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A B S T R A C T   

Colonic mucus plays a key role in colonic drug absorption. Mucus permeation assays could therefore provide useful insights and support rational formulation 
development in the early stages of drug development. However, the collection of native colonic mucus from animal sources is labor-intensive, does not yield amounts 
that allow for routine experimentation, and raises ethical concerns. In the present study, we developed an in vitro porcine artificial colonic mucus model based on the 
characterization of native colonic mucus. The structural properties of the artificial colonic mucus were validated against the native secretion for their ability to 
capture key diffusion patterns of macromolecules in native mucus. Moreover, the artificial colonic mucus could be stored under common laboratory conditions, 
without compromising its barrier properties. In conclusion, the porcine artificial colonic mucus model can be considered a biorelevant way to study the diffusion 
behavior of drug candidates in colonic mucus. It is a cost-efficient screening tool easily incorporated into the early stages of drug development and it contributes to 
the implementation of the 3Rs (refinement, reduction, and replacement of animals) in the drug development process.   

1. Introduction 

The gastrointestinal (GI) mucus is a complex hydrogel that forms a 
dense layer covering the luminal side of the GI epithelium (Atuma et al., 
2001). It plays a key role in protecting the sensitive epithelial cells from 
the noxious intraluminal contents in the gastrointestinal tract (GIT), by 
restricting the passage of foreign particles and pathogens (Brieland 
et al., 2001; Lindén et al., 2002). The biophysical barrier properties of 
the mucus derive from its chemical and mechanical characteristics. As a 
biological hydrogel, it has a high water content (83-86%) (Larhed, 
Artursson, and Björk, 1998) and its main structural components are the 
mucins. These consist of a densely glycosylated protein backbone 
(Carlstedt and Sheehan, 1984). These complex oligosaccharide struc-
tures result in the characteristic “brush-like” configuration of the mu-
cins. Additionally, the mucins contain non-glycosylated, hydrophobic 
regions involved in the self-assembly, stabilization, and crosslinking of 
the mucins (Ambort et al., 2011; Ambort et al., 2012). 

The wide variety of structural domains in the mucins provide mul-
tiple binding sites. These enable a plethora of potential physicochemical 
interactions, such as hydrogen bonding, and electrostatic and 

hydrophobic interactions with diffusing molecules (Sigurdsson, Kirch, 
and Lehr, 2013; Iqbal et al., 2012). Proteins, lipids, ions, DNA, cells, and 
cellular debris are also present in the GI mucus (Bansil and Turner, 2006; 
Thornton and Sheehan, 2004; Button et al., 2013; Carlstedt and Shee-
han, 1989), providing other potential binding partners and further 
contributing to the physicochemical barrier characteristics of the mucus. 
From a structural perspective, the mucins have the ability to organize 
themselves as dimers and trimers, resulting in a characteristic complex 
heterogeneous mesh network with viscoelastic properties (Lai et al., 
2009). The dynamic mucin gel network is responsible for the 
size-exclusion filtering properties of the mucus by which it hinders the 
passage of particulates and bacteria larger than the mucin mesh (Cone, 
2009; Perez-Vilar and Hill, 1999). 

From a drug delivery point of view, the selective permeability of the 
mucus also extends to diffusing drug molecules (Larhed, Artursson, and 
Björk, 1998; Bhat, Flanagan, and Donovan, 1996; Larhed et al., 1997; 
Yildiz et al., 2015). As research findings elucidate the impact of the GI 
mucus on drug absorption, the mucus barrier needs to be taken into 
account in drug candidate screening and formulation devel-
opment/optimization. For this reason, there is an increased interest in 
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mimicking the mucus barrier in vitro, to increase the biorelevance and 
predictive power of preclinical assessments. 

Several approaches exist to represent the mucus barrier in a labo-
ratory setting, with ranging degrees of complexity and predictive power 
(Wright et al., 2021). Solutions of reconstituted lyophilized commercial 
mucin of either porcine stomach or bovine submaxillary gland origin are 
widely used in mucus permeation studies, mainly due to commercial 
accessibility and simple preparation protocols (Sardelli et al., 2019). 
However, the purification process of commercial mucins disrupts their 
gel-forming properties, resulting in rheological profiles that do not 
match the ones of native mucus in physiologically relevant concentra-
tions (Kocevar-Nared, Kristl, and Smid-Korbar, 1997). Additionally, key 
components of the mucus, such as proteins and lipids, are removed 
leading to an underestimation of the mucus binding potential. 

Native mucus excised from laboratory animal tissue might be 
considered the gold standard for mucus permeation studies, as it allows 
the representation of all key mucus components. However, there are 
practical and ethical considerations related to the collection of native 
mucus. First, the collection is a time-sensitive procedure in order to 
prevent degradation of the mucus, and improper handling can result in 
contamination with epithelial cells. Second, non-harmonized mucus 
collection protocols result in high variability in the sampling (Macier-
zanka, Mackie, and Krupa, 2019). Third, the collection of native mucus 
is tedious and labor-intensive. Especially in the large intestine, where 
the mucus adheres tightly to the epithelium, the collection might not 
yield adequate amounts for routine experimentation (Barmpatsalou 
et al., 2021). Given that the samples are of biological source, proper 
disinfection protocols should be in place, often accompanied by an 
additional cost. Finally, the collection of native mucus is dependent on 
animal availability, which is not in accordance with the 3R recom-
mendations for the refinement, reduction, and replacement of animal 
models in preclinical assessments. 

Other approaches to mimic the mucus barrier involve mucus- 
secreting cell lines, such as the methotrexate-treated HT29 cell line 
(HT29-MTX). These cells are often co-cultured with Caco-2 cells, 
because the latter mimic intestinal enterocytes. The resulting co-culture 
allows simultaneous assessment of mucus diffusion and cellular uptake. 
However, the thickness of the secreted mucus varies substantially and 
may depend on the growth environment (Navabi, McGuckin, and 
Lindén, 2013). Additional hurdles, such as the necessity of proper 
infrastructure for cell handling, trained personnel, and the associated 
costs of long cultivation periods, limit the usefulness of such 
mucus-secreting co-cultures in the early stages of drug candidate 
screening. Consequently, focus has shifted towards bio-inspired mucus 
models that would capture the key mucus properties, be easily prepared 
in the laboratory at relatively low cost, and yet circumvent the hurdles 
associated with material of biological source. However, a lack of un-
derstanding of the nature of native mucus impedes the advancement of 
such bio-inspired mucus models. 

Early work by Larhed et al (Larhed, Artursson, and Björk, 1998), 
provided a fundamental overview of the composition of porcine jejunal 
mucus. The adaptation by Boegh et al. (Boegh et al., 2014) resulted in 
the development of a biosimilar mucus reflecting the properties of native 
porcine mucus of jejunal origin. The biosimilar mucus is a well-informed 
in vitro model that can be prepared with commonly used chemicals. It 
has been implemented in various experimental settings and has 
contributed to their improved biorelevance, by representing the barrier 
properties of mucus of small intestinal origin (Birch et al., 2018; Boegh 
et al., 2015; Falavigna et al., 2021). However, a recent study comparing 
mucus from various porcine GI segments reports substantial differences 
both in composition and structure between mucus of small and large 
intestinal origin (Barmpatsalou et al., 2021). These findings highlight 
the need for the development of an artificial mucus model based on the 
colonic mucus characteristics. Such a model would improve the pre-
dictive power of preclinical assessments for colonic absorption. In the 
present work, we report the development and validation of an artificial 

colonic mucus model. It was based on the characterization of porcine 
native colonic mucus and captured the properties of porcine proximal 
colonic mucus. The inter- and intra-batch variability of the artificial 
mucus was assessed under various storage conditions, with the aim of 
evaluating the potential of our model for incorporation into routine in 
vitro preclinical assessments. 

2. Materials and methods 

2.1. Materials 

Fluorescein isothiocyanate (FITC)–diethylaminoethyl (DEAE)–dex-
trans (cationic), FITC– carboxymethyl (CM)–dextrans (anionic) with 
molecular weights of 4 and 40 kDa, and fluorescein isothiocyanate 
(FITC)–dextrans with molecular weights of 4, 40 and 70 kDa were 
purchased from Sigma–Aldrich (St. Louis, MO, USA). 2-(N-morpholino) 
ethanesulfonic acid (MES), polysorbate 80 (Tween 80), CaCl2, MgSO4, 
cholesterol, one lot each of Type II and III mucin from porcine stomach, 
and bovine serum albumin (BSA) were also obtained from Sigma 
Aldrich. Phosphatidylcholine (PC, 98%) was provided by Lipoid (Lud-
wigshafen, Germany), NaCl was purchased from Merck Chemicals 
(Darmstadt, Germany), and polyacrylic acid (PAA) (Carbopol 974P NF) 
was obtained from Lubrizol (Brussels, Belgium). 

2.2. Collection of native porcine colonic mucus 

The colonic mucus collection was performed as previously described 
(Barmpatsalou et al., 2021). Briefly, the gastrointestinal tract (GIT) of 
crossbreed Landrace × Large White pigs (n = 5, P01-P05), 20–22 weeks 
of age and 100–110 kg of body weight, was collected from a local 
abattoir. No ethical permit was required, as the animals were slaugh-
tered for commercial meat production. As per the abattoir’s standard 
procedures, the animals were fasted ≥12 h prior to slaughter with water 
allowed ad libitum. 

The sample collection was initiated within 1 h after slaughter and the 
temperature of the tissue was monitored during collection. The first part 
of the large intestine (distal to the ileo-cecal valve) was opened longi-
tudinally and submerged into ice-cold isotonic buffer (10 mM MES 
buffer containing 1.3 mM CaCl2, 1.0 mM MgSO4, and 137 mM NaCl, pH 
6.5) to remove intraluminal contents. Thereafter mucus was collected 
with a small spatula. The sample collection was completed within 1 h 
and the pH was measured using a micro-electrode (Orion Sure-Flow, 
Thermo Fisher Scientific). Samples were aliquoted and stored at -80 ̊C 
until further analyses. The colonic mucus samples from P02 and P03 
were used for method development purposes, and therefore colonic 
mucus samples from P01, P04 and P05 were included in further 
analyses. 

2.3. Preparation of porcine artificial colonic mucus (PACM) 

The preparation of PACM samples was inspired by the recently re-
ported characterization of porcine proximal colonic mucus (Barmpat-
salou et al., 2021) and was based on protocols proposed by Boegh et al. 
(Boegh et al., 2014). There are two types of porcine gastric mucin 
commercially available (Types II and III); these have undergone 
different purification processes. As mucins are a key component in 
mucus, mucin type II or type III were added to PACM (hereafter PACMII 
and PACMIII) to assess which type was best suited for the development of 
PACM. PACM contained 0-1.8% (w/v) PAA, 0.91% (w/v) mucin type II 
or mucin type III, 7.02% (w/v) BSA, 1% (v/v) lipid mixture (0.21% 
cholesterol and 0.12% phosphatidylcholine, mixed with Tween 80 at a 
3:1 ratio). The lipid mixture was prepared by dissolving the lipids in 
isotonic buffer (10 mM MES with 1.3 mM CaCl2, 1.0 mM MgSO4, and 
137 mM NaCl, pH 6.5) in the presence of Tween 80 and under intense 
stirring. 

PAA was dissolved in a non-isotonic buffer (10 mM MES with 1.3 mM 
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CaCl2, 1.0 mM MgSO4, pH 6.5). Mucin type II or III was added to the 
PAA-containing solution and the resulting mixture was vigorously vor-
texed until all solids were dissolved. Subsequently, NaOH (5M) and BSA 
were added and the resulting mixture was vortexed again to dissolve all 
visible solids. Finally, the lipid mixture was added and the pH adjusted 
to 7.0 by dropwise addition of NaOH (5M). The mixture was stored 
overnight at 4 ̊ C, then placed at -80 ̊ C until further analyses, unless 
otherwise indicated. 

2.4. Water content determination 

Water content of the porcine native colonic mucus was measured by 
transferring the samples to a laboratory-scale freeze-dryer (VirTis Sentry 
2.0, SP Scientific, or a Flexi-Dry MP, FTS systems, both from CiAB, 
Sweden) with a condenser temperature of -80 ̊C. After 48h, the samples 
were removed and weighed and the water content was calculated based 
on the weight difference of the samples before and after freeze-drying. 

2.5. Zeta potential measurements 

Native or artificial mucus (50 mg) was dispersed in 10 ml distilled 
water and stirred with a magnetic stirrer until it dissolved. An appro-
priate volume was transferred to an Omega cuvette and analyzed with a 
Litesizer 500 (Anton Paar, Austria) dynamic light scattering instrument. 
The measurements were conducted at 25◦C, after 1 min equilibration, 
using the Smoluchowski approximation and Henry Factor of 1.5. The 
data (3-5 measurements per sample) were processed with the Kalliope 
software (Anton Paar, Austria). 

2.6. Rheological measurements 

All frozen mucus samples (native and artificial) were thawed at room 
temperature before the rheological measurements. An ARES-G2 strain- 
controlled rheometer (TA Instruments, Sollentuna, Sweden) with the 
Advanced Peltier System (APS) accessory for the lower plate was used. 
The lower geometry was a 60-mm diameter, APS quick-change flat plate 
from hardened chromium. A 40-mm diameter stainless steel cone plate 
(20μm gap, 0.98◦ cone angle) was used as upper geometry for all mea-
surements except the ones performed on the native mucus samples, due 
to the limited available volume and the presence of μm-sized particles. 
Therefore, an 8-mm diameter stainless steel parallel plate (0.5 mm gap) 
was used as an upper geometry for the native mucus samples. Under 
continuous flow conditions, the apparent viscosity of the mucus samples 
was measured by ramping the shear rate from 0.1 to 100 s− 1. The 
viscoelastic properties of the mucus were calculated from frequency 
sweeps (range 0.63–20 rad/s, at 1% oscillation strain). An amplitude 
sweep, during which the oscillation strain was increased from 0.1 to 
100% at a frequency of 1 Hz oscillation, was performed to determine the 
linear viscoelastic region (LVR). The 1% oscillation strain was chosen as 
it was within the LVR and thus ensured that the sample structure 
remained intact during the measurements. All measurements were 
performed at 37 ̊C. 

2.7. Cryo-scanning electron microscopy (SEM) – Image analysis 

Cryo-scanning electron microscopy (cryo-SEM) analyses were per-
formed at the Umeå Centre for Electron Microscopy (UCEM), Sweden. 
All samples were thawed at room temperature and one drop from each 
cast onto a metal holder, then vitrified in liquid nitrogen. The vitrified 
sample was then fractured with a cold knife and sublimated in vacuum 
at -90 ̊C for 30 or 60 min. Images were taken using a Carl Zeiss Merlin 
field-emission cryogenic scanning electron microscope, fitted with a 
Quorum Technologies PP3000T cryo preparation system. Imaging was 
performed at - 140 ̊C using an in-chamber secondary electron detector 
(ETD) at an accelerating voltage of 2 kV and a probe current of 50 pA. 
Cryo-SEM images were appropriately thresholded and converted to 

binary images, and the pores were identified and characterized (in terms 
of size and shape) by the ImageJ software (Version 1.52a, NIH, USA). 
Feret’s minimum diameter, i.e. the shortest distance between any two 
parallel tangents of a pore, was used as the pore size descriptor. The 
Aspect Ratio (AR), the ratio of Feret’s max (Fmax) diameter to Feret’s min 
(Fmin) diameter (Eq. (1)), was used as the pore shape descriptor. 

AR =
Fmax
Fmin

(1)  

2.8. Fluorescence recovery after photobleaching (FRAP) and diffusivity 
calculations 

FRAP experiments were performed to elucidate the impact of charge 
and molecular weight on diffusion. FITC–dextrans were used in a range 
of charges and molecular weights: 4 and 40 kDa for both cationic and 
anionic FITC–dextran molecules, and 4, 40 and 70 kDa for the non-ionic 
ones. The diffusion of the FITC-dextrans was assessed in the native and 
artificial mucus, and in a PAA mixture. FITC-dextrans were dissolved in 
Hanks’ Balanced Salt Solution (HBSS) buffer, pH at 7.4 (0.625 mg/ml) 
and 20 µL of the solution was transferred to 80 mg of mucus sample. The 
sample was first vortexed and then mechanically mixed using a pipette 
tip to ensure homogenous distribution of the fluorophore in the 
hydrogels. 

To ensure consistent sample thickness across all experiments, each 
mucus sample was pipetted between two glass coverslips (one on each 
end) which were placed onto a microscope slide, as previously illus-
trated (Peng et al., 2021). The mounting of the mucus sample was 
finalized by placing a coverslip on top of the mucus sample, resulting in 
a fixed sample thickness of 100 μm. Thereafter, the microscope slide was 
promptly imaged, to avoid drying of the gel and underestimation of the 
diffusivity values. 

FRAP measurements were performed using a Zeiss CLSM 780 and the 
data were collected with the ZEN Black software (Carl Zeiss GmbH, 
Jena, Germany). All bleaching experiments were performed with the 
488-nm line of an Argon laser at 100% power. A 20 × objective lens (CFI 
Plan Apochromat) with a numerical aperture (NA) of 0.8 was used. Each 
experiment was initiated by adjusting the detector gain to an appro-
priate value to ensure no pixels were saturated. Homogenous distribu-
tion of the fluorophore in the gel was confirmed by imaging various 
sample areas. In the initial studies, no fluorescence was observed in 
mucus samples in the absence of FITC dextrans (Fig. S1). Two circular 
regions of interest (ROI) with a 16-μm radius each were selected. The 
two ROIs were then included in a rectangular frame, and only pixels in 
the rectangle were imaged, to increase the rate of data acquisition. After 
scanning three images, one ROI was bleached, while the other ROI was 
not bleached and served as a reference to monitor potential photofading. 
A time series of 150 images was immediately taken at 2.2% laser 
transmission in 1.5-s intervals, to monitor fluorescence recovery in the 
bleached ROI. All measurements (n≥ 3) were performed at room 
temperature. 

Diffusivity values were calculated as previously described (Brandl 
et al., 2010). The fluorescence intensities of the bleached and reference 
ROIs were initially normalized to the pre-bleach intensity (fluorescence 
intensity inside the ROI as recorded in the last caption right before the 
bleaching event). A least-squares fit was performed on the recovery 
curve (Eq. (2)) in R (code available upon request) to determine the 
characteristic diffusion time τD. 

F(t) = k⋅e− τD
2t

[

Io

(
τD
2t

)

+ I1

(
τD
2t

)]

(2)  

where I0 and I1 are the zero and first-order modified Bessel functions of 
the first kind, respectively, k corresponds to the mobile fraction, and t is 
time (s). The diffusivity values were obtained by solving D = w2/τD, 
where w is the radius of the bleached ROI (16 μm). 
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2.9. Impact of production and storage conditions 

To explore inter-batch variability, three batches of PACM were pre-
pared independently under the same conditions. As described in the 
PACM preparation protocol, the three PACM batches were stored at 4 ̊C 
overnight. The next day, each batch was divided into three equal por-
tions and each portion thereof (“fresh”, “frozen” and “freeze-dried”) was 
stored as follows. The portion of each batch corresponding to the “fresh” 
condition, underwent rheological assessment and diffusivity measure-
ments on the same day. The remaining sample volume was then stored at 
-80 ̊ C prior to Cryo-SEM imaging. The remaining two portions were 
stored at -20 C̊ ("frozen"), or -80 C̊ ("freeze-dried"). On the day of the 
rheological and diffusivity measurements, the portions of each batch 
stored at -20 ̊ C were thawed at room temperature. After these mea-
surements, the remaining sample volume was stored at -80 ̊C for Cryo- 
SEM analysis. The portions representing the “freeze-dried” condition 
were stored at -80 ̊C and transferred to a laboratory-scale freeze dryer 
with a condenser temperature of -80 ̊C. After 48h, the samples were 
reconstituted to their initial volume with MilliQ water and left to 
equilibrate for 10 minutes on a laboratory bench. Thereafter, rheological 
and diffusivity measurements were performed, both on the same day. At 
the end of the measurements, the remaining sample volume was stored 
at -80 ̊C for later Cryo-SEM imaging. 

2.10. Data Visualization-Statistics 

GraphPad Prism (GraphPad Software, CA, USA) was used for data 
visualization and statistical analyses. A one-way ANOVA, followed by 
Holm-Sidak’s multiple comparisons test, was used to evaluate differ-
ences between more than two groups. P values less than 0.05 were 
considered statistically significant. 

3. Results 

3.1. Rheology 

3.1.1. Inter- and intra-animal variability in the rheology of porcine native 
colonic mucus 

All colonic mucus samples had a gel-like texture upon visual obser-
vation and exhibited viscoelastic properties and shear thinning 
behavior. Apparent viscosity values decreased at increasing shearing 
rates (Fig. 1A). 

The inter- and intra-animal variability of the shear-rate dependent 
rheological profiles are depicted in Fig. 1A, for the colonic mucus 
collected from three pigs (P01, P04 and P05). Due to limited sample, 
only one pig (P04) was selected to undergo the intra-animal variability 
assessment. The inter-animal variability in apparent viscosity at shear 

rate 0.91 s− 1 was 6-fold (difference between the maximum and mini-
mum values), while the intra-animal variability was 2-fold. 

The viscoelastic properties of the native porcine colonic mucus were 
assessed and the storage modulus (G′) and loss modulus (G′ ′) were 
measured under dynamic oscillatory shear conditions. In all cases, the 
storage modulus values were higher than the loss modulus ones 
throughout the range of the examined angular frequencies, indicating 
predominantly elastic behavior (data of loss moduli are not shown for 
clarity). The storage modulus profiles of porcine colonic mucus are 
displayed in Fig. 1B, and show they were independent of the angular 
frequency. The inter- and intra-animal variability (at angular frequency 
1 rad/s) was 10-fold and 3-fold, respectively. 

3.1.2. Rheological validation of porcine artificial colonic mucus (PACM) 
PACM was formulated based on the composition of native porcine 

colonic mucus (Barmpatsalou et al., 2021). Initial preparations of 
PACMII and PACMIII were not gel-like. Therefore, polyacrylic acid (PAA) 
was added to increase the apparent viscosity and the cross-linking 
(Boegh et al., 2014). Both PACM samples were prepared and stored at 
-80 ̊C until the rheological analysis, to replicate the storage conditions in 
a previous rheological study (Barmpatsalou et al., 2021). Fig. 2A and B 
display the apparent viscosity and storage modulus profiles of PACMII 
samples with increasing PAA concentrations. The rheological properties 
of PACMII and PACMIII that contained 1.5% (w/v) PAA were in agree-
ment with those of native porcine colonic mucus reported here and in 
previous investigations (Barmpatsalou et al., 2021); see Fig. 2C and D. 
Thus, the PACMII and PACMIII samples with 1.5% (w/v) PAA were 
selected as the most representative of the native mucus secretion and 
used in further analyses. 

3.1.3. Impact of storage conditions on the rheological properties of PACMII 
The impact of the three storage conditions (fresh, frozen at -20 ̊C, and 

freeze-dried/reconstituted with MilliQ water) on the rheological prop-
erties of PACMII under continuous rotation and oscillatory shear con-
ditions was assessed (Figs. 3A, B and S2). There were no significant 
differences in apparent viscosity profiles (at 1 s− 1) or storage modulus 
values (at 1 rad/s) values for the three conditions. In the case of multiple 
measurements per batch (for the intra-batch variability assessment), the 
average value was included in the calculations. 

3.1.4. Inter- and intra-batch variability in the rheological properties of 
PACMII 

The inter- and intra-batch variability of the rheological properties of 
the PACMII batches under the three storage conditions was assessed and 
is shown in Figs. 3A, B and S3. The inter-batch variability in apparent 
viscosity values at a shear rate of 1 s− 1 was 2-fold for the frozen and 
freeze-dried PACMII and 3-fold for the fresh ones. The intra-batch 

Fig. 1. Inter- and intra-animal variability assessment of the rheological properties of porcine native colonic mucus for three pigs (P01, P04, and P05). Apparent 
viscosity curves of porcine proximal colonic mucus samples as a function of shear rate (A), Storage modulus profiles of porcine proximal colonic mucus samples as a 
function of angular frequency (B). Shaded area represents the range of data from a previous investigation (Barmpatsalou et al., 2021). i), ii) and iii) represent multiple 
independent measurements of colonic mucus samples from pig P04. 
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variability was 2-fold for the fresh PACMII batches and negligible for the 
frozen and freeze-dried ones. The storage modulus profiles of the 
batches are outlined in Figs. 3B and S3. The inter-batch variability at 1 
rad/s frequency was 2-fold for all conditions. Variability was negligible 
for the intra-batch samples, irrespective of storage condition. 

3.2. CryoSEM - image analysis 

3.2.1. Validation of porcine artificial colonic mucus based on gel network 
microarchitecture 

The gel network microarchitecture of PACMII and PACMII was 
visualized with Cryo-SEM, under the same microscopy conditions used 
to characterize the microarchitecture of native porcine colonic mucus in 
a previous study (Barmpatsalou et al., 2021). 

The CryoSEM micrographs showed that neither of the initial PACMII 
and PACMII samples displayed gel-like characteristics in the absence of 

Fig. 2. Rheological profiling of PACM: Effect of increasing amounts of PAA in the apparent viscosity (A) and storage modulus (B) of PACMII samples. Reverse 
triangles, squares and triangles represent 1.2%, 1.5% and 1.8% (w/v) PAA additions to the samples. Comparison of PACM and native porcine colonic mucus in terms 
of apparent viscosity (C) and storage modulus (D) values. The shaded area represents the range of data from a previous investigation (Barmpatsalou et al., 2021). 
PACMII, blue stars; PACMIII, red triangles. Native colonic mucus values are from three pigs (P01, P04, and P05), represented in black circles, triangles, and squares, 
respectively. i), ii) and iii) represent multiple independent measurements of colonic mucus samples from pig P04. 

Fig. 3. Impact of storage conditions and assessment of inter- and intra- batch variability on the rheological properties of PACMII: Apparent viscosity (A) and storage 
modulus (B) profiles. Triangles, circles, and squares represent batches 1, 2, and 3, respectively. Samples stored as fresh, frozen at -20 ̊C, and freeze-dried are noted 
with blue, green, and pink colors, respectively. For each storage condition, one batch was selected to undergo the intra-batch variability assessment and thus three 
measurements were recorded for these. 
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PAA; rather, they formed “loose” structures (Fig. 4A and B). With the 
addition of 1.5% (w/v) PAA, the PACMII and PACMII samples adapted a 
“honeycomb” structure (Fig. 4C and D, respectively), resembling that of 
the native porcine colonic mucus (Fig. 4E). Both PACMII and PACMIII 
had a high degree of homogeneity, as seen in the low-magnification 
micrographs (Fig. 4F and G). 

3.2.2. Impact of storage conditions and inter-batch variability on the gel 
network microarchitecture of PACMII. The effect of storage conditions 
(fresh, frozen at -20 ̊C and freeze-dried/reconstituted with MilliQ water) 
on the network microarchitecture was also assessed with Cryo-SEM 
(Fig. 5A-I). No significant differences in pore size or shape were found 
for any of the storage conditions or batches (Fig. 5J and K) and all mucus 
batches were homogeneous. The mean Feret’s minimum diameter 
values ranged from 4.6-5.8, 3.4-4.4 and 3.7-4.3 for batches 1, 2 and 3, 
respectively, for all three storage conditions. The pore shape was similar 
for the three storage conditions, with mean AR values ranging from 1.7- 
2, 1.6-1.9 and 1.6-1.8 for batches 1, 2 and 3, respectively, in each 
condition. 

The inter-batch variability of the pore network was also analyzed by 
Cryo-SEM, Fig. 5J (size) and 5K (shape). The mean Feret’s minimum 
diameter was similar across the three storage conditions, ranging from 
1.3-fold for the fresh and freeze-dried PACMII and 1.4-fold for the frozen 
one. The pore shape was also similar in the three batches, with negligible 
inter-batch variability (1.2-fold for fresh PACMII and 1.1 for the frozen 
and freeze-dried ones). 

3.3. Diffusivity measurements 

3.3.1. Diffusion of FITC dextrans in native porcine colonic mucus 
The diffusion of FITC dextrans in native porcine colonic mucus was 

tracked by FRAP. Fig. 6A provides an overview of the diffusivity values 
of the 4K molecular weight FITC-dextrans (neutral, anionic, and 
cationic) in native colonic mucus samples from three pigs (P01, P04, and 
P05). A trend was observed towards decreased diffusivity values of 
cationic FITC- dextran compared to the anionic and neutral ones. 

For pigs P01 and P05, there was no significant difference between 
the diffusivity values of the neutral and anionic 4K FITC-dextrans. 
However, these values were significantly higher than those of the 
cationic FITC-dextran (Fig. 6B and D). For pig P04, the diffusivity values 
of the anionic and cationic 4K FITC-dextrans were significantly different 
from each other and both were significantly lower than that of the 
neutral 4K FITC dextran (Fig. 6C). 

Fig. 6E presents the diffusivity values of the neutral and anionic 40K 
FITC-dextrans from the same three pigs. No significant differences be-
tween the diffusivity values were observed. The diffusion of the cationic 
40K FITC-dextran was also assessed. However, recovery of the fluores-
cence was very slow, and thus diffusivity values could not be calculated. 
Representative confocal images of the fluorescence recovery within 
colonic mucus from pig P04 at various time points are presented in 
Fig. 6Fi-iii. It is evident that the cationic 40K FITC-dextran was non- 
homogenously distributed in the mucus sample. Instead, it was bound 
to specific sites of the gel network, despite the thorough mixing. Fig. 6G 
depicts the diffusivity values of FITC-dextrans of various molecular sizes 

Fig. 4. Structural validation of PACMII and PACMIII: Representative cryo-scanning electron micrographs of PACMII samples without PAA (A), PACMIII samples 
without PAA (B), PACMII samples with 1.5% (w/v) PAA (C), PACMIII samples with 1.5% (w/v) PAA (D), native porcine colonic mucus (E), all at 5000 × magni-
fication. Scale bars (A-E): 10 μm. Representative cryo-scanning electron micrographs of PACMII (F) and PACMIII (G), both with 1.5% (w/v) PAA at 500 × magni-
fication. Scale bars: 100 μm (F-G). 
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(4K, 40K, and 70K). In all three animals, the diffusivity values of 4K 
FITC-dextran were significantly higher compared to 40K and 70K, as 
shown in Fig. 6H-J. No significant differences between the diffusivity 
values of 40K and 70K FITC-dextrans were identified. 

3.3.2. Validation of porcine artificial colonic mucus (PACM) based on 
diffusion of FITC dextrans. The PACMII and PACMIII samples containing 
1.5% (w/v) PAA mimicked the rheological properties of the native 
porcine colonic mucus. These were therefore selected for validation 
against the native mucus in terms of the diffusion profiles of the different 
charge and size FITC-dextrans. Pure PAA aqueous gel containing PAA in 
equal amounts to PACMII and PACMIII was also investigated to assess 

whether PAA alone could adequately capture the complex physico-
chemical interactions and size exclusion properties of native colonic 
mucus. If this were to be the case, the PAA mixture could replace the 
artificial mucus samples. 

Fig. 7A and B depict the diffusivity values of the FITC-dextrans of 
various charges and sizes in PACMII, PACMIII, PAA gel, and the pooled 
data of native porcine colonic mucus origin. In all cases except for the 
cationic 4K FITC-dextran, the diffusivity values from PACMII and PAC-
MIII were not significantly different from the pooled values from native 
porcine colonic mucus origin. The diffusivity values of neutral and 
anionic 4K FITC-dextrans obtained from the PAA gel were significantly 
higher compared to the respective values from the pooled values from 

Fig. 5. Impact of storage conditions and inter-batch variability on the gel network microarchitecture of PACMII: Representative cryo-scanning electron micrographs 
of three batches of PACMII under three storage conditions. 5000 × magnification (5A-5I). Scale bars: 10 μm. Comparison of mucus pores from three PACMII batches 
stored under three conditions (fresh, frozen, freeze-dried). Violin plots of Feret’s minimum diameter (J) and Aspect Ratio (K) distribution. Dotted lines represent the 
25% and 75% percentiles, while bold line represent the median. 
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native porcine colonic mucus origin, while the diffusivity values of 
cationic 4K FITC-dextran in PAA and PACM were similar to each other 
and significantly lower compared to the pooled values from native 
porcine colonic mucus origin. There was no significant difference in the 
diffusivity values between the PAA gel and the pooled values from 
native porcine colonic mucus origin of the FITC-dextrans with higher 
molecular weight that were assessed (neutral and anionic 40K and 
neutral 70K). A good correlation between the diffusivity values of FITC- 
dextrans in PACMII and porcine native colonic mucus was established 
(R2: 0.99); see Fig. 7C. 

3.3.3. Impact of storage conditions on the diffusion of FITC-dextrans in 
PACMII. The impact of storage conditions on the diffusivity of FITC- 
dextrans was investigated by FRAP. Fig. 8A and B provide an over-
view of the diffusivity values of FITC-dextrans of various charge and size 
properties obtained for measurements in PACMII stored in various con-
ditions. The values were within the variability observed for the diffusion 
of FITC-dextrans in native porcine colonic mucus (shaded area), except 
cationic 4K FITC-dextran, for which diffusivity values were lower in the 
artificial mucus. No trend in the diffusivity values could be observed for 
any of the storage conditions. 

4. Discussion 

4.1. Key properties of porcine native colonic mucus 

4.1.1. Inter- and intra-animal variability in the rheology of the porcine 
native colonic mucus 

All colonic mucus samples from the three pigs showed pseudoplastic 
behavior, with the apparent viscosity values decreasing with increasing 

shear rates (i.e., shear-thinning characteristics). This was in agreement 
with data from a previous investigation (illustrated as a gray area in 
Fig. 1A.), where the mucus collection and the rheological assessment 
were performed using the same protocols as the present study, and 
therefore any variation in the results would be attributed to variations in 
the animal material (natural variation) rather than variations between 
labs or protocols. The inter-animal variability was 6-fold, again in 
accordance with previously reported values (8-fold, (Barmpatsalou 
et al., 2021), <3-fold (Dubbelboer et al., 2022)), and lower than the 
inter-animal variability for small intestinal mucus (14-fold (Curt and 
Pringle, 1969), 18-fold (Barmpatsalou et al., 2021), and 25-fold (Boegh 
et al., 2014)). Colonic mucus from pigs P04 and P05 had similar 
apparent viscosity values throughout the range of examined shear rates. 
Pig P01 had lower apparent viscosity values than P04 and P05. It is 
unlikely that this difference can be attributed solely to water content or 
pH properties, as there was no correlation between these physiological 
properties and the apparent viscosity values for the three pigs 
(Table S1). This suggests that the apparent viscosity results from syn-
ergistic effects of various factors. The relatively limited inter-animal 
variability might be related to the well-controlled environment in 
which pigs are farmed. Efforts towards the production of standardized 
meat for commercial consumption have been intensified (Agostini et al., 
2015), resulting in the adaptation of standardized routines and pro-
cedures in animal farming. Therefore, farmed animals have access to the 
same type of food and are kept in similar environments, aspects that 
contribute to similar characteristics. Additionally, as the inner layer of 
the colonic mucus must withstand high shear rates so that it can protect 
the colonic epithelium, it is crucial to have a continuous mucus layer 
with similar rheological characteristics for the homeostasis of the GIT, as 

Fig. 6. Comparison of FITC-dextran diffusivity values in native porcine colonic mucus. Diffusivity values of neutral, anionic (-) and cationic (+) 4K FITC-dextrans in 
native colonic mucus from three pigs (P01, P04 and P05) (A), Individual profiles and statistical analysis of diffusivity values from P01 (B), P04 (C) and P05 (D). 
Diffusivity values for the neutral and anionic (-) 40K dextrans in native porcine colonic mucus from the same three pigs (E). Confocal images of native colonic mucus 
of pig P04 during a FRAP experiment with the cationic (+) 40K FITC-dextran (F), including pre-bleach caption (Fi). Captions were taken immediately after the 
photobleaching event (Fii) and at t: 225 s (Fiii). Diffusivity values of the 4K, 40K, and 70K FITC-dextrans (G) from three pigs (P01, P04, and P05) and respective 
individual profiles and statistical analysis for P01 (H), P04 (I) and P05 (J); n=3-6. Filled circles represent individual measurements. Bars: Mean±SD. 
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reflected in the limited intra-animal variability (2-fold). 
The rheological properties of mucus play a crucial role in regulating 

the transport of nutrients, drugs, and particles (Bansil and Turner, 2006) 
through the epithelium. Significantly reduced viscosity is associated 
with bacterial adhesion in gastric mucus (Chen et al., 2010), while 
increased viscosity can be related to mucus accumulation and eventually 
GIT obstruction (Chen et al., 2010; Meldrum et al., 2018). As the 
rheological profile of mucus is associated with the GIT homeostasis, the 
variability between animals is within a range that allows proper mucus 
functionality. 

The storage moduli (G’) of colonic mucus from pigs P04 and P05 
were in line with previously reported data (Barmpatsalou et al., 2021; 
Sellers et al., 1991), as shown in Fig. 1B. The dominance of G’ is a 
characteristic of cross-linked polymers which relates to solid-like prop-
erties (Ruiz-Pulido and Medina, 2021; Huck et al., 2019). Colonic mucus 
of these two pigs showed similar storage modulus values and thus 
similar extent of crosslinking. In contrast, colonic mucus from pig P01 
had less cross-linking, as represented by the lower G’ values, throughout 
the range of the angular frequency values. The mucus from pig P01 had a 
higher pH-value than mucus from pigs P04 and P05 (7.3 vs 7.1 and 7.0, 
respectively). However, this is unlikely to be the reason for the differ-
ence in their rheological profiles, as significant conformational changes 
in the mucins require larger pH variations (such as pH 2 and 4 vs. pH 6) 
(Ruiz-Pulido and Medina, 2021). 

Inter-animal variability was 10-fold, which was lower compared to 
that previously reported for small intestinal mucus (15-fold (Boegh 
et al., 2014)). This observation shows the importance of the mucus 
rheology for creating a barrier that protects the epithelium from the 
harsh intracolonic environment and bacterial load (Johansson et al., 
2008). The intra-animal variability was 3-fold, similar to that observed 
for porcine small intestinal mucus (2-fold (Boegh et al., 2014)). The 
storage modulus values from all mucus samples showed frequency in-
dependence, suggesting gel characteristics for all mucus samples. 

Overall, inter-animal variability was higher for the storage modulus 
than for the apparent viscosity. Apparently, inter-animal variation is 
greater for the viscoelastic properties of the mucus samples than for flow 
resistance. Similar observations have been reported for colonic mucus in 
possums (Lim et al., 2013). 

4.1.2. Diffusion of FITC-dextrans in porcine native colonic mucus. The 
diffusion of FITC-dextrans in porcine native colonic mucus was used to 
assess the impact of charge and size on molecular diffusion. As seen in 
Fig. 6A-D, the negatively charged 4K FITC-dextran tended to have 
slightly decreased diffusivity values, compared to the neutral one. This 
may be related to repulsive forces between the anion and the negatively 
charged sialic acid and sulfate sugar residues on the mucin glycoproteins 
(Desai and Vadgama, 1991; Araújo et al., 2018; Fröhlich and Roblegg, 
2014) . However, the difference between diffusivity values for the 
neutral and negatively charged FITC-dextrans was only significant in 
colonic mucus from a single pig. In contrast, the positively charged 4K 
FITC-dextran resulted in a dramatic decrease in diffusivity values for all 
three pigs, as shown in Fig. 6A-D. Other studies also highlight the limited 
diffusion of positively charged molecules in porcine gastric mucus 
(Desai and Vadgama, 1991) and nanoparticles in porcine jejunal mucus 
(Crater and Carrier, 2010). Such phenomena can be attributed to elec-
trostatic interactions between the diffusing cation and the negatively 
charged mucin domains (Cobarrubia et al., 2021; Griffiths et al., 2015). 

The negatively charged and neutral 40K FITC-dextrans had compa-
rable diffusivity values (Fig. 6E). This might be related to the higher 
molecular weight. It dominates diffusion behavior, contributing to 
decreased mobility, whereas repulsive physicochemical interactions 
have limited contribution to the diffusion profile. Nevertheless, the 
positive charge in the high molecular-weight FITC-dextran resulted in 
complete immobilization and physicochemical entrapment within the 
porcine colonic mucus network (Fig. 6F). Substantial differences have 
been previously reported between the diffusion of anionic and cationic 
synthetic peptides of equal molecular weight in porcine gastric mucus 
(Li et al., 2013) and between the diffusion of anionic and cationic 40K 
FITC-dextran in a mucin solution (Peng et al., 2021). This suggests that 
permeation of high molecular-weight cations is highly restricted 
through porcine colonic mucus. 

Fig. 6G-J illustrate the effect of molecular weight on the diffusion of 
FITC-dextrans through porcine colonic mucus. Diffusivity of the FITC- 
dextrans decreased with increase in molecular weight. Higher molecu-
lar weight might be associated with decreased mobility and increased 

Fig. 7. Comparison of diffusivity values of FITC-dextrans in native porcine 
colonic mucus from three pigs (P01, P04, and P05), in PACMII, PACMIII, and 
PAA 1.5% (w/v) gel: 4K (A), 40K and 70K molecular weights (B). Open circles 
represent individual measurements. n: 3-6, Bars: Mean±SD. Correlation be-
tween average diffusivity values of various FITC-dextrans in PACMII and 
porcine native colonic mucus (Mean±SD) (C). 
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likelihood of physicochemical interactions. In the present study, 40K 
and 70K FITC-dextrans exhibited lower diffusivity values in colonic 
mucus than 4K FITC-dextrans, but they were not completely immobi-
lized. Similar observations are reported for the diffusion of macromol-
ecules (molecular weight range 126-186,000 Daltons) in porcine gastric 
mucus (Desai, Mutlu, and Vadgama, 1992) and peptides (molecular 
weight range 3.4-66,000 Daltons) in porcine intestinal mucus (Bern-
kop-Schnürch and Fragner, 1996). The authors observed consistent 
retardation of solute flux in the mucus with increasing molecular 
weight, although no absolute molecular weight cut-off for the phe-
nomenon. A recent study of FITC-dextran (4K, 40K, and 150K) diffusion 
in porcine jejunal mucus also reports decreasing apparent permeability 
values with increasing molecular weight (Støvring Mortensen et al., 
2022). The decrease in diffusivity values is not proportional to the in-
crease in molecular weight, as shown in studies on porcine gastric mucus 
(Desai, Mutlu, and Vadgama, 1992), porcine jejunal mucus (Støvring 
Mortensen et al., 2022), and human cystic fibrosis sputum (Braeckmans 
et al., 2003). Thus, for molecules with molecular weights above the 
cut-off of the mucus mesh, diffusion is substantially delayed. 

4.2. Development and validation of porcine artificial colonic mucus 
(PACM) 

The use of pigs in preclinical assessments has gained substantial in-
terest lately (Bode et al., 2010; Colleton et al., 2016), largely due to the 
similarities in gastrointestinal characteristics between pigs and humans 
(Swindle et al., 2012). Both humans and pigs are omnivorous species 
(Patterson, Lei, and Miller, 2008), sharing similar digestive features and 
colonic microbiome (Rowan et al., 1994), and pigs have demonstrated 
their potential to predict most ADMET endpoints (van der Laan et al., 
2010). These similarities in gastrointestinal physiology have been 
translated in good correlation (r2=0.52) between the bioavailability of 
compounds administered in pigs and humans (Henze et al., 2019). 

The labor-intensive and animal-dependent mucus collection process 
catalyzed the quest for in vitro mucus models that mimic the native se-
cretions but can be quickly and affordably prepared in a laboratory 
animal-free setting. The characterization of porcine jejunal mucus 
(Larhed et al., 1997) shed light on the jejunal mucus composition. 

Further rheological measurements by Boegh et al. contributed to the 
development of an artificial mucus model reflecting the porcine jejunal 
mucus (Boegh et al., 2014). However, the composition and structural 
profiles differ for porcine jejunal and colonic mucus (Barmpatsalou 
et al., 2021), and the need for an in vitro mucus model reflecting the 
colonic mucus emerged. Early studies showed that porcine mucin iso-
lated, purified and reconstituted into mucus had rheological properties 
similar to native porcine colonic mucus (Sellers et al., 1991). However, 
the mucin was isolated from native mucus and thus, the preparation 
involved the mucus collection and processing step, limiting the flexi-
bility of this model that was still dependent on animal sources. Our goal 
was to develop a model with an easy preparation protocol using 
commonly available laboratory chemicals. The development of the 
artificial colonic mucus was inspired by the protocols for the preparation 
of porcine artificial jejunal mucus (Larhed, Artursson, and Björk, 1998; 
Boegh et al., 2014). The quantities of the components were adjusted to 
reflect the composition of native porcine proximal colonic mucus 
(Barmpatsalou et al., 2021), as in the upper large intestinal tract there is 
higher potential for drug absorption compared to the lower large in-
testinal segments, where the intraluminal contents have been solidified. 

4.2.1. Rheological properties and gel network microarchitecture of porcine 
artificial colonic mucus (PACM) 

The development of PACM was initiated by preparing a mixture of 
the mucus components. This resulted in a liquid-like sample, as previ-
ously observed (Boegh et al., 2014), and revealed a limited capacity of 
the commercially available mucins to form a complex gel network. That 
was observed for both PACMII and PACMIII. Mucin is known to be a key 
functional contributor to the gel properties of mucus, as the 
non-covalent bonds of the mucins are associated with the rheological 
properties of the mucus (Madsen, Eberth, and Smart, 1998). However, 
commercially available mucins have compromised amounts of glycans 
due to the purification process they undergo (Marczynski et al., 2021). 
The loss of functional groups results in limited gelling ability of the 
commercially available mucins (Marczynski et al., 2021), something 
extensively described in the literature (Kocevar-Nared, Kristl, and 
Smid-Korbar, 1997; Huck et al., 2019; Røn et al., 2017) and which can 
explain the liquid character of our samples. 

Fig. 8. Impact of storage conditions on the diffusion of FITC dextrans in PACMII: Diffusivity values of FITC dextrans in PACMII samples stored under various storage 
conditions. Fresh, frozen and freeze-dried are depicted in blue, green and red, respectively. Neutral and anionic 4K (A), cationic 4K, 40K and 70K molecular weights 
(B). The shaded area represents the range of data obtained from porcine native colonic mucus in the present study. Open circles represent individual measurements, 
Bars: Mean±SD. 
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PAA is known to be a highly efficient thickener that cross-links 
heavily upon dispersion in water. In the presence of a base, the poly-
mer backbone is ionized and the presence of negative charges results in 
electrostatic repulsion forces further extending the polymer chains (Kim 
et al., 2003). Cryo-SEM images (Kim et al., 2003) revealed that the 
resulting network is comparable to native mucus and could contribute to 
the shear thinning and solid-like properties of the porcine artificial 
colonic mucus. Indeed, it has been shown that PAA is capable of asso-
ciating with mucus through mucoadhesion (Riley et al., 2001), by the 
interpenetration of the polymeric chains into the mucus glycoprotein 
chains. This results in physical entanglement and functional group in-
teractions (Ruiz-Pulido and Medina, 2021). 

The gradual addition of PAA resulted in increased apparent viscosity 
and storage modulus values, as seen in Fig. 2A and B. The addition of 
1.5% (w/v) PAA resulted in rheological profiles within the range of 
those of porcine native colonic mucus, both for PACMII and PACMIII 
(Fig. 2C and D). It should be noted that PACMIII exhibited higher 
apparent viscosity and storage modulus values than PACMII. This can be 
attributed to the type of mucin contained in each sample, as this was the 
only difference between the two preparations. 

The gel network of PACMII and PACMIII was visualized in order to 
assess the microarchitecture of the samples and validate it against recent 
Cryo-SEM images of porcine native colonic mucus (Barmpatsalou et al., 
2021). First, PACMII and PACMIII samples without PAA were imaged. 
The mixture of mucins (Type II and Type III), BSA, and lipids were able 
to form a “loose” network, as seen in Fig. 4A and B. The addition of PAA 
resulted in the gradual adaptation of a “honeycomb” structure in the gel 
network, as illustrated in earlier Cryo-SEM images (Kim et al., 2003). 
PACMII and PACMIII samples containing 1.5% (w/v) PAA (Fig. 4C and D) 
presented a gel network with characteristics similar to porcine native 
colonic mucus (Fig. 4E). The PACMIII samples formed a network with 
pores of larger diameter compared to PACMII and porcine native colonic 
mucus. Further addition of PAA might have yielded smaller pores as 
previously reported (Kim et al., 2003); however it was a rather strenuous 
process to dissolve all the solids and produce a homogenous gel sample. 
Again, the difference in the gel network microarchitecture of PACMII 
and PACMIII can be related to the purification processes that mucin 
Types II and III undergo, resulting in different amounts of functional 
group residuals in the mucin monomer, as reported elsewhere (Marc-
zynski et al., 2021). Such functional group differences might contribute 
to the microarchitectural differences of PACMII and PACMIII in the 
present study, as they allow different types of interactions with the other 
components. It was also shown that PACMII and PACMIII samples con-
taining 1.5% (w/v) PAA were homogenous, implying uniform distri-
bution of the artificial mucus components (Fig. 4F and G). 

4.2.2. Diffusion of FITC dextrans in porcine artificial colonic mucus 
(PACM). Following the structural validation of PACMII and PACMIII 
against porcine native colonic mucus, we assessed the potential of 
PACMII and PACMIII in discriminating between diffusion of molecules of 
different charges and sizes. As PAA was a key contributor to the rheo-
logical properties and gel network of PACMII and PACMIII, it was 
deemed useful to assess whether a PAA mixture containing equal 
amounts of PAA to PACMII and PACMIII, but not the other components 
(mucin, BSA, lipids), would capture the barrier properties of porcine 
native colonic mucus. If so, it would be a simpler alternative for mucus 
diffusion studies. 

Both PACMII and PACMIII could adequately capture diffusivity trends 
due to different charges and sizes of the FITC-dextrans (Fig. 7A and B). 
The diffusion of cationic 4K FITC-dextran was more restricted in PACMII, 
PACMIII, and the PAA mixture than in porcine native colonic mucus. 
This might be related to the strong negative charge of PAA, which could 
result in stronger binding of the positively charged 4K FITC-dextran. 
Indeed, the zeta potential of PACMII, PACMIII, and the PAA mixture 
was -46.2±2.7, -48.7±3.5 and -35.1±1.1, respectively (Table S1). In 

contrast, the zeta potential of porcine native mucus was higher, ranging 
from -27.1 to -25.8, suggesting weaker electrostatic interactions with the 
diffusing cations compared to the artificial mucus models. 

The diffusivity values of FITC dextrans in PACMII and PACMIII fol-
lowed the trends observed for porcine native colonic mucus, with good 
sensitivity to charge and size differences. However, PACMII, PACMIII, 
and the PAA mixture exhibited a trend towards lower diffusivity values 
for the FITC-dextrans on the high end of the molecular size range 
(Fig. 7B). This trend might stem from the more rigid network of PAA 
which lacks the flexibility of the native mucins (Hughes et al., 2019). 

From Fig. 7A, it can be concluded that the mucin, BSA, and lipids in 
PACMII and PACMIII are necessary to capture the diffusion profiles of 
FITC-dextrans in porcine native colonic mucus. The mucin, BSA, and 
lipids interact with the diffusing molecules physicochemically, a phe-
nomenon that delays diffusion and decreases the diffusivity values. 
Especially for small, highly mobile molecules, the presence of these 
components is detrimental, as they do not face steric hindrance due to 
their small size. In molecules of higher molecular weight, the molecular 
size plays the key limiting role and thus diminishes the contribution of 
other physicochemical interactions. In these cases, a PAA mixture could 
be an alternative to PACMII and PACMIII, as it presented similar diffu-
sivity values for the 40K and 70K FITC-dextrans. The data observed 
herein suggest that research focusing on delivery of large molecules 
(>40kDa) or drug carriers could use a simple PAA-based gel as the first 
choice of screening tool for mucus diffusion. 

Both PACMII and PACMIII showed potential in identifying key 
diffusivity differences among molecules of various charge and size and 
both could replicate trends observed for porcine native colonic mucus. 
However, from a sample preparation point of view, PACMIII was more 
cumbersome to prepare than PACMII. It resulted in mixtures with higher 
viscosity and it was particularly difficult to dissolve all solids 
completely, a factor which would hinder production reproducibility. 
Given that there were no obvious differences in the diffusivity values 
between PACMII and PACMIII, PACMII was selected for use in further 
studies. 

PACMII was successfully validated against porcine native colonic 
mucus and reflected the structural properties and diffusion-related 
characteristics of porcine native colonic mucus (Fig. 7C). 

4.3. Assessment of the impact of storage conditions on the rheological 
properties, gel network microarchitecture and diffusion of FITC dextrans in 
porcine artificial colonic mucus (PACM) 

Three batches of PACMII were prepared independently, under the 
same conditions, and kept at 4 ̊C overnight to allow completion of the 
swelling. Equal portions of each batch were then tested under various 
storage conditions. All PACMII samples showed similar rheological 
behavior, independent of storage conditions (Fig. 3A and B). Støvring 
Mortensen et al. made similar conclusions in their assessment of various 
storage conditions (fresh, − 20◦C, or at − 80◦C directly or after snap 
freezing in liquid nitrogen, or freeze-dried and reconstituted with 
distilled water). They found that the various storage conditions have 
negligible effect on the barrier properties of porcine native jejunal 
mucus compared to fresh secretion (Støvring Mortensen et al., 2022). In 
the present study, we confirmed that the same applies to PACMII, 
demonstrating the flexibility and applicability of the porcine artificial 
colonic mucus in routine testing. Thus, upon preparation of a PACMII 
batch and after overnight storage at 4̊C, aliquots can be stored at -20̊C 
and thawed on the day of the analysis. Additionally, storage of PACMII in 
lyophilized aliquots substantially decreases both the weight and volume 
and thus contributes to lower costs of transport. The samples can be 
ready for experimentation upon a quick reconstitution step, followed by 
10 minutes of equilibration time, providing flexibility in experimental 
planning, reduced costs, simple, straightforward protocols as well as 
circumventing the biorisks related to the use of material from biological 
sources. 
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The inter- and intra-batch variability in the rheology of the three 
PACMII batches under various storage conditions (fresh, frozen at -20̊C, 
and freeze-dried/reconstituted with MilliQ water) was assessed to 
explore the homogeneity of the produced samples and the reproduc-
ibility of the preparation process. The apparent viscosity varied 2- to 3- 
fold among batches and the storage modulus values varied 2-fold 
(Fig. S3). Although not negligible, the inter-batch variability was 
lower than that for inter-animal. Low inter-batch variability improves 
experimental reproducibility, which is often severely hindered when 
animal models are involved (Collins and Tabak, 2014). The intra-batch 
variability, both in apparent viscosity values and storage modulus, was 
negligible (except for the apparent viscosity profile of fresh samples, 
where it was 2-fold). These findings suggest that homogenous samples, 
in which all components have been uniformly dissolved can be divided 
into aliquots with similar rheological properties. 

The impact of the three storage conditions on the network micro-
architecture of PACMII was assessed by Cryo-SEM imaging. As seen in 
Fig. 5A-I, the pore network of PACMII samples stored under all three 
conditions presents similarly sized and shaped pores, suggesting that 
storage conditions made no substantial changes in the gel network. 
Assessment of the inter-batch variability also revealed a similar gel 
microarchitecture for all batches (Fig. 5J and K). 

The diffusion of FITC-dextrans showed limited variability in PACMII 
samples stored under various conditions. Diffusion of neutral 4K FITC- 
dextrans was similar to anionic ones in the PACMII samples, while 
diffusion of the cationic ones was substantially lower, under the three 
storage conditions. The decrease can be probably attributed to the 
strong electrostatic interactions between the cation and the negative 
charge of the PACMII gel. Diffusion of the neutral and anionic 40K, and 
the neutral 70K FITC-dextrans was similar under all three storage con-
ditions and lower than the diffusion of the neutral and anionic 4K FITC- 
dextrans. Thus, storage conditions did not cause alterations in the 
sieving function of the gels which is responsible for the molecular size 
discrimination. It should be noted that although the trend towards a 
decrease in diffusivity values for cationic 4K FITC-dextrans compared to 
neutral and anionic 4K FITC dextran in porcine native colonic mucus is 
captured and is being presented by all PACMII samples, the decrease in 
the artificial mucus samples is more pronounced. Thus, it seems that 
PACMII samples are more sensitive to the presence of diffusing cationic 
molecules than the native colonic mucus. As discussed above, this is 
probably due to the more negative charge measured in the artificial 
mucus. For all other FITC-dextrans, the diffusivity values were within 
the variability observed for native colonic mucus (Fig. 8A and B, see 
shaded area). In conclusion, the storage conditions did not alter the 
physicochemical interaction characteristics or steric hindrance of PAC-
MII samples. Similar observations have been published by Støvring 
Mortensen et al. (Støvring Mortensen et al., 2022), suggesting that 
permeation of FITC dextrans in stored porcine jejunal mucus is similar to 
permeation through freshly isolated porcine jejunal mucus. 

5. Conclusion 

The present study reports the development of an in vitro porcine 
artificial colonic mucus (PACM) model validated against native colonic 
mucus. The model successfully captures the key trends in the diffusion of 
macromolecules in native colonic mucus and discriminates between 
differences in charge and size of the diffusing macromolecule, proving 
its high predictive capacity. Samples can be stored under common lab-
oratory storage conditions, without compromising the barrier properties 
of PACM. PACM can be used as a reliable, biopredictive screening tool in 
the early stages of drug development to elucidate drug diffusion in 
colonic mucus and can easily be implemented in routine experimenta-
tion, due to its simple preparation protocol and flexible storage 
characteristics. 
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Boegh, M., Baldursdóttir, S.G., Müllertz, A., Nielsen, H.M., 2014. Property profiling of 
biosimilar mucus in a novel mucus-containing in vitro model for assessment of 
intestinal drug absorption. Eur. J. Pharm. Biopharm. 87, 227–235. 

Boegh, M., García-Díaz, M., Müllertz, A., Nielsen, H.M., 2015. Steric and interactive 
barrier properties of intestinal mucus elucidated by particle diffusion and peptide 
permeation. Eur. J. Pharm. Biopharm. 95, 136–143. 

Braeckmans, K., Peeters, L., Sanders, N.N., De Smedt, S.C., Demeester, J., 2003. Three- 
dimensional fluorescence recovery after photobleaching with the confocal scanning 
laser microscope. Biophys. J. 85, 2240–2252. 

Brandl, F., Kastner, F., Gschwind, R.M., Blunk, T., Teßmar, J., Göpferich, A., 2010. 
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