Figure 11. A) Impact of in vitro method, i.e. free flowing (FF), 6-mm sample reservoir (SR 6) or 8-mm sample reservoir (SR 8), on in vitro doxorubicin (DOX) release
from beads in phosphate buffer saline (PBS), (20 ml, pH 7.4, 37 °C). The in vitro
DOX release from three bead sizes is shown at three stirring rates (0, 100, and 400
rpm). B) In vitro doxorubicin (DOX) release rates (h-1) from 100 – 300 µm beads in
free-flowing method (20 ml of 100 mM NaPO4 pH 6.3, under stirring at 400 rpm).

For many parenteral prolonged release DDSs it is challenging to use the in
vitro release rate to predict the in vivo release because of the lack of suitable
in vitro release methods, as well as the complex design of these DDSs.123 The
in vitro release profiles of the free-flowing and sample-reservoir methods for
DOX from the beads were compared to literature data124 of local liver plasmaconcentrations collected in a healthy pig model (Paper II). The sample
reservoir methods were more in vivo-like compared to the free-flowing
method (Figure 12A). Also, the percentage DOX release were similar to
deconvolution of plasma profiles of a clinical study where cumulative
amounts of released DOX were estimated to 14 ± 5.6% (local) and 12 ± 4.6%
(systemic) after 6 h.8, 50 The higher in vivo relevance of the sample reservoir
is also suggested to be due to the previously discussed bead confinement.117
In a clinical study based on four resected livers from HCC patients the
concentration of DOX inside the beads were analyzed after 57 and 79 days.125
In clusters with less than 5 beads (22%) DOX concentrations were
significantly lower, compared to in larger bead clusters.125 This suggests that
bead confinement also reduced the in vivo release rate of DOX.
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In Paper II, a decrease in release medium volume from 20 ml to 10 ml in
the 6 mm sample reservoir further increased the similarities with in vivo
literature data124 (Figure 12B). During the clinical TACE administration of the
beads, a full embolization is achieved.8 The embolization could limit the
volume of body fluid available for DOX release from the beads and this is
suggested as a reason for the increased similarities with decreased release
medium volume.

Figure 12. Comparisons of the doxorubicin (DOX) release (%) from 100 – 300 µm
beads in the investigated in vitro methods to observed in vivo data from a pig
model.124 In vitro release profiles were collected in phosphate buffer saline (PBS),
pH 7.4, 37 °C under stirring (400 rpm). (A) Free-flowing (FF), 6-mm sample reservoir 6 (SR 6) and 8-mm sample reservoir 8 (SR 8) in 20 ml PBS. (B) The effect of
release medium volume with SR 6 in 10, 15, and 20 ml PBS.

Micropipette-assisted microscopy method
In Paper III the release of four amphiphilic molecules (dodecylpyridinium,
chlorpromazine, amitriptyline, and adiphenine) from the beads were studied
using both the micropipette-assisted microscopy method and the free-flowing
method. The free-flowing method is easy to work with, but it does not provide
information about the internal morphology of the beads.97, 126 The micropipette-assisted microscopy method is somewhat cumbersome, but it provides
information on internal morphology of the beads. It also enables adjustment
and calculations on the fluid flow exposure of the beads. The release of the
amphiphile from the loaded beads was initiated by changing the liquid in the
flow-pipette from amphiphilic solution to 150 mM NaCl solution (Figure 8).
This resulted in an immediate bead swelling. As the swelling proceeded, a
depletion layer appeared in the outermost layer of each investigated bead.
Interestingly, each amphiphile had a different swelling rate from the others.
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The shortest time for complete release was observed for adiphenine (< 300 s),
followed by amitriptyline (< 450 s), dodecylpyridinium (< 1000 s), and chlorpromazine (< 1500 s). Apart from the fact that the last two appear in the reverse order, the swelling rate increased with increasing cmc (Paper III).
The initial swelling rate of the beads during release of the amphiphile
substances in the micropipette-assisted release method correlated (r2 was 0.99
and p-value < 0.0001) with the initial release rate from the beads measured in
the free-flowing method in the µDiss (Figure 13). This shows that the swelling
rate could be used as an indication of the release rate.

Figure 13. Correlation of swelling rate (s-1) in micropipette-assisted microscopy and
release rate (s-1) in µDISS of surfactant or amphiphilic drug solutions from 50 µl
bead:water slurry (1:1) of bead sizes 100 – 300 µm in 20 ml of 150 mM NaCl. Freeflowing method at room temperature, a magnetic stirrer (100 rpm), provided stirring
of the release medium. Release data was normalized towards maximum concentration released. Swelling rate=0.13 × release rate + 0.00022, r2= 0.99, p < 0.0001.

Both DOX and cetylpyridinium were also investigated using the micropipetteassisted microscopy method. When compared at similar concentrations, DOX
and cetylpyridinium had similar rates of shrinkage upon loading as the other
amphiphile molecules (Paper III). However, the swelling rate upon release
was considerably slower than for the other amphiphilic molecules. DOX and
cetylpyridinium showed an uncompleted release after 6000 s, whereas all
other amphiphilic were completely released after 1500 s. Both DOX and
cetylpyridinium has one order of magnitude lower cmc than the other studied
amphiphilic. Cetylpyridinium was included because of its comparable
hydrophobicity to DOX, represented by its aggregating concentration.
Despite the simple molecular structure of cetylpyridinium, it was the best
model substance for DOX with regard to binding and release from the beads.
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This supports the findings from Paper II, where the tendency to self-aggregate
was suggested to be of importance for the release rate of an amphiphile from
the bead.

Theoretical models
In Paper I, II and III, theoretical models were used to investigate the release
mechanism of the drugs from each DDS. The Weibull function was
successfully fitted to both miniaturized and historical in vitro release profiles
of all compounds and DDSs (Paper I). The estimated parameters of the
Weibull function were used to describe the release mechanism in accordance
with the work of Papadopoulou et al.88 The drug-release mechanisms for seven
in vitro release profiles of the IR formulation data sets were diffusion through
a fractal/disordered matrix, or diffusion according to Fick’s law (first-order
release) (see Paper I). This was in accordance with the formulation strategy
for the IR DDSs. In contrast, the data sets for IR naproxen and IR diclofenac
suggested complex release mechanisms involving erosion or influence of the
relative insolubility of the APIs.127
The individually coated pellets of MR metoprolol released its content over
a period of 24 h. It is the coating of the pellets that provides the almost zeroorder release kinetics.128, 129 The proposed release mechanisms for the three
MR metoprolol data sets were either a complex mechanism or diffusioncontrolled in combination with case II transport (Paper I). This is in line with
the reported approximate zero-order release.128
For several of the investigated DDSs the indicated release mechanism
varied with the method used. As an example, the release of diclofenac from
the gel was studied using two methods, one historical130 and the miniaturized
method (Paper I). There was a 50,000-fold difference between pore sizes of
the used filters, which is assumed to be responsible for the observed difference
in release rate. Again, this highlights the impact of the used diffusion barrier
on the release rate. Also, there were differences in the applied stirring rates,
release medium (e.g. differing in pH and/or the addition of surfactant), and in
the volume of release medium used between the miniaturized and historical
release methods. These factors could have an impact on the estimates of the
Weibull function and hence on the indicated release mechanism. As the
indicated release mechanism varied with the choice of in vitro method, the
suggested release mechanisms should be carefully interpreted.
The release parameters of both miniaturized and historical in vitro release
methods were used to simulate in vivo plasma concentration-time release
curves with GI-Sim (Paper I). The results are shown in Figure 14.
In 71% of the cases, the predictions based on the miniaturized method data
were equally or more accurate than the predictions based on historical in vitro
release data of the investigated DDSs. This was the case for both IR and MR
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formulations, indicating the overall accuracy of the modified miniaturized
method. Also, the small release volume and the use of the sample reservoir
seems beneficial for in vivo predictions.
For each bead size, the experimental data points of DOX release collected
in the free-flowing method at three stirring rates (0, 100, and 400 rpm), were
used in the mechanistic model (Paper II). In the free-flowing method the flow
rate of the release medium was unknown and therefore it was estimated by
model fitting. The model was fitted by adjusting the two independent parameters manually. The theoretical upper-limit of the fluid flow was based on the
dimensions of the 2-cm stirring bar and the applied stirring rate (Paper II).
After 4 hrs, all experimental curves had developed plateaus, indicating that an
equilibrium had been reached during the experiment. The film-control model
fitted all data sets and had flow rates within the theoretical limits (Paper II).
The internal-depletion model could describe the release of DOX from
70 – 150 and 100 – 300 µm beads. For the 300 – 500 µm beads, the internal
depletion-layer model could not capture the release profile, and the theoretical
flow rates were equal or close to the theoretical limit. This is contradictory, as
larger particles have a tendency towards depletion layer release, since the
diffusion length inside the particle is larger than for small particles.90 Therefore, the suggested release mechanism was film-control.
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Figure 14. Historical in vivo drug concentrations in plasma over time (CP OBS) and
simulated (GI-Sim) in vivo plasma concentration-time profiles based on in vitro data
obtained from the miniaturized method (µDiss) and historical sources. Symbols represent historical CP OBS, lines represent simulated plasma concentrations. A) Observed data from Sandberg et al.104, simulated red line data from Gohel et al.105, simulated green line data from Sandberg et al.104, and simulated blue line data from the
miniaturized method. B) Observed data from Sandberg et al.104, red line data from
Löbenberg et al.106 and blue line data from the miniaturized method. C) Observed
data from Zhang et al.107, red line data from Friedman et al.108, and blue line data
from the miniaturized method. D) Observed data from Kovacevic et al.109, red line
data from Elqidra et al.110, green line data from Kovacevic et al.109, purple line data
from Nan et al.111, and blue line data from the miniaturized method. E) Observed
data from Zhang et al.107, red line data from Zhang et al.107, and blue line data from
the miniaturized method. F) Observed data from Zhou et al.112, red line data from
Yuksel et al.113, and blue line data from the miniaturized method. G) Observed data
from Reiner et al.114, red line data from Al Ameri et al.115, green line data from
Nishihata et al.116, and blue line data from the miniaturized method.

It has previously been reported that the release of DOX from the beads
happens through an ion-exchange mechanism highly dependent on the concentration of salt in the release medium.118 After 24 h in 250 ml of release
medium containing NaCl concentrations of 77, 150, 770, and 1500 mM,
respectively, a maximum fraction of DOX release of 7, 12, 14, and 28%,
respectively, was generated.118 This suggests that the amount of salt available
during release is not rate limiting for DOX release from the beads. In Paper II
the effect of salt on the release of DOX from 100 – 300 µm beads were
investigated in the 8 mm sample reservoir. A 10-fold increase in salt
concentration generated a 3–5 fold increase in DOX released, depending on
the pH of the release medium. The effect on salt addition was further
investigated with the PB-cell model and the dimerization model. The
combined calculations of the two models showed that a 10-fold increase in
salt concentration would generate a 2-fold increase in the maximum DOXfraction being released, which is in qualitative agreement with the
observations. The suggested mechanism behind this is that the deprotonated
form of DOX dominates in the aggregates inside the bead even when the
protonated form dominates in the solution. This could be due to the
dimerization of DOX, which starts at concentrations in the lower µM range
and increases with increasing salt concentrations, and explains the possibility
of dimers being present at 100 mM and not at 10 mM.69
The combined results of the applied theoretical models in Paper II
suggested that the release of DOX from the beads was of film-controlled type,
and that DOX self-aggregation, DOX-PVA aggregation, and deprotonation of
DOX were all important in the release mechanism.
The effect of self-aggregation, measured as the swelling rate of the beads
upon release, was further investigated in Paper III. Here, it was suggested that
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there is a scaling relationship between literature cmc-values63, 120, 131-135 and
swelling rate, i.e. the release rate (Figure 15).

Figure 15. Relationship of swelling rate (s-1) and critical micelle concentration
(cmc) for the investigated substances.63, 120, 131-135 On a log-log scale to separate doxorubicin and cetylpyridinium from axis-origin.

The theoretical models used in Paper II were further developed in Paper III.
The micropipette-assisted microscopy method enabled measurements on bead
swelling in a constant fluid flow, meaning that the fluid flow parameter could
be fixed in the applied models.97, 126 The only variable parameter in the model
was cacb, which describes the concentration of amphiphile inside the bead that
induces aggregate-formation. The release of DOX from the beads have been
described to take place by an ion-exchange mechanism in which one sodium
ion displaces one bound DOX molecule.54, 118, 121, 136 The calculations in Paper
III shows that the diffusion of NaCl will be rate-limiting only at low salt
concentrations. At physiological conditions (approximately 150 mM NaCl) it
was suggested that the diffusion of NaCl into the bead was completed within
a few seconds (Paper III). This fast diffusion of NaCl into the beads
contradicts the proposed ion-exchange mechanism.118, 136 After diffusion of
NaCl into the bead, the monomers in local equilibrium with the aggregates in
the outermost layer were released (Figure 16). When the aggregates in the
outermost layer were completely depleted, release of aggregates from the next
layer could be initiated. This means that the release of an amphiphile from the
bead happened through an internal depletion-layer release model.
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Figure 16. Proposed mechanism of release of amphiphile, showing amphiphile monomers (small circles) and aggregates (clusters). As the free amphiphile-monomer
diffuses out of the bead, aggregates dissolve to maintain the monomer concentration.
This prevents flux of amphiphile within the bead, leading to complete depletion of
the aggregates in the outermost layer.

It was further suggested that the time for complete release was approximately
inversely proportional to cacb. A molecule with a high cacb has a low tendency
for aggregation inside the bead. Therefore, it has a relatively higher monomer
concentration. This higher monomer concentration leads to a larger concentration gradient and a faster release rate. The monomers in local equilibrium
with the aggregates inside the beads will develop a concentration gradient,
which will vary, from the cacb at the inner boundary, to zero at the outer
boundary.
The results of the models developed and used in Papers II and III are not
consistent. There were several differences in the models developed in Papers
II and III. Firstly, in Paper II in vitro release experiments were conducted
towards equilibrium but in Paper III it was conducted in an infinite sink.
Secondly, the theoretical models of Paper II contained presumptions on the
distribution of aggregate inside the beads. No such assumptions were made in
Paper III. Thirdly, the fluid flow relative to the bead was used as a fitting
parameter in Paper II, whereas in Paper III it could be calculated. The results
in Paper II showed that it was difficult to elucidate if film-control or internal
depletion-layer release mechanism fit the release data best. The film-control
model was chosen because it could be fitted to all investigated bead sizes. As
the models in Paper III contained no presumption on the distribution of
aggregates and only had one variable fitting parameter (cacb), the suggested
release mechanism of internal depletion-layer release is our proposed release
mechanism. The results from both Paper II and Paper III were, however,
conclusive on the importance of amphiphile self-aggregation on the release
rates from the investigated beads.
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Emulsion-based formulation properties
The DOX solubility experiments in PBS and the various emulsion components
were performed using a shake-flask method. The results are summarized in
Table 1.99 The values represent DOX concentrations measured in the samples
supernatant, or from the top of the vials when no supernatant was present. The
DOX formed solid precipitate only in lipiodol. It is suggested that this was
due to the ionization of DOX, which reduces its solubility in lipids. In the
aqueous solvents, viscous gel-like structures were observed with increasing
concentrations of DOX. The solubility of DOX in PBS (7.1 mg/ml) and saline
solution (10 mg/ml) were similar, but lower than in water (> 40 mg/ml). The
difference in solubility is explained by their respective ionic strengths, PBS
0.14 M and saline 0.15 M, and the ‘salting out’ effect. Salting out means that
the entropic penalty of separating out an electrolyte decreases with increasing
ionic strength.137 Similar results have been reported with DOX in 0 – 0.4 M
NaCl solution, where an increase in NaCl concentrations increased the
viscosity due to an increased stacking of DOX aggregates.65 Recently, it was
suggested that the addition of NaCl screens the electrostatic repulsions of
DOX, which facilitated the formation of elongated DOX bundles responsible
for the observed increase in viscosity.67
In water, the mixture of iohexol and water, and iohexol, the whole sample
was viscous and gel-like at concentrations above 50 mg/ml. Iohexol does not
self-aggregate in water. Therefore, it cannot increase DOX solubility by
forming mixed micelles with DOX.138 Iohexol was used in the form of the
clinically used commercial product OmnipaqueTM. This product also contains
three other compounds; tromethamine, edetate calcium disodium and
hydrochloric acid/sodium hydroxide (for pH adjustment), which could cause
the whole sample to form the observed gel-like behavior.139
Table 1. Solubility (mg/ml) of doxorubicin hydrochloride (DOX) at room temperature after 24 h of mixing in the emulsion components, presented as the mean ± SD
(n=3).
Measured Solubility
pH
PS
(mg/ml)
Lipiodol
0.02 ± 0.01
NM
solidc
Water
> 50
4.2 ± 0.2
gel-likea
Saline
10.2 ± 1.7
4.6 ± 0.1
gel-likeb
Iohexol
> 75
5.2 ± 0.2
gel-likea
Iohexol and water*
> 69
5.3 ± 0.04
gel-likea
PBS
7.1 ± 2.9
6.1 ± 0.1
gel-likeb
PS, precipitation state, *Iohexol (85%) and water (15%), PBS, phosphate buffer saline pH
7.4, NM, not measurable.
aNo precipitate, whole sample gel-like, bgel-like precipitate, csolid precipitate
Solvent
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The results of DOX distribution into the lipid phase is shown in Figure 17A.
After 15 min no DOX could be detected in the lipid phase of the W/L and S/L
emulsions. At 1 h DOX could be detected in the lipid phases of all tested
emulsions, were it ranged from 0.5 to 20%, depending on the composition of
the aqueous phase of the emulsion. From 15 min to 1 h there was a significant
(2-fold) increase of DOX in the lipid phase of emulsions I/L and IW/L,
showing the time-dependent distribution of DOX to the lipid phase. DOX distribution to the lipid phase also increased with the addition of iohexol, and
after 1 h 0.50 ± 0.30% of DOX was distributed to the lipid phase of emulsion
W/L and 20 ± 2.3% for emulsion IW/L.
Emulsion stability has been proposed as an important factor in HCC treatment. In a clinical study with lipiodol-based emulsion at an aqueous-to-lipid
phase ratio of 1:2 and the cytostatic agent idarubicin, it was suggested that
more stable emulsions increased the concentration of the active metabolite
idarubicinol, which would indicate a high level of hepatic extraction.23 In
Paper IV the emulsion stability was studied both with macroscopic visual
inspection and by microscopy, which enabled measurements of droplet-size
(Table 2). The macroscopic investigation showed that three emulsions
(emulsion S/L ratios of 1:1 and 1:4, and emulsion W/L 1:1) separated within
15 min. No emulsion or emulsion-droplets were present in these three
emulsions after 10 min in the microscopic investigation due to complete
emulsion breakage. In the macroscopic investigation, emulsion W/L 1:4 was
stable for 1 h, but after 72 h it had separated. The microscopic investigations
showed similar results, where, after 1 h, an emulsion with droplet-sizes
ranging between 8 – 60 µm were present.
Table 2. Stability of the emulsions with aqueous-to-lipid phase ratio of 1:1 and 1:4
determined with visual inspection# and droplet-size range of emulsions investigated
with microscope*. Aqueous-to-lipid phase ratio (ATLR). Emulsion composition;
water and lipiodol (W/L), saline 0.9% and lipiodol (S/L), iohexol and lipiodol (I/L),
and a mixture of iohexol (85%) and water (15%) (IW/L).
Emulsion

W/L

ATLR
1:1
1:4
1:1
Time
10 min*
8 - 60
(µm)
#
15 min
+
1 h#
+
1 h* (µm)
8 - 60
72 h#
+ emulsion, - separated emulsion.

S/L

I/L

IW/L

1:4

1:1

1:4

1:1

1:4

8 - 60

20 - 30

20 - 30

10 - 40

10 - 40

50 - 200
-

+
+
20 - 30
-

+
+
20 - 30
+

+
+
10 - 40
+

+
+
10 - 40
+
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The emulsion stability increased with the addition of the contrast agent
iohexol. Also, the macroscopic stability of emulsion I/L increased with
increasing aqueous-to-lipid phase ratio. The emulsion I/L at an aqueous-tolipid phase ratio of 1:4 was stable at least up to 72 h, while emulsion I/L at an
aqueous-to-lipid phase ratio of 1:1 was stable only up to 1 h. Similarly, the
microscopic investigations showed that for emulsion I/L emulsions were
present at both 1:1 and 1:4 aqueous-to-lipid phase ratios after 1 h. The
droplet-sizes for I/L at 1:1 and 1:4 ratios ranged from 20 – 30 µm at all
investigated times.
The most stable emulsion, regardless of aqueous-to-lipid phase, was
emulsion IW/L. It was stable at least up to 72 h (macroscopic) and until at
least 1 h (microscopic) with droplet-size range of 10 – 40 µm. The aqueous
phase of emulsion IW/L has been reported to have the same specific density
as lipiodol (1.28 g/cm3).22, 25
The emulsions in Paper IV had a droplet-size range of 8 – 200 µm. The
emulsion composition was important for the droplet-size, where emulsions
containing iohexol showed the smallest and most narrow droplet-size range
(10 – 40 µm). The preparation method, both the number of times the phases
are pumped back and forth and the speed of the pumping applied during the
final emulsion preparation, can affect the droplet-size of the emulsions.22, 30
The effect of emulsion droplet-size range on the tumor uptake contains
inconsistencies, and both small (< 20 µm) and large (> 70 µm) droplet-sizes
have been reported to improve the tumor response.140, 141 This shows that the
effect of droplet-size on the tumor effect needs further evaluation to determine
the optimal droplet-size range.
The smaller droplets and the resulting larger contact area between the
phases might explain the increased DOX distribution when iohexol is added
(Figure 17A). Another explanation for the increase of DOX in the continuous
lipid phase is that a water-in-oil microemulsion, with droplet-size range on the
nanometer scale, might form in the continuous oil phase.19 The timedependent increase in distribution shows that more stable emulsions, with
even longer equilibration times for stable emulsions than the ones studied
here, could increase the distribution of DOX into the lipid phase. As the lipid
part of the emulsion is the only emulsion component shown to accumulate in
the tumor environment, an increased DOX distribution might increase the
intracellular concentrations of DOX inside the tumor.20, 140, 142, 143 Another way
to increase the distribution of the cytostatic agent to the lipid phase is by
changing DOX for a drug with more lipophilic physicochemical properties
that could accumulate inside the tumor along with the reported tumor-seeking
lipiodol.22
The release (i.e. the diffusion) of DOX from the aqueous solutions
(2.5 mg/ml DOX) across the dialysis membrane is shown in Figure 10B. The
aqueous phases containing iohexol generated higher release plateaus of DOX,
compared to aqueous phases without iohexol. The empirical release model
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was used to describe the release of DOX from the emulsions and not the
diffusion across the dialysis membrane. The results are presented in Figure
17B. The stability of the emulsions also affected the release half-life (h),
where more stable emulsions showed longer release half-life. The release rate
of DOX from emulsions S/L and W/L was unaffected by the increase in lipid
ratio. For emulsions I/L and IW/L, the release half-life (h) increased with
decreasing aqueous-to-lipid phase ratio. In emulsions I/L and IW/L, DOX
needed to distribute from the interphase between the aqueous and the lipid
phase, and then diffuse through the lipid continuous phase. After breakage of
the unstable emulsions, neither distribution nor diffusion will take place,
leading to a fast release of DOX.

Figure 17. Emulsion compositions; water and lipiodol (W/L), saline 0.9% and
lipiodol (S/L), iohexol and lipiodol (I/L), and a mixture of iohexol (85%) and water
(15%) (IW/L). A) The distribution of doxorubicin hydrochloride (DOX) to the lipid
phase investigated in emulsions with an aqueous-to-lipid phase ratio of 1:4. Dotted
bars, 15 min; solid bars, 60 min. B) Release half-life (h) from the empirical model
applied to the mean release data of each investigated emulsion. Emulsions with
DOX concentration of 2.5 mg/ml and aqueous-to-lipid phase ratio was 0:1, 1:1, 1:2,
1:3, and 1:4. All experiments were performed with the µDiss profiler in 20 ml of
phosphate buffer saline at a pH of 7.4, 37 °C, with a stirring rate of 100 rpm
throughout the experiment. Emulsion compositions; water and lipiodol □ (W/L),
saline 0.9% and lipiodol ■ (S/L), iohexol and lipiodol ● (I/L), and a mixture of
io-hexol ○ (85%) and water (15%) (IW/L).

Deconvoluted plasma concentrations from clinical data using an emulsion
similar to emulsion IW/L 1:3 have reported a DOX release of 51 ± 17%
(systemic) and 60 ± 21% (local) of the dose, indicating a rapid release of DOX
from the emulsion.8 The use of pharmacokinetic simulations based on in vitro
release data suggested that the lipiodol-based emulsions similar to emulsion
IW/L 1:3 investigated in Paper IV, released 90% of DOX within 2 h in vivo.91
With the adjustment of the empirical release model the estimated
release half-life of emulsion IW/L 1:3 is 1 (0.75 – 1.5) h, which leads to an
approximate DOX release of 75% of the dose after 2 h. The difference
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between the estimated release rate in vitro and in vivo is most likely attributed
to the exposure of the blood flow in vivo.
Our results suggest that the addition of iohexol resulted in more stable
emulsions. Implementing emulsions with a contrast agent and an aqueous-tolipid phase ratio of 1:3 could improve the clinical use of these DDSs.
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Conclusion

In this thesis three in vitro release set-ups, suitable for studying the release of
a cytostatic agent used in parenteral DDSs, have been developed. The
modifications have been applied on the µDiss method. The use of in vitro
release data has increased the understanding of mechanisms involved in drug
release. They have been obtained by combining various experimental
conditions and theoretical models. The main conclusions are listed below:


The pore-size of the applied diffusion barrier had an impact on the release
rate. If a diffusion barrier is used, its effect on the drug diffusion rate
should be investigated and accounted for. Curve fitting with the Weibull
function is a useful tool when comparing different formulations. However,
the indicated release mechanism varied with the choice of in vitro method.
In five out of seven cases the miniaturized µDiss method generated
equally or more accurate GI-Sim predictions of plasma concentrationtime profiles compared to historical data.



The in vitro release rate of DOX from the beads were affected by the
experimental method set-up, stirring rate, and release-medium
temperature, but not by release medium pH. More in vivo-like release
profiles, based on plasma concentration-time profiles from pigs, were
observed with the 6 mm and 8 mm sample reservoir methods in 20 ml
release medium. A reduction in release volume from 20 ml to 10 ml
further improved the similarity. The applied theoretical release model
indicated that the release of DOX from the beads was of film-controlled
type, if DOX self-aggregation, DOX-PVA aggregation, and DOX
deprotonation were taken into account.



The swelling rates of the beads in the micropipette-assisted microscopy
method correlated with the in vitro release rate determined in the freeflowing µDiss method. The release rate-determining step was shown to be
of internal depletion-layer type and self-aggregation played a major role
in the release. It was further shown that salt had an effect on the release.
However, at physiological salt concentrations a simple ion-exchange
mechanism seems unrealistic.
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Emulsion stability, lipid phase distribution, and DOX solubility, were
in-creased by the addition of the contrast agent iohexol. Furthermore, the
solubility of DOX in the emulsion components was solvent dependent,
with solid precipitate present only in lipiodol. In the aqueous solvents
DOX formed gel-like precipitates. The empirical release model adjusted
for the diffusion of DOX across the dialysis membrane. This enabled
estimations of DOX release from the emulsions. An increase in release
half-life (h) was observed from emulsions with iohexol. Our results
suggest that the addition of iohexol generates more stable emulsions, with
longer release rates. However, further optimization and harmonization of
this highly diverse clinically used formulation is warranted.

Concluding remarks

The incidence of HCC is increasing and even though the available treatment
options prolong the survival by several months, there is still a medical need
for improvement. Neither of the two most commonly used DDSs, DC bead
and lipiodol-based emulsions, are fully optimized. For the bead DDS, it is
difficult to assess if the treatment is successful, because the beads cannot be
monitored with any imaging technique after administration, and its permanent
embolization can also be disadvantageous as it excludes repeated treatment of
the arteries. For the emulsion-based DDS there is a major issue with the
stability and uniformity, which is highly dependent on emulsion composition
and preparation. These differences affect the in vivo performance of the
emulsion. As long as the emulsions are highly variable it will be difficult to
prove clinical superiority over other DDSs. This is because the lipiodol-based
formulation is not composed of one formulation, but several different
formulations with different characteristics. To ensure uniform performance of
the emulsion, the composition and preparation needs to be standardized. The
two DDSs also vary in the embolization to the treated artery. Currently, there
is no consensus on if and how the embolization should be performed.
The self-aggregating abilities of DOX are well known, but its effect on
biopharmaceutical properties, such as on the release rate from a DDS, is not
always accounted for. Despite the different physicochemical properties of the
DDSs, both induce DOX self-aggregation. For lipiodol-based emulsions it
was suggested that the contrast agent iohexol facilitates DOX selfaggregation. In the beads, the aggregation has been shown to depend on interactions with the PVA of the bead. It is interesting that the simple surfactant
cetylpyridinium was the best model substance for DOX with regard to binding
and release from the beads. This shows that the self-aggregating abilities of
DOX affects the release mechanism and release rate from the beads.
There are no differences in the survival rates reported for intermediate HCC
patients treated with the beads and the lipiodol-based emulsions, even though
their respective in vivo profiles are vastly different. This indicates that further
investigation on the optimal drug release rate is warranted. It would be
advantageous if future DDSs enable high drug loading capacity and properties
that enable visualization after administration. Also, the DDSs should be designed to achieve reproducible in vivo release profiles and overall in vivo
performance. The in vitro methods and theoretical models presented in this
thesis can be used in future DDS development and optimization processes.
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Populärvetenskaplig sammanfattning

Varje år dör 600 000 människor världen över av levercancer, vilket gör den
till den näst vanligaste cancerrelaterade dödsorsaken. När en tumör
uppkommer i levern kallas det för primär levercancer. Det finns flera typer av
primär levercancer. Den vanligaste typen kallas hepatocellulärt carcinom.
Hepatocellulärt carcinom kan delas in i fem olika stadier, från tidigt stadium
där det bara finns en liten tumör i levern, till det terminala stadiet då tumören
spridit sig och fått fäste i flera av kroppens organ. Mellan dessa stadier finns
ett intermediärt stadium där tumören spridit sig så mycket i levern att den inte
längre går att operera bort. Det intermediära stadiet av hepatocellulärt
carcinom är fokus för den här avhandlingen.
Risken att drabbas av levercancer ökar om man har permanenta skador i
levern. Dessa skador kallas för levercirros. Hepatit B- och C-infektioner samt
sjukdomen alkoholism kan leda till levercirros. Forskare har också upptäckt
att det finns en ökad risk att drabbas av levercancer om man är överviktig eller
har diabetes. För de patienter som fått diagnosen intermediärt hepatocellulärt
carcinom rekommenderas behandling med cellgifter som levereras i en
läkemedelsformulering. Läkemedelseformuleringen styr hur snabbt
läkemedlet frisätts, något som är viktigt vid behandlingen av cancer. Under
behandlingen för läkaren in en tunn slang i leverartären som leder till tumören.
Läkemedelsformuleringen förs in genom slangen och lämnas kvar vid
tumören där den sedan släpper ifrån sig läkemedel som minskar tumörens tillväxt. Dessutom blockerar formuleringen blodkärlet, så kallad embolisering,
vilket också minskar tumörens tillväxt då tillförseln av syre och näringsämnen
minskar.
I Sverige används i dag cellgiftet doxorubicin i två typer av formuleringar
för behandling av intermediärt hepatocellulärt carcinom. De här två
formuleringarna är i fokus i den här avhandlingen. Den ena formuleringen är
en emulsion medan den andra består av små gelkulor. En emulsion är en
blandning mellan vatten, där doxorubicin är löst, och olja. Emulsionens
komposition bestäms av volymförhållandet mellan vatten och olja, samt tillsatser av andra ämnen. Vatten och olja vill inte blanda sig med varandra och
därför separerar emulsionen snabbt. Man kan jämföra det med en salladsdressing, som precis efter den skakats är en blandning, men sedan snabbt återgår till två skikt av vatten och olja. Emulsionen kommer att orsaka en tillfällig
embolisering av blodkärlet samtidigt som doxorubicin frisätts i närheten av
tumören. Den andra formuleringen består av mikroskopiska gelkulor som är
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designade för att hålla kvar doxorubicin inne i gelkulan. När gelkulorna
lämnats i levern har även de en dubbel effekt – de frisätter doxorubicin och
orsakar en permanent embolisering av blodkärlet som de administrerats till.
För att utvärdera en formulerings egenskaper gör man in vitro försök. Det
betyder att försöken inte görs i levande djur utan med labbmetoder. I den här
avhandlingen har småskaliga in vitro metoder utvecklats och använts för att
undersöka frisättningen av doxorubicin från gelkulorna och emulsionen. Hur
snabbt doxorubicin frisattes från gelkulorna berodde på gelkulornas storlek
samt på omrörningshastigheten, temperaturen och koncentrationen av salt i
frisättningsmediet. Dessutom undersöktes mekanismen för hur doxorubicin
frisattes från gelkulorna med hjälp av teoretiska modeller. Där använde vi matematik för att beräkna hur doxorubicin rör sig ut från gelkulorna. Resultaten
visade att frisättningen skedde genom att ett utarmningsskikt bildades i gelkulans ytterkant. Efter att ett skikt tömts helt påbörjades frisättningen från
nästa skikt. Det framkom också att doxorubicins förmåga att binda till sig
själv, så kallad självaggregering, spelade stor roll för frisättningshastigheten.
När emulsionerna undersöktes var det tydligt att kompositionen av
emulsionen avgjorde separationshastigheten samt hur stora droppar som bildades i emulsionen. Båda dessa faktorer kan påverka emulsionens effekt på
tumören. Det är därför viktigt att den emulsion som används vid behandling
har rätt komposition.
För att kunna designa effektiva formuleringar behövs bra in vitro metoder.
De metoder och matematiska modeller som utvecklades i den här
avhandlingen kan fortsätta att användas för att undersöka och optimera nya
formuleringar, bland annat för behandlingen av hepatocellulärt carcinom och
därmed förhoppningsvis förbättra behandlingen för patienterna.
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