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Abstract
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Colonic diseases affect more than 10 million people in Europe, and by 2045, more than 1% of the
global population is expected to be affected by inflammatory bowel diseases. Drug development
targeting colonic diseases is urgently needed. However, translating in vitro research into in
vivo clinical relevance remains a challenge, with significant time and effort required in drug
discovery and pre-clinical stages. Therefore, the development of efficient drug study platforms
is necessary, in accordance with the ethical 3Rs principles and the UN SDGs 2030. In addition,
the FDA Modernization Act 2.0 encourages the improvement of in vitro models with in vivo
relevance.

Colonic mucus is the first interface in contact with drugs targeting colonic diseases. Mucus
is a hydrogel composed of complex macromolecular crosslinks and acts as a structural barrier.
In healthy conditions, colonic mucus consists of a stratified layer, with the outer layer hosting
bacteria. Previous studies have reported changes in mucus in 85% of patients with various
colonic diseases. However, characterization of the viscoelastic and barrier properties of colonic
mucus in diseased states is still underexplored.

This PhD project focuses on studying the characteristics of the mucus barrier that may
influence drug diffusion. Properties of native colonic mucus from human patients are
characterized. Combined with studies of particle diffusion and viscoelastic properties in
colonic mucus, general parameters influencing drug diffusion in the mucus are identified.
Characteristics dependent on pH, surface charge, viscosity, and macromolecular composition
of mucus have been investigated. Studies of drug interaction with mucus models from pig,
dog, and artificial colonic mucus were performed to observe drug diffusion, drug binding,
and drug permeability. Various methods to improve experimental (3D printing) and analytical
(machine learning classifiers and physiology-based pharmacokinetic models) approaches were
incorporated to enhance reproducibility and provide in-depth data analysis.

From this study, the macrorheology and microrheology profiles of the mucus were compared,
and artificial colonic mucus was shown to capture the properties of native colonic mucus. By
formulating a biosimilar artificial colonic mucus based on the native form, computational studies
connecting to in vivo settings allow for better prediction and improved clinical relevance.
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– unknown origin –
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MES 2-morpholinoethanesulfonic acid 
3D Three dimensions 
3R Replacement, Refinement and Reduction 
ACAT Advanced Compartmental and Transit 
ACM Artificial colonic mucus 
ADME Absorption, distribution, metabolism, and excretion 
API Active pharmaceutical ingredient 
BES N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid 
CACM Canine Artificial Colonic Mucus 
CD Crohn’s Disease 
CNCM Canine Native Colonic Mucus 
CRC Colorectal cancer 
Cryo-SEM Cryo-Scanning electron microscopy 
CSP Cross-species pairs 
DIA Data independent acquisition 
eDNA Extracellular deoxyribose nucleic acid 
FITC Fluorescein isothiocyanate 
FRAP Fluorescence Recovery After Photobleaching 
GIT Gastrointestinal tract 
HACM Human Artificial Colonic Mucus 
HEC Hydroxyethyl cellulose 
HNCM Human Native Colonic Mucus 
HPF High pressure freezing 
IBD Inflammatory Bowel Disease 
ITC Isothermal calorimetry 
IVIVC In vitro-in vivo correlation 
LC-MS/MS Liquid chromatography – tandem mass spectrometry 
LDA Linear discriminant analysis 
LVR Linear viscoelastic region 
LY Lucifer yellow 
ML Machine learning 
MSD Mean squared displacement 
MST Microscale thermophoresis 
NCM Native colonic mucus 
NET Neutrophil extracellular traps 



PAA Polyacrylic acid 
PACM Porcine Artificial Colonic Mucus 
Papp Apparent permeability 
PBPK Physiologically-based pharmacokinetics 
Peff Effective permeability 
PC Phosphatidylcholine 
PNCM Porcine Native Colonic Mucus 
QCM-D Quartz crystal microbalance with dissipation 
QTOF-MS Quadrupole Time-of-Flight Mass Spectrometry 
ROI Region of interest 
SA Sodium alginate 
SH Sodium hyaluronate 
SM Sphingomyelin 
timsTOF-MS Trapped Ion Mobility Spectrometry 

with Time-of-Flight Mass Spectrometry 
UC Ulcerative Colitis 
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Introduction 

Colonic diseases existed through history[1–3], with the earliest writings found 
from Hippocrates’ in 400 BC describing chronic diarrhea[4]. Therefore, drugs 
need to be developed to treat the diseases. However, drug development pro-
cess is lengthy and involves several stages, starting with drug discovery, fol-
lowed by drug development, which includes preclinical studies, clinical de-
velopment, regulatory review, and post-market monitoring. Consequently, 
drug delivery strategies targeting the colonic region (Fig. 2) faces several chal-
lenges (Fig.1). The colon is composed of epithelial cells and goblet cells that 
form glands secreting mucus, supported by muscle fibers, blood and lymphatic 
vessels, regulated by both motor and sensory neurons. Colonic mucus consists 
of a double layer, in contrast to the small intestine, which has only a single 
layer[5]. The inner mucus layer is typically sterile, with a shedding mechanism 
that forms the outer layer, which hosts numerous bacteria[6]. Mucus can be 
classified as a hydrogel and has a high-water content (around 90%). This bar-
rier is highly structured, with its main protein component being mucin, a gly-
coprotein secreted by epithelial cells for protection. Mucus not only provides 
physical filtration of biological entities and particles but also interacts with 
them through complex chemical and molecular interactions[7]. In addition to 
mucus, tighter junctions in colon compared to small intestine functions as a 
barrier to protect the body from complex environment and the microbiome[8,9]. 

This PhD project focuses on experimental study coupled with computa-
tional simulation and analysis in preclinical settings to better predict absorp-
tion from the colon and potentially replace animal studies. The development 
and use of biosimilar fluids for drug testing have been studied over the past 
two decades[10]. Biosimilar fluids provide more in vivo-relevant drug diffusion 
and dissolution data compared to regular buffers. Biological fluids for study-
ing drug dissolution, diffusion, and complexation can be obtained from cell 
culture[11], animal or clinical sampling[12], or can be artificially produced[13]. 
However, using cell culture and animals as sources of biosimilar fluid is lim-
ited by fluid quantity and ethical concerns. Sampling procedures, handling, 
and interspecies and interbatch variability can also affect the samples and the 
results obtained. To address these issues, artificially produced biofluids, in-
cluding biological hydrogels such as mucus, offer a promising solution. Arti-
ficial mucus is categorized as a biosimilar fluid and hydrogel, with bulk vis-
cosity and composition that mimic native mucus. Since it is artificially 
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produced, standardized protocols can be implemented to minimize variability. 
Using artificial mucus in studies of drug dissolution, diffusion, and absorption 
makes screening more efficient. 

In the drug delivery process, absorption, distribution, metabolism, and ex-
cretion (ADME) of the drug must be considered. This project focuses on ab-
sorption from and distribution within the colonic mucus region. For a drug to 
be absorbed from the colon, the compound must permeate the relatively thick 
mucus layer. Diffusion and dissolution are complex processes influenced by 
particle size, drug solubility, matrix viscosity, pH, temperature, and other 
physicochemical factors. The compound may both dissolve in and diffuse 
through the mucus. Drug diffusion may be more restricted in this viscous hy-
drogel compared to water. An often-overlooked role of colonic mucus is its 
function as a dissolution compartment due to its high-water content. Other 
components in the mucus may promote solubilization of lipophilic drugs (due 
to lipids present in the mucus) or limit diffusion through binding (mucin). 
Therefore, some of these factors are included in the study to produce physio-
logically relevant mucus. 

Another key aspect of in vitro testing is the experimental validation of the 
models. There is no general consensus on methods for investigating mucus 
and particle interactions. Therefore, in the first half of the project, robust meth-
ods for this process are being developed. Challenges in determining diffusion 
and dissolution in mucus are mainly due to its inherent viscosity and the com-
plex mixture of components. These properties limit experimental accuracy in con-
ventional pharmaceutical tools such as the Transwell™ setup for permeability and 
the USP dissolution apparatus, which were designed for larger fluid volumes and 
lower viscosity. In this project, possible methods for determining complex inter-
actions between mucus and model drug particles were investigated. 

Colonic Diseases: The Challenges of Meeting  
Market Needs  
Colonic diseases such as IBD are projected to affect 1% of the Western pop-
ulation by 2030[14], representing a double increase from 0.5% in 2010. Ap-
proximately 80% of patients will require hospitalization, with a lifelong, un-
predictable relapsing-remitting course[14]. Ulcerative colitis (UC) and Crohn’s 
disease (CD) are the two main types of colonic diseases that fall under the 
umbrella term inflammatory bowel disease (IBD). Patients’ quality of life is 
affected by chronic inflammation, altered gut transit time, and inadequate pub-
lic toilet facilities[15]. There is also a higher prevalence of anxiety and depres-
sion among patients compared to the healthy population, illustrating the con-
nection within the bio-psycho-social model[15]. Another severe disease with 
high prevalence arising from IBD is colorectal cancer (CRC). CRC is the third 
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leading cause of cancer death worldwide, with 1.9 million patients diagnosed 
in 2020[16]. Acute and chronic infections by pathogenic bacteria are also com-
mon colonic diseases[17]. Hirschsprung’s disease is a neurological disorder of 
the colon, with a prevalence of 1 in 5,000 live births[18]. Developing drugs to 
meet these large market needs is important to sustain global public health. 
 

Drug study challenges 
In vitro–in vivo correlation (IVIVC) and interspecies variance  
The predictability of in vitro testing needs to be enhanced to achieve results 
similar to the in vivo settings (Fig. 1). Therefore, physicochemical factors 
which influence drug absorption process from the in vivo setting should be 
incorporated into in vitro test platforms to improve similarity. To current date, 
preclinical animal models may help predict drug delivery processes in the hu-
man body, but there are limitations to this approach. The genetics of preclini-
cal species differ significantly from humans[19], leading to different physiolog-
ical structures. In addition, scaling factors based on volume or body mass may 
miss some mechanical transport aspects[19]. Furthermore, gene regulation and 
protein expression also differ, resulting in different drug metabolism and 
transport mechanisms. All these factors would cause study of cross-species 
pairs (CSP) to be challenging due to complex interaction parameters, which 
may lead to different conclusions depending on statistical methods and dataset 
selection[20]. 
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Figure 1. Drug development challenges are multifaceted and complex, ranging from 
lack of resources to strategies for developing personalized medicine. 

Financial burden  
Drug discovery and development is a long and arduous process, with an aver-
age timespan of 12 years from initial synthesis to regulatory approval[21]. In 
the drug development pipeline, the largest budget allocation is for the preclin-
ical step[22], from discovery to in vitro testing. The average total cost per drug 
is estimated to be around 2.5 billion USD[22]. This challenge hinders the pro-
cess of delivering drugs to patients, and currently there are unmet medical 
needs for many diseases[23]. 

Ethical perspectives  
Most sampling procedures on animals and humans compromise their activities 
and quality of life. During colonoscopy, patients must fast and the colon must 
be cleaned[24]. For animal sampling, gastrointestinal isolation requires eu-
thanized animals[25]. In accordance with the Replace, Reduce, and Refine (3R) 
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principles of animal testing, improved in vitro experiments are important to re-
duce animal testing. Therefore, inventions that lessen this burden are necessary. 

Technical difficulties in sampling  
Due to the viscous and sticky nature of mucus, isolation from the colon is 
challenging. Specialized sampling techniques, such as cytology brushes, are 
needed to isolate mucus in the colon environment[26]. Sampling from resection 
materials may not be ideal due to exposure to preoperative antibiotics and op-
eration-associated stress[26], which might influence mucus quality. 

 
Figure 2. Colon environment with multilayer drug absorption barriers. Depending on 
healthy or diseased conditions, the environment may change. 

Colon environment 
The colon is one of the organs that is part of the gastrointestinal (GI) tract in 
animals (Fig. 2), which located at the terminal end of the GI tract, with the 
main function of reabsorbing water and forming feces with the help of colon 
motility and microbes metabolism[27]. Colonic environment is unique due to 
lower water availability compared to other parts of the GI tract, while it has 
the thickest mucus layer for protection of the epithelial cell layer and hosts the 
largest number of microbes in the body. Interaction with these microbes may 
pose drug delivery challenges but also offers opportunities. For example, Eu-
dragit® is a controlled-release coating that relies on microbes to digest the 
coating, thus releasing the drug API. A thinner mucus layer that is sterile and 
free from microbes has also been observed[28]. Colonic fluid is also present in 
the colon, and the regional fluid volume decreases along the tract. The low 
amount of fluid present in the colon makes the drug dissolution process chal-
lenging. The presence of fluid in the colon (around 20 mL) is about 80% lower 
than the fluid in the small intestine (around 100 mL)[29]. Colonic mucosal pH 
has been shown to be around 7.1 to 7.5 in human patients[30,31]. Colon transit 
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time is highly variable depending on the individual[32], making it harder to 
predict controlled-release strategies. 

Mucus as a barrier for drug absorption 
Nature has its own way to preserve life. One universal takeaway is that evo-
lutionarily conserved features indicate high importance. Mucus exists in a 
wide array of organisms, appearing early in Cnidaria, which includes cor-
als[33]. The backbone of mucus may differ depending on the organism[34], but 
functionally it serves as a barrier for protection against infection[33]. 

Mucus can be classified as a viscoelastic hydrogel, with mucin as the back-
bone protein (Fig. 3). The main component of mucus is water, amounting to 
around 90% of its volume. In addition to mucins and water, there are other 
components in mucus, such as lipids, proteins, cell debris, and extracellular 
DNA. These components, other than mucins, play a role in maintaining mucus 
barrier properties; for example, trefoil factors (TFF) co-regulate mucosal heal-
ing with mucin[35]. The mucus serves various functions depending on the tis-
sue location and in colon it also houses microbes. 

 
Figure 3. Composition of mucus based on Ichikawa & Ishihara work[36]. Here, the 
mucus is highlighted as a hydrogel due to water being the main component, with var-
ious materials present as solid content. 

Mucus acts as a physicochemical barrier due to its high viscosity (Fig. 4). With 
the network formed by mucin and other biopolymers, it can limit diffusion 
based on pore sizes. Mucus can also act as an interaction barrier, providing 
electrostatic and hydrophobic-hydrophilic interactions due to glycosylation 
around mucin[37]. A matrix environment with multiple components affects the 
drug dissolution and diffusion process. Lipid and protein content influence the 
solubility of drugs[38], while viscosity changes diffusivity. Tanaka et al. has 
elucidated the binding of a small molecule (2,4-diaminopyrimidine) with mu-
cin and mucus-associated biopolymers (DNA and alginate), indicating the in-
fluence of hydrophobicity and charge[39]. Physical barrier properties arise from 
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the highly viscous environment of mucus. For example, H+ ion diffusion across 
mucus is 4–10 times slower than in water, even though mucus is 85–90% wa-
ter[40], indicating robust regulation of ion exchange and barrier properties. 

 
Figure 4. Characteristics of mucus can be defined by multiple parameters. In this 
study, we classify some physicochemical parameters as inherent characteristics of the 
mucus itself, and the interaction with compounds as interaction characteristics. 

Drugs need to diffuse to reach their target. Diffusion may occur in the mucus 
environment and is influenced by various factors due to the interaction filter-
ing property. One prominent factor is viscosity, as described by the Stokes-
Einstein equation: the more viscous the hydrogel complex, the slower mole-
cules will diffuse[41,42]. A multivariate study suggests that the anomalous ex-
ponent taken from curve fitting of the mean-squared displacement is the 
strongest predictor of effective diffusion[43]. Effective diffusion spans seven 
orders of magnitude, from 10–5 to 102 μm2/s, indicating a wide range of diffu-
sivity depending on the particle–mucus interaction[43]. 

Mucus properties in healthy conditions vs. disease 
progression 
In the respiratory tract, the color of mucus or phlegm can indicate health sta-
tus[44]. In the gastrointestinal (GI) tract, due to its concealed location, this is 
more difficult to assess. Endoscopy or colonoscopy studies have reported dif-
ferences in the mucus layer between healthy and inflamed conditions[45]. Dur-
ing inflammation, secretion of neutrophil extracellular traps (NETs), which 
are composed of extracellular DNA and histones, changes mucus composition 
and physicochemical properties[46]. In healthy conditions, mucus and microbes 
coregulate each other. This interaction is demonstrated by a thinner mucus 
layer and lower Muc2 gene expression in germ-free mice[47]. Furthermore, 
coregulation between mucus and microbes has been well studied, with 
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bacterial secretion of short-chain fatty acids (SCFAs) elevating mucin type-2 
(MUC2) protein production, which is dependent on fiber intake and mucin 
glycans that serve as nutrient sources for bacteria[47,48]. In pathological condi-
tions, such as inflammatory bowel disease (IBD), infection occur more fre-
quently[49]. 

In colorectal cancer (CRC), the mucus layer is thinner, with increased si-
alylation and decreased sulphation[48]. Significant differences were found be-
tween normal mucosa and cancerous tissue, with median thicknesses of 
100.7 μm and 48.9 μm, respectively[50]. Mucus thickness in Crohn’s disease 
(CD) patients is higher compared to healthy controls, while in ulcerative coli-
tis (UC) it is relatively lower in the ascending, descending, and rectal re-
gions[51]. Altered glycosylation of MUC2 in colitis may explain this phenom-
enon, resulting in faster degradation of glycans and mucin due to bacterial 
digestion[52]. Another study of rectal mucus reported a different trend, with 
CD patients having a thinner mucus layer (15.4 μm) compared to normal 
(31.5 μm). The severity of UC also affects mucus thickness, ranging from 
27.6 μm in quiescent UC to 12.0 μm in severe UC[53]. In terms of viscoelastic 
properties, CD patients’ ileal mucus has significantly higher viscoelastic mod-
uli. Cryo-SEM also showed a tighter network in CD patients’ ileal mucus[54]. 
Mucus barriers are also altered in Hirschsprung’s disease (aganglionosis), 
highlighting abnormalities in the enteric nervous system[18,55]. All these 
changes in pathological conditions must be considered when designing mucus 
mimics as in vitro drug study platforms. 

Interspecies mucus variability – challenges in 
translation 
Each species has its own phenotypic and genotypic characteristics. These 
traits are closely linked to lifestyle, survival strategies, and ecological roles[56]. 
Such complex traits pose challenges for translating research findings from an-
imals to human patients[19]. Gastrointestinal physiological features differ be-
tween species, even among commonly used preclinical animal models (mu-
rine, porcine, canine). Varum et al. study highlight interspecies variability in 
mucus thickness, showing differences among leporine, porcine, and murine 
models[57]. Mucus thickness also differs between mice and humans, which is 
intuitive given body size differences[58]. Although some pathways are associ-
ated with increased or decreased mucus production, it remains unknown 
whether these signaling pathways are species-specific[58]. However, there is 
no clear comparison of colonic mucus properties among canine, porcine, and 
human models. 
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Artificial mucus – a biosimilar medium mimicking 
native mucus 
The concept of a biosimilar medium (Fig. 5) to predict in vivo dissolution has 
been explored for some time[10]. Simulated gastric, intestinal, and colonic flu-
ids are available on the market, with compositions based on physiological 
characteristics[59]. Improved in vitro–in vivo correlation is the main goal of 
using these media. Then again, GI tract fluids have been widely studied[24,59,60]. 
Based on content characterization, artificial fluids for fasted and fed condi-
tions have been developed. Due to controlled manufacturing, these assays are 
reproducible even in cross-laboratory settings for drug dissolution studies[61]. 

 
Figure 5. Mucus model for studying drug interaction. Different categories were sorted 
based on the level of biosimilarity to in vivo conditions, ability for standardization 
and high-throughput assays, and accessibility or economic feasibility. 

The development of biosimilar mucus to mimic small intestinal mucus has 
also been studied[62–66]. Research by Boegh et al. reported cytotoxicity of na-
tive porcine intestinal mucus toward Caco-2 cells[62]. Therefore, designing bi-
ocompatible artificial mucus is necessary to ensure an appropriate permeabil-
ity profile across the mucosal layer. With the FDA Modernization Act 2.0, 
alternatives to animal testing that provide predictive capability are continu-
ously endorsed[67]. Thus, the development of artificial colonic mucus is a 
promising alternative that enables the study of drug absorption while mitigat-
ing challenges posed by usage of native colonic mucus. 

 



 

 20 

Absorption process in mucus as a hydrogel 
The drug absorption process is a crucial step in delivering drugs to their target. 
According to the current Biopharmaceutics Classification System (BCS), 
drugs are classified based on their solubility and permeability[68]. The Devel-
opability Classification System (DCS) further classifies BCS class II drugs by 
distinguishing between dissolution rate-limited drugs (class IIa) and solubil-
ity-limited drugs (class IIb). In both classification systems, most current stud-
ies focus on class II (low solubility and high permeability) and class IV (low 
solubility and low permeability) due to the challenges and opportunities to 
improve absorption through formulation. Current drug formulations use con-
trolled release (CR), modified release (MR), and extended release (ER) strat-
egies to target the colon[69]. These approaches allow for supersaturated drug 
dosage forms to improve drug dissolution and absorption. 

Molecules in solution are transferred from one place to another depending 
on various factors. This process is called diffusion, which depends on several 
factors as described by the Stokes-Einstein equation (Eq. 1). Passive diffusion 
occurs as a mass transfer phenomenon from higher concentration to lower 
concentration. 𝐷 = 𝑘𝐵𝑇6𝜋𝜂𝑟 (Eq.1) 

Where D is the theoretical mass diffusion coefficient (µm2/s), kB is the Boltzmann 
constant, T is the temperature (oK), η is the fluid viscosity (Pa·s), and r is the hydro-
dynamic radius of the particles (nm). 

Particle movement in a medium can be random or influenced by other fac-
tors. These movements are referred to as Brownian motion and non-Brownian 
motion[70]. In this thesis project, the colloidal medium is native colonic mucus 
or biosimilar mucus. As described in previous studies[71,72], mucus is a com-
plex structure with pores that hold water pockets. Depending on their proxim-
ity to the mucus network, particles may interact with the mucus, thus influ-
encing diffusion. 

Diffusing particles moving in mucus yield 3D trajectories. These trajecto-
ries can be characterized by mean squared displacement (MSD)[43], which 
quantifies particle movement over a defined time period. From displacement 
over time, the dominant mode of particle movement can be classified. Common 
practice is to classify movement based on the slope of curve fitting (α) or the 
anomalous diffusion coefficient. Based on this analysis, particles can be classi-
fied as immobile, subdiffusive, diffusive, or superdiffusive (active transport). 

Mucus, as a complex network environment, has its own physicochemical 
properties. Depending on the charge of the mucus and particles, transient or 
prolonged binding may occur as a result of electrostatic interactions. This 
binding phenomenon can be utilized as a drug delivery strategy, specifically 
in the design of mucoadhesive drug carriers. Entrapment of particles may also 
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occur due to size filtering[73]. Due to diffusion and binding interactions in the 
mucus environment, particle permeability through the mucus is affected. 

Connecting in vitro experiments and computational 
analysis 
The study of drug administration, distribution, metabolism, and excretion 
(ADME) in the human body often faces challenges such as patient variability 
and the need for non-invasive sampling. Therefore, the development of a “dig-
ital twin” system containing physiological information could help predict drug 
ADME (Fig. 6). Moreover, the screening of drug kinetics also aids in design-
ing better drug delivery strategies[74]. 

To fully utilize data from in vitro experiments, computational models can 
simulate in vivo data. Physiologically based pharmacokinetics (PBPK) is one 
approach that enables incorporation of complex parameters, ranging from 
compound formulation and gut physiology to pharmacokinetic parameters. 
Among various PBPK models, there are compartmental and non-compart-
mental models. These models differ in parameter complexity, and both can be 
used to validate each other[75]. 

 
Figure 6. In vitro–in silico interdependency provides input for one another. Example 
of application in the projects is illustrated. 

There is no specific PBPK software endorsed by the FDA; however, appli-
cants must report details of the software version, model structure, and param-
eter value sources according to the Physiologically Based Pharmacokinetic 
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Analyses - Guidance for Industry by the FDA (August 2018)[76]. In the context 
of GI tract modeling and colon drug delivery, the current model with Gas-
troPlus™ Advanced Compartmental and Transit (ACAT) enables modeling 
of drug delivery formulations. Recent studies have developed models with pa-
rameters that enable simulation mimicking clinical pharmacokinetic stud-
ies[77,78]. Therefore, input from improved permeability experiments can be 
used to simulate dosing in pharmacokinetic models. 

Importance of connecting in vitro data with in silico analysis is also demon-
strated by observation of particle diffusion in mucus yields complex data with 
multiple parameters. Regression-based analysis of curve fitting may introduce 
error due to selection of the timeframe[79]. Therefore, the application of ma-
chine learning algorithms to classify multiple particle tracking data based on 
feature analysis is a promising approach[80]. 
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Aims of the thesis 

The overall aim of this thesis was to develop an in vitro platform that enables 
investigations of the role of colonic mucus in drug absorption, with a focus on 
drug diffusion, binding, and permeability (Fig. 7). 

 

 
Figure 7. Project summaries with illustrations of graphical abstracts. 
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The specific aims of the thesis based on the projects were: 
 

• To develop canine artificial colonic mucus (CACM) that captures the 
properties of native canine colonic mucus as a barrier to drug diffusion 
(Paper I). 

• To improve the similarity of a previously developed porcine artificial 
colonic mucus (PACM) to native porcine colonic mucus for drug dif-
fusion studies by polymer substitution (Paper II). 

• To identify the artificial mucus model that best replicates the key dif-
fusion behaviors observed in the native system, providing insights 
into the development of improved mucus-mimicking materials for 
drug delivery applications (Paper III). 

• To study human colonic mucus properties and make interspecies com-
parisons with animal models (dog and pig for translational purposes 
(Paper IV). 

• To design an improved PBPK model of colon absorption, taking drug 
diffusion and dissolution in colonic mucus into consideration (Paper V). 
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Methods 

Isolation of mucus & Ethical statement 
Depending on the sample type, the mucus collection strategy also differs. Tis-
sue samples allow for direct scooping of mucus with a spatula, as described in 
Papers I & II for canine and porcine colon tissue. However, for patient biop-
sies (Paper IV), the tissue size is too small to isolate mucus with a spatula. 
Therefore, resuspension of the mucus with buffer is necessary for isolation. Re-
search investigations by Dubbelboer et al. (2022) and Barmpatsalou et al. (2022) 
have detailed the process of mucus collection[12,25] for canine native colonic mu-
cus (CNCM) and porcine native colonic mucus (PNCM) respectively. 

For human native colonic mucus (HNCM) sampling, samples from the 
colon of adults under 40 years and children under 18 years were taken from 
patients undergoing investigation for suspected IBD at participating units. The 
patient group represents a large proportion of newly diagnosed patients who 
have not yet received treatment and usually do not have other underlying dis-
eases. Ethics approval for this study was granted by the Swedish Ethical Re-
view Authority (codes 2022-01570-01 and 2025-03918-02) under the project 
title “Studier av inflammatoriska mag-tarmsjukdomar hos barn, ungdomar och 
unga vuxna; Kartläggning av mekanismer kring uppkomst, diagnostik, sjuk-
domsförlopp och effekt av behandling, för vidareutveckling av metoder för 
diagnostik, uppföljning och behandling,” or “Studies of inflammatory gastro-
intestinal diseases in children, adolescents and young adults; Mapping of 
mechanisms surrounding the onset, diagnosis, disease course and effect of 
treatment, for further development of methods for diagnosis, follow-up and 
treatment.” Examinations are routinely performed under general anesthesia in 
children and adolescents. The physician examines the gastrointestinal mucosa 
and routinely takes tissue biopsies from 16–18 sites for clinical microscopic 
assessment by a pathologist. For patients who agreed to participate, 2–4 addi-
tional tissue samples from the intestinal mucosa were taken for the study dur-
ing this routine examination. Each biopsy is approximately 1 mm3 in size, 
compared to tissue from porcine (4 – 6 m)[81] and canine (around 0.6 m)[82]. 
Sampling extended the examination and possible anesthesia by approximately 
10 minutes. Samples were coded and stored in biobank freezers (−80°C). 
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Formulation of artificial colonic mucus 
Formulations of the PACMs (Paper II) were adapted from published work[12], 
with modifications to the polymer type and concentration. Polyacrylic acid 
(PAA), the polymer used in the previously established PACM, was used for 
comparison. 

Polymer candidates were selected through a literature review, considering 
their proposed use in artificial mucus models and their likelihood of providing 
(i) a gel-like structure, (ii) a net negative charge at colonic pH (pH 7.3–7.5[12]), 
and (iii) a mesh microstructure (porous due to crosslinks of polymer). Poly-
mers selected in this study were chosen to enable production of artificial mu-
cus in a standard laboratory, hence, commercially available polymers were 
focused on. Based on these criteria, five polymers were selected (Paper II). 
PAA and hydroxyethyl cellulose (HEC) have been proposed as suitable poly-
mers for artificial mucus, to mimic the mucus barrier of the porcine intes-
tine[13] and horse respiratory tract[64], respectively. Sodium hyaluronate (SH) 
and a porcine stomach mucin type III mixture have also been proposed, where 
the high molecular weight SH modulates mucin nanostructure and mesh 
size[83]. Sodium alginate (SA) has been used to hinder diffusion in small intes-
tinal mucus by providing barrier properties to mimic the mucus[84]. Pectin 
mixed with mucin has been shown to enhance the mucin network through 
electrostatic interactions, resulting in increased viscosity[37]. 

An initial screening of the required polymer amount was performed 
through visual inspection, by serially adding the polymer (1% to 5% w/v) until 
a gel-like structure similar to the PACM PAA model was obtained. The ap-
propriate amount was confirmed by viscosity sweep and storage modulus 
measurement, with targets to mimic PNCM values (Paper II). In a second 
step, the polymer (HEC) that produced a zeta potential (for measurement set-
tings, see below) similar to PNCM was selected and further optimized. At this 
stage, the buffer was changed to achieve a PACM pH similar to that of the 
PNCM. MES in the mucus buffer was replaced with N,N-Bis(2-hydroxy-
ethyl)-2-aminoethanesulfonic acid (BES), and the HEC zeta potential was 
compared to the control (PACM PAA in BES). In a third step, the concentra-
tion of HEC was optimized to produce interactions between the drug mole-
cules and the mucus mesh similar to those observed in PNCM. 

Mucus physicochemical inherent characterization 
Bulk rheology measurement 
An ARES-G2 strain-controlled rheometer (TA Instruments, Delaware, USA) 
with Advanced Peltier System (APS) accessory was used for rheology meas-
urements. The equipment had a A 25-mm diameter stainless steel upper 
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geometry (0.0174 rad cone angle and 0.021 truncation gap) and a 60-mm di-
ameter lower geometry with hardened chromium surface and quick-change 
system. Visual observation after each measurement confirmed samples were 
properly loaded in between geometries. The cone and plate geometry were 
selected to provide more grip on the sample and reduce the sample size 
needed. Mucus sample rheology was profiled at 37°C in a solvent trap to pre-
vent evaporation. The apparent viscosity (η) of mucus samples was continu-
ously measured by ramping the shear rate from 0.1 to 500 s-1. The linear vis-
coelastic region (LVR) was identified in an amplitude sweep from oscillation 
strain 0.01 to 100.0%, at 1 Hz frequency. Finally, the storage (G’) and loss 
modulus (G’’) were measured in a frequency sweep from angular frequency 
0.63 to 60 rad/s at 0.5% oscillation strain. The settings were within the LVR 
to prevent structural damage, and 0.5% was chosen to accommodate for both 
native and artificial mucus without getting to the lower limit of detection. The 
rheological profiles of the artificial mucus samples were compared to the na-
tive ones established by Barmpatsalou et al.[12]. 

Structural analysis with Cryo-SEM 
Native mucus samples were kept on ice without freezing (to prevent ice crystal 
formation) during transport to the microscopy facility, then submerged in liq-
uid nitrogen (-200oC) with a Leica EM ICE high pressure freezer (Leica, 
Wetzlar, Germany) at 325 milliseconds and 2200 bar. Samples were placed in 
200-micron deep gold-plated planchets with flat planchet tops. Prior to imag-
ing, the flat top planchet was removed. PACM samples were prepared one day 
before high-pressure freezing and handled in the same manner as above. 

Samples with planchets were stored in liquid nitrogen until imaged. At the 
beginning of the imaging session, samples were sublimated inside the Aquilos 
2 cryo-FIB-SEM for 17 minutes at -110 oC and 5 x 10-7 mbar. Following sub-
limation, the Aquilos 2 was cooled to -190 oC and the samples were sputter-
coated with platinum to prevent charging. Scanning electron microscopy im-
ages were obtained using an Aquilos 2 cryo-FIB-SEM (Thermo Fisher Scien-
tific). Images were collected using an Everhart-Thornley secondary electron 
detector with 3 kV, 13 pA, and 1 µs dwell time. These settings were chosen 
to reduce sample damage. 

Images were analyzed with FIJI software using the image binarization pro-
cess. This process involves pixel thresholding (0 to 75 fixed values, the same 
for all images) to distinguish pores and mesh. Scale of measurements were set 
based on a micrograph scalebar. The “analyze particles option” was chosen, 
and size range was set at minimum 0.1nm (to eliminate noise) to infinity. De-
fault circularity was chosen (between 0-1). Feret maximum and minimum di-
ameters were obtained for comparison with the theoretical mesh size obtained 
from the storage modulus. The Feret measurement was also performed manu-
ally, to compare with the binarization. 
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Surface charge 
One of the factors influencing diffusion and binding interactions is surface 
charge. To determine the surface charge of a porous material (Fig. 8), the cur-
rent standard is electrokinetic measurement by streaming potential current[85]. 
This method has been used in various porous films. Mucus is a hydrogel with 
pores; therefore, this technique was studied by using the SurPASS electroki-
netic instrument (Anton Paar GmbH). Unfortunately, the measurement was 
unsuccessful because the mucus between the clamps was carried away by the 
streaming electrolytes. Another idea, using atomic force microscopy (AFM), 
was also explored[86]; however, the probe explored was not compatible with 
studying mucus topology due to binding. Considering that mucus is a complex 
hydrogel with both hydrophobic and hydrophilic components, this issue re-
quires further investigation. Since other approaches are not feasible for char-
acterizing mucus surface charge, DLS was used as described in Papers I–IV. 

 

 
Figure 8. Various surface charge measurement methods explored in this project. 

The dynamic light scattering (DLS) technique for measuring hydrogel size has 
been reported by Wang & Sande[87], with additional studies investigating the 
measurement of hydrogel zeta potential in buffer suspension[88]. Zeta potential 
was measured at 37oC with Litesizer 500 (Anton Paar) using an Omega cu-
vette with Smoluchowski approximation. Before each of the measurements, 
the Omega cuvette was tested with the Applied Microspheres (Anton Paar) as 
a control. Samples were prepared as a dispersion of mucus 0.05%-0.07% (w/v) 
in MilliQ-water. Each sample was measured five times following the assay 
guidelines developed in collaboration with Anton Paar, and three replicates 
were performed. 

pH, osmolality, density, and water content 
The pH, osmolality, and water content of the material may influence hydrogel 
structure. pH measurements were performed within 1 h after sample collec-
tion, using a micro-electrode (Orion Sure-Flow, Thermo Fisher Scientific). 
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Osmolality of the artificial colonic mucus was measured using the Fiske 210 
Micro-Osmometer (Advanced Instruments, Norwood, MA, USA). This sin-
gle-sample, freezing-point depression micro-osmometer uses a sample size of 
approximately 100 μg. Experiments were performed in triplicates. To study 
density of mucus, fluid density of mucus was measured with a pycnometer. 
For the pycnometer (BRAND™ BLAUBRAND®) measurement, the con-
tainer and sample mass were weighed on a Sartorius ENTRIS 224i-1s elec-
tronic micro-balance. The density was calculated based on volume of the pro-
vided calibrated vessel (5.316 cm3) at 20 oC. For water content analysis, ap-
proximately 200 mg of porcine native and artificial colonic mucus (PNCM 
and PACM) each were weighted on tared vials, sealed with parafilm perfo-
rated with a few holes, and frozen at -20°C overnight. Freeze drying was car-
ried out for 48h using a Flexi-Dry MP, FTS systems from CiAB, Sweden at -
80°C. Water content was calculated from the weight difference. 

Proteomics 
Mucus suspension were generated by vortex mixing and resuspending of co-
lonic biopsies with 300µL of KREBS buffer (without glucose). RIPA buffer 
were used to digest the mucus suspension together with vertical tip sonication 
for one minute. Then filter aided sample preparation (FASP) was imple-
mented. In brief, ultrafiltration membrane was used for retaining proteome 
content, while smaller contaminant molecules and interfering buffers were re-
moved. By utilizing the membrane as solid support, further steps of reduction, 
alkylation, and digestion of proteins were performed with ultrasound energy 
to speed up the process [89]. Followed this step, 200ng of peptides were utilized 
in 45 minutes run of LC–MS/MS Analysis. 

LC-MS/MS analysis are performed using a High Resolution Trapped Ion 
Mobility timsTOF HT mass spectrometer coupled to a nanoElute 2 LC system 
via a CaptiveSpray ionization source (Bruker Daltonics). 200 ng of peptide 
mixture sample reconstituted in 0.1 % FA will be loaded of reverse-phase C18 
HPLC column (PepSep XTREME with dimensions of 25 cm x 150 µm x 
1.5 µm, Bruker Daltonics) and  peptides will be separated in 45 min  with a 
gradient of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile 
(B) as follows: from 2% B to 17% B over 25 minutes; from 25 % B to 37% B 
over 35minutes; from 37 % B to 95% B over 45 minutes a flow rate of 
400 nl/min and a column temperature of 50°C. 

All data were acquired under the dia-PASEF mode with a MS1 scan range 
of 100-1700 m/z, and the collision energy was linearly interpolated between 
1/K0 values, from 20 eV at 0.6 Vs/cm2 to 59 eV at 1.6 Vs/cm2, keeping con-
stant above or below. 

Peptide and protein identification were performed using DIA-NN version 
2.0.2. for academic use[90]. Default setting were applied with exception of MS 
accuracies set to 15. Protein group summary which generated at 0.01q values 
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was used for further data analysis. Data overview was performed using Amica 
software[91], whereas Venn diagram tool and Panther GO database [92] were 
applied for functional annotation of the dataset. Limma differential analysis 
package were used to analyse the data of gene expression [93]. 

Lipidomics  
Lipid profiling of the mucus suspension were performed with UHPLC/QTOF-
MS. Standard procedure of chloroform:methanol (2:1) extraction were per-
formed[94], followed by UHPLC separation of lipids based on polarity / fatty 
acids lengths using reverse phase column (C18). Internal standards were 
added to all samples before extraction process and were included for normal-
ization and evaluation purposes. Chromatography separation protocol[95] was 
followed, with gradient elution optimized for plasma lipid extracts start 
(53:13:34) (Acetonitrile:isopropanol:water) and final (11:89) (Acetoni-
trile:isopropanol). All mobile phases included 10mM NH4COOH & 0.1% 
HCOOH. An Acquity UPLC CSH 2.1x50 1.7um C18 column from Waters 
and an instrument QTOF 6546 instrument (“ODIN”) from Agilent were used. 
Electrospray ionization (ESI) MS scan 70-1700 m/z were used, collecting 4 
scan/s in positive mode. Data processing was done by quality assurance of the 
analysis (internal standards) and targeted data analysis using in-house data-
bases of Swedish Metabolomics Centre, Umeå. 

Mucus physicochemical interaction characterization  
Diffusion of particles in mucus  
To investigate the diffusion coefficient of particles in mucus, several methods 
can be used. In Papers I–II, the fluorescence recovery after photobleaching 
(FRAP) technique was used to determine diffusivity. Also time-gated Raman 
spectroscopy[96] to fingerprint the diffusion coefficient was explored, with fur-
ther optimization currently taking place to tune the laser pulse to reduce back-
ground signal. 

Fluorescence Recovery After Photobleaching (FRAP)  
Fluorescently labelled model drugs were used to study diffusion in mucus. 
The fluorescent intensity of a hydrogel system depends on the fluorophore 
attached to the drug model. Depending on the excitation and emission of the 
fluorophore, along with the extinction coefficient, recovery after intentional 
bleaching using a confocal microscope’s laser can be measured. A control re-
gion should be selected to monitor nonspecific or off-target bleaching. Follow-
ing bleaching after laser exposure, diffusion occurs during the recovery process. 
By correlating fluorescence intensity, the diffusion rate can be calculated. 
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Fluorescence recovery after photobleaching (FRAP) experiment was car-
ried out as described in Paper I & II. Mucus samples (300 μg) were prepared 
with 3.75μL of 10mg/mL FITC-dextran stocks to achieve a final concentration 
of 0.125mg/mL in the mucus. The FITC-dextran loaded-mucus samples were 
put onto a glass slide with stacked cover slips set up to ensure sample thickness 
of 100 μm. Experiments were conducted in a 37°C temperature chamber. Im-
ages were recorded with a confocal microscope Zeiss CLSM 780 NLO and 
data collected using ZEN Black software (Carl Zeiss GmbH, Jena, Germany). 
At the beginning of experiments, samples were photobleached with maximum 
laser power for 3 seconds. Bleaching areas and control areas with circular 
shapes (20 μm diameter) were made inside the rectangle-shaped frame to in-
crease the speed of data acquisition. 

Diffusivity values were calculated with FRAPanalyzer[97] using double 
normalization settings: 

 𝐼௡௢௥௠ሺ𝑡ሻ =  𝐼௥௘௙_௣௥௘𝐼௥௘௙ሺ𝑡ሻ −  𝐼௕௔௖௞(𝑡) . 𝐼௙௥௔௣(𝑡) −  𝐼௕௔௖௞(𝑡)𝐼௙௥௔௣_௣௥௘  (Eq.2) 

where, 
I (t) norm - normalized intensity; 
I (t) frap - measured average intensity inside the bleached spot; 
I (t) ref - measured average reference or whole studied compartment (cell, nucleus, 

etc.) intensity; 
I (t) back - measured average background intensity outside the cell; 
Subscript pre means the averaging of intensity in the corresponding region of interest 

(ROI) before bleach moment after subtraction of background intensity; 
and a diffusion model for the circular spot, based on modified Bessel functions: 
 𝐹𝑅𝐴𝑃(𝑡) = 𝑎଴ + 𝑎ଵ. 𝑒ି ఛଶ(௧ି௧ ௕௟௘௔௖௛).൭𝐼଴ ൬ 𝜏2(𝑡 − 𝑡 𝑏𝑙𝑒𝑎𝑐ℎ)൰+ 𝐼ଵ ൬ 𝜏2(𝑡 − 𝑡 𝑏𝑙𝑒𝑎𝑐ℎ)൰൱ 

(Eq.3) 

 𝜏 =  𝑤ଶ𝐷  (Eq.4) 

where τ is the diffusion time (s), w is the radius of bleach spot (µm) and D is the 
diffusion coefficient (µm2/s). Two normalizing coefficients (a0, a1) are introduced to 
account for the non-zero intensity at bleach moment and incomplete recovery. 
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Particle tracking  
In recent years, nanoparticles have emerged as a promising drug delivery strat-
egy. To evaluate nanoparticle diffusion in mucus, particle tracking methods 
have been developed[98,99]. Diffusion of fluorescently labeled polystyrene na-
noparticles[100], as a water-insoluble compound, provides predictive infor-
mation about penetrability[101]. 

During the particle diffusion process, several types of particle movement 
can occur. Although there are multiple opinions regarding classification, 
movement is generally categorized as dominantly immobile, subdiffusive, dif-
fusive, or superdiffusive (active transport)[102,103]. The mean square displace-
ment (MSD) of the trajectories is analyzed, and the diffusion coefficient can 
be inferred from the MSD. Diffusion of particles in soft matter, such as mucus, 
is highly dependent on the mucus environment[104]. Therefore, particle track-
ing experiments can also be used to probe matrix rheology, which, depending 
on the probe's surface area, can be classified as nano- or microrheology[104,105]. 

Nanoparticles movement were investigated using a custom-built spinning 
disk confocal microscope based on an Eclipse Ti2 body (Nikon) using a 
100×/1.42 NA Plan Apo Lambda objective (Nikon). Latex beads were studied 
in triplicates for each setting: polystyrene particles with sizes of 0.1, 0.2, 0.5, 
and 1 μm (carboxylate modified and hence, negatively charged) and 0.1, 0.2, 
1 μm (amine modified and hence, positively charged) were studied in PACM 
PAA, PACM HEC, and PNCM. The suspended latex beads were sonicated 
following the manufacturer’s instructions and thereafter 0.3 µL of the particle 
suspension was mixed with 40 mg of mucus. Dilution volume was minimal (less 
than 1% of the mucus) to avoid influencing mucus viscosity. Each time lapse 
video would be at least 100s in length with images acquired at 1 Hz in triplicate. 
Samples were incubated in a humidified chamber at 37oC. To avoid thermal 
drift samples in 18 well µ-Slides  (Ibidi, Gräfelfing, Germany), samples were 
equilibrated for approximately 45 minutes before recordings were taken[106].  

Time lapse movies were analysed with the FIJI[107] plugin MosaicSuite[108] 
with particle tracker[108]. For each type of particles, radius settings (in pixel 
units) were optimized to ensure particle detection. The cut-off and percentile 
were also set for determining stringency and signal intensity detection, respec-
tively. Following the particle tracking process, images were obtained and tra-
jectory files saved, which were then analysed with MPTHub[102]. Trajectories 
of at least 100 particles were analysed for each group of experiments. Follow-
ing the image acquisition, following input were used: lag time (Δt) 1000 ms, 
width of the full frame 182.83 µm, and a pixel size of 0.114 µm. 

Mean squared displacement (MSD) values ⟨Δ𝑟ଶ(𝜏)⟩ were determined by 
 ⟨Δ𝑟ଶ(𝜏)⟩ = [𝑥(𝑡 + 𝜏) − 𝑥(𝑡)]ଶ + [𝑦(𝑡 + 𝜏) − 𝑦(𝑡)]ଶ (Eq.5) 

where 𝑥 and 𝑦 denote coordinates between consecutive 𝜏 intervals[102]. 
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Derivation of particle diffusivity from the calculated MSD value was ob-
tained through 

 𝐷௘௙௙ = ⟨Δ𝑟ଶ(𝜏)⟩2𝑛𝜏  (Eq.6) 

 𝐷௪ = 𝑘𝐵𝑇6𝜋𝜂𝑟 (Eq.7) 

 ⟨𝛥𝑟ଶ(𝜏)⟩ = 4𝐷଴𝜏ఈ (Eq.8) 
 

where 𝑛 refers to dimensionality; 𝐷௪ is the theoretical diffusion coefficient of spher-
ical particles in water (µm2/s), 𝑘𝐵 is the Boltzmann’s constant 
(1.38 × 10–23 m2 kg s–2 K–1), T the temperature (oK), 𝜂 the fluid viscosity (Pa.s), and 𝑟 
the hydrodynamic radius of the particles (nm). D0 is the time-independent diffusion 
coefficient[102]. 

Analysis times (AT) were determined to be 100s and 10s (10% of the whole 
video, as suggested by Plaza-Oliver et al. to reduce error[109]). Frame filters (FF) 
were used to determine particle availability in a given number of frames to 
qualify for analysis. Here 1FF, 10FF, 50FF, and 100FF were selected meaning 
only particles that were detected in 1, 10, 50, and 100 frames, respectively, 
were included in analysis. 

There is no general consensus regarding data analysis and filtering param-
eters to obtain a good fit of anomalous coefficient from an mean squared dis-
placement (MSD) log slope[102,109]. Some studies report that increasing the 
time interval increases the error rate[79]. For determining the anomalous coef-
ficient (α), 10% of the total timeframe were chosen, corresponding to the MSD 
log slope (see Fig. S1, Paper II). To classify α into ratio of transport mode, 
suggestion by previous study[102] by Gabriel et al. were referred:immobile (0.0 
< α < 0.199), subdiffusive (0.2 < α < 0.899), diffusive (0.9 < α < 1.199), and 
active transport (1.2 < α < ∞). To reconfirm the trajectories analysis, machine-
learning based classifiers were applied (Paper III, or see section ‘Computa-
tional method & Data analysis’). 

Mucus binding assay  
During diffusion, there is a possibility of interaction between drug particles 
and mucus. Considering the properties of mucus, which is negatively charged, 
binding between cationic particles and anionic mucus can be observed. Sev-
eral assays have potential to measure this phenomenon (Fig. 9). 
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Figure 9. Various mucus binding assays explored in this project. 

To study drug binding, isothermal titration calorimetry (ITC, Malvern Pana-
lytical®) was used, which is a titration-based method with a thermal sensor. 
Depending on the caloric change, one can determine whether there is an exo-
thermic or endothermic reaction between two compounds[110]. An endothermic 
reaction would suggest a binding interaction. Preliminary studies indicated 
that some interaction was detected. However, the system also produced a high 
background, reducing the signal-to-noise ratio, and if this method is to be 
used, significant method development will be required to increase reliability. 

Another approach explored was the quartz crystal microbalance with dissi-
pation (QCM-D, Biolin Scientific®), a nanogravimetric mass balance system. 
By pumping mucus suspension onto a silica-based disc, binding interactions 
can be detected based on frequency shifts. This frequency shift can be extrap-
olated to a mass balance, providing the amount of mass either being deposited 
to or being transported away from the system. Unfortunately, preliminary ex-
periments showed that extensive optimization would also be necessary here to 
achieve stable binding of mucus as the baseline (Fig. 10). 

 
Figure 10. Mass of mucus (Canine artificial colonic mucus; CACM) suspension at-
tached to a silica-based disc coupled with various sizes (4, 40, and 70 kDa) and 
charges (cationic (+), neutral (neu), and anionic (-)) of dextran (dex), measured using 
the nano-gravimetry technique by quartz crystal microbalance with dissipation. 
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Microscale thermophoresis (MST) 
The interaction between FITC-dextrans and three mucus samples (PACM 
PAA, PACM HEC, and PNCM) was studied using a microscale thermophore-
sis (MST) fluorescent detector (Monolith NT.Automated) with capillary chips 
from NanoTemper Technologies GmbH (Germany). A stabile temperature of 
25 °C was maintained during recording of the fluorescence levels of FITC-
dextran and mucus samples at designated capillary positions. FITC-DEAE-
dextran were used as ligand, after being dissolved in 10 mM MES buffer pH 
6.5 at concentration of 2 µM based on a pretest. A pretest was performed to 
determine the detectable concentrations of FITC-dextran, using a Nano-Blue 
detector with λex 495nm and λem 519nm (the recommended settings for FITC). 
Maximum concentration for each sample was determined through preliminary 
testing. Mucus samples were dispersed in 10 mM MES buffer as stock solu-
tions (4; 25; and 25 mg/ml, respectively). The targets were prepared by serial 
dilutions of the mucus samples stock solutions with 10 mM MES buffer con-
taining 0.3% Tween-20 (resulting final concentrations ranging from 0.0024 to 
5 mg/ml) to prevent adsorption of the samples to the capillary chips. Mixtures 
of ligands and targets were inserted into the chips, followed by readings with 
10% excitation power and low MST power for 3s pre-MST, 10s during MST, 
and 1s post-MST. All buffers and samples were degassed by sonication before-
hand to avoid air bubble formation and experiments performed in triplicate.  

The normalized fluorescence was plotted as a function of concentration of 
the target to determine the dissociation constant (Kd). The Kd indicates the 
equilibrium of the ligand-target complex and describes the concentration-de-
pendent binding interaction. Reports and analysis of Kd-fit were generated us-
ing MO.Affinity Analysis (NanoTemper)) software. 

Mucus permeability assay 
To reach the systemic circulation, drugs must permeate the mucosal layer. One 
component of the mucosal layer is mucus, which acts as a barrier. In pharma-
cokinetics, in vitro permeability is defined as apparent permeability (Papp), 
which translates to effective permeability (Peff) in vivo[68]. 

The current approach for in vitro permeability studies uses cell monolayers 
such as Caco-2 cells. However, as demonstrated in Paper V and a study by 
Butnarasu et al.[111], the lack of mucus may lead to underestimation or overes-
timation of compound permeability. In Paper I, demonstration of how the 
mucus components would influence permeability were investigated. The per-
meability studies were carried out in 6-well Costar® Snapwell™ plates. The 
Costar® inserts, containing 12-mm diameter and 0.4-μm pores polycarbonate 
membrane with a support ring, were selected. 

Prior to applying the mucus layer, the apical side of the Snapwell™-cul-
tured cells was gently washed with pre-warmed (37°C) Hank’s balanced salt 
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solution (HBSS; pH 7.4) and allowed to equilibrate for 15 minutes. Following 
this, the transepithelial electrical resistance (TEER) was measured using the 
Millicell® ERS-2 system (Merck, Sweden) to assess monolayer integrity be-
fore mucus application. The plates were then transferred to 3D-print the mu-
cus (see section 2.3). The 2-ml receiver solution, HBSS with 4% BSA, was 
added to the lower compartment after the printing process. The plates were 
equilibrated at 300 rpm and 37°C for additional 10 minutes. An 11-mm diam-
eter nylon filter (11µm mesh size, Millipore®) was gently placed on top of the 
mucus layer to keep the layer remain intact during the entire permeability ex-
periment. The 300-μl donor solution, which contained budesonide, enalaprilat, 
and lucifer yellow in fasted state simulated colonic fluid (FaSSCoF, pH 7.8) 
at 116.5µM, 5µM, and 50µM was slowly added over the nylon filter and mu-
cus layer. The plates were transferred to a plate shaker and shaken at 500 rpm 
for 3 hours in an incubator kept at 37°C. Samples of 400 μl receiver solution 
were collected every 30 minutes, and the same amount of preheated (37°C) 
receiver solution was immediately added into the lower compartment to main-
tain the volume. The donor solution and the applied mucus were collected at 
the last time point. 

Apparent permeability was calculated by using the Equation 9): 
 𝑃𝑎𝑝𝑝 =  𝑑𝑄𝑑𝑡  ×  1𝐴 × 𝐶଴ (Eq.9) 

Where 𝑑𝑄 / 𝑑𝑡 is the transport rate across the membrane (µg/s), A is the surface area 
(113.1 mm2), and 𝐶଴ (µM) is the initial concentration of compound in the donor solu-
tion. 

3D printing 
To deposit mucus, a viscous material, a technique that allows precise control 
is needed. There are several types and variations of 3D printing, and extrusion-
based 3D printing is often chosen for bioprinting because it is suitable for hy-
drogels[112]. A study by Li et al. shown that hydroxyethyl cellulose, the poly-
mer used in the ACM formulation, has been shown to be beneficial as a for-
mulation additive, enabling tuning of extrusion printability and scaffold prop-
erties by altering viscoelastic properties[113]. Mucus thickness is a key factor 
influencing permeability. The current experimental approach using 
Transwell/Snapwell™ studies poses challenges in maintaining consistent mu-
cus thickness. Therefore, in Paper V, method using 3D printing (BIO X, Cel-
link®) was assessed to better control mucus thickness, which in turn affects 
permeability. 

To control the thickness of mucus on Snapwell™ setup, a gel extrusion-
based printer method was used. The artificial mucus was printed on top of the 
inserts by using BIO X 3D printer, (CELLLINK, Sweden). The 3D-printer 
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template was designed by using TinkerCad web-based software (Autodesk, 
USA) and two cylindrical shapes of 11.5-mm diameter (corresponding to the 
diameter of cell culture inserts) with a height of 0.2 or 0.8-mm height were 
created. The printer used a pneumatic print head with rectilinear infill pattern. 
The print head was manually calibrated. The 3D-printing parameters—print 
speed, pressure, nozzle type and infill density— were fine-tuned for each 
thickness (Table 1). Percentage of infill density would correspond to the ma-
terial deposition and time needed for printing [114], therefore in this study, op-
timization of it was performed to observe mucus mass and thickness on 
Snapwell™. Following the printing process, weight of the added mucus layer 
was recorded. The mass was used together with the measured density (Table 
S2 in Paper V) and cylinder geometry (Eq. 10 and Eq. 11), to calculate the 
volume and thereby the thickness of the printed mucus layer. The calculated 
thickness was confirmed with a digital microscope to measure the thickness. 
In Paper I, mucus was applied on Snapwell™ by direct addition. Comparison 
with previous setup of 200 mg direct addition of mucus was done[115] to check 
for thickness and evaluate the importance of 3D-printing step. 

  𝜌 =  𝑚/𝑉 (Eq.10) 

with volume of cylinder is: 
 

 

𝑉 = 𝜋𝑟²ℎ (Eq.11) 

Where 𝜌 is density (g/cm3), 𝑚 is mass (g), 𝑉 is volume (cm3), r is radius of cylinder struc-
ture (6 mm), h is the height (mm) or in this case the mucus thickness. 

 

Table 1. Parameters of mucus 3D-printing using BIO X. 

 Parameters 
Target 

thickness 
(mm) 

Tips 
(gauge/mm) 

Pressure 
(kPa) 

Speed 
(mm/s) 

Infill (%) 

0.2 27/0.20 55 9 40 
0.8 22/0.41 40 9 42 

 

Compound detection and quantification 
Depending on the model compound used to test interaction characteristics 
with mucus, different quantification methods can be employed. For the robust 
barrier marker lucifer yellow (LY), permeability is widely measured spectro-
photometrically using plate readers. For FITC-dextrans (large macromole-
cules), fluorescent plate readers can be used. For budesonide, sensitive meth-
ods based on chromatography and mass spectrometry (Waters® UPLC-
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MS/MS) are important to ensure accurate quantification. The LC-MS/MS sys-
tem used herein was a Waters Xevo TQ MS electrospray ionization coupled 
to an Acquity UPLC system (Waters, Milford, MA) and a Waters BEH C18 
column, 2.1 × 50 mm (1.7μm). The column was kept at 60°C, with a 2 min 
gradient and a flow rate of 0.5 mL/min. Solvent A consisted of 5% acetonitrile 
and 0.1% formic acid in water, and solvent B consisted of 0.1% formic acid 
in acetonitrile. The LC run used a linear gradient from 0.5 to 1.2 min starting 
at 5% of solvent B and ending at 90%, followed by a hold from 1.2 to 1.6 min 
and a linear gradient to return to the initial conditions at 1.7 min. Samples 
were kept at 10°C until injection. For normalization, 10 nM warfarin was used 
as internal standard. 

Computational methods & Data analysis 
Image analysis 
Microscopy visual data must be processed to be quantified. Using FIJI® soft-
ware, images can be processed to reduce background noise, as observed in the 
particle tracking experiments (Papers II–III). There are multiple approaches 
and algorithms to detect particles for tracking their trajectories. In principle, 
images need to be restored and enhanced, then particle locations must be de-
tected. Next, refinement of these locations ensures correct labeling of the par-
ticles, and noise signals must be distinguished from actual particles. Finally, 
locations are linked into trajectories, and error estimation is performed to 
gauge the brightness-weighted centroid estimation[116]. 

Image analysis also enables structural analysis from electron micrographs, 
as described in Papers I & IV. In principle, pore sizes were detected and 
quantified based on contrast thresholding. After detecting the pores, Feret’s 
diameter was calculated to estimate the effective mesh size. Using these esti-
mates and Eq. 12, the storage modulus of the mucus can be determined. 

 𝜉 = (𝑘஻  ×  𝑇𝐺′ )ଵଷ (Eq.12) 

Where ξ  is the effective mesh size (nm), kB is the Boltzmann constant 
(1.38 × 10–23 m2 kg s–2 K–1), T is the absolute temperature (oK), and G′ is the storage 
modulus (Pa). This equation estimates the mesh size assuming a cubic lattice[117,118]. 

Machine-learning-based algorithms 
Nanoparticles in the mucus system, which is a polymer network with complex 
compositions, experience various interactions. Thus, the movement of the par-
ticles cannot be characterized by simple Brownian motion. Anomalous 
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diffusion refers to any type of diffusion that deviates from classical Brownian 
motion[119]. Complex trajectory analysis with MSD-based fitting may intro-
duce error depending on the selected timeframe[79,99]. Therefore, advanced tra-
jectory analysis using machine learning classifiers based on features of diffu-
sion characteristics has been developed. Application of machine learning al-
gorithms to classify multiple particle tracking data has been used in recent 
years[80]. Machine learning algorithms can be classified based on complexity, 
starting from linear discriminant analysis (LDA) (logistic regression and 
Fisher’s LDA), classification-based methods (SVM and kNN), and ensemble 
methods that combine both classification-based and regression-based ap-
proaches (decision tree, random forest, GradBoost)[120,121]. Pinholt et al. high-
light the top two performing algorithms in classifying nano- and micro-parti-
cle diffusion trajectories as random forest and gradient boost systems[121]. 

Random forest 
Random forest methods construct several decision trees from the same train-
ing dataset. Predictions are aggregated from these trees and involve a bagging 
process. The bagging process repeatedly selects random samples with replace-
ment from the training dataset and fits trees to the selected samples. To retain 
independence and avoid correlations between the trees, for each tree, a random 
subset of features is selected[99]. 

Gradient boost system 
For gradient boosting, the trees are built sequentially by learning from previ-
ous mistakes. Its main difference compared to the random forest method is the 
interdependence of trees[99]. Furthermore, the gradient boosting method was 
highlighted for its classification accuracy of particle track data and its ability 
to interpret which statistical features contribute most to the predictions[80]. 

Physiologically-based pharmacokinetic (PBPK) model 
In Gastroplus®, the implemented model is the Advanced Compartmental Ab-
sorption and Transit (ACAT) model. The ACAT model uses compartments to 
describe drug states: unreleased (solid), undissolved (particles), and dissolved. 
Only when the drug exists in dissolved form can it be absorbed and interact 
with enzymes and transporters. This model allows exploration of dissolution-
rate-limited absorption and the effect of formulation release rates on pharma-
cokinetics[122]. The ACAT model calculates absorption based on fluid volume 
and local drug concentration (lumen and enterocytes). A limitation of the 
ACAT model is that the volume used is static, meaning it does not account for 
changes in the dynamic GI tract environment, and the driving gradient for ab-
sorption depends more on the amount of drug available. Another point men-
tioned by Yu et al. concerns fluid volume, which is unclear how it is deter-
mined in the ACAT model and is confounded by the absorption scale factor 
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(ASF)[123]. ASF is a coefficient multiplier used for scaling absorption rate-de-
termining parameters such as pH and surface-to-volume ratios with the effec-
tive surface area[124]. Model of drug dosing and compartment were made based 
on literature data. Clinical pharmacology and biopharmaceutics review docu-
ment from FDA Center for Drug Evaluation and Research were studied and 
graph’s data were digitized with PlotDigitizer™ (PORBITAL). 

Gastroplus™ 9.8.3 with gastrointestinal absorption (ACAT™) were used 
for modeling. First, new drug database (.mdb) were created. Then molecular 
structure of budesonide (.mol) was uploaded, with predicted physicochemical 
features calculated by the software Gastroplus™ 9.8.3. Controlled release data 
in vitro were taken from a study by Borra et al [125] and created as input file 
(.dsd). Input data were gathered from literature study (Table 3; Paper V), with 
the exception of apparent permeability that were obtained from the experi-
ments performed herein (Fig. 30). Clearance values were predicted from IV 
data (Paper V), and simulation were run for 48h corresponding to experi-
mental data for budesonide UCERIS® [126,127]. 

Statistical analysis 
GraphPad Prism 9.0 (GraphPad Software, CA, USA) was used for data visu-
alization and statistical analyses. An unpaired t-test was used to evaluate dif-
ferences between two groups, whereas a one-way ANOVA followed by 
Holm-Sidak's multiple comparisons test was used to evaluate differences be-
tween more than two groups. P values less than 0.05 were considered statisti-
cally significant. The ANOVA nonparametric test (Kruskal–Wallis test) was 
used for data assumed to have a non-normal distribution (pore size data). Wil-
coxon paired t-tests were used for comparison of Feret diameters. Data clean-
ing (compiling values and converting units) was performed in Microsoft Ex-
cel. For the MST results, analysis and graph plotting were done with MO.Af-
finity Analysis (NanoTemper, Germany) software 
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Results and Discussion 

The different studies performed in this thesis, with focus on inherent character-
ization and formulation of mucus, interspecies differences in colonic mucus and 
the role of mucus in drug interactions and absorption are summarized in Fig. 11. 

 
Figure 11. Overview of research workflow based on the five subprojects of the thesis. 
Initially, characterization of the native colonic mucus was performed to formulate ar-
tificial colonic mucus (ACM). This is followed by comparisons of interspecies differ-
ences and differences in ACM models. From a drug delivery perspective, drug inter-
action studies with mucus were performed and the obtained results was used in com-
putational modelling and simulation. 



 

 42 

Human native colonic mucus show slight differences in 
structural and physicochemical properties, as well as 
protein composition, between groups. 
Human native colonic mucus has a porous structure similar to that of ca-
nine[25,115] and porcine[12,63] mucus, forming a heterogeneous, tortuous medium 
with non-circular pores (Fig. 12). This porous structure exhibits a range of 
Feret’s minimum diameters, from 6 to 520 nm, across the studied groups (chil-
dren inflamed, children healthy, and adult healthy individuals; Paper IV). 

 

      

     
Figure 12. Representative Cryo-SEM micrographs of native human colonic mucus: 
inflamed child (A), healthy child (B), and healthy adult (C). Images resulting from the 
binarization process to allow detection of the pores are shown in figures D-F. 

After acquiring the mucus images, calculation of the storage modulus from 
extrapolation of pore size can be performed by using Eq. 12 (Paper II). A 
slightly higher median pore size was observed in the inflamed children group 
(25.41 nm) compared to the healthy children (20.72 nm) and healthy adults 
(20.89 nm) groups (Fig. 13). This corresponds to a lower storage modulus in 
the inflamed children group (0.0002544 MPa) compared to the healthy chil-
dren (0.0003079 MPa) and healthy adults (0.0003058 MPa) groups. This find-
ing aligns with the reported structural weakening of colonic mucus in the early 
stages of ulcerative colitis[128]. Zeta-potential values (Fig. 14) showed that the 
adults healthy group has a lower value of -24.55 ± 3.654 compared to children 
inflamed (-19.19 ± 6.520) and children healthy (-18.52 ± 8.039). 
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Figure 13. Mesh size and storage modulus values of colonic mucus: inflamed child 
(purple), healthy child (light pink), and healthy adults (blue) (n=3). 
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Adult healthy x¯ = -24.5 ± 3.65

Child healthy x¯ = -18.5 ± 8.04
Child inflammed x¯ = -19.2 ± 6.52

 
Figure 14. Zeta potential of human native colonic mucus (NCM) samples dispersed 
in Milli-Q water. Note the interindividual variability in most samples. Child inflamed 
NCM in purple (n=7), child healthy NCM in light pink (n=5), and adults healthy NCM 
in blue (n=12). Each sample was measured with five technical replicates, mean values 
are provided with standard deviation. 

Global data-independent acquisition (DIA) proteomics analysis revealed sim-
ilarity in the majority of protein composition, with 7,379 types of same pro-
teins present in each group. Whereas other study manages to detect only 
around 900 proteins[128]. Visual observation by the clinician was performed 
during biopsy sampling to determine the healthy and inflamed region of the 
colon. In healthy adults, membrane-bound proteins, CYP (cytochrome P450 
enzymes), and SLC (solute carrier transporters) were detected, indicating mat-
uration of the mucosal region and healthy xenobiotic detoxification func-
tion[129]. In the healthy child group, unique types of mucins (MUC6, MUC3A, 
and MUC17) were detected, indicating developmental progression of mucin ex-
pression between children and adults. Furthermore, the results of proteomics 
further verified inflammation status, as pro-inflammatory cytokines (TGF-β, IL-
37, and ANGPTL2) were detected only in the inflamed child group (Fig. 15). 
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Figure 15. Proteomic data obtained from mucus samples. (A) Venn diagram of the iden-
tified proteins among healthy adult, healthy child, and IBD-diagnosed pediatric groups. 
Data from three or four different donors were used per condition, and a protein was 
considered identified if detected in at least one sample per group. Biologically meaning-
ful findings are highlighted for each group. (B) Normalized expression values for mucin 
proteins detected in the dataset: inflamed child (purple), healthy child (light pink), and 
healthy adult (blue) (n=3). Data are presented as mean values ± SD. Based on limma 
differential expression analysis, no statistically significant differences were detected.  

The unique proteins identified in inflamed children are TGF-β, IL-37, and 
ANGPTL2. These proteins are associated with IBD progression[130–132]. Other 
proteins that differed between the inflamed and healthy children group were 
MUC6, MUC3A and MUC17 that only were present in the healthy children 
group. Earlier study have investigated the importance of MUC17 in protection 
against Crohn’s disease[133]. Expression of MUC6 and MUC5AC may play a 
role in epithelial wound healing or have protective effects on the mucosal 
layer[134]. MUC2 expression in the colon is dominant under normal condi-
tions[135,136], and this finding is consistent with its higher abundance in healthy 
adults compared to children (Fig. 15). Macierzanka et al. have also describes 
a more robust mucus barrier in adult pigs compared to piglets[103]. 

One interesting highlight is the high albumin content discovered in all three 
groups of colonic mucus. This finding seems to be in agreement with the find-
ings in canine[25] and porcine[12] model, along with findings by Van der Post 
et al. from human colonic mucus taken from biopsies[137]. The findings provide 
the basis for the formulation of artificial colonic mucus (Paper I-II), while 
albumin influence on mucus barrier property was demonstrated (Fig. 25). 

Types of lipids present in the mucus are important to identify, since the 
lipid present will influence the mucus properties, including the zeta potential 
of the hydrogel formed[138]. Based on the analysed samples, 10 groups of lipid 
classes were identified from healthy adult and healthy children (Table 2). 
Three larger groups of lipids were present across the samples (Fig. 16); phos-
pholipids (PL), sphingomyelins (SM), and triacylglycerides (TG). 
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Figure 16. Total ion chromatogram showing detected peaks from colonic mucus sus-
pension samples of adult (blue) and child (green), both in the healthy condition. 

Based on the structural analysis, physicochemical properties (storage modulus 
and zeta potential), proteomics-lipidomics study, it can be concluded that hu-
man native colonic mucus shows similarity between healthy adults and 
healthy children, as well as between healthy and inflamed children. 

Interspecies differences in the physicochemical 
properties of porcine, canine, and human colonic mucus 
As described in the introduction, interspecies differences account for chal-
lenges when translating in vitro and in vivo drug absorption results obtained 
under different conditions. Therefore, it is important to understand the simi-
larities and differences in the characteristics of canine, porcine, and human 
native colonic mucus (NCM). Visual observation of the Cryo-SEM images 
confirms the heterogeneous porous network of colonic mucus in canine (Pa-
per I), porcine (Paper II), and human (Paper IV). Results are compiled in 
Fig. 17. Based on image analysis, the storage modulus of mucus was calcu-
lated (Fig. 18; Paper II). This analysis was performed due to challenges and 
limitations in sample volume from human biopsies, and alternative methods 
for rheological assessment were developed based on image analysis. Compar-
ing the median storage modulus between porcine NCM obtained through rhe-
ology (9.384 × 10–3 MPa) and porcine NCM obtained through Cryo-SEM im-
age analysis (1.029 × 10–2 MPa) validated this technique. The storage modulus 
of human colonic mucus across groups (2.544 × 10–4 to 3.079 × 10–4 MPa) is 
in the lower range of porcine NCM (4.5 × 10–5 to 2.6 × 10–2 MPa), while ca-
nine NCM storage modulus is lower than both human and porcine (4.299 × 
10–5 MPa; from rheometer). 
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Figure 17. Representative Cryo-SEM images of colonic mucus porous structure. (A) 
Canine native colonic mucus, (B) porcine native colonic mucus, and (C) human native 
colonic mucus. Note that due to differences in sample preparation steps for the canine 
samples (direct liquid nitrogen vitrification) versus porcine and human samples (high-
pressure freezing), quantitative comparisons would be inaccurate. Different magnifi-
cations apply; scale bar for canine: 10 μm; scale bars for porcine and human: 1 μm. 

 
Figure 18. Storage modulus values of colonic mucus. (A) Comparison between pig 
native colonic mucus (PNCM) (n=3) with two methods (rheometer (light orange) and 
Cryo-SEM (red)) from published study[12,139], along with canine native colonic mucus 
(CNCM) (n=4) with rheometer (light brown) from published study[25], inflamed chil-
dren (purple), healthy children (light pink), and healthy adults (blue). (B) The storage 
modulus of formulated artificial colonic mucus (orange), which is similar to human 
native colonic mucus (n=3). 

From the calculation of storage modulus (Fig. 18), human NCM overlapped 
with the lower range of porcine mucus, whereas canine mucus had an even 
lower storage modulus range. This may be because pigs consume larger 
amounts of food compared to humans and may therefore need a thicker barrier 
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to protect the colon. In addition, the porcine colon hosts a 10- to 100-fold 
higher density of microbes compared to the human colon (porcine 1010–1011 
per gram[140]; healthy human average 109 per mL[45]). When comparing zeta 
potential of the mucus obtained from different species, similarities were found 
between pig NCM and all human samples (Fig. 19). 

 
Figure 19. Zeta potential of native colonic mucus (NCM) samples dispersed in Milli-
Q water. Porcine NCM (red)[139], Canine NCM (light brown)[25], adults healthy NCM 
(blue), children healthy NCM (light pink), and children inflamed NCM (purple). Each 
sample was measured with five technical replicates, mean values are provided with 
standard deviation. 

 
Table 2. Lipids classes detected on the samples 

Abbrevi-
ation 

Lipid class Fatty acids 
(FA) 

Polarity 

PL phospholipid 2*ester 
 

LysoPL Lyso means 1*FA and free alcohol 1*ester 
 

TG triacylglyceride 3*ester Pos 
DG diacylglyceride 2*ester Pos 
PC Phosphatidylcholine / lecithin 1-2*ester Pos  

PC(O-X:n) 1-2*eter Pos 
SM sphingomyelin alcohol+amide Pos 
Cer ceramide alcohol+amide Pos 
PE phosphatidylethanolamine 1-2*ester Pos 
PS phosphatidylserine 1-2*ester Pos 
PI phosphatidylinositol 1-2*ester Neg 

The group of lipids detected in human colonic mucus samples are also found 
in porcine and canine colonic mucus. Glycerophospholipids are the main 
group detected in both canine[25] and porcine[12], while in human phospholipids 
were one of the groups detected (Table 2). Sphingomyelin group is also de-
tected in PNCM[12]. This highlights similarity between interspecies colonic 
mucus. Lipids composition would influence diffusion of particles[141,142], and 
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heterogeneous nanostructures corresponds to lipids may cause anomalous dif-
fusion[143]. Taken together, mucus from canine model is the least similar com-
pared to porcine and human. Whereas human colonic mucus storage modulus 
is at the lower range of porcine colonic mucus. 

Artificial colonic mucus can capture the inherent 
characteristics of native colonic mucus. 
Physicochemical properties influence the diffusion process. To mimic native 
mucus barrier properties, characterization of both native and artificial mucus 
is crucial. After characterization and optimization, the developed porcine ar-
tificial colonic mucus (ACM) closely resembles human NCM. The porous 
structure of mucus can be observed in native colonic mucus (Paper I, II, IV). 
The structure of native colonic mucus can be replicated by artificial colonic 
mucus mimics. 
 

Figure 20. Representative Cryo-SEM micrographs of native mucus (A, D), PACM-
PAA (B, E), and PACM-HEC (C, F). Resulting images from a binarization process 
allow detection of the pores (D, E, F). Scale bars: 1 μm. 

Consistently, the pore size and storage modulus of ACM can mimic human 
NCM values (Fig. 20 & 22). The viscoelastic properties are also replicated, 
showing higher storage modulus than loss modulus, confirming the gel char-
acteristics in both native and artificial colonic mucus (Fig. 21). This finding is 
in alignment with current literature[46,62,144,145], which confirms that mucus is a 
viscoelastic hydrogel. 
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Figure 21. Amplitude sweep measurements showing viscoelastic behavior and the linear 
viscoelastic region. Black circles indicate the loss modulus; colored circles indicate the 
storage modulus. (A) Porcine native colonic mucus, blue; (B) PACM HEC, red. 

 
Figure 22. Storage modulus values of colonic mucus. Comparison between inflamed 
children (purple), healthy children (light pink), and healthy adults (blue). The storage 
modulus of formulated artificial colonic mucus (orange) is similar to human native 
colonic mucus (n=3). 

Following structural characterization by Cryo-SEM imaging and storage mod-
ulus measurement, the zeta potential of the mucus (Fig. 23) was determined. 
Zeta potential influences interaction characteristics as described (Paper II). The 
formulated ACM-HEC captured the zeta potential of human NCM. It closely 
matched both children groups and was in the range for the healthy adults, alt-
hough the latter group generally had a slightly lower zeta potential value. 
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Figure 23. Zeta potential of artificial colonic mucus (ACM; orange) samples dispersed 
in Milli-Q water contrasted with human groups. Note the interindividual variability in 
most samples, adults healthy NCM (blue), children healthy NCM (light pink), and chil-
dren inflamed NCM (purple). Each sample was measured with five technical replicates. 

Microrheological analysis based on particle tracking, performed in Paper III, 
reveals that the formulated ACM can also capture the microrheological prop-
erties of NCM (Fig. 24). This was demonstrated by the similar range of elastic-
to-viscous modulus ratios (Fig. 24 (d), (h), (l), and (p)) across different sizes 
of nano- and microparticles. Cosine similarity analysis (Paper III) showed 
that PACM-HEC and PACM-PAA are more similar to each other than to 
PNCM, which is logical given the nature of artificially formulated mucus. 
However, PACM-HEC is more similar to PNCM compared to PACM-PAA, 
possibly due to charge properties (Fig. 26). It has been shown that similarity 
in macrorheology between mucus mimics may not translate to similarity in 
microrheology[71]. Microrheology values provide insight into the diffusion 
barrier experienced by nano- and micro-sized particles[146], which is important 
in the context of drug delivery. It has been shown that mucus microstructure 
plays a role in determining microrheology values[64] due to porous structure, 
which observed in Fig. 16 and Fig. 19. Lower viscosity values (elastic-to-vis-
cous ratio) are expected in smaller particle sizes group[64] since smaller particle 
size would have less contact with the network structure. 
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Figure 24. Comparative analysis of rheological properties—including elastic modu-
lus, viscous modulus, viscosity, and creep compliance—across different mucus types: 
PNCM, PACM-HEC, and PACM-PAA. Violin plots combined with box plots are 
used to visualize the data. The first row (a–d) shows experimental bulk measurements, 
while the second (e–h), third (i–l), and fourth rows (m–p) present values calculated 
from particle trajectories of 100, 200, and 1000 nm particles, respectively. Each plot 
combines features of a box plot and a kernel density plot. The white dot at the center 
of each violin plot represents the median value. The box surrounding the dot indicates 
the interquartile range, covering the middle 50% of the data. The lines extending from 
the box represent the data range, excluding outliers, and help visualize overall data 
spread and variability. The outer violin shape illustrates the full distribution density, 
showing where data points are more concentrated or spread out. 
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The inherent physicochemical properties of mucus 
determine its interaction characteristics. 
In the previous investigation by Barmpatsalou et al., artificial colonic mucus 
mimicking porcine native colonic mucus was formulated with optimized pro-
tein and lipid contents[13,63]. Integration of the main mucus components (mu-
cin, BSA, and lipids) (Fig. 25) is necessary for robust barrier properties (Pa-
per I). Exclusion of mucin, bovine serum albumin (BSA), or lipids in the 
study resulted in increased permeability (Fig. 25). As shown in the figure, ab-
sence of mucin in the ACM led to a 3-fold increase in the permeated amount 
for 4K and an 8-fold increase for 40K and 70K neutral dextrans. Exclusion of 
BSA also increased dextran permeability. Lipid composition was less im-
portant in for the compounds explored (hydrophilic dextrans), but may signif-
icantly interact with lipophilic compounds[147]. It may also influence other 
properties, such as altering zeta potential[148]. 

 
Figure 25. Impact of components in artificial mucus on diffusivity. The difference in 
mean permeated amount of FITC-dextrans in CACM is shown: without mucin 
(green), without BSA (blue), or without lipids (orange) for 4K FITC-dextrans (A) and 
40K and 70K (B). n = 3–6. The dotted line represents the CACM baseline containing 
all three components (mucin, BSA, lipids). 

In Paper II, it was demonstrated that the zeta-potential properties of mucus 
differ depending on the choice of polymer backbone (Fig. 26A), which is of 
importance for different interaction patterns with cationic compounds 
(Fig. 26B). This finding provides insight into the crucial factors that make up 
the mucus barrier, showing it depends on multiple components and not only 
on mucin. Binding experiments with cationic 4K FITC-dextran showed that 
by altering the zeta-potential of the ACM, binding kinetics more similar to 
PNCM were achieved (Fig. 26B). 
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Figure 26. Mucus polymer selection influences zeta-potential and binding interac-
tions. Circles represent data points. (A) Zeta-potential of mucus samples dispersed in 
MilliQ water. Note the interindividual variability in PNCM (blue). Green: polyacrylic 
acid (PAA); Red: hydroxyethyl cellulose (HEC). Each sample was measured from 
three batches with five technical replicates. (B) Binding profile between cationic 
FITC-dextran 4K and PACM PAA (green), PACM HEC (red), and PNCM (blue). 
Mucus samples were diluted to create a series of gradient concentrations suspended 
in MES buffer. 

Size and charge of the particles influence diffusion, 
binding, and permeability in colonic mucus 
Through Papers I–III, the inherent properties of mucus, along with interac-
tion properties, were investigated. In Paper I, it was demonstrated that only 
cationic dextrans have binding interactions with the mucus (Fig. 27), which 

B
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further was observed in nano- and microparticle studies in Papers II & III. 
Cationic particles bound to the mucus, resulting in more immobile and sub-
diffusive particles in the mucus compared to anionic particles (Fig. 28). 

 

 
Figure 27. Binding profile between FITC-dextran with different sizes (4K, 40K, and 
70K) and charges (cationic, neutral, and anionic) with CACM. Mucus samples were 
diluted to create a series of gradient concentrations suspended in MES buffer. 

 



 

 55

 
Figure 28. Diffusion modes classified based on α values from MSD power-law fitting 
of particle trajectories. Panels (a) and (b) show results for positively and negatively 
charged particles, respectively, across three mucus hydrogels and three particle sizes. 
This figure presents stacked bar plots illustrating the percentage of diffusion modes 
classified by exponent α in the MSD power-law fitting equation. The classification 
includes immobile (α < 0, orange), subdiffusive (0 ≤ α < 1, green), diffusive (1 ≤ α 
≤ 2, red), and active (α > 2, purple). 

Using FRAP (Paper I – II) and particle tracking (Paper II – III), particle 
diffusivity in mucus can be measured, demonstrating that artificial colonic 
mucus replicates the diffusion barrier properties of the native colonic mucus 
(Fig. 29). The formulated ACM was found to capture the diffusivity in native 
mucus of both water-soluble and water-insoluble particles; however, solubility-
dependent particle diffusion remains to be investigated[149]. The observed differ-
ences in diffusivity in colonic mucus highlight the influence of particle size and 
charge, consistent with Kirch et al. and Hansing et al. findings[150,151]. This also 
relates to the mucus structure described in Figs. 12, 16, and 19. Smaller particles 
experience less viscosity[64], and therefore diffuse faster (Eq. 1). 
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Figure 29. Diffusivity of water-insoluble and water-soluble particles in colonic mu-
cus. Data are compiled from previous study[63,139]. 

In vitro experimental setup using 3D-printed mucus 
provide more accurate input values for PBPK modelling 
Based on a study of intestinal motility by Naranjani et al. (2025), a mechanis-
tic model was generated, and SHAP feature analysis was performed to identify 
prominent factors influencing absorption. The most prominent factor identified 
was mucus thickness[152]. Mucus permeability experiments were conducted in 
Paper I to determine the influence of mucus composition. In Paper V, we ex-
amine the integration of the mucus model (Fig. 30) with the Caco-2 permeabil-
ity model, which is the current gold standard for permeability studies. 
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Figure 30. Mucus applied on top of a Snapwell™ filter. (A) Direct manual addition of 
200 mg of artificial colonic mucus using a spatula; the red horizontal line highlights the 
uneven thickness. (B) 3D printing targeting a 0.2 mm thickness. (C) 3D printing target-
ing a 0.8 mm thickness. (D) Comparison of mucus thickness in Snapwell™ by meas-
urement using light microscopy – FIJI used for image processing (solid color) and the-
oretical calculation from mass and density (checkered color). Different methods of ad-
dition yield different thicknesses: 3D-printed 0.2 mm thick mucus (light yellow), 3D-
printed 0.8 mm thick mucus (orange), and direct addition of 200 mg mucus (green). 

Apparent permeability values from the experiments (Fig. 31) showed that mu-
cus thickness influences budesonide permeability. Reports have describes that 
mucus acts as a barrier to drug permeability[73,111]; however, to the best of our 
knowledge, this is the first study to highlight the influence of the thickness 
parameter on permeability. This finding is further supported by the PBPK 
model, where the absorption profile of budesonide (Fig. 32; Table 3) was 
shown to depend on the incorporation of Papp – Peff values based on mucus 
thickness. Previous study highlights the challenge of translating Papp to Peff 
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values[153], and to date there is no established correlation between Caco-2 + 
mucus Papp values and in vivo Peff values. 

✱

✱✱✱✱

✱✱ ✱

 
Figure 31. Apparent permeability of budesonide dispersed in fasted state simulated 
colonic fluid (FaSSCoF) buffer. The value from the literature (black) was used for 
comparison[154]. Different barrier complexities influence budesonide permeability: 
Caco-2 only (gray), Caco-2 with 0.2 mm thick mucus (light yellow), Caco-2 with 0.8 
mm thick mucus (orange), only 0.2 mm thick mucus (light blue), and only 0.8 mm 
thick mucus (blue). The green area corresponds to the intermediate permeability 
range, which is between 1–10 × 10⁻⁶ cm/s[155,156]. Each group was measured in tripli-
cate, and data are presented as mean ± standard deviation. 

 

 
Figure 32. Simulated pharmacokinetics of controlled-release budesonide with appar-
ent permeability values under the following setups: Caco-2 with 0.8 mm thick mucus 
(orange), Caco-2 with 0.2 mm thick mucus (light orange), Caco-2 only (gray), and 
experimental in vivo data (black). 
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Table 3. Summary of simulated values vs experimental data of controlled release 
budesonide. 

 Caco-2 Caco-2 + 0.2 Caco-2 + 0.8 Observed Reference 
Fa% 77.55 75.64 73.73 69 [157] 
FDp% 27.143 26.47 25.8 28 (rat) [158] 
F% 18.9 18.53 18.06 10 – 15; 9 – 21 [126], [159] 
Cmax 
(pg/mL) 1388.1 1320 1250 1237.7 ± 1013.5 [127] 

Tmax (h) 13.1 13.43 13.75 13.3 ± 5.9 [127] 
AUC0-inf 

(pg.h/mL) 21270 20740 20220 16431.2 ± 10519.8 [127] 

AUC0-t 
(pg.h/mL) 21210 20680 20150 13555.9 ± 7816.9 [127] 
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Conclusions 

This thesis investigated the development of artificial colonic mucus and con-
ducted an interspecies comparison of colonic mucus. Methods for studying drug 
absorption in colonic mucus were explored to support the improvement of in 
vitro preclinical studies, making them more predictive of clinical outcomes. 

 
Figure 32. Visual summaries of the conclusions in this thesis, covering characterizations, 
formulations, comparative analysis of mucus characteristics, and model generation. 

 
The major findings of this thesis can be summarized as follows: 

 
• Artificial colonic mucus formulations that capture the biophysical char-

acteristics of native colonic mucus from large preclinical animal models 
(Papers I–II) and human patients (Paper IV) were developed. 

• The inclusion of mucins, lipids, and albumins in artificial colonic mu-
cus was found important if the barrier properties of native mucus are 
to be mimicked (Paper I). 

• Artificial colonic mucus can replicate the micro- and macro-rheolog-
ical profile of native colonic mucus, corroborated by deep analysis 
using an ML-classifier of particle tracking trajectories (Papers I-III). 

• Artificial colonic mucus formulated based on native colonic mucus 
properties is useful for drug binding studies (Papers I–II), drug par-
ticle diffusion studies (Papers I–III), and drug permeability studies 
(Paper V). 

• Compounds and particles tested for interaction characteristics in arti-
ficial mucus included water-soluble FITC-dextrans (4K, 40K, and 
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70K with cationic, neutral, and anionic charges) (Papers I–II), water-
insoluble polystyrene beads (100, 200, and 1000 nm with cationic and 
anionic charges) (Papers II–III), insulin and permeation enhancers (Na-
ranjani et al. 2025[152]), and budesonide (Paper V), demonstrating the ca-
pacity of artificial mucus to capture native mucus barrier properties. 

• For low volume samples volume, exemplified with the human colonic 
mucus, the relationship between the effective mesh size of the mucus 
porous structure and viscoelastic properties from bulk rheology (Paper 
II) was proven useful for predicting the storage modulus (Paper IV). 

• Microrheology analysis highlights differences in the storage modulus 
of mucus compared to macrorheology, showing dependence on the 
size and charge of the probe particles. Artificial colonic mucus can 
capture the microrheological characteristics of porcine native colonic 
mucus (Paper III). 

• The revealed interindividual similarities and differences in pig colonic 
mucus properties (Paper II) and human colonic mucus (Paper IV), 
along with interspecies differences in zeta potential and storage mod-
ulus (Papers I–II, IV), provide a framework for how to use artificial 
colonic mucus for more standardized drug absorption studies. 

• Pediatric colonic mucus under inflamed conditions shows a lower stor-
age modulus than the healthy group, while the zeta potential remains 
similar. Inflammatory cytokine markers were detected in the inflamed 
colonic mucus group. Different protein expression patterns were also 
found between the healthy pediatric and adult groups (Paper IV). 

• In vitro cell-based permeability assays based in Caco-2 were compat-
ible with artificial colonic mucus (Paper I) and the mucosal lining 
mimicking the colon was further optimized in vitro by controlling mu-
cus thickness using 3D printing (Paper V) resulting in improved PK 
prediction with PBPK model. 
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Future Perspectives 

Biomimicry studies based on native colonic mucus provide data that enable 
the development and optimization of species-specific artificial colonic mucus 
for studying drug absorption. For the canine ACM in Paper I, further optimi-
zation could be performed to better mimic the zeta potential of canine NCM. 
Although the importance of mucus components (lipids, BSA, mucins) in per-
meability across the mucus was investigated, it would be interesting to exam-
ine how mucus composition influences particle diffusion in the mucus, as ex-
plored in Papers II & III. Investigating the correlation between diffusion in 
mucus (seconds to minutes timeframe), permeability (hours timeframe), and 
colon transit time (hours timeframe) would also be valuable. 

In this study, numerous methods for characterizing mucus properties have 
been applied. The limitations of analytical methods should be considered, such 
as the inability of MST readings to handle high-viscosity samples. Therefore, 
applying different methods to cross-check characteristics can help validate re-
sults, as demonstrated by comparing pore sizes and storage modulus from 
Cryo-SEM images with rheometer data in Paper II, and mucus thickness from 
image analysis with theoretical mass-density-volume calculations in Paper V. 
Comparing the same parameter values derived from different methods is im-
portant for validation, which could be applied, for example, to diffusion coef-
ficients by FRAP versus time-gated Raman spectroscopy and binding coeffi-
cients by MST versus SPR/QCM-D. 

Mucus structure reveals heterogeneity within the network. In our study, 
water pockets were demonstrated by both imaging and microrheology. How-
ever, as shown in Papers II & III, there are different filament thicknesses 
composing the mucus structure. These findings indicate different levels of size 
and interaction filtering properties of the mucus, which would be interesting 
to investigate further. As shown in our study, mucus pore size ranges from the 
nanometer to micrometer scale. Therefore, a study of nano-rheology would be 
beneficial to elucidate the nano-viscosity of water pocket fluid in the mucus. 

In Paper IV, colonic mucus properties from human patients are contrasted 
with porcine and canine data. These interspecies comparisons indicate that 
porcine colonic mucus characteristics are closer to human than canine. Intra-
species comparisons between age groups (pediatric vs. adult) and health status 
(healthy vs. inflamed) reveal different storage modulus values and biomarkers 
present in colonic mucus. Including more patient and population samples 
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could reveal additional patterns and protein markers, which could be benefi-
cial for designing population-based or disease-based artificial colonic mucus. 

Permeability studies are useful for understanding compound permeation 
rates. Even though apparent permeability (Papp) is useful for studying perme-
ation in vitro (Papers I & V), these values need to be translated to effective 
permeability (Peff) in vivo for proper scaling. Future studies should investigate 
the correlation and scaling factors between Papp through mucus and translation 
to Peff to further improve the PBPK model. 
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Popular scientific summary 

There are diseases in the human body, which is why we develop medicines. 
Most people prefer to take their drugs by mouth, a method known as “oral 
administration.” In the digestive tract, the large intestine (colon) is located at 
the terminal end. The colon contains the largest amount of the human micro-
biome and has a lower water content compared to the small intestine. The co-
lon is shaped like a tube, with gels that protect the lining from infection and 
help form feces. Due to its location and specific conditions, drug delivery and 
absorption in the colon are challenging. One important factor is the colonic 
gels (mucus layer), which are thicker than in other parts of the body and may 
hinder drug absorption. 

In this thesis, the characteristics of mucus and how it may influence drug 
absorption was studied. To treat colonic diseases, drugs must reach the af-
fected area. For example, when a drug is in tablet form, it must dissolve before 
the body can absorb it. Therefore, understanding the properties of mucus helps 
us understand how it interacts with drugs. 

Before drugs are tested in humans, animal testing is often conducted. But is 
it really necessary? Are the organs or tissues of animals the same as those of 
humans? If not, can the information gained from animal testing be applied to 
humans? This is why species comparison studies are important for understand-
ing the similarities and differences in colonic mucus properties. In this thesis, it 
was found that pig mucus is more similar to human mucus than dog mucus. 

Even after we better understand colonic mucus properties, challenges re-
main. Each mucus collection yields only a limited amount. The collection pro-
cess may require sacrificing animals, and human patients may experience dis-
comfort. To address this, formulation technology allows us to create artificial 
colonic mucus. This artificial mucus is a biosimilar gel with properties similar 
to native colonic mucus, reducing the need for animal studies. We have 
demonstrated that formulated artificial colonic mucus enables the study of 
drug-mucus interactions in a scalable, economically feasible way, producing 
robust results similar to those with native mucus. This technology allows us 
to study particle movement in mucus, using machine learning to analyze 
movement and identify which particles move fastest, depending on their size 
and surface charge. Another application is studying how mucus thickness af-
fects drug absorption. By using 3D printing, the mucus thickness can be con-
trolled, enabling reproducible results. The drug absorption studies that are 
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performed on the lab bench can then feed data into computational simulations 
based on human data, with the aim to predict drug concentrations in different 
body parts. This approach is called physiologically based pharmacokinetic 
(PBPK) simulation. In the thesis it was demonstrated that mucus influences the 
absorption profile and contributes to changes in drug concentration in the blood. 
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Populärvetenskaplig sammanfattning 

Det finns sjukdomar i människokroppen och det är därför vi utvecklar läke-
medel. De flesta föredrar att dricka eller svälja sina läkemedel vilket kallas 
"oral administrering". Tjocktarmen (kolon) utgör den sista delen av matsmält-
ningskanalen. Kolon innehåller den största delen av människans mikrobiom 
och har en lägre vattenhalt än tunntarmen. Kolon är formad som ett rör med 
ett slem på rörets inre yta som skyddar från infektioner och hjälper till att bilda 
avföring. På grund av tarmens fysiologiska karaktär är läkemedelsleverans 
och absorption i tjocktarmen utmanande. En av de viktiga orsakerna är att 
slemskiktet är tjockare jämfört med andra delar av kroppen och kan hindra 
läkemedelsabsorptionen. 

I denna avhandling karaktäriserades slemegenskaperna och hur slemmet 
kan påverka processen för läkemedelsabsorption studerades. För att kunna be-
handla sjukdomar i kolon måste läkemedlet nå det drabbade området. Till ex-
empel måste ett läkemedel i tablettform först lösas upp för att kunna absorbe-
ras av kroppen. Därför skulle förståelse av slemmets egenskaper göra det möj-
ligt för oss att förstå slemmets interaktion med läkemedlet. 

Innan läkemedel testas på människor utförs ofta djurförsök. Men är det 
verkligen nödvändigt? Är djurens organ och vävnader desamma som männi-
skors? Om inte, är informationen som fås från djurförsök tillämpningsbar på 
människor? Det är därför viktigt att jämföra likheter och skillnader i egen-
skaperna hos kolonslem mellan olika arter. Resultaten från avhandlingsarbetet 
visar att grisslem är mer likt människans slem än hundens. 

Även om vi förstår kolonslemmets egenskaper bättre återstår fortfarande 
utmaningar. Vid varje insamling av slem finns det bara en begränsad mängd 
tillgänglig. Under insamlingsprocessen kan djur behöva avlivas och patienter 
kan uppleva obehag. För att hantera utmaningarna kan formuleringsteknik an-
vändas för att skapa artificiellt kolonslem. Det artificiella kolonslemmet är en 
biosimilar gel med egenskaper som liknar naturligt kolonslem vilket minskar 
behovet av djurstudier. Det formulerade artificiella kolonslemmet som ut-
vecklats under avhandlingsarbetet möjliggör studier av läkemedelsinterakt-
ioner med slem på ett skalbart och ekonomiskt genomförbart sätt, vilket ger 
robusta resultat som liknar de för naturligt kolonslem. Denna teknik möjliggör 
studier av partikelrörelser i slem och genom att använda maskininlärning kan 
rörelsemönster analyseras och informera om vilka partiklar som rör sig snabb-
ast beroende på deras storlek och ytladdning. En annan tillämpning av 
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artificiellt kolonslem är att studera slemtjocklekens inverkan på läkemedels-
absorption. Med hjälp av 3D-skrivning kan kontrollerad tjocklek uppnås vil-
ket möjliggör reproducerbara resultat. De erhållna absorptionsdata kan använ-
das i datorsimuleringar baserade på mänskliga data för att förutsäga läkeme-
delskoncentrationer i olika kroppsdelar. Denna metod kallas fysiologiskt ba-
serad farmakokinetik. Avhandlingsarbetet har visat att slem påverkar 
absorptionsprofilen och faktiskt bidrar till förändringar i läkemedelskoncent-
rationen i blodet. 
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Ringkasan ilmiah populer 

Terdapat penyakit dalam tubuh manusia, dan itulah sebabnya kita 
mengembangkan obat-obatan. Kebanyakan orang lebih suka minum atau 
mengonsumsi obat mereka, yang kita sebut sebagai "administrasi oral". Dalam 
konteks saluran pencernaan, usus besar (kolon) terletak di ujung terminal. 
Lingkungan kolon juga menampung mikrobioma manusia dalam jumlah 
terbesar dan memiliki kadar air yang lebih rendah dibandingkan dengan usus 
halus. Kolon berbentuk seperti tabung, dengan lapisan lendir yang melindungi 
tabung dari infeksi sekaligus membentuk feses. Karena faktor lokasi dan 
kondisi kolon, penghantaran dan penyerapan obat ke kolon menjadi sulit. 
Salah satu faktor yang menarik untuk diteliti adalah lapisan lendir (lapisan 
mukus) kolon, yang lebih tebal dibandingkan bagian tubuh lainnya dan dapat 
menghambat proses penyerapan obat. 

Dalam tesis ini, penelitian berfokus tentang karakteristik mukus, dan 
bagaimana hal itu dapat memengaruhi proses penyerapan obat. Ketika kita 
ingin mengobati penyakit kolon, obat harus mencapai area tersebut. 
Bayangkan, ketika obat dalam bentuk tablet kering, obat tersebut perlu 
dilarutkan agar dapat diserap oleh tubuh. Oleh karena itu, pemahaman tentang 
sifat-sifat mukus akan memungkinkan kita memahami interaksi mukus 
dengan obat. 

Sebelum obat diuji pada manusia, pengujian pada hewan sering dilakukan. 
Namun, apakah hal ini benar-benar diperlukan? Apakah kondisi organ atau 
jaringan hewan sama dengan manusia? Jika tidak, apakah informasi dan 
pengetahuan yang kita peroleh dari pengujian pada hewan dapat diterapkan 
pada manusia? Inilah mengapa studi perbandingan spesies penting untuk 
mengetahui lebih lanjut tentang persamaan dan perbedaan sifat-sifat mukus 
kolon. Dalam studi kami, kami menemukan bahwa mukus kolon babi lebih 
mirip dengan manusia daripada anjing. 

Setelah kami memahami lebih lanjut tentang sifat-sifat mukus kolon, masih 
terdapat beberapa tantangan. Untuk setiap pengumpulan mukus, jumlah yang 
tersedia terbatas. Selama proses pengumpulan sampel, hewan mungkin perlu 
dikorbankan dan pasien manusia akan merasa tidak nyaman. Untuk mengatasi 
masalah ini, dengan teknologi formulasi, kami dapat membuat mukus kolon 
buatan. Mukus kolon buatan secara konseptual merupakan gel yang serupa 
mukus asli, yang memiliki sifat-sifat mukus kolon asli. Oleh karena itu, studi 
pada hewan akan lebih sedikit diperlukan. Dalam penelitian ini, telah 



 

 69

ditunjukkan bahwa formulasi mukus kolon buatan memungkinkan orang 
untuk mempelajari interaksi obat dengan mukus, dalam hasil yang terukur, 
terjangkau secara ekonomi, dan struktur yang mirip dengan mukus kolon asli. 
Teknologi ini memungkinkan kami untuk mempelajari pergerakan partikel 
dalam mukus, yang digabungkan dengan pembelajaran mesin (machine le-
arning) untuk menganalisis pergerakan partikel dan menemukan tren partikel 
mana yang akan bergerak paling cepat, tergantung pada ukuran dan muatan 
permukaan partikel. Aplikasi lain dari mukus kolon buatan adalah untuk 
mempelajari pengaruh ketebalan mukus terhadap penyerapan obat. Dengan 
menerapkan teknologi pencetakan 3D (3D-printing), ketebalan yang 
terkontrol dapat dicapai, memungkinkan hasil penelitian yang dapat 
direproduksi. Dalam mempelajari penyerapan obat, kita dapat menggunakan 
simulasi komputasi berdasarkan informasi manusia untuk membantu 
memprediksi konsentrasi obat di sekitar bagian tubuh kita. Pendekatan ini 
disebut simulasi farmakokinetik berbasis fisiologis (Physiologically based 
pharmacokinetic  -PBPK). Di tesis ini, penelitian telah menunjukkan bahwa 
keberadaan mukus di kolon akan memengaruhi profil penyerapan, dan 
memang berkontribusi pada perubahan konsentrasi obat dalam darah. 
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おまけ
Omake Project 
- The side stories - 

 
Literally it means bonus/extra, commonly known as “bloopers” in the film 
industry. 

May this unusual addition which is part of my acknowledgement makes you 
feel joyful, surprised, and inspired, just like scientific discovery! 

“The whole world is a product of cognition... ...not just the Metaverse. 
It can be freely re-made... The same goes for you, and everyone else. 
Soon a new world will come. One where mankind isn't held captive. 
The world will shine brightly as long as you hold hope in your hearts. 
Remember... There's no such thing as the "real" world. What each person sees 
and feels— Those are what shape reality. This is what gives the world infinite 
potential. Even if you feel that only darkness lies ahead... As long as you hold 
hands together... See it through as one... ...the world will never end! 
The world exists within all of you...!” – Morgana, Persona 5 – 
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Figure O1. Life is a school and so is the people that you meet! Anything and anyone 
can be a chance to learn!  
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Figure O2. Check the job description thoroughly before you apply!  
Memorable 3rd interview of the recruitment process with Kicki, Alexandra,  
and Per L. 
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Figure O3. Give things some time, oddly enough you will get enthusiastic and find 
joy in it! Hope you will have more mucus collection session Mingjun  
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Figure O4. Take some break every now and then, give your body chance to rest and 
recover  but I agree with you Nopdanai, somehow (purified) mucin smells tasty  
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Figure O5. Sometimes life doesn’t go as planned – and that is okay! That is why it is so 
important to surround yourself with supportive people and community, build a social 
scaffold for yourself  Be brave to acknowledge vulnerabilities and things 
might be improving! Honestly, I am a bit afraid to share this part of my journey, but I 
sincerely hope this will help others with a similar problem around depression, that they 
are not alone. 
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Figure O6. Interdisciplinary research is challenging, mostly because we use different 
terminology to talk about things. I think the key is communication and patience, the 
result would be rewarding!  
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Figure O7. Enjoy the process and sometimes it is good to do stuff spontaneously!  
Never lose the sense of joy! Any guess how do Benji get the champagne? 
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Figure O8. Conference time is a fun time to explore the world and connect with more 
people! If it feels scary, you can chill anyway  It is so cool to see the “mucus 
team” expanding with different directions and focuses! 
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Figure O9. Color is such a relative label, but it is fun to learn more about its’ term  
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Figure O10. Never ever give up, help surely will come! One way or another, life will 
find a way!  So is this omake project, under such a tight deadline, we (notably 
@Verudayo) manage to push through! 
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