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Abstract
Degerstedt, O. 2023. Translational Tumor Drug Delivery. Doxorubicin formulation
performance, intracellular uptake and molecular diffusion. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Pharmacy 325. 75 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-1715-1.

Globally, hepatocellular carcinoma (HCC) is the most common form of liver cancer and a
leading cause of cancer death. One important risk factor is liver cirrhosis and the disease
progression is characterized by deposition of extracellular matrix proteins that form a fibrous
network, which increases liver stiffness and may limit the effectiveness of different treatment
strategies.

The overall aim of this thesis was to investigate the anticancer drug doxorubicin (DOX)
and its clinically relevant drug delivery systems from an in vitro perspective. The focus was
on developing and using qualitative and quantitative methods to better understand formulation
performance, intracellular uptake and molecular diffusion. The experimental in vitro findings
were then translated to clinical scenarios using physiologically based pharmacokinetic (PBPK)
modelling.

The performance of clinically employed emulsion formulations containing DOX and the
tumor accumulating oil Lipiodol® were evaluated in terms of their stability (Paper I). The most
stable emulsion (> 72 h) was achieved when using an aqueous phase containing the contrast
agent iohexol and with an aqueous to lipid phase ratio of 1:4 to assure formation of a water-in-
oil emulsion.  This was followed by a cell-based study (Paper II) where nanoformulated DOX
was compared to DOX in solution in terms of tumor cell toxicity, intracellular DOX uptake and
intracellular formation of the main active metabolite doxorubicinol (DOXol). DOX in solution
was more potent in all investigated cell lines, where the most sensitive cells (HepG2) displayed
IC50 values that were approximately 100 times lower than the most resistant cell line (SNU449).
This was explained by the rapid intracellular uptake in HepG2 cells which was also confirmed
with a complimentary miniaturized chip technique in Paper IV.  In papers III and IV the focus
was on molecular diffusion across biomimetic hydrogels mimicking tissue properties of cirrhotic
liver and early stage HCC. The diffusion of DOX was significantly reduced in biomimetic gels
as compared with more commonly used agarose gels, however the presence of human liver
tumor cells did not significantly influence diffusion. Simulations using a developed PBPK and
spatio-temporal tissue concentration model suggested that a liver tumor resembling SNU449
cells would not reach therapeutic exposure levels in a clinical scenario while the diffusion of
DOX required further reduction by the tumor extracellular matrix in order to generate tumor
concentration-time curves consistent with in vivo observations.

This thesis contributes to an increased understanding of using DOX and its drug delivery
systems as a treatment option for HCC. The approach of translating in vitro experimental data
to clinical scenarios using modelling will grow in relevance as methods become more complex
and data more bio-relevant.
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This is what happens when an unstoppable force meets an immovable object 
 

Joker to Batman in The Dark Knight, 2008 
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GLOBOCAN Global Cancer Observatory 
HCC Hepatocellular carcinoma 
BCLC Barcelona Clinic Liver Cancer 
TACE Transarterial chemoembolization 
cTACE Conventional transarterial chemoembolization 
DEB Drug-eluting bead 
2D/3D Two dimensional / three dimensional 
IC50 Half-maximal inhibitory concentration 
ECM Extracellular matrix 
DOX Doxorubicin   
LC-MS Liquid Chromatography – Mass Spectrometry 
DOXol Doxorubicinol 
DOXPL Pegylated liposomal doxorubicin 
DOXS Solution of doxorubicin 
EPR Enhanced permeability and retention 
NMR Nuclear magnetic resonance 
FRAP Fluorescence recovery after photobleaching 
UV Ultraviolet 
PBPK Physiologically based pharmacokinetics 
W Water  
S Saline  
I Iohexol  
IW Iohexol and water mixture  
o/w Oil-in-water (emulsion) 
w/o Water-in-oil (emulsion) 
DLS Dynamic light scattering 
DMEM Dulbecco modified eagle medium 
RPMI Roswell Park Memorial Institute 
PBS Phosphate Buffered Saline 
LMPA Low melting point agarose (gel) 
PDMS Polydimethylsiloxane 
ROI Region of interest 
LLOQ Lower limit of quantification 
SD Standard deviation 
ICC Intracellular concentration 



ICUR Intracellular uptake ratio 
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Introduction 

Liver cancer 

Incidence, mortality and risk factors 
According to the International Agency for Research on Cancer’s most recent 
estimates (GLOBOCAN 2020) liver cancer was the third leading cause of can-
cer death and the sixth most commonly diagnosed cancer globally, with about 
0.8 million deaths and 0.9 million new cases, respectively, in 2020 (1). Based 
on these estimates, forecasts for 2040 predict that the number of new cases of 
liver cancer may increase by up to 55% (1.4 million cases) (2). In most geo-
graphic regions, both incidence and mortality rates are 2-3 times higher for 
men than women, making liver cancer the leading cause of cancer death for 
men in for example Mongolia, Thailand and Egypt (1). Hepatocellular carci-
noma (HCC) is the most common form (75%-85%) of primary liver cancer, 
followed by intrahepatic cholangiocarcinoma (10-15%) and other more rare 
types (1). Risk factors for HCC include chronic infection with Hepatitis B or 
C viruses, type 2 diabetes, aflatoxin-contaminated foods, heavy alcohol in-
take, excess body weight and smoking (3). The major risk factors vary across 
regions and appear to be in transition as the prevalence of Hepatitis B and C 
virus infections are declining meanwhile excess bodyweight and diabetes are 
increasing (1).

Disease progression, classification and treatment 
A vast majority (>90%) of HCC cases occur in a setting of chronic liver dis-
ease, making liver cirrhosis a crucial risk factor (Figure 1) (4). Many patients 
are therefore often diagnosed through surveillance and treatment options may 
be limited by the patients overall health status (4,5). The treatment strategy is 
generally based on the Barcelona Clinic Liver Cancer (BCLC) staging system 
which includes five stages dependent on disease extension, liver function and 
performance status (6). In very early/early stage HCC (BCLC 0/A), patients 
are generally asymptomatic and treated with local curative treatments such as 
resection, ablation or transplantation, where the median overall survival is 10 
years for transplantation and >6 years for resection/ablation (4).  
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Figure 1. The progression of hepatocellular carcinoma (HCC) which often occurs in 
a setting of chronic liver disease and cirrhosis. Created with BioRender.com.  

The liver stands out from other organs as it has two blood supplies. Most liver 
cells are fed by the portal vein meanwhile cancers in the liver normally get 
their nutrients from the hepatic artery. This pathophysiological adaptation 
forms the rational for using image-guided trans-arterial chemo embolization 
(TACE) as the standard of care for intermediate stage (BCLC B) HCC (4,7). 
During TACE, the interventional radiologist feeds a catheter into the hepatic 
artery using image guidance and aims to get as close to the tumor as possible 
(Figure 2). Once in position a formulation often containing a cytostatic drug 
is injected. In conventional TACE (cTACE), the formulation consists of Lip-
iodol®-based emulsions, which have been studied in detail in Paper I.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Illustration of cTACE procedure including angiography image highlighting 
the catheter placement (black arrow) and treated tumor (green circle). Adapted from 
I. R. Dubbelboer (8).     
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After administration, temporary blockage of the hepatic artery (embolization) 
is recommended by injecting microparticulate beads or gelatin sponge parti-
cles (9,10). Drug-eluting bead (DEB) TACE provide an alternative to cTACE, 
offering combined local drug delivery and embolization and may result in a 
reduction in systemic drug exposure and adverse events (11–13). Treatment 
outcomes for DEB TACE and cTACE are however similar with a median 
overall survival of 26 - 30 months (4). 
 
Patients with advanced stage (BCLC C) HCC will generally receive systemic 
therapy consisting of tyrosine kinase inhibitors such as sorafenib, immune 
checkpoint inhibitors or combinations of these. Based on the number of ongo-
ing clinical trials in this space major advancements, from the current median 
overall survival of < 20 months, are expected in coming years (4). For terminal 
stage (BCLC D) patients the best supportive care can generally offer a median 
overall survival of only 3 months (4).  

Cell models and the tumor extracellular matrix 
Conventional preclinical models for anticancer drug and formulation screen-
ing are generally divided into two categories: in vitro 2D or 3D cell models 
and in vivo animal models (14). Cell monolayers (2D) provide a simplified 
and cost-effective way to explore inhibitory effects (e.g. IC50) to screen or 
compare drugs and evaluate drug delivery systems. Based on the known tumor 
heterogeneity in patients it can be advantageous to select a range of human 
cell lines with different tumor characteristics for these studies. In this thesis, 
three primary liver cancer cell lines HepG2, SNU449 and Huh7 were selected 
based on previous studies (15). HepG2 is a hepatoblastoma cell line derived 
from a 15 year old Argentinian male (16–19) while Huh7 was derived from 
the HCC tumor of a 57 year old Japanese male (20). In a recent review by 
Arzumanian et al., these two cell lines were identified as the two most com-
monly employed human hepatic cell lines (17). SNU449 is less commonly 
used, was derived from a 52 year-old Korean male and is known to be one of 
the most drug-resistant, non-genetically modified, commercially available cell 
lines (21,22). 
 
Although 2D cell models provide an initial understanding of tumor cell tox-
icity they will not capture the important contributions from the tumor extra-
cellular matrix (ECM). That’s where 3D (spheroid) cell models play an im-
portant role in allowing further investigation into the penetrative ability, 
through both ECM and tumor cell clusters, of a drug or formulation. The tu-
mor ECM of solid tumors (Figure 3) is an area of intense research activity and 
has been identified as a reason for heterogeneous drug/formulation delivery 
(23,24). Additionally, the limited vasculature in solid tumors leads to reduced 
delivery of oxygen and nutrients as well as a buildup of waste products, which 
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can lower extracellular pH (24,25). In 3D cell models, hydrogels of varying 
complexity are often employed to act as a biomimetic model for the tumor 
ECM and provide a structural matrix for the tumor cells of interest. As ex-
pected a drug treatment is often less potent in 3D spheroid models compared 
to 2D monolayer models (26–28).  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. An illustration of the tumor microenvironment, highlighting the drug diffu-
sion barrier created by extracellular matrix components such as collagen. Created with 
BioRender.com, adapted from a template by Charlotte Butterworth and Nima Vaezza-
deh with inspiration from (23,29,30).  

 
Disease progression in HCC is characterized by extensive deposition of ECM 
proteins such as collagen and fibrin(ogen) forming a dense fibrous network 
which change the biomechanical properties and increase liver stiffness (31–
33). This progression has been mimicked in vitro by the development of bio-
mimetic hydrogels containing both collagen and fibrin(ogen) (28). The gels 
have been shown to biophysically resemble both healthy and diseased liver 
tissue in terms of stiffness, when measured by parallel plate rheology (31). In 
papers III and IV of this thesis drug diffusion in these biomimetic hydrogels 
with and without tumor cells was studied in detail. 
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Doxorubicin 
Doxorubicin (DOX) is one of the most commonly used anticancer drugs and 
the most obvious red thread throughout this thesis.  Since its discovery over 
60 years ago, DOX has been used extensively clinically but also especially 
within tumor drug delivery research as a model substance. This is most likely 
due to: (i) its highly potent antitumor effect by intercalation to DNA resulting 
in blocking of replication and transcription, (ii) unwanted and dose-limiting 
toxicities to healthy tissue, most notably to the heart and (iii) inherent “detect-
ability” in the pre-clinical setting, mainly with fluorescence or absorbance 
techniques. DOX crosses the cellular membrane via passive diffusion but also 
via carrier-mediated transport before rapid entry in the cell nucleus (34–36). 
At physiological pH, DOX, with a primary amine pKa between 8 and 9, will 
be positively charged (37–39).   

Chemistry, Characterizability and Challenges 
The enzymatic hydroxylation of DOX to doxorubicinol (DOXol) (Figure 4) is 
an important metabolic pathway since it is mediated by carbonyl reducing en-
zymes present in all cell types (35,40).  In the in vivo setting, the presence of 
DOXol has been interpreted as evidence of intracellular DOX uptake (11,41), 
which was a strategy also adopted in Paper II of this thesis. DOXol has been 
reported to be less potent than the parent DOX towards HepG2 cells, with a 
lethal concentration 50%  of 37.2 µM compared to 0.5 µM after 48 h exposure 
(42), but may instead play an important role in the drugs cardiotoxicity 
(43,44).  
 
Qualitative and quantitative analysis of DOX using absorbance or fluores-
cence techniques are informative but not without challenges. The intrinsic 
DOX fluorescence can be especially misleading as the signal is known to be 
quenched at higher DOX concentrations, due to molecular dimerization/ag-
gregation (45), and/or when binding to DNA (46,47). Additionally, the DOX 
fluorescence signal may also be enhanced when the molecule binds to mem-
brane lipids or other cellular components (47). Therefore, measurement of 
other fluorescent nuclear stains (such as NucBlue™ in Paper IV) has been 
suggested as an indirect way to validate the intracellular uptake of DOX via 
imaging (48).  
 
When working with DOX, chemical stability and material adsorption must 
also be considered. DOX is known to adsorb to most materials, but especially 
to common lab materials such as glass and different plastics (49). In terms of 
chemical stability, DOX is known to degrade in most aqueous media, but es-
pecially cell media (49–51). Studies by Jansen et al. and Le Bot et al. suggest 
that a 10 µM solution of DOX in cell media will degrade by 50% in only 5 



 

 16 

hours if left at room temperature, exposed to artificial or natural light (51,52). 
Unfortunately, the main degradation product, often referred to as D* (53), is 
also fluorescent which emphasizes the advantage of using more molecularly 
selective techniques such as liquid chromatography – mass spectrometry (LC-
MS, employed in Paper II). 

 
 
 
 
 
Figure 4. Molecular structures and physicochemical properties of DOX and main ac-
tive metabolite DOXol, the main chemical difference is highlighted in blue, the pri-
mary amine which is protonated at physiological pH is highlighted in purple and the 
green circle denotes the methyl group that is labelled in the isotopically labelled in-
ternal standards (13C, 2H3) used in Paper II. The physicochemical properties are based 
on predictions using ALOGPS (54) and are available from PubChem and DrugBank 
(38,55). 

Lipiodol® emulsions  
In cTACE, the drug delivery system of choice is most often a Lipiodol®-based 
emulsion. The history of Lipiodol® dates back to 1901 when French pharma-
cist and toxicologist Marcel Guerbet developed the world’s first iodinated 
contrast agent (56). His son André later founded the company Guerbet and 

543.5 Molecular weight (g/mol) 545.5
206 Polar Surface Area (Å2) 209
6 Hydrogen Bond Donors 7

12 Hydrogen Bond Acceptors 12
1.41 Log P 0.35
1.18 Water solubility (mg/mL) 1.49
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commercialized Lipiodol® Ultra Fluid, a product still used to this day. Lip-
iodol® consists of iodinated ethyl esters of fatty acids of poppyseed oil and is 
known to accumulate in the tumor microenvironment (57,58).  
 
The choice of drug dissolved in aqueous medium used to form the emulsion 
with Lipiodol depends on local recommendations and availabilities (10,59). 
For example, DOX was the drug of choice at Uppsala University Hospital 
until drug shortage resulted in a switch to another anthracycline: idarubicin. A 
clinical trial is now ongoing to investigate dose selection, tissue response and 
survival (60). In many Asian countries, epirubicin is favored due to lower car-
diotoxicity (61).  
 
The emulsion components are prepared in the hospital pharmacy but the final 
emulsion formulation is prepared ex tempore at room temperature in the oper-
ating theatre just prior to patient administration. The methodological disparity 
in how emulsions where prepared at different treatment centers make compar-
isons between clinical trials challenging and sparked our investigation (Paper 
I) into the choice of aqueous phase and emulsion stability. This disparity was 
also later highlighted in a survey by Craig et al. (59) and partly addressed in 
recent recommendations by an expert panel (10). 

Pegylated liposomal doxorubicin (Doxil®) 
In recent decades, nanomedicines have attracted a lot of attention as an option 
for effective and safe anticancer treatment. In the mid-90s the first nanomed-
icine, Doxil®, received regulatory approval (Figure 5, (62)). Doxil® consists 
of pegylated liposomal doxorubicin (DOXPL) and was approved mainly due to 
its improved safety profile compared to intravenously administered “free” 
DOX in solution (DOXS). Both DOXS and DOXPL were investigated in the 2D 
cancer cell model of Paper II.  

 
 

 
 
 
 
 
 
 
 

Figure 5. Cartoon a) and cryo transmission electron microscopy image (b) of Doxil®, 
used with publishers (Elsevier) permission from Yechezkel Barenholz review (62).   
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The rationale for using nanomedicines, such as Doxil®, to treat cancer relies 
on the enhanced permeability and retention (EPR) effect initially described by 
Matsumura and Maeda in 1986 (63). The EPR effect builds on the concept 
that tumor vasculature is leaky (hyperpermeable) and that lymphatic drainage 
is impaired, which results in the accumulation and retention of nanoparticles 
between 20 and 200 nm. However, the disappointing translation from prom-
ising pre-clinical nanomedicines to products on the market has resulted in the 
clinical relevance of the EPR effect being a topic of intense debate in recent 
years (64–66). For solid tumors, such as HCC, nanoparticles generally accu-
mulate in the periphery and struggle to distribute into the tumor core (Figure 
3). This is partly due to its elevated interstitial fluid pressure resulting in dif-
fusion being one of the main driving forces for transport of nanoparticles and 
released drug molecules (23,67). The molecular diffusion of DOX was studied 
in detail, using two different imaging techniques, in Papers III and IV. 

Molecular diffusion and permeability 
Molecular diffusion (µm2/s) is the process where, due to random molecular 
motions, there is a net flow of molecules from a high concentration environ-
ment to a low concentration environment (68). Permeability (µm/s) is a phys-
ical quantity to quantify the easiness for molecules to pass through a barrier 
such as a cell membrane by a diffusion process. A part of this thesis (Papers 
III and IV) focuses on the qualitative and quantitative measurements of mo-
lecular (DOX) diffusion in hydrogels. Additionally, the cellular permeability 
of DOX was determined in Paper IV. 

Figure 6. Illustration of diffusion and permeability. Created with BioRender.com. 
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Measurement of molecular diffusion in hydrogels is a subdiscipline at the in-
terface of drug delivery / formulation science and physical chemistry. The 
choice of approach and method will be influenced by whether the purpose is 
to better understand the (drug) molecules diffusion out of a formulation (or 
into a tissue) or to better characterize the gel network (69). Currently, two of 
the most commonly employed techniques are based on nuclear magnetic res-
onance (NMR) spectroscopy and fluorescence recovery after photobleaching 
(FRAP) (70). FRAP is especially favored by researchers interested in charac-
terizing the gel network however it relies on fluorescently labelled or inher-
ently fluorescent molecules (70–72). The NMR approach has been suggested 
to be most accurate, robust and precise and also allows for the study of non-
fluorescent molecules (70,73,74). When comparing the two techniques FRAP 
proved suitable for determining diffusion coefficients of slow diffusing mol-
ecules (< 100 µm2/s) while NMR was especially suitable for fast diffusing 
substances (70,75). In the context of DOX diffusion in aqueous media, both 
techniques have recently been employed with very different DOX diffusion 
coefficients being reported, 10 – 50 µm2/s via FRAP (72) and 185 – 302 µm2/s 
via NMR (74). Another popular and less cost-intensive technique, which was 
also employed in Paper III, is to use a molecules ultraviolet (UV) absorbance 
properties to study concentration gradients across solution/gels and subse-
quently determine diffusion coefficients (76–78).  

Translational tumor drug delivery  
Translational research in life sciences is often described as “bench-to-bedside” 
and takes place at the interface between basic science and clinical medicine 
(79). In the context of this thesis the term translational refers to our ambition 
to evaluate how in vitro (bench) results could influence a clinical scenario 
(bedside). For us, the easiest and fastest way to conduct that evaluation has 
been via the use of in silico modelling, more specifically physiologically based 
pharmacokinetics modelling (PBPK). This may be a provocative approach if 
one considers the more traditional translational journey via various animal 
models. However, the continuous and rapid development within biorelevant 
in vitro (lab-on-a-chip) methods paired with in silico modelling is already now 
creating opportunities to accelerate the translation in drug development as well 
as reduce the need for animal models in accordance with the 3R’s (replace, 
reduce and refine) (80,81).   
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Figure 7. Illustration showing an interpretation of translational research. Created with 
BioRender.com. 
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Aims of the thesis  

The overall aim of this thesis was to investigate the anticancer drug doxorubi-
cin (DOX) and its clinically relevant drug delivery systems from an in vitro 
perspective. The focus was on developing and using qualitative and quantita-
tive methods to better understand formulation performance, intracellular up-
take and molecular diffusion. Finally, in silico modelling was used to translate 
the in vitro findings to clinical scenarios.   
 
In Paper I we evaluated pharmaceutical quality aspects related to the perfor-
mance of Lipiodol®-based emulsion formulations containing DOX. This was 
followed by a cell-based study (Paper II) where we compared the tumor cell 
toxicity and intracellular uptake of free and nanoformulated DOX on different 
human cancer cell lines as well as studied formation of the main DOX metab-
olite: doxorubicinol (DOXol). In Papers III and IV, the focus was on molecu-
lar diffusion across the liver tumor extracellular matrix. Drug diffusion was 
visualized and quantified in biomimetic hydrogels without (Paper III) and with 
human liver tumor cells (Paper IV). A physiologically-based pharmacokinetic 
(PBPK) model (Paper II) and a spatio-temporal tissue concentration model 
(Paper III-IV) were developed to translate in vitro findings to clinical scenar-
ios. 
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Methods 

In-vitro methods 

Emulsion preparation, stability & characterization 
The commercial product Lipiodol® (Guerbet) acted as the lipid phase in all the 
investigated emulsions. The studied aqueous phases were purified water (W), 
0.9% saline (S), iohexol (I) and a mixture (85:15 v/v) of iohexol and water 
(IW). Iohexol (Figure 8a) was used in the form of commercial contrast agent 
Omnipaque™ which is commonly used at Uppsala University Hospital at a 
concentration of 300 mg iodine/mL. All emulsions were manufactured using 
the manual pumping method familiar to the clinic (Figure 8b), where two sy-
ringes are connected and pumped back and forth twenty times. One syringe 
contained DOX (red) in the aqueous phase and the other one contained Lip-
iodol® (yellow), where pumping was always initiated by pushing the aqueous 
phase into the lipid phase.  

Figure 8. a) molecular structure of the contrast agent iohexol, the main component in 
Omnipaque™, b) Preparation of Lipiodol®-doxorubicin emulsions where (1) one sy-
ringe contained DOX (red) in the aqueous phase and one syringe contained Lipiodol® 
(yellow), (2) the first pump pushed the aqueous phase into the lipid phase and (3) 
subsequent 19 pumps (total of 20) back and forth prepared the final emulsion.  
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Increasing ratios of the lipid phase (Lipiodol®) were investigated, from 1:1 to 
1:4, to reflect the variability evident from clinical literature. Emulsion stability 
was evaluated using visual inspection for up to 72 h after mixing and classifi-
cation as oil-in-water (o/w) or water-in-oil (w/o) was done 15 min after prep-
aration via a simple drop test (drops of emulsion into vials of oil or water) 
(82). For a w/o emulsion, the formulation should form macroscopic droplets 
when added to water and disperse itself when added to oil. Microscopic emul-
sion droplet sizes were studied using light microscopy (5 – 60 min after prep-
aration) and dynamic light scattering (DLS) at 30 min after preparation.  

Doxorubicin solubility 
Since Lipiodol®-doxorubicin emulsions are prepared ex tempore in the oper-
ating theatre, the solubility of DOX in the emulsion components at room tem-
perature was the most relevant to study. The time of 24 hours was chosen 
based on a solubility study by Bergström et al. where the solubility values 
plateaued after 24 h for most of the 17 structurally diverse drugs under inves-
tigation (83). Similarly to that study, a small scale shake-flask method was 
used and pH was measured after thorough mixing (1000 rpm) before the DOX 
concentration in the supernatant was quantified using LC-MS.  

Doxorubicin solutions 
For papers II to IV, DOX solutions were prepared in a similar fashion. DOX 
hydrochloride powder was dissolved in dimethylsulfoxide (100 mM), ali-
quoted to brown vials and stored at -20 °C until use. In paper II, the stock 
solutions were diluted using Dulbecco modified eagle medium (DMEM) or 
Roswell Park Memorial Institute (RPMI) cell media. In paper III, the diffusion 
medium was phosphate buffered saline (PBS). In paper IV, both DMEM cell 
media and PBS was used. Throughout this thesis, PBS was prepared at pH 7.4. 
All DOX solutions in aqueous media were prepared just prior to use in order 
to minimize chemical degradation and material adsorption.  

2D cell model 
Three different human liver cancer cell lines (HepG2, Huh7 and SNU449) 
were evaluated in a 2D cell model (Figure 9). Cell viability after exposure to 
either DOXS (0.001-1000 µM) or DOXPL (0.1-1000 µM) for 24, 48 or 72 h 
was evaluated in a 96-well plate format. Cell uptake was evaluated by scaling 
up the number of treated cells from 10 000 / well to 4 million per flask and 
quantifying both extra- and intracellular levels of DOX and DOXol using LC-
MS. 
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Figure 9. Overview illustration of the 2D cell model employed in Paper II. 

Preparation of hydrogels for molecular diffusion studies 

Agarose gels 
In Paper III, agarose gels (1% w/v) were prepared by adding agarose powder 
(low electroendosmosis) to PBS. The mixture was heated for approximately 
30 min in a water bath (80 °C), occasionally vortexing until the agarose was 
completely dissolved. The solution was then cooled slightly before mixing at 
equal volumes with a DOX solution in PBS resulting in a drug loaded hydro-
gel at 1 mM DOX and 0.5% w/v agarose for diffusion experiments.  
 
In Paper IV, low melting point agarose (LMPA, 1% w/v) gels were prepared 
by adding agarose powder (TopVision) to PBS. The mixture was heated for 
approximately 15 min in a water bath (60°C), occasionally vortexing until the 
agarose was completely dissolved. The solution was then cooled slightly and 
carefully pipetted (8 µL) into each gel loading port to fill the gel reservoir 
(Figure 11b and c). After gel loading the chip was left at room temperature for 
15 min in order for gelation to occur. LMPA gels at 0.5% w/v were also pre-
pared but displayed inadequate gel properties for further investigation in this 
study. 

Biomimetic gels 
Biomimetic gels consisting of fibrinogen (type I-S from bovine plasma) and 
collagen (type I from rat-tail) were prepared similarly as described initially by 
Calitz et al. (28).  
 
In Paper III, a fibrinogen stock solution (70 mg/mL) was initially prepared by 
gradually adding fibrinogen (350 mg) and NaCl (65 mg) under gentle agitation 
(100 rpm) at room temperature over 3 h to a mixture of sterile PBS (4 mL), 
aprotinin (1 mL, 1218.75 KIU/mL) and CaCl2 (0.15 mL, 20 mM). ). Biomi-
metic gels (2000 µL) were prepared by first neutralizing collagen (800 µL, 5 
mg/mL) with NaOH (20 µL, 1 M) and mixing with volumes of fibrinogen (70 
mg/mL) to make either fibrotic (10 mg/mL) or cirrhotic (30 mg/mL) gels. 
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Next the DOX solution in PBS was added before converting the fibrinogen to 
fibrin by addition of thrombin (1 µL in fibrotic and 3 µL in cirrhotic gels, 0.1 
U/ µL). Finally, the DOX (1 mM) loaded biomimetic gels were loaded to the 
quartz glass cells used for UV-imaging and left for gelation at room tempera-
ture (15 min) and 37 °C (45 min). 
 
In Paper IV, a fibrinogen stock solution (70 mg/mL) was initially prepared by 
gradually adding fibrinogen (350 mg) under gentle agitation (75 rpm) at ap-
proximately 30 °C over 2 h to a mixture of sterile PBS (4 mL), aprotinin (1 
mL, 1218.75 KIU/mL) and CaCl2 (0.15 mL, 20 mM). Cirrhotic gels (1000 µL) 
were prepared by first neutralizing collagen (400 µL, 5 mg/mL) with NaOH 
(8 µL, 1 M) and mixing with a cell suspension containing 0, 1 or 2 million 
Huh7 or HepG2 cells / mL of cell media (162 µL). Next, the fibrinogen was 
added (428.5 µL, 70 mg/mL), mixed well and converted to fibrin by addition 
of thrombin (1.5 µL, 0.1 U/ µL). Finally, the cirrhotic gel containing 2 mg/mL 
collagen and 30 mg/mL fibrin(ogen) was loaded (10 µL) to the combined drug 
diffusion and cellular uptake chip and left to gel at room temperature (15 min). 
Cirrhotic gel preparations were also made in PBS (without cell media) or with-
out fibrinogen. The gels containing no fibrinogen however displayed inade-
quate gel properties for further investigation.  

UV-imaging methodology 
Studies by Østergaard et al. (76,84–86) served as inspiration for the UV-im-
aging methodology employed in Paper III (Figure 10). Briefly, screening ex-
periments using a platereader (Tecan Safire II) were conducted to identify 
which of the five wavelengths (255, 280, 300, 320 and 520 nm) available in 
the SDi2 instrument (Pion) were most suitable for each molecule of interest 
(Figure 10a). The final wavelength choice was also influenced by the degree 
of background absorbance and signal stability displayed by the biomimetic 
hydrogels. For DOX, calibration curves were prepared at 300 nm to determine 
the linear concentration range. The diffusion experiments were run in quartz 
glass cells (20/C/Q/1 from Starna Scientific) where drug loaded hydrogels 
were cast and covered with a lid. Once gelled (15 min) roughly half of the 
hydrogel was manually cut out using a scalpel (Figure 10b) and a PBS accep-
tor solution added to initiate drug diffusion from the gel (Figure 10c). In order 
to reproducibly cut the gels and mount the glass cells in the SDi2 instrument, 
a cutting board (Figure 10b) and cell holder (Figure 10d) were custom-built 
using 3D printing.  
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Figure 10. Illustration of UV-imaging methodology using the SDi2 instrument. Two 
wavelengths (300 and 520 nm for DOX) were selected based on screening experi-
ments (a) before drug loaded gels were prepared in glass cells and diffusion was meas-
ured to an acceptor solution (c). The SDi2 software allows for extraction of absorb-
ance data for each pixel of the UV-images (e). Lab computer illustration (e) was 
adapted from C. Alvebratt (87). 

Drug diffusion and cellular uptake chip  
The combined drug diffusion and cellular uptake chip (Figure 11a) was devel-
oped to allow for fluorescence-based visualization and quantification of DOX 
diffusion and cellular uptake in biomimetic hydrogels with human liver tumor 
cells. The miniaturized chips were manufactured by casting polydime-
thylsiloxane (PDMS, Sylgard 184) into 3D printed molds, degassing under 
vacuum (2 h) and curing overnight at 75°C. Once the PDMS was removed 
from the molds, holes for gel and solution reservoir loading were punched 
using a 1.5 mm biopsy punch before the piece was plasma bonded to a glass 
microscope slide. Each chip contained five gel reservoirs connected at their 
midpoints to gel loading channels with ports and flanked by two solution res-
ervoirs (donor and acceptor, Figure 11a and b). 
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Figure 11. a) Overview of a combined drug diffusion and cellular uptake chip and b) 
close-up of one of the five gel reservoirs flanked by two solution reservoirs. c) Top 
view of a typical experiment where a hydrogel was initially loaded (1). After gelation, 
the acceptor (white) and then the donor (green, DOX) solutions were loaded (2) and 
finally the region of interest (ROI) was imaged using a fluorescence microscope as 
the DOX concentration gradient was established (3). 

Image analysis 
All imaging was performed on an LSM 700 confocal laser scanning micro-
scope (Carl Zeiss) and all experiments were run using a temperature controlled 
stage at 37°C. Fluorophores were excited with 405 nm and 488 nm laser lines 
and emitted fluorescence for spectral bandwidths relevant for NucBlue™  
(Hoechst 33342) and DOX were collected as separate channels. The tile scan 
(1x5 tiles) and time series (imaging every 5-10 min) experiments were ana-
lysed using the Fiji version of ImageJ (88).  
 
For the study of the diffusion process a region of interest (ROI) was created 
in the DOX fluorescence channel by using the straight line tool (width 100 
µm) from the donor reservoir to the acceptor reservoir, straight through the 
entire gel reservoir.  
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The average fluorescence intensity (in the x-direction, for each y-position) 
over the y-direction (diffusion distance, µm) was then extracted using the 
“StackProfileData” macro and transferred to Microsoft Excel for further anal-
ysis (89). Fluorescence intensities were converted to DOX concentrations us-
ing calibration curves in a relevant matrix and plotted versus diffusion dis-
tance to illustrate the formed gradients at different timepoints (exemplified in 
Figure 23).  
 
For cellular uptake analysis the NucBlue™ channel was initially used in each 
experiment to identify a number and distribution of cells in the gel. This was 
done using Fiji to (i) prepare a maximum intensity projection of the entire  
time-series, (ii) threshold the NucBlue™ signal to ensure detection of all nu-
clei in the gel, (iii) dilating the boundaries of the NucBlue™ threshold signals 
and if needed applying the watershed function to delineate clusters before fi-
nally (iv) analyzing particles. This analysis resulted in identifying the y-posi-
tion in the gel for each nuclei (ROI-list) as well as summarizing the number 
of detected nuclei and their size (surface area). The size was subsequently used 
to calculate a cell radius. Then, the average NucBlue™ intensity for each cell 
was extracted, using the multi-measure analysis function, for further analysis. 
The generated ROI list was also applied to the DOX channel to extract average 
intensities per cell. In order to facilitate further analysis, cell intensities were 
grouped and averaged in 250 µm zones based on their Y-position, where zone 
0-250 µm was closest to the donor solution and zone 1750-2000 µm was fur-
thest from the donor solution (illustrated in Figure 20a). 
 

Quantification methods 

Liquid Chromatography – Mass Spectrometry 
A bioanalytical assay to chromatographically separate the main analytes of 
interest DOX and DOXol was developed in Paper II. A standard C18 column 
(ACQUITY UPLC BEH C18, 2.1 x 50 mm, particle size 1.7 µm) was used 
together with mobile phases consisting of (A) 5 mM ammonium formate in 
water:acetonitrile (95:5) with 0.1% formic acid at pH 3.01 ± 0.07 and (B) ac-
etonitrile. The sample preparation consisted of adding chilled acetonitrile con-
taining a fixed amount of internal standard to precipitate cellular and media 
proteins. After cold centrifugation, supernatants were dried using nitrogen 
flow and reconstituted in mobile phase A prior to injection. Isotopically la-
belled internal standards were used and linear (R2 > 0.995) matrix specific 
calibration curves were constructed for both DOX and DOXol.  
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In paper II, the MS detection was using a single quadrupole (QDa) in positive 
single ion recording mode. The mass detection channels were set to m/z 544 
(DOX), 546 (DOXol), 548 (DOX IS) and 550 (DOXol IS).  The lowest point 
in the calibration curves corresponded to the lowest limit of quantification 
(LLOQ, 50 nM) and quality control samples at three levels had a relative bias 
and relative standard deviation of -0.5 to 5.5 % and 6.6 to 20 % respectively. 
Matrix effects and extraction recoveries were evaluated according to 
Matuszewski et al. (90).  
 
Later, this method was used to quantify DOX and DOXol in cell media as well 
as in biomimetic gels in a study by Calitz et al. (Paper V) (31). The method 
was also transferred to triple quadrupole instrument (TQS-micro) and used to 
quantify DOX and DOXol in rat plasma in a study by Kullenberg et al. (Paper 
VI) (91). 

UV-absorbance 
UV-visible absorbance is based on the principle that a molecule contain chro-
mophores able to absorb light. The UV-visible absorbance of DOX between 
230 and 520 nm was measured using a platereader (Tecan, Safire II) at a range 
of concentrations in PBS (Figure 12a). The peak at >400 nm, in the visible 
range of light resulting in a distinct red color, can be very helpful when pre-
paring solutions of DOX at different concentrations (10-1000 µM). It also pro-
vides indication of material adsorption at higher concentrations. Based on the 
available UV-wavelengths on the SDi2 instrument, 300 nm was chosen to 
study DOX, since this provided the best balance between detection range and 
background absorbance from gel matrices. 

 
Figure 12. a) Absorbance scan of DOX (0.1 mM) in PBS using platereader (Tecan 
Safire II), dashed lines denote SDi2 instrument compatible wavelengths (255, 280, 
300, 320 and 520 nm). b) DOX calibration curves in different hydrogels and PBS 
measured by UV-imaging (SDi2) at the chosen wavelength of 300 nm. 
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Conventional UV-Vis theory form the basis for UV-imaging with the SDi2 
instrument. Images are recorded (1 frame / s) and the pixel intensities are con-
verted into absorbance (A) values according to equation 1: 

 𝐴 = 𝑙𝑜𝑔 (𝐼 −  𝐼 )(𝐼 −  𝐼 )  

    (1) 

Where I0, Iref and Isig are the pixel intensities for the dark images (when LEDs 
are off), for the reference (when no quartz glass cell is present) and for the 
signal (glass cell is present), respectively. According to Lambert-Beers law, 
the linear relationship between absorbance and sample concentration (C) can 
be expressed as: 

 𝐴 = 𝜀 𝑏 𝐶 

    (2) 

where 𝜺 is the molar extinction coefficient and b the distance through which 
the light has to travel (pathlength = 1 mm in these quartz glass cells).  
 
In Paper III, the absorbance profiles were recorded in 1 mm x 28 mm zones in 
the y-direction and were exported from the SDi2 analysis application software 
to Microsoft Excel. Calibration curves for DOX in different hydrogels and 
PBS (Figure 12b) were recorded using UV imaging at 300 nm by filling the 
entire quartz glass cells with solution or drug loaded gel at different concen-
trations (0.1 – 2 mM). 
 

Fluorescence intensity 
Fluorescence is the result of a molecule absorbing light at a specific wave-
length and emitting light at a longer wavelength. In paper IV, calibration 
curves for DOX in different matrices (PBS, cell media, and cirrhotic gel) were 
constructed in the combined drug diffusion and cellular uptake chip (one con-
centration / gel reservoir, Figure 13b). Excitation was done with the fluores-
cence microscope 488 nm laser and emission was monitored between 535-700 
nm in PBS and 535-600 in cell media. The shorter emission range in cell me-
dia was used in an attempt to minimise spill-over from other investigated 
fluorophores (propidium iodide and NucRed™). The fluorescence intensity at 
the highest concentration was used to set the instrument gain for the subse-
quent diffusion and cellular uptake studies. Deviation from linearity between 
fluorescence intensity and DOX concentration was observed above 25 µM 
(Figure 13a). 
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Figure 13. Linearity of fluorescence intensity over DOX concentration (1 – 20 µM in 
PBS and 0.8 – 20.5 µM in cell media).  

Data analysis and statistics 

Cell viability  
Cell viability after exposure to either DOXS (0.001-1000 µM) or DOXPL (0.1-
1000 µM) for 24, 48 or 72 h was evaluated in a 96-well format using the ala-
marBlueTM assay (92). In this assay, viable cells will reduce the cell permeable 
and non-fluorescent resazurin (blue) to the fluorescent resorufin (red). A 
platereader (Tecan Safire II) was used to measure resorufin fluorescence in-
tensity (ex/em, 560/590 nm) and a percentage viability (V) was calculated us-
ing equation 3:  

 V = 𝐼  – 𝐼 ̅𝐼 ̅ – 𝐼 ̅  

    (3) 
 
where Iexp is the fluorescence of each well exposed to DOX, Ῑcont the average 
fluorescence of control wells containing cells with resazurin in cell media and 
Ῑblank is the average fluorescence of blank wells containing only resazurin in 
cell media (no cells). The half-maximal inhibitory concentration (IC50) was 
then initially calculated by fitting equation 4 to the experimental data (cell 
viability over DOX exposure concentration: 

 𝑉(𝑥) = Δ𝑉1 + 𝑥𝑥 + 𝑉  

    (4) 
 
where x is the DOX exposure concentration, x50 the concentration at 50% vi-
ability, ΔV the viability at no DOX exposure (i.e. 100% viability) and γ is the 
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parameter connected to the slope of the sigmoidal characteristic of the equa-
tion. The viability at infinite DOX concentration (V∞) was assumed to be zero 
and was consequently not fitted. The estimation of x50 using only equation 4 
was found to be highly dependent on viability values far from x50 and therefore 
equation 5 was used instead:  
 𝑥 = (𝑉 − 𝑉 ) 𝑥 − 𝑥𝑉 − 𝑉 + 𝑥  

    (5) 
 
Equation 5 was the linear interpolation between x values corresponding to the 
V value closest above (VH) and closest below (VL) half of the 100% viability 
value (ΔV/2 = V50). This meant that for experiments where cell viability did 
not reach below V50, determination of x50 could not be performed. If this was 
observed for more than one replicate per treatment condition, the entire treat-
ment condition was excluded from further analysis. The average and standard 
deviations (SD) of x50 estimated for replicate experiments performed on dif-
ferent days were calculated and are here reported as IC50-values. 

Intracellular concentrations and uptake ratios  
To enable quantification of cellular DOX and DOXol concentrations the num-
ber of treated cells was scaled up from 10 000 / well (cell viability) to 4 million 
per flask. Cells were treated with exposure concentrations corresponding to 
the calculated IC50 values for each cell line and timepoint. The purpose of this 
was to avoid scenarios where observed differences in cellular uptake between 
cell lines would be explained by how toxic the chosen DOX concentration 
would be for that specific experimental condition. The maximum DOX con-
centration used for these experiments was 200 µM. After treatment, the expo-
sure media, washing and detachment fluids (trypsin) were analysed as the ex-
tracellular portions. The intracellular portion was obtained via lysing the cells 
by two freeze-thaw cycles and subsequent sonication on ice. Concentrations 
of DOX and DOXol in all portions were determined using LC-MS. Average 
intracellular concentrations (ICC) were calculated using equation 6:  
 𝐼𝐶 = 𝐶 ∙ 𝑣𝑛 ∙ 𝑣  

    (6) 
 

where Clysate is the determined concentration of DOX or DOXol in the intra-
cellular portion (cell lysate), vlysate the volume of the lysate, ncells is the number 
of cells after treatment and vcell is the volume per cell assuming a spherical 
shape. The cell numbers and cell diameters were measured by cell counter.  



 

 33

In order to assess the fraction of DOX that was taken up by the cells from the 
surrounding media, irrespective of exposure concentration, the intracellular 
uptake ratios (ICUR) were calculated using equation 7: 

 
 𝐼𝐶 = 𝐼𝐶 _ + 𝐼𝐶 _𝐸  

    (7) 
 

where EConc is the exposure concentration, ICC_DOX the intracellular DOX con-
centration and ICC_DOXol the intracellular DOXol concentration. Since DOX is 
metabolized to DOXol intracellularly, both were accounted for when calcu-
lating ICUR. 

Determination of diffusion coefficients  

Stokes-Einstein equation 
The Stokes-Einstein equation was used in Papers III-IV to predict the free dif-
fusion coefficient (D0) for DOX in water at different temperatures:  

 𝐷 =  𝑘 𝑇6𝜋𝜂𝑟 

    (8) 
  
Where kB is the Boltzmann constant, T is the temperature in Kelvin, η is the 
dynamic viscosity and r is the radius of a spherical particle (or molecule in 
this case). The DOX molecular radius was estimated with MolView (93) using 
energy minimization and measuring the furthest distance between atoms (di-
ameter, Figure 14). 
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Figure 14. Chemical structure of DOX and the measured furthest distance between 
atoms (1.537 nm) in MolView (93) taken as the molecular diameter which was used 
to calculate a molecular radius (7.685 Å) for equation 8. 

UV-imaging methodology 
Based on the geometry of the quartz glass cell, where DOX is diffusing in one 
dimension (y-direction) out of one phase of finite extension into another phase 
of finite extension, a solution to the diffusion equation can be given as (68): 
 𝐶 = 0.5 ∙ 𝐶0 erf (𝑙 + 2𝑛ℎ − 𝑦)/√4𝐷𝑡 + erf (𝑙 − 2𝑛ℎ + 𝑦)/√4𝐷𝑡∞    

    (9) 

 

where C0 is the initial concentration in the DOX loaded gel, D is the diffusion 
coefficient, l is the gel length, y is the distance and h is the summed length of 
the gel and solution phase. 
 
In the derivation of equation 9, it is assumed that the solution is unstirred, that 
the initial concentration of the solution is zero, that no degradation of the drug 
occurs and that the initial concentration in the gel is uniform. The latter was 
confirmed by observations of the absorbance profiles where no or minor gra-
dients were observed in the y-direction.  

 
Considering just the n = 0 term of the sum in equation 9, the following is 
obtained: 
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𝐶 = 0.5 ∙ 𝐶 erf (𝑙 − 𝑦)/√4𝐷𝑡 + erf (𝑙 + 𝑦)/√4𝐷𝑡    

(10) 

 

Equation 10 approximates equation 9 very well for low time values when the 
concentration is negligible at y = h, i.e. the position corresponding to the end 
of acceptor solution. This condition was fulfilled in all measurements done in 
Paper III. 
 
In cases where the solution initially has a uniform concentration Caq,0 equation 
10 had to be modified slightly to fulfil the initial condition by adding a con-
stant term Caq,0  and changing the pre-factor of the sum to (C0  - Caq,0). Corre-
spondingly, equation 10 then changes to: 
 𝐶 = 0.5 ∙ 𝐶 − 𝐶 , erf (𝑙 − 𝑦)/√4𝐷𝑡 + erf (𝑙 + 𝑦)/√4𝐷𝑡 + 𝐶 ,
    (11) 

The diffusion coefficient determinations were made by fitting of equation 11 
to the length profile in the gel at different timepoints, i.e. where the variable t 
was set to 5, 30 and 60 minutes. The section of the profile to fit was selected 
based on visualization of the raw data as illustrated in Figure 21b, generally 
from 5 to 25 mm in the y-direction. Equation fitting was performed using the 
Levenberg-Marquardt algorithm in an in-house developed visual basic macro 
linked to an Excel sheet. As previously described in the literature, the calcu-
lated diffusion coefficients can vary slightly over time and to account for this, 
average diffusion coefficient over the three timepoints were calculated before 
the final mean ± SD was calculated across six replicates (76). 
 

Drug diffusion and cellular uptake chip 
For the diffusion coefficient determinations in Paper IV, only DOX concen-
tration profiles in the gel were used. The lower boundary (low y – position, 
close to donor solution) of the analyzed region was chosen to avoid irregular-
ities in the recorded fluorescence signal from the interface between gel and 
solution. The upper boundary (high y – position, close to acceptor solution) of 
the analyzed region was chosen based on the position where the DOX concen-
tration reached the lowest point in the calibration curves (approximately 1 
µM). The time dependence of the concentration (𝐶 (𝑡)) at the lower bound-
ary (i.e. close to the donor solution), could in these experiments, with good 
approximation, be expressed by the following equation: 
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𝐶 (𝑡) = 𝐶 , ∙ 1 − 𝑒 ∙  

    (12) 

 

where t is the time adjusted by tlag, 𝐶 ,  and 𝛽 are coefficients to be deter-
mined. A solution to the diffusion equation can then be written as (68): 

 𝐶(𝑦, 𝑡) = 𝐶 , ∙ 1 − 𝑒 ∙  (( )∙ / ) ( ∙ / ) −∑ ( )  ( ( ) ∙ )⁄( )( ( ) ) 𝑐𝑜𝑠 ( ) ∙( )                                                

  

(13) 

where the zero of the y-coordinate is at the donor end of the gel, lgel is the total 
gel length, D is the diffusion coefficient, lLB is the distance from the lower 
boundary to the receiver end of the gel. Further it has been assumed that ap-
proximately dC/dy = 0 at the receiver end of the gel, during the time window 
used for diffusion determinations (10 - 60 min). The coefficients 𝐶 ,  and 𝛽 
were determined by non-linear curve fitting of equation 12 to the measured 
concentrations at the different timepoints at the lower boundary for the differ-
ent experiments. Similarly, the diffusion coefficients were determined by non-
linear curve fitting of equation 13 to the measured concentrations at four dif-
ferent timepoints in the region chosen according to above. The fitting proce-
dures above were carried out by the Levenberg-Marquardt fit algorithm in an 
in house developed Visual Basic macro linked to Microsoft Excel sheets con-
taining the measured concentration data.  

Determination of apparent cell permeability 
The average cellular DOX fluorescence intensities for each zone were con-
verted to DOX concentrations using relevant calibration curves (Figure 13b), 
and plotted over time resulting in a linear relationship between concentration 
and time. By linear regression, the intracellular uptake of DOX (µM / min) 
was determined as the slope of the concentration vs time relation. The ob-
tained intracellular uptake for each zone was in turn then plotted over the gel 
concentration for the corresponding zone (µM) at three timepoints (60, 120 
and 180 min) resulting in a linear relationship between intracellular uptake 
and concentration. By linear regression, the overall transport rate constant of 
DOX into the cell (kcell, min-1) was determined as the slope of the intracellular 
uptake vs concentration relation. The apparent cell permeability of DOX (Pcell, 
µm/s) was then determined using equation 14: 
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 𝑃 = 𝑘  ×  𝑉A  ×  60  

    (14) 
 

Where Vcell and Acell are the volume and area of the cells respectively. Assum-
ing the cells are spherical, the ratio Vcell / Acell can be simplified to r/3 where 
r is the cell radius. 

Statistical analysis approach 
In papers III and IV, statistical analysis was conducted in GraphPad Prism 9. 
The determined diffusion coefficients were always tested for normality and 
variance as part of the statistical analysis. When evaluating the observed dif-
ference in DOX diffusion coefficients between LMPA and cirrhotic gel (Fig-
ure 24) an unpaired t-test was used since both the Shapiro-Wilks normality 
test and F-test to compare variances passed. However, when evaluating the 
effect of changing gel medium from PBS to cell media (Figure 25a) the F-test 
pointed towards statistically different standard deviations and therefore a 
Welch’s t-test was used instead. To evaluate the effect of adding human liver 
tumor cells to the cirrhotic gels (Figure 25b) the mean for each condition (with 
cells) was compared to the mean of the control condition (no cells in cell me-
dia). An ordinary one-way ANOVA with Dunnett’s multiple comparisons 
post hoc test was used. In contrast, when evaluating whether the observed dif-
ferences in DOX diffusion coefficients between agarose, fibrotic and cirrhotic 
gels were significant (Figure 22) the non-parametric Kruskal-Wallis with 
Dunn’s multiple comparisons post hoc test was used since the Shapiro-Wilks 
normality test did not pass. Statistical significance was denoted by one star (*) 
for p ≤ 0.05 and two stars (**) for p ≤ 0.01. Non-statistical significance was 
denoted with ns. 

In silico methods 

Physiologically based pharmacokinetic modelling 
Physiologically based pharmacokinetic (PBPK) models consist of a large 
number of compartments corresponding to different organs or tissues in the 
body (94,95). The compartments are connected via flow rates mimicking the 
circulating blood system and models are parameterized using known physiol-
ogy (95). In the context of this thesis, PBPK modelling was done using the 
open-source software PK-SIM® and MoBi® (96) but commercial software are 
also available (97,98). 
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The aim of the PBPK modelling in Paper II was to demonstrate the potential 
clinical implication for treatment with DOX based on in vitro experimental 
data from different liver tumor types. A PBPK model developed by Hanke et 
al. (99) was adapted to describe both the systemic and local disposition of 
DOX. The disposition of DOXPL was modelled in accordance with its func-
tionality (long circulation time) and size (80 nm diameter assumed). The 
pegylated liposomes were limited to vascular and extracellular distribution, 
meaning that distribution to the endosomes and intracellular space was not 
allowed. The release of DOX from DOXPL was described as occurring by un-
specific spontaneous disintegration of the liposomes, which was also sup-
ported by the clinical reference data used to optimize the model parameters 
(100,101).  The in vitro generated ICUR values for each liver cancer cell line 
were then used together with the PBPK model to establish a model output 
parameter combining the extracellular and intracellular concentrations that the 
liver cells were exposed to (called Cexp). To assess whether adequate DOX 
tumor exposure levels were achieved following a clinically relevant intrave-
nous dose (50 mg/m2) a therapeutic zone was defined based on the cell viabil-
ity experiments (0.1 µM, which corresponds to the lowest DOX concentration 
with detectable effect, i.e. cell viability < 90%) 

Spatio-temporal tissue concentration modelling 
The PBPK model described in Paper II was used as a backbone for the diffu-
sion driven spatio-temporal tissue concentration modelling employed in Pa-
pers III and IV (Figure 15). In these studies, the extracellular tissue in a solid 
tumor was modelled as a cylinder with a length L and with ten concentric 
shells (each with a thickness of Δr = 10 µm). The surface of the innermost 
shell was in contact with a blood vessel (arterial blood in the PBPK model) 
meanwhile the outer surface of the outermost shell was in contact with a neigh-
boring tumor cylinder, as also described by Eikenberry (102). Each tumor 
shell consisted of an extracellular and an intracellular compartment where the 
transport from extracellular to intracellular was described by a cellular perme-
ability (Pcell). The diffusion distance (10 to 100 µm) was chosen based on the 
fact that most cells are only a few cell diameters from a blood vessel and that 
the concentration of DOX was reported to be reduced by 50% at a distance of 
40 - 50 µm from a blood vessel in vivo (24,103) 
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Figure 15. Illustration describing the developed spatio-temporal tissue concentration 
modelling structure of a cylinder corresponding to a blood vessel with ten concentric 
shells describing the tumor tissue at distances of 10 to 100 µm from the blood vessel. 

The diffusive flow, Ji-1→i, between two adjacent shells labelled i-1 and i was 
approximately described by: 
 𝐽 → = 𝑘 , ( 𝐶 − 𝐶 )  
    (15) 

Where 

 𝑘 , = 𝐷 𝑟 − ∆𝑟2∆𝑟 ∙ 2𝜋 ∙ 𝐿  
    (16) 

And where Ci and ri denotes the shell center concentration and radii, respec-
tively. To fulfil the initial and boundary conditions, Ci = 0 for all i at t = 0, the 
outflow in the outermost shell was set to zero and the inflow in the innermost 
shell was described as:  
 𝐽 → = 𝑃 ∙ 𝐴 ∙  ( 𝐶 − 𝐶 .) + 𝐽 . 
     

(17) 
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Where Pv is the vascular permeability, Cbl is the arterial blood concentration, 
and Cin is the estimated concentration in the extracellular tissue at the inner 
boundary and was approximated by linear extrapolation of the center concen-
trations of the first and second shells in the extracellular tissue model accord-
ing to: 𝐶 = 𝐶 + (𝐶 − 𝐶 )/2. Further, 𝐴 = 2𝜋 ∙ 𝑟 ∙ 𝐿, where rin is the 
innermost cylinder radius. Jconv is the transcapillary convective flow and was 
described by the hydraulic conductivity, hydrostatic and osmotic pressure dif-
ferences and the drag reflection coefficient all according to the Staverman-
Kedem-Katchalsky equation as described and parameterized by Eikenberry 
(102). 
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Results & Discussions 

Formulation performance (Papers I and II) 
Emulsion stability and characterization 

In Paper I, emulsions containing an aqueous phase of water (W) or saline (S) 
separated within 30 min meanwhile emulsions I/L or IW/L, containing the 
contrast agent iohexol (Figure 8a), were visually stable for over 1 hour (Table 
1). Emulsions with aqueous-to-lipid phase ratios of 1:1 and 1:4 were generally 
classed as o/w and w/o, respectively. The most stable emulsion (>72 h) con-
tained the iohexol and water mixture (IW) at an aqueous-to-lipid phase ratio 
of 1:4. Based on observations in the clinic at Uppsala University Hospital, 
time between emulsion preparation and completed patient administration 
ranges between 5 to 30 min.  

 
DLS and light microscopy measurements confirmed our hypothesis regarding 
the highly dynamic nature of these emulsions. For the most stable emulsion, 
microscopy images (5 – 60 min after preparation) suggested a droplet size 
range from the nm range to hundreds of µm (Figure 16). The DLS analysis at 
30 min after preparation suggested droplets sizes ranging between 1.5 to 2.5 
µm. This led us to conclude that these emulsions were both too concentrated 
and too polydisperse to allow for reliable droplet size distributions using these 
commonly used emulsion characterization techniques. 

Table 1. Stability and classification of the emulsions with aqueous-to-lipid ratio 
of 1:1 and 1:4 determined with visual inspection and drop test.  

Emulsion type W/L S/L I/L IW/L 
Aqueous-to-lipid ratio 1:1 1:4 1:1 1:4 1:1 1:4 1:1 1:4 
Time         
15 min - + - + + + + + 
Drop test (o/w or w/o) - w/o - w/o o/w w/o o/w w/o 
30 min - - - - + + + + 
1 h - - - - + + + + 
72 h - - - - - - - + 
+ maintained emulsion, - separated emulsion, w/o water-in-oil, o/w oil-in-water,  
L: Lipiodol®, W: purified water, S: 0.9% saline, I: iohexol and IW: mixture (85:15 
v/v) of iohexol and water.  
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Figure 16. Microscope image of emulsion IW/L aqueous-to-lipid phase ratio of 1:4, 
15 min after preparation, scale bar 200 µm. 

 

DOX solubility in aqueous phases 

DOX solubility in various solvents determined in Paper I using the shake flask 
method ranged from 0.02 to over 75 mg/mL (0.04 – 138 mM) with a rank 
order from lowest to highest in Lipiodol® < PBS < saline < water < io-
hexol:water < iohexol (Table 2).  
 

Table 2. Solubility (mg/mL and mM) and pH of DOX at room temperature (22-
30°C) after 24 hours of mixing (1000 rpm) in relevant solvents, presented as the 
mean ± SD (n = 3) 

Solvent 
Solubility    

pH Observation 
mg/mL mM 

L 0.02 ± 0.01  0.037 ± 0.018  NM solid precipitate 
W > 50 > 92 4.2 ± 0.2 free-standing gel 
S 10.2 ± 1.7 18.8 ± 3.1 4.6 ± 0.1 gel aggregates 
I > 75 > 138 5.2 ± 0.2 free-standing gel 
IW > 69 > 127 5.3 ± 0.1 free-standing gel 
PBS 7.1 ± 2.9 13.1 ± 5.3 6.1 ± 0.1 gel aggregates 
L: Lipiodol®, W: purified water, S: 0.9% saline, I: iohexol, IW: mixture (85:15 
v/v) of iohexol and water, PBS: phosphate buffer saline pH 7.4, NM; not measura-
ble. 
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DOX formed a solid precipitate only in Lipiodol® (Figure 17a) meanwhile gel-
like aggregates were observed in PBS and saline (Figure 17b). Interestingly, 
DOX had the highest solubility in iohexol, a compound with basic (pKa = 
11.4) and polar (log P = - 3.00) properties, which is the main ingredient in the 
commercial contrast agent OmnipaqueTM. Freestanding gels (Figure 17c) were 
observed at concentrations above 50 mg/mL (> 92 mM) in water, iohexol and 
the mixture of the two (IW). 

 
 

 
 
 
 
 
 
Figure 17. Solubility samples of DOX in Lipiodol® (a), saline (b) and water (c, in-
verted Eppendorf tube) 

This gelling behavior is in line with previous findings by Hayakawa et al. 
where the self-assembly of DOX was facilitated by increasing ionic strength 
and resulted in increased viscosity of the solutions (104). More recently, Tasca 
et al. suggested that DOX self-assembles in a chiral supramolecular fashion, 
where a high salt concentration (750 mM NaCl) facilitates self-assembly by 
screening the positive charge in the DOX daunosamine ring (sugar moiety, 
Figure 4) (45). In pure water, monomers are only prevalent below DOX con-
centrations of 30 µM (0.016 mg/mL) and DOX dimers are expected to domi-
nate in the range 1-10 mM (~0.5 – 5 mg/mL) (45,105). Although not studied 
in detail, observations regarding DOX solubility were also made in Paper II 
where the highest exposure concentration in the cell viability studies was cho-
sen partly based on the limited DOX solubility in cell media at concentrations 
above 1 mM (0.54 mg/mL). 

Formulations of DOX had different effects on cell viability 

In Paper II, the cell viability of human liver cancer cell lines was evaluated in 
a 96-well format over a wide exposure concentration range of DOXS (0.001-
1000 µM) and DOXPL (0.1-1000 µM). HepG2 and SNU449 were identified as 
the most and least DOX sensitive cell lines, respectively (Figure 18 and 19), 
which is in line with previous work (15). A novel approach, prioritizing the 
important middle part of the viability curve slopes (equation 5), was used to 
calculate IC50 values.  
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Importantly, the approach did not allow extrapolation in experiments where 
50% viability was not achieved (SNU449 DOXPL in Figure 18 for example).  
 
 

 
Figure 18. The mean (± SD) cell viability for different treatment conditions of 
SNU449 and HepG2 cells exposed to either DOXS or DOXPL for 48 h. 

 
A clear trend where increasing exposure time resulted in lower IC50 was ob-
served (Figure 19).  The exposure times (24, 48 and 72 h) were selected based 
on their clinical relevance for the local delivery and pharmacokinetics of DOX 
and DOXol following TACE treatment with Lipiodol®-doxorubicin emulsions 
(11).  In general, DOXS was several-fold more potent than DOXPL which is in 
line with reports that the main mode of action of DOXPL in vitro is attributed 
to DOX that is released extracellularly and subsequently taken up by cells as 
a molecular monomer (62,106).  
  



 

 45

 
 
 

 
 
 
 
 
 

 

Figure 19. The mean (± SD) calculated IC50 values for DOXS or DOXPL over the three 
exposure times (24, 48 & 72 h) on different liver cancer cell lines (HepG2, Huh7 and 
SNU449). Missing data points (SNU449, DOXPL) were due to unsuccessful IC50 de-
terminations. 

Intracellular uptake (Papers II and IV) 
Intracellular concentrations and uptake ratios in a 2D cell model 

In Paper II, cells (4 million/ flask) were treated with exposure concentrations 
of DOXS and DOXPL corresponding to the calculated IC50 values for each cell 
line and timepoint (24, 48 and 72 h). A bioanalytical LC-MS method was de-
veloped to chromatographically separate and quantify DOX and DOXol in 
different cellular portions. In order to relate the measured intracellular DOX 
and DOXol amounts to the available number and size of tumor cells, equation 
6 was used to calculate ICC (Table 3). To make different treatment conditions 
comparable ICC was related to the exposure concentration (EConc) via equation 
7 to calculate ICUR (Table 3). Similarly as for cell viability studies, SNU449 
stood out with the lowest ICC and ICUR values (Table 3) suggesting that the 
lower intracellular uptake of DOX in SNU449 may be one plausible explana-
tion for the lower cell toxicity. 
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Table 3. The mean (± SD) intracellular concentration (ICC) of DOX and DOXol and 
intracellular uptake ratio (ICUR) for DOX in SNU449 and HepG2 liver tumor cells at 
different exposure concentrations (EConc). When the quantified amount was below the 
LLOQ, it is symbolized with “n/a”.  

Exposure 
time Treatment EConc  ICC_DOX  ICC_DOXol  ICUR 

SNU449   µM   

24 h 
DOXS 200 2000 ± 140 83.4 ± 7.0 10.4 ± 0.73 
DOXPL 200 47.8 ± 18 n/a 0.24 ± 0.088 

48 h 
DOXS 30 414 ± 48 13.3 ± 0.87 14.3 ± 1.6 
DOXPL 200 40.5 ± 3.1 2.73 ± 0.031 0.22 ± 0.016 

72 h 
DOXS 10 41.1 ± 3.6 3.59 ± 0.75 4.47 ± 0.38 
DOXPL 200 23.2 ± 4.2 0.81 ± 1.4 0.12 ± 0.028 

HepG2   µM   

24 h 
DOXS 10 5 090 ± 680 147 ± 20.6 523 ± 70 
DOXPL 200 178 ± 76 n/a 0.89 ± 0.38 

48 h 
DOXS 0.5 87.1 ± 8.1 n/a 174 ± 16 
DOXPL 100 161 ± 21 0.77 ± 1.28 1.61 ± 0.212 

72 h 
DOXS 0.5 108 ± 7.9 5.62 ± 1.7 228 ± 15 
DOXPL 100 228 ± 17 14.0± 4.9 2.42 ± 0.18 

 
The main metabolite DOXol is often quantified during in vivo studies to meas-
ure how efficiently DOX is taken up and metabolized by cells (11,41), there-
fore we also attempted to apply this strategy in our 2D cell model. The devel-
oped bioanalytical method was able to quantify both intra- and extracellular 
DOXol but did not provide substantial evidence that any cell line was more 
metabolically active then another. DOXol levels were below the LLOQ (50 
nM) in about half of the samples of interest (52%) meaning that especially the 
sample preparation procedure could be further optimized to improve the re-
covery (approximately 55% for DOX and 75% for DOXol in the intracellular 
portion). 
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Intracellular uptake and tumor cell permeability on a chip 

The combined drug diffusion and cellular uptake chip developed in Paper IV 
allowed for single cell analysis of DOX intracellular uptake. A high density 
of HepG2 cells were dispersed in a cirrhotic gel, placed in the chip and the 
fluorescence intensity of both DOX and the nuclei stain NucBlue™ was mon-
itored over time (Figure 20). 

Figure 20. Grayscale images of DOX fluorescence in one replicate a) highlighting gel 
zones in the gel reservoir, DOX concentration gradient formation and the position of 
the single cell studied in (b) via images and (c) via fluorescence intensities. d) provides 
a summary of relative cellular fluorescence intensities (n = 4, mean ± SD) of Nu-
cBlue™ (blue) and DOX (green) in a high density of HepG2 tumor cells (two million 
cells / mL of cell media) at 0 and 180 min. 

Single cell analysis of a HepG2 cell (Figure 20b and c) in the zone closest to 
the DOX donor solution reservoir (0 - 250 µm) highlighted the simultaneous 
reduction of NucBlue™ signal and enhancement of DOX signal over time. 
When expanding that analysis to all identified HepG2 cells in that particular 
zone (0 – 250 µm) the relative cellular intensities of NucBlue™ were reduced 
to approximately 50% meanwhile the relative cellular intensities of DOX in-
creased by over 2000% (Figure 20d). When studying all gel zones with cells 
it became evident that the formed DOX concentration gradient in the gel res-
ervoir, from donor to acceptor, also translated to a gradient in terms of cellular 
intensities (Figure 20d).  
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The NucBlue™ intensity reduction suggests that DOX is rapidly taken up in-
tracellularly as it is able to compete with NucBlue™ for DNA binding, which 
is also in line with previous reports (48,107). When binding to DNA the DOX 
fluorescence signal is expected to be quenched (46,108), however this signal 
quenching appears to be counterbalanced by rapid accumulation of DOX mon-
omers as well as DOX binding to other cellular components resulting in an 
overall signal enhancement. This enhancement effect has also been observed 
previously using fluorescence lifetime imaging of DOX in HeLa cells (109). 
With this limitation in mind, we nonetheless calculated an apparent cellular 
permeability (Pcell, equation 14). The determined Pcell for DOX in a high den-
sity of HepG2 cells was 9.00 ± 0.74 x 10-4 µm/s which is about 25 times lower 
than the in silico generated Pcell value initially employed in our spatio-temporal 
tissue concentration model (220 x 10-4 µm/s, (99,110)). Using another in vitro 
method, Bogorad et al. reported a cell permeability of 32 ± 23 x 10-4 µm/s 
when flowing a DOX solution (10 µM) through a cylindrical microvessel 
coated with MDCK cells (111). 

Molecular diffusion (Papers III and IV) 
Drug diffusion by UV-imaging 
The diffusion of DOX from a donor gel to an acceptor solution was investi-
gated using UV-imaging at 300 nm (Figure 21a). Absorbance data was ex-
tracted from image pixels across the gel and solution (y-direction) and equa-
tion 11 was fitted to the curves at three timepoints (5, 30 and 60 min) to de-
termine DOX diffusion coefficients (Figure 21b). 
 

 

Figure 21. a) UV-images of a diffusion experiment using a DOX loaded (1 mM) aga-
rose (0.5% w/v) (donor) gel and PBS (acceptor) solution at 300 nm. The three curves 
in b) illustrate data extracted for each image pixel within red zone at the three 
timepoints (5, 30 and 60 min) and corresponding theoretical functions (blue line) after 
fitting of the diffusion coefficient (D) by least sum of squared deviation. 
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The determined DOX diffusion coefficient in agarose gel compared very well 
with the Stokes-Einstein predicted free diffusion of DOX in water (Figure 22). 
This is in line with other diffusion studies claiming that dilute agarose gels 
(<1% w/v) can provide a good indication of free diffusion in aqueous media 
(112,113). Next biomimetic gels consisting of 2 mg/mL collagen and 10 
mg/mL (fibrotic) or 30 mg/mL (cirrhotic) fibrin were prepared and loaded 
with DOX. Both biomimetic gels significantly lowered the DOX diffusion co-
efficient compared with agarose gels (Figure 22). A combination of both size 
and interaction filtering mechanisms may contribute to this significant diffu-
sion reduction (114). Mesh sizes in 30 mg/mL fibrin gels and diluted agarose 
gels (≤1%) have been reported to be approximately 50 nm and >200 nm, re-
spectively (115–117). The mesh sizes in type 1 collagen gels are expected to 
be larger, in the range of 1 to 10 µm (118,119) and the mixed collagen and 
fibrin gels most likely consist of two independent networks (120). Based on 
this we propose that the DOX diffusion reduction may be attributed to size 
filtering primarily from fibrin as well as interaction filtering primarily from 
collagen.  
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Figure 22. Mean ± SD (n = 6-7) of determined DOX diffusion coefficients (µm2/s) in 
agarose, fibrotic and cirrhotic gels. DOX diffusion in water was based on a prediction 
using the Stokes-Einstein equation. A Kruskal-Wallis test with Dunn’s correction for 
multiple comparisons resulted in statistically significant difference between biomi-
metic and agarose gels, p = 0.021 (*) and p = 0.0035 (**). 
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The main challenges with using UV-imaging methodology to study DOX dif-
fusion in biomimetic gels were related to the limited choice of UV-wave-
lengths in the SDi2 instrument and the extensive background absorbance from 
the biomimetic gels at the chosen wavelength (300 nm). Further, the temper-
ature control in the instrument was limited to approximately 30°C. Similar 
challenges were recently described and partly addressed by Bock et al. (121). 
In order to allow for the continued study of DOX diffusion from solution to 
biomimetic gel as well as the incorporation of human liver tumor cells to gels 
we decided to change imaging technique (from absorbance to fluorescence) 
and develop a customized miniaturized chip. 

Drug diffusion on a chip 
The diffusion of DOX was initially evaluated in LMPA and cirrhotic gels, 
both prepared in PBS, and loaded in the combined drug diffusion and cellular 
uptake chip in Paper IV. The diffusion process from donor to acceptor solu-
tions was visualized using fluorescence microscopy imaging and concentra-
tion gradients within the linear range of quantification (1-20 µM) were gener-
ally established across the gel reservoir within one hour (Figure 23). The DOX 
concentration profiles at four timepoints (10, 20, 40, and 60 min) were used 
to determine diffusion coefficients using equations 12-13.  
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Figure 23. a) DOX fluorescence gradients (greyscale) formed in gel reservoirs at 10, 
20, 40 and 60 min (scale bar; 200 µm). Red boxes indicate the selected ROI where 
DOX fluorescence intensity was recorded and converted to concentration profiles ex-
emplified in panel (b) where y = 0 corresponds to the lower boundary position of the 
gel. Blue curves show the fit of equation 13 to the concentration profiles within the 
calibration range (dashed lines).  

 
As observed in Paper III, the DOX diffusion coefficient was significantly low-
ered (p = 0.0085) in cirrhotic gel compared to LMPA gel (Figure 24). The 
magnitude of the determined DOX diffusion coefficients were however larger 
(by a factor two approximately) in Paper IV compared to Paper III, in similar 
gels. This is most likely explained by the higher temperature (37°C vs 30°C) 
and lower DOX concentration (20 µM vs 1000 µM) employed in Paper IV 
resulting in slightly more fluid gels as well as a higher fraction of monomeric 
DOX available for diffusion. Importantly, the DOX concentration gradients 
obtained in the combined drug diffusion and cellular uptake chip are more 
resembling of a clinical context where the reported local and systemic Cmax 
was approximately 2 µM following a 50 mg dose of DOX in a Lipiodol®-
based emulsion (11). 
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Figure 24. Determined DOX diffusion coefficients (µm2/s) and mean (horizontal line) 
in low-melting point agarose gels (LMPA, n = 8) and cirrhotic gels (n = 7). An un-
paired t-test resulted in a p = 0.0085 (**). 

Next, the gel medium was changed from PBS to cell media in order to accom-
modate for the subsequent addition of human liver tumor cells. Using cell me-
dia instead of PBS in cirrhotic gels significantly lowered (p = 0.0023) the 
DOX diffusion coefficient (Figure 25a). Cell media is a rather complex mix-
ture but one key additive is the 10% fetal bovine serum containing albumin 
which will most likely bind to DOX and lower the free drug concentration 
available for diffusion. As a comparison, plasma protein binding in the range 
of 74-82% has been reported for DOX in vivo (122).  
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Figure 25. Determined DOX diffusion coefficients (µm2/s) and mean (horizontal 
lines) in (a) cirrhotic gels containing no cells in PBS (n = 7) or no cells in DMEM cell 
media (n = 6) or (b) in cirrhotic gels in DMEM cell media mixed with no cells, Huh7 
or HepG2 cells (all n = 4).  Low and high corresponds to one million and two million 
tumor cells per mL of cell media, respectively. A Welch’s t-test resulted in a p = 
0.0023 (**) in a) and an ordinary one-way ANOVA resulted in non-significance (ns) 
between the compared conditions in (b). 

 
Finally, two different human liver cancer cell lines, at low and high density, 
were mixed with cirrhotic gels and loaded to the chip. Neither Huh7 nor 
HepG2 cells had significant effect on the determined DOX diffusion coeffi-
cients (Figure 25b). Based on the cell densities in this study the fraction extra-
cellular space in the gels was > 90% meanwhile the reported range for in vivo 
tumors is 20 to 60% (102,123), suggesting that the cell density would have to 
be increased further to have a stronger influence on DOX diffusion. 
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Translation of in vitro findings (Papers II, III and IV) 
 

Physiologically based pharmacokinetic (PBPK) modelling  
The PBPK-model developed in Paper II was used to simulate whether a clin-
ically relevant dose of DOX (50 mg/m2) was adequate to reach exposure (tu-
mor) concentrations (Cexp) within the defined therapeutic target range (lowest 
concentration with detectable effect, cell viability <90%). The simulated cel-
lular exposure (CExp) was a combination of the extracellular and intracellular 
concentration for liver cells based on healthy liver cells (Figure 26). Differ-
ences in CExp were modelled based on the calculated experimental ICUR (paper 
II). Based on the simulations, a liver cancer tumor with a resistance profile 
resembling SNU449 cells would lead to sub-therapeutic DOX tumor exposure 
in a clinical setting (parenteral dosing of 50 mg/m2). 

Figure 26. Simulated concentration-time curves for (a) DOXS treatment and (b) 
DOXPL treatment, respectively, at a parenteral dose of 50 mg/m2. The dotted black 
line symbolizes the defined therapeutic range.  

Spatiotemporal tissue concentration modelling 
In paper III, the in vitro determined DOX diffusion coefficients were used as 
input values for molecular diffusion in the developed locoregional tumor 
model (Figure 28a) in an attempt to translate our findings to a clinical scenario 
(intravenous bolus dose of 50 mg/m2). Three different DOX diffusion coeffi-
cients were used as input parameters to model the effect of diffusion on tumor 
penetration (Figure 27). In general, the intracellular DOX tumor concentra-
tions increased meanwhile the extracellular tumor concentrations decreased, 
over time. When DOX diffusion was set to 349 µm2/s, corresponding to the in 
vitro determined diffusion coefficients in agarose gel, the tumor concentra-
tions pseudo-equilibrated almost instantly (< 1 min) across the studied tumor 
tissue (Figure 27a).  
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Next, the DOX diffusion in biomimetic gels was used (138 µm2/s) and the 
tumor penetration was slightly more hindered as a downward slope was nota-
ble across the distance from the closest blood vessel (Figure 27b). Finally, 
when the DOX diffusion was reduced by an additional factor of ten (13.8 
µm2/s), to simulate further hindrance by the tumor ECM, the effect was more 
remarkable. In this scenario, the model reported intracellular DOX concentra-
tions 5 min after administration of 7.39, 2.13 and 1.00 µM at 10, 50 and 100 
µm from the closest blood vessel, respectively (Figure 27c). This is in line 
with a mouse study by Primeau et al. where the DOX tumor cell concentration 
was halved at 40-50 µm from the closest blood vessel (103). 
 

 
 

 

 
 

 
 

 
 

 
 

 

Figure 27. Simulated intracellular (red) and extracellular (black) DOX concentrations 
over distance into tumor tissue, 10  to 100 µm from the closest blood vessel after 1, 5 
and 30 min and with different DOX diffusion coefficients (a) in vitro agarose gel dif-
fusion (349 µm2/s), (b) in vitro biomimetic gel diffusion (138 µm2/s) and (c) Tumor 
ECM-hindered DOX diffusion (13.8 µm2/s). 
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In paper IV, the spatio-temporal tissue concentration model (Figure 28a) was 
once again employed to demonstrate a valuable translation of experimental in 
vitro data to a clinical scenario. Intracellular and extracellular tumor concen-
tration-time profiles following a 50 mg/m2 DOX intravenous bolus injection, 
were simulated using the model (Figure 28). First, simulations (Figure 28b) 
using the DOX diffusion coefficient determined for cirrhotic gels with a high 
density HepG2 tumor cells (106 ± 18 µm2/s) was used together with the in 
silico generated Pcell (220 x 10-4 µm/s). As expected, the input of similar DOX 
diffusion coefficients resulted in similar concentration profiles (Figure 27b 
and Figure 28b). As in Paper III, the effect of a more diffusion hindering ex-
tracellular matrix was simulated by decreasing the DOX diffusion coefficient 
by an additional factor ten (10.6 ± 1.8 µm2/s, Figure 28c). This led to a reduc-
tion of DOX penetration as the intracellular DOX concentration 100 µm from 
the closest blood vessel was reduced from approximately 5 µM to 1 µM (Fig-
ure 28b-c).  Finally, the effect of cellular permeability was evaluated by em-
ploying the Pcell value calculated for a high density of HepG2 tumor cells (9.00 
± 0.74 x 10-4 µm/s). This reduced the observed tumor intracellular concentra-
tions by a factor ten (from approximately 5 to 0.5 µM, Figure 28b-d).  

Figure 28. Simulated intracellular (red) and extracellular (black) DOX tumor concen-
tration-time curves at 10 µm and 100 µm distance from closest blood vessel after an 
intravenous bolus dose of 50 mg/m2. Simulations were generated using DOX diffu-
sion coefficients corresponding to those for the cirrhotic gel with a high density of 
HepG2 cells (b) or to a more diffusion limited tumor extracellular matrix (c). In d) the 
apparent cell permeability determined for a high density of HepG2 cells in a cirrhotic 
gel was employed.  
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Conclusions & Future perspectives 

The stability of Lipiodol®-DOX emulsions was heavily dependent on the com-
position of the aqueous phase and the aqueous-to-lipid phase ratio (Paper I). 
Improved stability of water-in-oil emulsions was achieved using an aqueous 
phase mixture of iohexol containing contrast agent (85%) and water (15%) as 
well as an aqueous to lipid phase ratio of 1:4. An additional advantage with 
using a contrast agent such as iohexol is that this also helps to localize where 
the formulation ends up after injection. Care should be taken when using water 
or saline as the aqueous phase since the formed emulsion may separate before 
patient administration is completed (< 30 min). Recent recommendations from 
an expert panel (10) were in line with our findings in terms of type of emulsion 
and ratios, however also stated a desired droplet size of 70-100 µm. Our study 
highlighted the challenges of accurately measuring droplet sizes in these dy-
namic emulsions and further work is therefore required to understand how to 
control emulsion droplet sizes over time and also which droplet sizes are most 
preferred from a treatment efficacy perspective. Some viable options could be 
further investigations into the use of a glass membrane pumping emulsifica-
tion device (124–126) or the already commercially available Vectorio® device 
(127) developed by Guerbet. If emulsion stability beyond the 72 hours re-
ported in Paper I is desirable, further investigation into emulsifiers (128) and 
pickering emulsions (129) may be viable options. 

 
In all investigated human cancer cell lines (Paper II), DOX in solution was 
more potent than the nanomedicine Doxil®. This suggested limited release of 
DOX from the pegylated liposomes as well as limited cellular uptake of the 
intact liposomes. Passive diffusion was identified as a key membrane transport 
mechanism for DOX in these cell lines based on the high intracellular uptake 
over a wide concentration range (0.5 – 200 µM) and general concentration 
independence. In general, longer exposure times resulted in lower cell viabil-
ity (as measured via IC50 determinations) which emphasizes the importance of 
using tumor accumulating drug delivery systems that can supply DOX locally 
to tumor cells over time. HepG2 cells were most DOX sensitive meanwhile 
SNU449 cells were most DOX resistant. Simulations using PBPK and the ex-
perimentally determined ICUR suggested a liver cancer tumor with a resistance 
profile resembling SNU449 cells would lead to sub-therapeutic DOX expo-
sure in a clinical scenario (parenteral dosing of 50 mg/m2).  
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Besides Doxil®, nanomedicines containing DOX have seen limited clinical 
success. The closest contender so far has been ThermoDox®, thermosensitive 
liposomes with DOX, which failed to meet the primary endpoint (improve-
ment in progression free survival of at least 33%) in a Phase III trial (HEAT) 
for the treatment of inoperable HCC in 2017 (130,131). 
 
UV-imaging diffusion studies (Paper III) of DOX in dilute agarose gels agreed 
well with Stokes-Einstein equation based predictions of diffusion coefficients. 
Biomimetic hydrogels mimicking tissue properties of cirrhotic liver and early 
stage HCC lowered the DOX diffusion coefficient significantly compared to 
agarose gels. This effect was most likely caused by a combination of size and 
interaction filtering mechanisms from fibrin and collagen, respectively. The 
biomimetic hydrogels contributed with challenging background UV-absorb-
ance making the evaluation of diffusion from drug solution to gel challenging. 
Together with the limited wavelength options and temperature control in the 
UV-imaging instrument a fluorescence-based approach was instead pursued 
in Paper IV. There, the developed miniaturized drug diffusion and cellular 
uptake chip allowed for formation of clinically relevant and quantifiable DOX 
concentration gradients (1-20 µM) within one hour in the biomimetic gels with 
and without liver tumor cells. Biomimetic hydrogels significantly lowered the 
diffusion coefficient of DOX compared to agarose gels also in this setting but 
the addition of liver tumor cells to the gels did not significantly influence the 
diffusion. Both direct and indirect fluorescence measurements indicated intra-
cellular uptake of doxorubicin in HepG2 tumor cells dispersed in the gels 
which allowed for determination of an apparent cell permeability. A spatio-
temporal tissue concentration model was developed using the PBPK-back-
bone from Paper II and used to simulate the effect of varying both the DOX 
diffusion coefficients and cell permeability. The simulations suggested diffu-
sion needs further hindrance from the tumor ECM by a factor of ten (from in 
vitro determined values) before DOX penetration would be limited in tumor 
tissue up to 100 µm from the closest blood vessel, in line with in vivo studies. 
 
Chemotherapy in general and anthracyclines (such as DOX) specifically will 
remain an important treatment tool for a variety of cancers going forward 
(132). For DOX, more work is needed to increase the understanding of the 
mechanisms behind the dose-limiting cardiotoxicities and the role of the main 
metabolite DOXol in this process. Such studies could for example be under-
taken in more advanced miniaturized devices such as a heart/liver-on-a-chip 
(133). Another approach, currently under investigation at Uppsala University 
Hospital is to use the more potent anthracycline idarubicin, instead of DOX 
(60). As part of that collaboration and study, more advanced tumor extracel-
lular matrix models will also be developed based on decellularized human 
liver biopsies.   
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Populärvetenskaplig sammanfattning 

Målet med min forskning har varit att undersöka cancerläkemedlet doxoru-
bicin (DOX) och några av dess olika formuleringar som används inom can-
cervården. En formulering är som ett recept man använt för att försöka öka 
den positiva effekten (få bort cancern) och minska den negativa effekten (bi-
verkningar*) av läkemedlet. DOX är nämligen minst lika bra på att döda 
”goda” celler som de ”onda” cancercellerna. Formuleringarna jag studerat har 
bestått av en emulsionsformulering och en nanoformulering. Emulsioner be-
står av en blandning mellan olja och vatten, typ som en enkel salladsdressing 
med olja och vinäger, men där vinägern i detta fall är DOX och oljan hade 
”tumör-sökande” egenskaper. Nanoformuleringen bestod av små fettdroppar 
(nanopartiklar) med DOX på insidan. Dessa droppar är verkligen väldigt små 
då storleksskillnaden mellan en nanopartikel och en fotboll kan jämföras med 
storleksskillnaden mellan samma fotboll och planeten jorden. Nanopartiklarna 
är stabila och kan cirkulera i en människas blod under en längre tid. De gillar 
att samla ihop sig i tumörområden på grund av de lite mer läckande blodkärlen 
där. Jag har varit speciellt intresserad av levercancer och som tur var utveck-
lade mina kollegor geler (tänk typ Jell-O) som efterliknar tumörens miljö. 
Samma kollegor är också experter på cancer celler. Sammantaget ledde detta 
till att jag kunde studera DOX och dess formuleringar i olika miljöer, både 
med och utan celler samt med och utan geler. Till min hjälp har jag främst 
använt mig av olika bild-baserade och kvantitativa labbmetoder men även en 
del datorbaserade simuleringar. Datorsimuleringarna har fungerat som ett 
verktyg för att översätta (”translatera”) mina resultat från labbänken till ett 
mer patient-nära scenario. 
 
Stabiliteten av emulsionsformuleringen, som bland annat används för att be-
handla levercancer vid Akademiska Sjukhuset i Uppsala, är beroende av vad 
man löser upp sitt DOX pulver i innan blandning. För bästa behandlingseffekt 
rekommenderar experter en blandning där vattendropparna blandas ut i en 
större oljemängd (en vatten-i-olja emulsion). En sådan emulsion som även var 
stabil i över tre dagar skapade vi genom att lösa upp DOX i en blandning av 
vatten och kontrastmedel och sedan blanda en del vatten med fyra delar ”tu-
mör-sökande” olja.  
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Nanopartiklarna med DOX var mycket mindre effektiva på att döda cancer 
celler jämfört med att bara behandla med DOX i en enkel lösning. Vi tror detta 
är på grund utav att nanopartiklarna släpper ut för lite DOX och inte heller 
”äts upp” hela utav cellerna i vår metod. Med två olika metoder kunde vi be-
kräfta att DOX som molekyl snabbt tar sig in i cancer celler och binder till 
DNA för att på så sätt förhindra vidare cell delning och tillväxt (proliferation) 
av nya cancerceller. Cancercellerna hade också olika känslighet för DOX så 
därför är det bra att studera lite olika celltyper för varje cancersort när man 
vill utvärdera nya läkemedel eller formuleringar. 
 
Baserat på hur tumörmiljön ser ut så vet vi att diffusionen av molekyler såsom 
DOX kan spela en viktig roll i den effekt man får av en cancerbehandling. 
Diffusion beskriver hur till exempel en molekyl rör sig från en miljö med hög 
koncentration till en miljö med lägre koncentration. Tänk dig ett glas blandsaft 
där du först häller upp lite saft koncentrat (gärna hallon eller jordgubb för att 
efterlikna den klarröda färg som DOX har) och sedan försiktigt tillsätter vat-
ten. Förhoppningsvis kommer du se hur det först är en tydlig färgskillnad mel-
lan hög koncentration av saft i botten (mer rött) och låg koncentration högre 
upp. Om du nu låter glaset stå (rör inte om!) kommer diffusionen av saftmo-
lekyler att leda till att du till slut får en jämn röd färg genom hela glaset. Jag 
har använt två olika bild-baserade metoder för att studera diffusionen av DOX 
i olika typer av geler, med och utan cancerceller. Diffusionen av DOX mins-
kade om man har en gel som efterliknar en levercancers tumörmiljö, men på-
verkades däremot inte av de celler vi blandade i.   
 
Avslutningsvis visade datorsimuleringarna hur en cancertumör som efterlik-
nar den mest DOX resistenta celltypen inte skulle uppnå tillräckligt god tu-
mördödande effekt vid en vanligen använd behandlingsdos av DOX. Studi-
erna möjliggjorde även simuleringar kring hur DOX molekylens diffusion och 
cell upptags egenskaper påverkar koncentrationen av läkemedel som når ut 
upp till 0.1 mm i en tumör.  
 
 
 
 
 
 
 
 
 
 
*förutom de ”vanliga” kemoterapi biverkningarna såsom illamående och håravfall så 
kan DOX orsaka hjärtmuskelskador och hjärtsvikt som kvarstår resten av livet eller 
kräver att behandlingen avslutas i förtid. 
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