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A B S T R A C T   

Hydrogels of varying complexity are routinely used as scaffolds and 3D structures for in vitro tumor models to 
increase physiological relevance within pre-clinical cancer research. Relatively simple hydrogels such as agarose 
are well characterised, meanwhile biomimetic gels containing collagen and fibrin(ogen) have been studied to a 
much lesser extent. In this study, hydrogels mimicking the biophysical characteristics of liver cancer progression 
were investigated in terms of their UV-properties and influence on diffusion coefficients of different substances. 
UV-imaging technology was used to both visualize and quantify the diffusion process in a simple and rapid way. 
In general, agarose gel diffusion agreed well with predictions using the Stokes-Einstein equation meanwhile the 
biomimetic gels reduced diffusion coefficients by up to 70%. For doxorubicin, spatio-temporal tissue concen-
tration modelling was used to translate in vitro diffusion to the more clinical context of tumor penetration in a 
solid liver tumor supplied by arterial blood.    

Abbreviations 
Extracellular matrix ECM 
enhanced permeability and retention EPR 
Hepatocellular carcinoma HCC 
piroxicam PXM 
idarubicin IDA 
doxorubicin DOX 
human lactoferrin hLF 
hydrogen bond acceptor/donor HBA/HBD 
ultraviolet UV 
Surface Dissolution Imaging Instrument 2 SDi2 
Phosphate Buffered Saline PBS 
Standard deviation SD 

1. Introduction 

Targeting of the tumor extracellular matrix (ECM) is an increasingly 
common strategy in the development of novel drug treatments. In the 
case of solid tumors, such as primary liver cancer, the tumor ECM is an 

important barrier leading to poor distribution and penetration of small 
molecule drugs and nanoformulations (Abyaneh et al., 2020; Nia et al., 
2020). Collagens are a major abundant fibrous protein family and 
constitute the primary structural element of the ECM. It is the main 
component of connective tissue, and makes up from 25% to 35% of the 
whole-body protein content. They provide tensile strength, regulate cell 
adhesion, support chemotaxis and migration, and direct tissue devel-
opment (Rijal and Li, 2018; Rozario and DeSimone, 2010). The synthesis 
of the different collagens is affected by various disease, inflammation 
and wound healing processes and therefore the ECM is considered a 
highly dynamic tissue. The balance between blood flow and lymphatic 
drainage present in healthy ECM is disrupted in tumor tissue, which 
forms the basis for the enhanced permeability and retention (EPR) effect 
generally associated with nanoformulation tumor accumulation. How-
ever, drug delivery (penetration) into the core of solid tumors has 
proven more challenging due to an elevated interstitial fluid pressure 
and poor vascularization (Heldin et al., 2004). Thus, molecular and 
nanoparticle diffusion remains the main driving force for transport in 
these tumor conditions. There is a need to better determine diffusion 
processes during various in vivo relevant conditions in order to develop 
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new drug molecules and nanoparticles. It is also of major importance to 
accurately determine diffusion coefficients of drug molecules in ECMs 
with different compositions to be used as in vitro input values in physi-
ologically based pharmacokinetic/pharmacodynamic modelling (Au 
et al., 2019). 

There is increased understanding of the limited pathophysiological 
relevance of 2D cell culture models and a growing awareness of the 
interconnections between the tumor cells and the ECM surrounding 
them in the more complex 3D cell models. However, it is still a challenge 
to adequately mimic the in vivo diffusion features of drugs, formulation 
components, intercellular endogenous signalling compounds and nu-
trients in these types of models. There is a need to develop models where 
the measured diffusion coefficients for delivery of drugs and/or carriers 
are translatable to an in vivo setting. 

The development of primary liver cancer is generally attributed to an 
inflammation associated with chronic liver disease, often caused by viral 
hepatitis, excessive alcohol intake, aflatoxins, obesity and diabetes. The 
diseased liver often progresses via stages of fibrosis and cirrhosis before 
ultimately developing into hepatocellular carcinoma (HCC), the most 
common form of primary liver cancer. In order to mimic this disease 
progression, Calitz et al. recently developed an in vitro 3D cell model 
composed of hydrogels with tunable bio-physical properties (Calitz 
et al., 2020). These biomimetic gels contained constant levels of 
collagen type I (2 mg/mL) and increasing levels of fibrin(ogen) (10 – 40 
mg/mL) in order to capture the increasing overall liver stiffness often 
observed in HCC pathogenesis. Similarly to these novel biomimetic gels, 
biological hydrogels are networks of protein-polysaccharide chains that 
contain 90-99% water (Lieleg and Ribbeck, 2011). 

Real-time UV-imaging for diffusion investigations utilizes the 
inherent ability of certain molecules (with chromophores) to absorb 
light at certain wavelengths. This technology has been pioneered by 
research from Østergaard and co-workers over the past ten years and is 
available as a bench-top instrument., the Surface Dissolution Imaging 2, 
SDi2 (Pion, UK) (Jensen et al., 2016; “SDi2,” n.d.; Sun and Østergaard, 
2017). UV-imaging allows for spatial and temporal micrometre resolu-
tion of drug molecules and formulations at micromolar concentrations. 
Processes such as drug release, drug dissolution, and drug diffusion have 
all been studied using UV-imaging (Brown et al., 2021; Li et al., 2020; 
Ye et al., 2012, 2011). Piroxicam (PXM) has favourable UV-imaging 
characteristics and has previously been studied in various matrices in 
a set-up, which has inspired the method described herein. Of specific 
relevance to liver cancer treatment are doxorubicin (DOX) and idar-
ubicin (IDA). Since their introduction in the 1960s, anthracyclines, such 
as DOX or IDA, have formed the basis of treatment for many types of 
solid cancer tumors (Johnson-Arbor and Dubey, 2021; Maria and Ray-
mond, 2011). As with other chemotherapeutic drugs their use is limited 
by extensive and dose-dependent side-effects of which cumulative car-
diotoxicity is the most severe. The transport mechanism(s) by which 
antracyclines enter different cells is most likely complex, but passive 
diffusion is one together with both influx and efflux carrier-mediated 
systems. Upon entry, anthracyclines will be selectively intercalated to 
the nucleus and mitochondrial DNA (Edwardson et al., 2015). We 
recently reported that the total intracellular concentrations of DOX was 
about 230 times higher than the exposure concentrations after exposure 
to free DOX in 2D cell culture models (Kullenberg et al., 2021). Finally, 

human lactoferrin (hLF) is a 79 kDa iron-binding glycoprotein of the 
transferrin family. In this study, hLF was used in its iron-saturated form 
as a model large molecule but also to highlight how a substance with 
several proposed cancer-relevant mechanisms would diffuse in different 
matrices (Cutone et al., 2020). 

The aims of this study where firstly to determine diffusion co-
efficients through dilute agarose gels as well as two biomimetic gels and 
secondly to visualize the diffusion process in real time using UV-imaging 
technology. The calculated diffusion coefficients for doxorubicin were 
then used together with spatio-temporal tissue concentration modelling 
to increase the insight of intercellular diffusion in the overall drug de-
livery (tissue penetration) process of non-vascular tumor tissues. 

2. Material and methods 

2.1. Materials 

Piroxicam (PXM), human lactoferrin (hLF, recombinant, expressed in 
rice, iron saturated, >90 SDS-page), fibrinogen (from bovine plasma), 
sodium chloride (NaCl), sodium hydroxide (NaOH), thrombin (from 
bovine plasma), calcium chloride (CaCl2) and agarose (low EEO) were 
from Sigma-Aldrich (Germany). Aprotinin was from Thermo-Fischer 
Scientific (Sweden). Doxorubicin hydrochloride (DOX) was from Tor-
onto Research Chemicals (Canada). Idarubicin hydrochloride (IDA) was 
from ALSACHIM (France). Collagen (type I, from rat-tail) was purchased 
from Ibidi (Lund, Sweden). Phosphate buffer saline, pH 7.4 (PBS) was 
from Sigma-Aldrich and prepared by dissolving tablets in MilliQ water 
yielding a mixture containing 0.01 M phosphate buffer, 0.0027 M po-
tassium chloride and 0.137 M sodium chloride. All prepared PBS solu-
tions were degassed using sonication (15 min) and heated to 37◦C before 
use in dilutions, hydrogel manufacture or as acceptor solutions in 
diffusion experiments. PXM, DOX and IDA stock solutions at a concen-
tration of 100 mM were prepared by dissolving the respective powders 
in dimethylsulfoxide, before aliquoting to brown 1.5 mL vials and 
storage in a freezer at -20◦C until use. hLF stock solutions were prepared 
by dissolving the powder in PBS, stored in a fridge (4◦C) and used within 
12 hours. The physicochemical properties of the investigated substances 
are presented in Table 1 

2.2. Preparation of gels 

2.2.1. Agarose gels 
Agarose gels were prepared by adding agarose powder in PBS (1% 

w/v). The mixtures were heated in a water bath at 80◦C for ca 30 min 
and occasionally vortexed in order for the agarose to become completely 
dissolved in the buffer. The heated solutions were slightly cooled in a 
37◦C water bath before mixing with equal volumes of drug solutions at 
0.5 (hLF) or 2 mM (PXM, IDA and DOX) in PBS for diffusion measure-
ments. The 0.25 or 1 mM drug containing hydrogel mixtures were then 
transferred (350 µL) into quartz glass cells (20/C/Q/1) from Starna 
Scientific® (named diffusion cells) with a pathlength of 1 mm. The 
diffusion cells were left at room temperature for 15 min to allow gelation 
before further use. 

Table 1 
Physicochemical properties of the investigated substances  

Substance Abbreviation Molar mass (g/mol) pKa HBA/HBD PSA Log P Log D7.4 SH2O (mg/mL) 

Piroxicam PXM 331 3.79; 4.76 5/2 100 0.60 - 0.14 
Idarubicin IDA 498 8.95; 9.55 10/5 177 1.9 1.63 0.77 
Doxorubicin DOX 544 8.94; 9.53 12/6 206 0.92 -3.74 1.18 
Human Lactoferrin hLF 79000 - - - - - 10.00 

Bold pKa value: basic pKa, HBA: Hydrogen Bond Acceptor, HBD: Hydrogen Bond Donor, PSA: Polar Surface Area, Log P: Lipophilicity, Log D: octanol / water 
partitioning at pH 7.4, SH2O: water solubility (Source: DrugBank) 
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2.2.2. Biomimetic gels 
Biomimetic gels were manufactured similarly as described by Calitz 

et al. (Calitz et al., 2020). Initially, fibrinogen stock solutions (70 
mg/mL) were prepared by weighing up 350 mg fibrinogen and 65 mg 
NaCl. The solids were added in portions, under gentle agitation (100 
rpm VWR shaker table) to a mixture of PBS (4 mL), aprotinin (1 mL at 
1218.75 KIU / mL) and CaCl2 (0.15 mL at 20 mM) over ca 3 hr at room 
temperature. Once all solids were dissolved the fibrinogen stock solution 
was stored in the dark at 4◦C and used within 72 hrs. Hydrogels bio-
physically mimicking the fibrotic and cirrhotic extracellular matrix 
environment were then manufactured, named fibrosis and cirrhosis gels. 
Hydrogels were manufactured in 2 mL portions containing collagen (2 
mg/mL) and fibrinogen (10 mg/mL for fibrosis and 30 mg/mL for 
cirrhosis). Thrombin (0.1 U/ µL) was used (1 µL for fibrosis and 3 µL for 
cirrhosis) to convert fibrinogen to fibrin. NaOH (20-30 µL, 1M) was used 

to adjust pH to between 7 and 8. The drug substance of interest was 
diluted in PBS to an appropriate concentration to allow for a final drug 
in gel concentration of 0.225 mM (hLF) and 1 mM (PXM, IDA and DOX). 
Initially, collagen was mixed with NaOH and fibrinogen before the drug 
solution in PBS was added. Finally, thrombin was added before mixing 
well and transferring to the diffusion cells as described for agarose gels. 
The pH was measured (Mettler Toledo) on excess loaded gel and a pH 
between 7 and 8 was desirable for adequate gelation. The diffusion cells 
were left at room temperature for 15 min and then in a heating cabinet at 
37◦C for at least 45 min to aid with gelation before subsequent 
measurements. 

2.3. Calibration and UV-stability 

Calibration curves to determine the linearity between absorbance 

Figure 1. A. Illustration of UV-imaging methodology using the SDi2 instrument. Wavelengths are selected based on screening experiments before drug loaded gels 
are prepared and diffusion is measured to an acceptor solution. The SDi2 software allows for extraction of absorbance data for each pixel of the UV-images. Lab 
computer illustration was adapted from C. Alvebratt (Alvebratt, 2021) B. Example results of the qualitative and quantitative nature of UV-imaging diffusion ex-
periments using a drug loaded donor gel and acceptor solution. In this instance it is diffusion from a 1mM piroxicam (PXM) loaded agarose (donor) gel to PBS pH 7.4 
solution (acceptor) at 320 nm. The three curves illustrate data measured at the three timepoints (5, 30 and 60 min) and corresponding theoretical functions after 
fitting of the diffusion coefficient (D) by least sum of squared deviation. 
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and concentration were constructed between 0.01 and 2 mM for all drug 
substances except hLF in the various matrices. Due to its beneficial UV- 
properties (e.g. high absorbance at low concentration), calibration 
curves between 0.01 and 0.5 mM were constructed for hLF. One diffu-
sion cell per concentration was used, each concentration was measured 
for >5 min and linear regression analysis (GraphPad Prism 9) was used 
to determine linearity (R2-value). Absorbance profiles and stability of 
the different matrices under extended UV-light exposure (60 min) was 
determined in a similar fashion. Diffusion cells were filled in excess 
(0.35 mL) with PBS or hydrogels with and without the drug substances 
of interest. The imaging area chosen for both calibration, profiling and 
stability measurements was 2×2 mm. Average absorbance values for 
each minute were calculated and the standard deviation (SD) was 
expressed as the variation across the imaging area. To make stability 
experiments comparable, average absorbance values were related to 
their A0 (absorbance at time = 0 min) as a percentage. 

2.4. Diffusion measurements using UV-imaging 

UV-imaging studies by Østergaard and coworkers served as inspira-
tion for the diffusion method described herein (Li et al., 2020; Ye et al., 
2012, 2011). Before use, the diffusion cells containing gels (from section 
2.2) were heated for 15 min at 37◦C. Half of the loaded hydrogel was 
then removed from the diffusion cell using a scalpel, in order to create a 
reservoir for the acceptor PBS solution. A 3D-printed “cutting board” 
(U-print, Uppsala University, Sweden) was used to assure the interface 
between gel and solution was prepared in a reproducible manner (Ap-
pendix Figure 1 ). Diffusion cells were mounted (see Figure 1A & Ap-
pendix Figure 1) vertically in the Surface Dissolution Imaging 2 (SDi2) 
instrument (Pion, United Kingdom) in duplicates using a 3D-printed cell 
holder (U-print, Uppsala University, Sweden). For each diffusion mea-
surement, an appropriate UV-wavelength based on the calibration 
studies was chosen as well as 520 nm to monitor gel integrity. The 
experimental run was started by calibrating the LEDs and taking dark 
images with an unobstructed image sensor chip. The diffusion experi-
ment started when the PBS acceptor solution was added in excess (0.2 
mL) to the cell and the time delay between addition and start of data 
collection was noted and considered in subsequent data analysis and 
calculation of the diffusion coefficient. Concentration profiles along the 
whole diffusion cell, in the hydrogel as well as in the solution, were then 
recorded over time by measuring the UV absorbance (see example in 
Figure 1B). 

2.5. UV-imaging diffusion data analysis 

UV-imaging with the SDi2 builds on conventional UV-Vis theory, 
images are recorded (1 frame / s) and the pixel intensities are converted 
into absorbance (A) values according to equation 1: 

A = log
(
Iref − I0

)

(
Isig − I0

) (1) 

Where I0, Iref and Isig are the pixel intensities for the dark images 
(when LEDs are off), for the reference (no diffusion cell is present) and 
for the signal (diffusion cell is present), respectively. UV-vis absorbance 
is based on the principle that the molecules contain chromophores able 
to absorb light. According to Lambert-Beers law, the crucial linear 
relationship between absorbance and sample concentration (C) can be 
expressed as equation 2: 

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 diffusion 
cells). 

The absorbance profiles recorded in 1 mm x 28 mm zones for each 
experiment were exported from the SDi2 analysis application to Excel 

2016. The z-position always started at 0 mm for the outer edge of the 
drug-loaded hydrogel and the top of the PBS acceptor solution corre-
sponded to 28 mm. Data points at the edges of the diffusion cell (first and 
last 0.5 mm) were excluded from data visualization in order to remove 
optical “edge effects” of the measured zone. The data could then be 
presented as absorbance profiles over diffusion distance (Figure 1B & 3). 
Videos of each diffusion experiments were exported using the utilities 
tab in the SDi2 analysis application, using a playback setting of one. 
Data were processed using Excel 2016 and visualized using GraphPad 
Prism 9. UV-images were extracted from experiment videos and 
compiled into figures (e.g Figure 7.) using Affinity Designer. 

A solution of the diffusion equation for a geometry where a substance 
is diffusing in one dimension (z-direction) out of one phase of finite 
extension into another phase of finite extension is given by Crank 
(Crank, 1975): 

C = 0.5⋅C0

∑∞

n=− ∞
erf

(
(l+ 2nh − z)

/ ̅̅̅̅̅̅̅̅
4Dt

√ )
+ erf

(
(l − 2nh+ z)

/ ̅̅̅̅̅̅̅̅
4Dt

√ )

(3)  

where C0 is the initial concentration in the gel, l is the gel length, z is the 
distance and h is the summed length of the gel and solution phase. 

In the derivation of equation 3, 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 concentration in the gel is 
uniform. The latter was confirmed by observations of the concentration 
profiles where no or minor concentration gradients were observed in the 
z-direction. 

Considering just the n = 0 term of the sum in equation 3, the 
following is obtained: 

C = 0.5⋅C0

{
erf

(
(l − z)

/ ̅̅̅̅̅̅̅̅
4Dt

√ )
+ erf

(
(l+ z)

/ ̅̅̅̅̅̅̅̅
4Dt

√ )}
(4) 

Equation 4 approximates equation 3 very well for low time values 
when the concentration is negligible at z = h, i.e. the position corre-
sponding to the end of acceptor solution. This condition was fulfilled in 
all measurements done in this study. 

In cases where the solution initially has a uniform concentration Caq,0 
equation 3 had to be modified slightly by adding a constant term Caq,0 
and changing the pre-factor of the sum to (C0 - Caq,0). Correspondingly, 
equation 4 then changes to: 

C = 0.5⋅
(
C0 − Caq,0

){
erf

(
(l − z)

/ ̅̅̅̅̅̅̅̅
4Dt

√ )
+ erf

(
(l+ z)

/ ̅̅̅̅̅̅̅̅
4Dt

√ )}
+ Caq,0

(5) 

The diffusion coefficient determination was made by fitting of 
equation 5 to the length profile in the gel at different time points, 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 1B, generally from 5 to 25 mm. Fitting was per-
formed 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 calculated diffusion coefficients can vary 
slightly over time and to account for this, average diffusion coefficient 
over the three time points were calculated before the final mean ± SD 
was calculated across six replicates (Ye et al., 2012). Statistical analysis 
was conducted in GraphPad Prism 9 and comparisons with p<0.05 were 
considered significant. Since the SDs for calculated diffusion coefficients 
in agarose gels for different substances could not be considered equal, a 
Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 multiple 
comparisons test was used for these data (Figure 4). To assess whether 
the effect on diffusion coefficients by different hydrogels (agarose, 
fibrosis & cirrhosis gels) was statistically significant the non-parametric 
Kruskal-Wallis with Dunn’s multiple comparisons tests was performed 
for each substance (Figure 6). 
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2.6. Calculation of free diffusion coefficients in water using Stokes- 
Einstein equation 

In order to validate the UV-imaging determined diffusion co-
efficients, predicted values were calculated using the Stokes-Einstein 
equation (equation 6) and are presented in Table 2: 

D =
kBT

6πηr
(6) 

Where D is the free diffusion coefficient, kB is the Boltzmann con-
stant, T is the temperature in Kelvin, η is the viscocity at said tempera-
ture and r is the radius of a spherical particle or molecule. The molecular 
diameter was measured (see Appendix Figure 2 ) and subsequent radius 
determined for the three small molecules with Molview using energy 
minimization and the furthest distance between atoms (Bergwerf, n.d.). 
For hLF a literature value was used in the calculation (Starov, 2011). 

2.7. Pharmacokinetic and spatio-temporal tissue concentration-time 
modeling 

2.7.1. Pharmacokinetic modeling 
A physiologically based pharmacokinetic (PBPK) model established 

by Hanke et al. and further developed by Kullenberg et al. was adopted 
to simulate pharmacokinetic DOX profiles after an intravenous dose of 
50 mg/m2 (Hanke et al., 2018; Kullenberg et al., 2021). A middle-out 
modeling strategy, using clinical plasma, blood, urine and feces refer-
ence data, was adopted to inform model development and perform 
model evaluations. The final model included, DOX elimination 
described by unspecific metabolic and biliary hepatic clearance, renal 
filtration, and enterohepatic re-cycling. Furthermore, extravasation ac-
cording to the two-pore hypothesis, cell membrane translocation pro-
cesses, and specific binding to DNA, in tissues and blood cells, were used 
to describe DOX distribution. This previously established model was 
used as back-bone for further model development to achieve simulations 
of spatio-temporal tissue concentrations driven by diffusion, as 

described in the following section. 

2.7.2. Spatio-temporal tissue concentration modeling 
PBPK models adopt well-stirred compartments as representations of 

the anatomical structures of the organism (Teorell, 1937). In this study, 
each tissue in the adopted PBPK model was described by three 
sub-compartments representing the vascular, interstitial, and cellular 
space (Eissing et al., 2011). For general pharmacokinetic purposes this is 
an appropriate simplification as the distance between cells and closest 
blood vessel is short and transport within the organ is dominated by a 
convective flow. It is, however, not optimal if diffusive processes are 
dominating the transport in an unstirred volume, like the extracellular 
matrix of tumor tissue. In such cases, the diffusive process could still be 
considered by dividing the tumor tissue in small subdivisions where 
each subdivision is represented by a typical compartment. The diffusion 
equation could in this way be approximated by a discretized approxi-
mation as is done in numerical solutions of the diffusion equation and is 
in this case identical to the forward Euler method, also called the For-
ward Time Centred Space method (FTCS) for the diffusion equation in 
cylindrical coordinates. 

In this study, the extracellular tissue in a solid tumor was modeled as 
a hollow cylinder (see Figure 2) of outer radius, rout, of 110 µm and inner 
radius, rin, of 10 µm and a length, L, of 10,000 µm. For the modelling of 
the diffusive transport, the tumor was considered consisting of 10 
compartments described as concentric shells of hollow cylinders and 
labeled by an index i running from 1 to the number of compartments, 
nshell. The shell thickness is denoted Δr, the shell center radii ri and the 
shell center concentration Ci. The inner surface of the tumor was in 
contact with a blood vessel. The outer surface of the tumor was in 
contact with the outer surface of a neighboring tumor cylinder and for 
symmetry reasons the transport across the outer surface was assumed to 
be zero. This cylinder would as such represent one blood vessel with 
adjacent tumor tissue where the concentration in the tumor blood vessel 
was described according to the arterial blood in the PBPK model. 
Transport between the blood vessel and the tumor is characterized by 

Figure 2. Illustration describing the developed spatio-temporal tissue concentration modelling. Adapted from figure of HCC-patient by I. Dubbelboer (Dubbel-
boer, 2017). 
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the vascular permeability (Pv) but also tumor capillary fluid pressure, 
the hydraulic conductivity and osmotic pressure, as previously 
described by Eikenberry (Eikenberry, 2009). Each extracellular 
compartment was also linked to an intracellular compartment described 
in analogy with the general PBPK model structure. Transport between 
extra and intracellular compartment was described by a cellular 
permeability (Pc) while unspecific and specific intracellular binding was 
parameterized by the liver partition coefficient and binding to DNA. 

The diffusive flow, Ji-1→i, between two adjacent compartments 

labeled i-1 and i is approximately described by equation 7: 

Ji− 1→i = ki− 1,i( Ci− 1 − Ci) (7)  

where equation 8 defines: 

ki− 1,i =
D
(

ri −
Δr
2

)

Δr
⋅2π⋅L (8) 

To fulfill the initial and boundary conditions, Ci = 0 for all i at = 0, 
the outflow in the outermost shell is set zero and the inflow in the 
innermost shell is described according to equation 9: 

Jblood→1 = Pv⋅Ain⋅ ( Cbl − Cin.) + Jconv. (9)  

where Cbl is the arterial blood concentration, Ain = 2π⋅rin⋅L and Cin is the 
estimated concentration in the extracellular tissue at the inner boundary 
and was approximated by linear extrapolation of the center concentra-
tions of the first and second compartment in the extracellular tissue 
model according to: Cin = C1 + (C1 − C2)/2 

Further, the transcapillary convective flow was described according 
to equation 10: 

Jconv. = LpAin[(pb − pt) − σ(Πb − Πt)]⋅(1 − σF)⋅
Cbl − Cin

ln(Cbl/Cin)
(10)  

where Lp is the hydraulic conductivity, pb - pt is the hydrostatic pressure 
difference, Πb - Πt is the osmotic pressure difference, σ is the osmotic 
reflection coefficient and σF is the solvent drag reflection coefficient, 
according to the Staverman-Kedem-Katchalsky equation as adapted by 
Eikenberry and parameterized as reported in the Model Parameters part 
of the Appendix (Eikenberry, 2009). The final model used has also been 

Figure 3. Examples of fit of theoretical equation 5 to experimental data; A: piroxicam 1 mM in agarose gel, B: doxorubicin 1 mM in cirrhosis gel, C: human lac-
toferrin 0.225 mM in cirrhosis gel and D: doxorubicin 1 mM in agarose gel. 

Figure 4. Calculated diffusion coefficients (mean ± SD) for piroxicam (PXM), 
idarubicin (IDA), doxorubicin (DOX) and human lactoferrin (hLF) in agarose 
0.5% (w/v) gels for n=6 experiments. All calculated values are statistically 
significant (p<0.05) from each other, stars were excluded to maintain clarity 
in figure. 
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uploaded as Supplementary Materials. 

3. Results & Discussion 

3.1. Diffusion in dilute agarose gels 

Agarose gels have been extensively studied as part of UV-imaging 
diffusion studies due to their relative UV transparency (absorbance <
0.1) and ease of handling. Determination of diffusion coefficients in 
dilute agarose gels (<1% w/v) have been suggested as an adequate 
means to study free diffusion in aqueous media Sirianni et al., 2008; 
Slade et al., 1966). UV-imaging is a technique that allows for both 
qualitative and quantitative analysis of the diffusion process Figure 1. 
illustrates a typical diffusion experiment with a loaded hydrogel and a 
PBS acceptor solution. The absorbance profiles are investigated over 
time and can be used to calculate diffusion coefficients by fitting an 
adaptation of Cranks interpretation of Fick’s second law of diffusion 
(equations 3-(5) to the raw data. In this study, diffusion coefficients were 
calculated using absorbance profiles at 5, 30 and 60 min and a selection 
of fits are reported in Figure 3. Interestingly in some experiments, the gel 
absorbance levels uniformly decreased over time, see B and C in 
Figure 3, and this led to a required adjustment of C0 in equation 5. In 
addition, these two examples also highlight the limitation in fitting the 
slope to some of the raw data. This can be compared to A & D in Figure 3 
where the fitted slope matches the raw data more effectively. 

As expected and clearly illustrated in Figure 4 the diffusion co-
efficients significantly decrease with increasing molecular size of the 
studied substance (p < 0.05). Interestingly, the UV-imaging determined 
values generally agree well with those determined via the Stokes- 
Einstein equation at 30◦C (Figure 4 & Table 2). This is the most 

relevant temperature to compare with based on our experience of tem-
perature control in the SDi2 apparatus. The obvious exception was for 
PXM where Stokes-Einstein estimates a value of 4.05×10–6 cm2/s at 
30◦C, meanwhile UV-imaging studies in the literature report values of 
5.70 ± 0.80×10–6 cm2/s at 20-23◦C (Ye et al., 2012). In this study, a 
value above ten was obtained (11.24 ± 2.04×10–6 cm2/s) that suggests 
that additional processes other than free diffusion through agarose were 
present. One hypothesis related to the effect of the higher drug con-
centration (1 mM in present study vs 0.2 mM in the literature example) 
of PXM, a weak acid, on gel pH was investigated and discarded as an 
unlikely cause. The higher concentration in the gel could also result in 
molecular aggregation to a higher degree, as often experienced with 
DOX (Menozzi et al., 1984). Investigations into the aggregation behav-
iours of PXM were however beyond the scope of this study. The diffusion 
of other small molecules and peptides/proteins have been previously 
studied with UV-imaging, but also using various fluorescence techniques 
and in silico methods, and our results generally agree well with the 
available literature for IDA, DOX and hLF (Eda Satana Kara, 2014; 
Eikenberry, 2009; Li et al., 2020; Thorne et al., 2008). 

3.2. UV-characterisation of biomimetic gels and investigated substances 

The biomimetic gels used in this study are previously uncharac-
terised in terms of their UV-absorbance properties or UV signal stability. 
As one of the two main components, collagen has been reported as UV 
sensitive (random cleavage of peptide bonds) at wavelengths close to 
250 nm (Jariashvili et al., 2012; Miles et al., 2000). Our initial studies 
showed that collagen at acidic pH (3.4 – 4.2)) had very low 
UV-absorbance (<0.1) at 280, 300 and 320 nm and low absorbance 
(<0.25) at 255 nm (data not shown) (“Collagen Type I, Rat Tail | 3D Cell 

Figure 5. UV absorbance profiles at 255, 280, 300 and 320 nm for the biomimetic hydrogels A: fibrosis gel and B: cirrhosis gel as well as UV-stability of the C: 
fibrinogen stock solution. Error bars denote SD of absorbance signal over imaging area of 2×2 mm. Fibrinogen stock (70 mg/mL) was used to make fibrosis gels (10 
mg/mL fibrin(ogen)) and cirrhosis gels (30 mg/mL fibrin(ogen)). 
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Culture Gels & Coating,” n.d.). Fibrinogen on the other hand had a 
strong UV-absorbance at especially 255 and 280 nm, most likely due to a 
significantly higher concentration (Figure 5). The main difference be-
tween the biomimetic fibrosis and cirrhosis gels was that the fibrin 
(ogen) concentration was higher in cirrhosis gels (30 vs 10 mg/mL). The 
absorbance profiles in Figure 5 illustrate how the higher fibrin(ogen) 
concentration in cirrhosis gels also results in higher absorbance values at 
255 and 280 nm. The decreasing absorbance over time at these wave-
lengths was further investigated by studying the fibrinogen stock solu-
tion (70 mg/mL) at all wavelengths. The measured absorbance values 
were related to the absorbance at the start of the experiment (A0) to give 
an indication of the stability of the absorbance signal over time during 
extended UV-exposure. When exposed to 255 or 280 nm light the 
fibrinogen absorbance signal decreased by 25% in one hour. Since the 
signals at 300 and 320 nm remained unchanged during the same time 
these wavelengths were chosen for further experiments. This selection 
was done to minimise the potentially detrimental effects of continuous 
UV-light exposure often overlooked in UV-imaging studies. Another 
advantage with these wavelengths was their relatively lower 
UV-profiles, ~0.5 at 300 and ~0.25 at 320 nm, which will contribute to 
background absorbance in diffusion studies. 

The four investigated substances PXM, IDA, DOX and hLF were 
screened in PBS across a range of wavelengths (230 – 520 nm) using a 
plate reader (Appendix Figure 3). Although all four selected substances 
had stronger absorbance peaks elsewhere, 300 nm was chosen for IDA, 
DOX and hLF meanwhile 320 nm was chosen for PXM due to the 
absorbance restraints of the biomimetic gels described above. Notable 
for all investigated substances are that they absorb in the visible 
wavelength range, which results in brown red (hLF), clear red (DOX), 
orange (IDA) and yellow (PXM) solutions at higher concentrations (>0.1 
mM). Linearity between absorbance and concentration was determined 
(R2) for all substances in all matrices (Appendix Figure 4). Good line-
arity (R2>0.98) was generally observed in agarose gels and PBS. Line-
arity for IDA however was lower (R2<0.90) in these rather simple 
matrices, most likely due to its unfavourable UV profile at 300 nm 
(Appendix Figure 3), and was therefore not studied in the two bio-
mimetic gels. As the matrix complexity increased, the deviation from 
linearity between absorbance and concentration became more apparent 
in some instances (0.90<R2<0.99, Appendix Figure 4). As mentioned 
previously, this was due to the absorbance contribution from fibrin 
(ogen), which was more pronounced in cirrhosis compared to fibrosis 
gels. In addition, this also confirmed our concerns that diffusion studies 
from substances in solution into gels would be impossible due to the 
extensive background absorbance of the biomimetic gel network 

3.3. Diffusion in biomimetic gels 

The calculated diffusion coefficients summarised in Figure 6 suggest 
that diffusion of PXM, DOX and hLF was significantly reduced by the 
biomimetic gels compared to dilute agarose gels (*= p<0.05, 
**=p<0.01). This reduction was largest for DOX where the values 
decreased by over 70% (71-74%) meanwhile hLF diffusion was reduced 
by ca 67% (62-71%) and PXM by around 60% (58-63%). The effect of 
different hydrogels on molecular diffusion is often linked with the size- 

Figure 6. Calculated diffusion coefficients (mean ± SD) for piroxicam (PXM), 
doxorubicin (DOX) and human lactoferrin (hLF) in agarose, fibrosis and 
cirrhosis gels for n=6 experiments (*= p<0.05, **=p<0.01). Note different 
scale on y-axis (diffusion coefficients). 

Table 2 
Molecular diameter and calculated diffusion coefficients using the Stokes- 
Einstein equation for the investigated substances.  

Substance Abbreviation Calculated 
radius (Å) 

Calculated diffusion 
coefficient at 30◦C (x 10–6 

cm2/s) 

Piroxicam PXM 6.88 4.05 
Idarubicin IDA 7.62 3.66 
Doxorubicin DOX 7.69 3.62 
Human 

Lactoferrin 
hLF 33.30 0.84  
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Figure 7. UV-images at 300 nm of doxorubicin (DOX) 1 mM diffusing out of agarose, fibrosis and cirrhosis gels at 5, 30 and 60 min. The red bar highlights the pixels 
from which quantitative absorbance data were extracted. 
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exclusion principle wherein smaller molecules are less hindered than 
large molecules at a set, gel specific, pore or mesh size. Agarose gel pore 
sizes have been reported to range from 0.2 to 0.8 µm in diameter for 
more concentrated gels (2%) (Pluen et al., 1999). Collagen and fibrin 
(thrombin converted fibrinogen) have been studied as separate gel 
matrices where average pore size decreased with increasing protein 
concentration (Lang et al., 2013). At 2 mg/mL collagen concentration, 
pore sizes of 2-3 µm have been reported and for fibrin the highest con-
centration studied was 3-8 mg/mL which resulted in pore sizes of 0.5-1.5 
µm (Lang et al., 2013; Moreno-Arotzena et al., 2015). Since the sub-
stances studied herein range from 10 to 70 nm as their largest possible 
molecular diameter (Table 2), size-exclusion effects are expected to play 
a minor role in this system. The decreasing diffusion with increasing 
expected pore sizes (from agarose to biomimetic gels) instead points 
towards interactions between the investigated substances and the gel 
matrix. Agarose gels are generally referred to as an inert matrix mean-
while collagen and fibrin(ogen) often are chosen specifically because 
they are more biologically active and relevant (Simpson et al., 2020). A 
recent review on mixed collagen type 1 and fibrin gels concluded that 
the resulting structures most likely consist of two independent networks 
with only local connections (Coradin et al., 2020). In this study, cirrhosis 
gels contain three times more fibrin(ogen) than fibrosis gels, which does 
not have any significant effect on the calculated diffusion coefficient 
(Figure 6). This suggests that it may be collagen that plays the major role 
in the diffusion limiting interactions observed, which is also in line with 
what others have reported previously from other in vitro studies (Jain 
et al., 1990; Ramanujan et al., 2002). 

UV-images of DOX (1 mM) diffusion in the three investigated gels 
(Figure 7) further confirmed the earlier observation of increasing gel 

background absorbance with increasing fibrin(ogen) concentration. In 
agarose gels the absorbance signal was uniform across the gel mean-
while in biomimetic gels certain parts of the gel showed higher absor-
bance patches at the first timepoint of 5 min, suggesting lack of 
uniformity. These higher absorbance patches were, however, smooth-
ened out over time. Although gel absorbance was variable within and 
between different gels, this did not translate to increased variability of 
the calculated diffusion coefficients (Figures 4 & 6). UV-images and 
videos have previously been used to better understand formulation or 
gel matrix behaviours, however in this study these images served more 
as quality assurance of adequate gel integrity since very limited swelling 
or shrinking was observed during the one hour experiment time. 
Agarose gels were generally easier to handle and prepare for diffusion 
experiments, where a clear cut interface was most often achieved. For 
the biomimetic gels, and fibrosis gels especially, creating an even gel to 
solution interface was more challenging. These gels appeared more 
fibrous and repeated passes with the scalpel were required, which also 
becomes evident in the UV-images of fibrosis and cirrhosis gels 
(Figure 7). 

3.4. Translation of in vitro findings using spatio-temporal tissue 
concentration modelling 

The in vitro calculated diffusion coefficients for DOX were then used 
as input values for molecular aqueous diffusion in our spatio-temporal 
tissue concentration model in an attempt to translate our findings to a 
more clinical setting (intravenous bolus dose of 50 mg/m2). Diffusion 
coefficients for DOX in agarose (Figure 8A), DOX in biomimetic gels 
(Figure 8B) and diffusion limited DOX (Figure 8C) were modelled in our 

Figure 8. Modelling of DOX penetration (total, intracellular and extracellular) over time (1, 5 and 30 min) into tumor tissue from arterial blood at a clinically 
relevant intravenous bolus dose of 50 mg/m2 and with different diffusion coefficients A: DOX agarose gel diffusion = 5.07×10–6 cm2/s, B: DOX biomimetic gel 
diffusion = 1.38×10–6 cm2/s and C: Tumor ECM-hindered DOX diffusion = 0.138×10–6 cm2/s. 
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spatio-temporal tissue concentration setup (Figure 2). Since the UV- 
imaging calculated diffusion coefficient for DOX in biomimetic gels 
(1.38×10–6 cm2/s) agree well with Eikenberry’s coefficient for free DOX 
diffusion (1.58×10–6 cm2/s), a third diffusion coefficient was estimated 
(0.138×10–6 cm2/s) and implemented in our model as an example of 
even further tumor ECM hindered DOX diffusion (Eikenberry, 2009). 
DOX concentration levels (intracellular, extracellular and total), 100 µm 
into the tumor tissue (tumor penetration) were extracted from the model 
at 1, 5 and 30 min. As expected, DOX concentration generally decreased 
with increasing distance from arterial blood (radial distance from 
capillary wall). Meanwhile DOX total was somewhat stable, extracel-
lular DOX levels decreased with time and intracellular DOX levels 
increased. When DOX was allowed to diffuse freely as in water (i.e. when 
DOX diffusion in agarose 5.07×10–6 cm2/s was the input value), the 
concentration pseudo-equilibrated almost instantly (< 1 min) across the 
100 µm tumor tissue (Figure 8A). When DOX diffusion in biomimetic 
gels was used (1.38×10–6 cm2/s), the tumor penetration was slightly 
more hindered and a downward slope was notable across the distance 
into the tumor. When DOX diffusion was reduced by an additional factor 
of ten (0.138×10–6 cm2/s), to simulate further hindrance by the tumor 
ECM, the effect was more remarkable. In this scenario, the model re-
ported a 63% reduction of intracellular DOX concentrations (from 5.12 
to 1.91 µM) at 100 µm after 30 min (Figure 8B and 8C). 

4. Conclusions 

In this study, bench-top UV-imaging technology was used to rapidly 
(<60 min) visualize and quantify the diffusion process of different 
substances in both simple and more complex hydrogels. Diffusion was 
generally more hindered as molecular size and gel complexity increased. 
UV-imaging diffusion studies in dilute agarose gels differentiated be-
tween molecular sizes and generally agreed well with Stokes-Einstein 
equation predictions. Biomimetic gels relevant for the disease progres-
sion of hepatocellular carcinoma reduced diffusion by up to 70%. 
However, increasing the fibrin(ogen) content in the gel to modulate 
increasing liver stiffness, had no significant effect on the calculated 
diffusion coefficients. Spatio-temporal tissue concentration modelling 
using the in vitro determined diffusion coefficients suggested that DOX 
penetration would be somewhat hindered in tumor tissue resembling the 
biomimetic gels, but that a further decrease by a factor of 10 would be 
required to halt tumor penetration more effectively. Our findings pro-
vide an initial understanding of drug diffusion in these novel biomimetic 
gels, however limitations of the UV-imaging technology (wavelength 
selection and image resolution) indicates that additional techniques, 
such as those based on fluorescence spectroscopy, will be required to 
further understand how drug delivery formulations may behave in 
hydrogel networks of 3D tumor models. 
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Heldin, C.-H., Rubin, K., Pietras, K., Östman, A., 2004. High interstitial fluid pressure — 
an obstacle in cancer therapy. Nature Reviews Cancer 4, 806–813. https://doi.org/ 
10.1038/nrc1456. 

Jain, R.K., Stock, R.J., Chary, S.R., Rueter, M., 1990. Convection and diffusion 
measurements using fluorescence recovery after photobleaching and video image 
analysis: In vitro calibration and assessment. Microvascular Research 39, 77–93. 
https://doi.org/10.1016/0026-2862(90)90060-5. 

O. Degerstedt et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.ejps.2022.106150
https://doi.org/10.7150/thno.39995
https://doi.org/10.1124/pr.118.016816
https://doi.org/10.1016/j.addr.2021.113949
https://doi.org/10.3791/61606
https://doi.org/10.3390/gels6040036
https://doi.org/10.3390/gels6040036
http://refhub.elsevier.com/S0928-0987(22)00035-5/sbref0009
https://doi.org/10.3390/biom10030456
https://doi.org/10.1016/j.bioelechem.2014.06.002
https://doi.org/10.2174/1389200216888150915112039
https://doi.org/10.2174/1389200216888150915112039
https://doi.org/10.1186/1742-4682-6-16
https://doi.org/10.1186/1742-4682-6-16
https://doi.org/10.3389/fphys.2011.00004
https://doi.org/10.3389/fphys.2011.00004
https://doi.org/10.1007/s00280-017-3495-2
https://doi.org/10.1007/s00280-017-3495-2
https://doi.org/10.1038/nrc1456
https://doi.org/10.1038/nrc1456
https://doi.org/10.1016/0026-2862(90)90060-5


European Journal of Pharmaceutical Sciences 172 (2022) 106150

12

Jariashvili, K., Madhan, B., Brodsky, B., Kuchava, A., Namicheishvili, L., Metreveli, N., 
2012. Uv damage of collagen: Insights from model collagen peptides. Biopolymers 
97, 189–198. https://doi.org/10.1002/bip.21725. 

Jensen, S.S., Jensen, H., Goodall, D.M., Østergaard, J., 2016. Performance characteristics 
of UV imaging instrumentation for diffusion, dissolution and release testing studies. 
Journal of Pharmaceutical and Biomedical Analysis 131, 113–123. https://doi.org/ 
10.1016/j.jpba.2016.08.018. 

Johnson-Arbor, K., Dubey, R., 2021. Doxorubicin. StatPearls. StatPearls Publishing, 
Treasure IslandFL.  

Kullenberg, F., Degerstedt, O., Calitz, C., Pavlović, N., Balgoma, D., Gråsjö, J., 
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