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P-glycoprotein-mediated transport in a mucus-supplemented Caco-2 cell 
model in the presence of different surfactants 
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A B S T R A C T   

The aim of the present study was to investigate if mucus applied to Caco-2 cell monolayers protects cells from 
high concentrations of surfactants, while still allowing for an identification of the surfactant’s inhibitory effects 
on P-glycoprotein (P-gp). Two types of porcine mucin and six surfactants (Polysorbate 20 (PS20) and 80 (PS80), 
Kolliphor EL (Kol. EL) and RH40 (Kol. RH40), Labrafil M 2125 CS (L.fil) and Labrasol (L.sol)) were applied to 
Caco-2 cells, and TEER, paracellular transport and P-gp mediated digoxin transport was measured. The results 
showed that 15% porcine mucin type II was incompatible with Caco-2 cell monolayer integrity, resulting in a 
dramatic drop in monolayer TEER and increased mannitol transport. In contrast, mucin type III was compatible 
with Caco-2 cell monolayers in the concentration range of 2.5–15% without substantially disturbing barrier 
properties. The highest concentration of mucin type III impaired the ability of all six surfactants to decrease P-gp 
mediated digoxin transport. Subsequently lowering the mucin concentration to 5% facilitated adequate pro-
tection of cells and enabled e.g., 5% PS20 to inhibit P-gp mediated digoxin transport. Overall, the present work is 
useful for early-stage permeability investigations on how mucus affects P-gp mediated transport in the presence 
of formulation excipients.   

1. Introduction 

Lipid-based formulations are commonly used to increase the solu-
bility of drug substances to improve the bioavailability of poorly water 
soluble compounds (Pouton, 2006). In some lipid-based formulations 
surfactants are an important part of the formulation (Pouton, 2006). The 
surfactants can have multiple functions, including reduction of droplet 
size of the emulsion formed from the lipid-based formulation, the sur-
factants can solubilize the drug substance, both in the lipid vehicle, but 
also in the formed aqueous micellar formulation and finally some sur-
factants act as permeation enhancers for the incorporated drug sub-
stance. As permeation enhancers, surfactants may enhance paracellular 
(Al-Ali et al., 2018b; Petersen et al., 2012) or transcellular transport (Al- 
Ali et al., 2018a; Nielsen et al., 2016). The transcellular absorptive 
transport of drug substances may occur via passive paracellular (Anto-
nescu et al., 2019)) or transcellular passive diffusion (Sugano et al., 
2010) or be mediated by solute carriers (SLCs), whereas ATP-binding 
cassette (ABC) transporters (Al-Ali et al., 2019) may decrease 

absorptive transport. Especially non-ionic surfactants such as e.g., 
polysorbate 20 have been shown to interact with ABC transporters, such 
as P-gp and BCRP, in vitro and in vivo (Al-Ali et al., 2018a; Nielsen et al., 
2016; Sawangrat et al., 2019; Yamagata et al., 2007). In vitro, cell 
models may be used to investigate how surfactants affect permeability, 
however, as lipid-based formulations of Type II-IV contain 20–80% 
surfactants (Pouton, 2006), testing these formulations directly on e.g. 
Caco-2 cells is incompatible with the Caco-2 cells, which will lose their 
barrier properties, as observed by Bu et al. and Sadhukha et al. (Bu et al., 
2017; Bu et al., 2016; Sadhukha et al., 2018). In vivo, the epithelial cells 
of the intestine are protected from the surfactants by a mucus layer, 
which is an important gel-like part of the mucosal barrier (Werlang 
et al., 2019). However, under standard culture protocols, Caco-2 cells do 
not express mucins hence the mucus layer is absent in this cell model. 
Therefore, other cell models have been investigated that produce a 
mucus layer through co-culturing Caco-2 cells with mucus-producing 
HT29-MTX cells (Hilgendorf et al., 2000; Meaney and O’Driscoll, 
1999). However, this reduces the tightness of the monolayer, and the 
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resulting mucus layer is of limited thickness (Hilgendorf et al., 2000). An 
alternative approach is to manually apply the layer of mucus to Caco-2 
cells. Several studies have utilized this method to investigate mucus 
dynamics and adapt the cell-based model. Examples of such studies 
include measuring rifampicin permeability in a Caco-2 cell model 
including mucus and bovine serum (Goncalves et al., 2012), the 
profiling of a non-toxic biosimilar mucus (Boegh et al., 2014; Boegh 
et al., 2015), the utilization of mucus to ensure compatibility between 
Caco-2 cells and fasted state human intestinal fluid (Wuyts et al., 2015), 
and the study of drug absorption from digestible lipid-based formula-
tions through the introduction of a mucus layer (Keemink and Berg-
strom, 2018). These studies exemplify how the protective effects of 
mucus can be utilized to expand the capabilities of the Caco-2 cell 
model. However, it is still unclear if mucus can a) be applied to Caco-2 
cell monolayers to protect the cells from high concentrations of different 
surfactants and b) if excipients interacting with P-gp still can be iden-
tified after mucus addition. In the present study, we therefore investi-
gated these questions using Caco-2 cells supplemented with two types of 

commercially available porcine mucin and investigated the effects of 
surfactants often used in lipid-based formulations on general Caco-2 cell 
barrier properties and P-gp mediated digoxin transport. 

2. Material and methods 

2.1. Materials 

14C-mannitol (specific activity 57.2 mCi⋅mmol− 1), 3H-digoxin (spe-
cific activity 39.8 Ci⋅mmol− 1), 14C-glycine (specific activity 99.6 
mCi⋅mmol− 1), Ultima GoldTM scintillation fluid, and scintillation vials 
(6 mL, Pony VialTM) were from Perkin Elmer (Waltham, MA, USA). 
TranswellTM inserts (polycarbonate membrane, 0.4 µm pore size, 1.12 
cm2 surface area) were from Corning Life Sciences through Sigma 
Aldrich (Merck KGaA, Darmstadt, Germany). Dulbecco’s Modified Ea-
gle’s Medium, penicillin/streptomycin (100x), L-glutamine (200 mM), 
non-essential amino acids, Fetal Bovine Serum (FBS), phosphate- 
buffered saline, and Trypsin-EDTA (10x) all suitable for cell culture 

Table 1 
Overview of the non-ionic surfactants and test compound used in the present study. The hydrophilic-lipophilic balance (HLB), approximate molecular weights (MW) if 
applicable, and references to P-gp inhibition for the surfactants are reported in the table. For the test compounds LogP and MW are reported. NA: Not applicable.  

Surfactant name Components HLB Approx. 
MW 

P-gp 
inhibition 

Reference 

Polysorbate 20 (PS 
20) 

16.7 1226 + Nielsen et al., 
2016 

Polysorbate 80 (PS 
80) 

15 1310 + Al-Ali et al., 
2018b 

Labrafil® M 2125 
CS (L. fil) 

A mixture of mono-, di-, and triglycerides and polyethylene glycol (PEG-6) mono- and diesters of 
linoleic acid (C18:2) 

9 NA ? NA 

Labrasol® (L. sol) A mixture of a small fraction of mono-, di-, and triglycerides and mainly polyethylene glycol (PEG-8) 
mono- and diesters of caprylic (C8) and capric (C10) acid. 

12 NA + Lin et al., 
2007 

Kolliphor ® EL 
(Kol. EL) 

12–14 ~2475 + Al-Ali et al., 
2018a 

Kolliphor ® RH40 
(Kol. RH40) 

14–16 ~2072 + Kiss et al., 
2014 

Transport 
markers 

Structure LogP MW   

Mannitol − 3.1 182.2 –  

Glycine − 3.2 75.1 –  

Digoxin 1.3 781 +
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were from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). 
Hanks Balanced Salt Solution (HBSS) 10x was from Gibco through 

Thermo Fischer Scientific (Waltham, MA, USA). Sodium bicarbonate 
solution (7.5%), 4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid 
(HEPES) (≥99.5%), type II mucin from porcine stomach, type III mucin 
from porcine stomach, Tween 20 (Polysorbate 20) (cell culture tested), 
and Tween 80 (Polysorbate 80) were from Sigma Aldrich (Merck KGaA, 
Darmstadt, Germany). Kolliphor® EL was from Caesar & Loretz GmbH 
(Hilden, Germany). Kolliphor® RH40 was from BASF (Ludwigshafen, 
Germany). Labrafil® M 2125 CS and Labrasol® were samples kindly 
donated by Gattefossé (Saint-Priest, France). Table 1 lists the structures 
and physicochemical characteristics of the test compounds and nonionic 
surfactants used in the present study. Since some of the surfactants do 
not have exact molecular weights the concentrations of surfactant so-
lutions are later reported as percentages. 

2.2. Cell culture 

Caco-2 cells were obtained from Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen (DSMZ) (Leibniz Institute, Braunschweig, 
Germany) and were received without passage number. The cells were 
maintained in a humid (94–97%) incubator at 37 ◦C with 5% CO2. The 
cells were cultured in cell culture flasks (surface area 175 cm2). The cell 
medium consisted of Dulbecco’s Modified Eagle’s Medium supple-
mented with 100 unit•mL− 1 penicillin, 0.1 mg•mL− 1 streptomycin, 2 
mM L-glutamine, 1x non-essential amino acids, and 10% FBS and me-
dium was changed every 2–3 days. The cells were trypsinized once a 
week at around 80% confluency by removing media from the culture 
flask and rinsing with phosphate-buffered saline. Trypsin-EDTA (3x) 
was then added, and the cells were incubated for 5–10 mins until de-
tached. Cells were seeded on TranswellTM polycarbonate filters (1.12 
cm2) at a density of 8.93 ⋅ 104 cells⋅cm− 2 and used for transport ex-
periments 13–16 day after seeding. 

2.3. Preparation of mucus 

Porcine mucin is the most available and cheapest type of commer-
cially available mucin. So called type II and type III is commercially 
available from Sigma-Aldrich. Type II is stated to have ≤ 1.2% bound 
sialic acid and is a crude mucin preparation, while type III mucin has 
0.5–1.5% bound sialic acid and is a partially purified powder. Hence, 
type II is cheaper than type III. Hanks Balanced Salt Solution (HBSS) 
buffered with 10 mM HEPES and adjusted to pH 7.4 ± 0.05, with 0.1 M 
NaOH, hereafter referred to as HBSS* was used to reconstitute an 
appropriate amount of porcine stomach mucin (type II or III). Mucin 
solutions consisted of HBSS* containing 150, 100, 75, 50, or 25 
mg⋅mL− 1 (15, 10, 7.5, 5, and 2.5%, respectively) mucin type II or type III 
(also mentioned here as “mucus”) and adjusted to a pH of 7.4. The 
resulting mucin solutions were kept in the fridge overnight and then put 
on an ultrasonic water bath (45 kHz, 100 W) from VWR International 
(Radnor, PA, USA) at room temperature for roughly 30 min. When a 
homogenous mixture was obtained the pH of the solution was adjusted 
to 7.4 ± 0.05 using NaOH. Upon addition of NaOH, the solution was 
thoroughly mixed by vortexing or using a metal spatula. 

2.4. Transport across mucus-covered Caco-2 cell monolayers 

Mannitol transport: 14C-mannitol transport across filter-grown Caco-2 
cells was performed to evaluate the general Caco-2 cell barrier function 
in the presence of porcine mucin type II and mucin type III by para-
cellular transport in both the apical (A) – basolateral (B) and B-A di-
rection. Prior to the transport study the transepithelial electrical 
resistance (TEER) was measured at room temperature in an Endohm 
chamber using a voltmeter (EVOM) from World Precision Instruments 
(Sarasota, FL; US). Cell media was then removed, and the cells were 
preincubated with HBSS* for 15 min at 37 ◦C and 130 rpm. After 

removal of HBSS* 200 μL 15% mucus was added to the appropriate cells 
on the apical side. Donor and receiver solutions were then loaded to the 
respective chambers. For A-B studies in the presence of mucin, 300 μL 
HBSS* containing 1.67 μCi⋅mL− 1 14C-mannitol (29.2 μM) was slowly 
added to the apical side on top of the mucus, giving a total donor so-
lution containing 1 μCi⋅mL− 1 14C-mannitol (17.5 μM). In absence of 
mucin, donor solutions contained 1 μCi⋅mL− 1 14C-mannitol (17.5 μM) 
was added. 1 mL HBSS* was then added to the basolateral side. The plate 
was placed on a shaker at 37 ◦C and 130 rpm. At specific time intervals 
(15, 30, 45, 60, 90, 120 and 180 min), samples from the receiver 
chambers were withdrawn (100 μL for the basolateral chamber and 50 
μL for the apical chamber). Equivalent amounts of HBSS* were added to 
replace withdrawn samples. 10 μL samples were withdrawn from the 
donor chambers after 15, 60 and 120 min. 50 μL samples were with-
drawn from the donor chambers after 180 min. After 180 min, the cells 
were allowed to cool to room temperature and the TEER was measured, 
and solutions in the basolateral chambers were removed, as was the 
upper 300 μL from the apical chambers of wells containing mucin. The 
mucin layer (200 μL) was removed from the wells, mixed, and 50 μL 
samples were withdrawn. The filters were washed with cold HBSS three 
times. The filters were cut out and added to scintillation vials. All 
withdrawn samples and the filters were added to scintillation vials and 
mixed with 2 mL scintillation fluid (Ultima GoldTM). All vials were 
vortexed for 10 s, vials containing cell filters were vortexed for 1 min. A 
PerkinElmer Liquid Scintillation Analyzer (Tri-carb® 4910 TR) was used 
to measure the radioactivity. 

Digoxin and glycine: Bidirectional transport of 3H-digoxin and 14C- 
glycine across Caco-2 cells was studied to assess the effect of mucus and 
nonionic surfactants, see Table 1, on transcellular P-gp mediated digoxin 
transport as well as paracellular glycine transport. The transport studies 
were performed similar to described for mannitol with a few differences: 
Donor solutions contained 1 μCi⋅mL− 1 3H-digoxin (25.8 nM) and 1 
μCi⋅mL− 1 14C-glycine (10 µM) (1.67 μCi⋅mL− 1 for A-B studies in the 
presence of mucus, resulting in the same final donor concentration). 
Mucus solutions contained either 15%, 10%, 7.5%, 5%, or 2.5% mucin 
type III. Apical solutions contained either HBSS*, 200 µM Polysorbate 20 
(PS20), or 5% (v/v) solutions of PS20, Polysorbate 80 (PS80), Labrafil M 
2125 CS (L.fil), Labrasol (L.sol), Kolliphor EL (Kol. EL), or Kolliphor 
RH40 (Kol. RH40), whereas basolateral solutions contained HBSS*. The 
duration of the transport studies were 240 min with sampling in the 
receiver chamber after 30, 60, 90, 120, 180 and 240 min. 20 µL samples 
were withdrawn from the donor solutions before and after the experi-
ment. 50 µL samples were withdrawn from the mucus layer after the 
experiment. 

2.5. Time-dependent TEER change across Caco-2 cell monolayers in 
presence and absence of mucin type II and type III. 

TEER across Caco-2 cells was also measured over time in the pres-
ence and absence of 15% type II or type III mucin. The cells were 
incubated at 37 ◦C and TEER was measured after 55, 90, 120, 150, and 
180 min. 

2.6. Data analysis 

The steady-state flux (J, pmol⋅cm− 2⋅min− 1) was calculated as the 
slope of the linear part of accumulated transferred molecules as a 
function of time under sink conditions. The apparent permeability Papp 
(cm⋅s− 1) was then calculated by dividing the flux with the initial con-
centration in the donor solution Cdonor using a simplified version of 
Fick’s first law: 

J =
Q
A⋅t

= Papp⋅C0  

where J is the flux and Q is the steady-state amount of transported 
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compound over a given absorptive area (A), per time (t) and C0 is the 
starting concentration in the donor chamber. The efflux ratio (ER) from 
the bidirectional transport studies was calculated as the apparent 
permeability measured in the secretory (B-A) direction divided by the 
absorptive (A-B) apparent permeability. Recovery of the isotopes in % 
was calculated as: 

Recovery(%) =

(∑end
1st ns

)
+ nr(end) + nd(end) + nm + nf

nd(0)
×100%  

where ns is the disintegration per minute (DPM) of isotope in the sam-
ples withdrawn from the receiver compartment, nr(end) is the counts of 
isotope in the receiver at the end of the experiment, nd(end) is the counts 
of isotope in the donor chamber at the end of the experiment, nm is the 
counts of isotope in the mucus layer at the end of the experiment, nf is 
the counts of isotope in the filter at the end of the experiment, nd(0) is the 
counts of isotope in the donor solution at time zero. Recoveries were in 
the range of 80–110% for all isotopes used. TEER measured across the 
cell layer was multiplied with area according to the equation: 

TEER = (Rtotal − Rblank)⋅A  

where Rtotal is the resistance (Ω) measured across the cell layer, Rblank is 
the background resistance (Ω) across a filter without cells, and A is the 
surface area of the filters (1.12 cm2). 

2.7. Statistics 

Statistical analysis was performed using GraphPad Prism version 
8.1.1. n represented the number of individual cell passages. Results are 
expressed as mean values ± standard error of the mean (SEM) unless 
otherwise stated. Prism’s straight-line regression was used for the 
determination of slopes (for Papp values) and x-intercepts (lag time). A 
two-tailed unpaired t-test was used to compare two mean values. A one- 
way ANOVA test followed by Tukey’s multiple comparisons test were 
applied to determine, whether e.g., Papp values were statistically sig-
nificant (*P < 0.05). 

3. Results 

3.1. Mannitol transport across mucus-covered Caco-2 cell monolayers 
depends on mucin type 

Bidirectional transport of the neutral solute mannitol, often used as a 
paracellular marker, was investigated across Caco-2 cell monolayers 
covered with 200 µL 150 mg⋅mL− 1 (15%) porcine type II or type III 
mucin. As shown in Fig. 1A the absorptive transport of mannitol 

increased after approximately 90 min in the presence of mucin type II 
compared to Caco-2 cells without an added mucus layer. After the 
experiment, the transepithelial electrical resistance (TEER) was 
decreased by approximately 19 % in control monolayers and by 
approximately 79 % in mucin type II covered monolayers (Table 2). 
Hence, the TEER was then measured over time after application of 
mucus containing type II or III mucin (Fig. 1B). In a preliminary 
experiment, the presence of type II mucin lowered the TEER to below 
100 Ω⋅cm2 after 55 min and it remained around 30 Ω⋅m2 throughout the 
experiment. In contrast, the TEER for the control cells and in the pres-
ence of type III mucin remained around 300 Ω⋅cm2 for the time studied. 
This suggested that the monolayer integrity was compromised by type II 
mucin and could explain the observed increase in mannitol transport for 
mucin type II across Caco-2 cell monolayers. Hence, mucin type III was 
used for further experiments and will in later sections just be referred to 
as “mucus”. 

Bidirectional transport of mannitol in the presence or absence of 15% 
type III mucin was subsequently investigated (Fig. 2). The transport of 
mannitol in the presence of mucus followed a pattern similar to the 
control but had an increased lag time and a decreased permeation. 
Compared to the control, the lag time was increased from around 0 min 
to 37 ± 12 min and 58 ± 14 min in the A-B and B-A direction, respec-
tively (Table 2). Furthermore, the permeability of mannitol was lowered 
to 66% of the control value in the A-B direction and to 46% of the control 
in the B-A direction in the presence of type III mucin. An efflux ration 

Fig. 1. (A) Time dependent accumulation of 14C-mannitol in the receiver chamber during A-B transport in Caco-2 cells in the presence (n = 4) or absence (n = 4) of 
200 µL 15% porcine type II mucin. The donor solution contained 1 µCi⋅mL− 1 14C-mannitol (17.5 µM). The experiments were performed at 37 ◦C with a circular 
rotation of 130 rpm. (B) TEER measurements across Caco-2 cells over 180 min at 37 ◦C in the presence or absence of 200 µL 15% porcine type II or type III mucin. n is 
the number of independent Caco-2 cell passages (control n = 4, mucin type II n = 1, mucin type III n = 4) and each point represents mean values and when variation 
is shown it is ± SEM. 

Table 2 
Permeability coefficients (Papp), lag times, and TEER values from bidirectional 
transport studies of 14C-mannitol in Caco-2 cells in the presence and absence of 
15% mucin type II or mucin type III solutions. All values are given as means ±
SEM. A two-tailed unpaired t-test was used to compare the means of Papp. * 
indicates that the value was statistically significant from its control (P < 0.05).   

14C-mannitol TEER (before), 
(Ω⋅cm2) 

TEER (after), 
(Ω⋅cm2) 

Papp, (×10-6 

cm⋅s− 1) 
Lag time, 
(min) 

A-B 
Control 1.3 ± 0.08 − 1.1 ± 6.3 310 ± 40 252 ± 19 
15% 

mucin II 
ND ND 377 ± 19 80 ± 19 

15% 
mucin III 

0.82 ± 0.07 * 37 ± 6.8 328 ± 59 302 ± 36 

B-A 
Control 1.5 ± 0.12 − 0.25 ±

7.6 
319 ± 46 197 ± 8.3 

15% 
mucin II 

ND ND 386 ± 14 77 ± 25 

15% 
mucin III 

0.70 ± 0.07 * 58 ± 8.0 343 ± 36 312 ± 27  
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(ER) of 0.85 ± 0.19 and 1.2 ± 0.25 was observed in the presence and 
absence of mucin type III, respectively. 

3.2. Bidirectional transport kinetics of digoxin and glycine 

Bidirectional digoxin transport was investigated across Caco-2 cell 
monolayers covered with 200 µL 15% porcine type III mucin to assess 
how the presence of mucus affects the transport of a P-gp substrate 
(Fig. 3). In the absence of added mucus, the transepithelial transport of 
digoxin was highly polarized with an ER of 23 (Fig. 3A, Table 3). In the 
presence of added mucus, the A-B permeability dropped to around 57% 
of the control permeability and the lag time was increased by around 30 
min. 200 µM PS20 lowered the B-A transport of digoxin significantly in 
the absence of mucus leading to a 42% decrease in digoxin Papp. B-A 
digoxin permeability was only lowered to 85% of the control when 15% 
mucus was present, and the lag time was increased by around 30 min 
(Fig. 3, Table 3). The presence of mucus thus prevented that 200 µM 
PS20 could inhibit P-gp mediated digoxin transport. 

The transport of the zwitterionic small molecular solute glycine was 
studied alongside digoxin transport as a paracellular transport marker 
and TEER was studied to assess the integrity of the Caco-2 cell mono-
layer and to detect any toxic effects of mucus and surfactants. Fig. 4 
depicts the time-dependent accumulation of glycine in the receiver 

chamber in both the A-B and B-A direction in the presence and absence 
of 15% mucus. The presence of mucus increased the lag time by around 
40 min in the A-B direction, and by around 25 min in the B-A direction 
when compared to the control (Table 3). The A-B permeability of glycine 
was decreased by 20% in the presence of mucus whereas the B-A 
permeability was increased by 16%. The TEER values seemed to drop to 
around 70% of their initial value after the 240-minute experiment, while 
only decreasing to around 88% in the presence of 15% mucus (Table 3). 

3.3. The effect of non-ionic surfactants on digoxin transport 

The impact of nonionic surfactants on B-A transport of digoxin was 
investigated in Caco-2 cells covered with 15% mucus in the presence of 
5% (v/v) solutions of Polysorbate 20 (PS20), Polysorbate 80 (PS80), 
Labrafil M 2125 CS (L.fil), Labrasol (L.sol), Kolliphor EL (Kol. EL), or 
Kolliphor RH40 (Kol. RH40) on the apical side (Fig. 5A). These are high 
concentrations that alone abolish Caco-2 cell barrier properties 
completely, as e.g., 5 % PS20 corresponded to a molar concentration of 
approximately 44.8 mM. None of the surfactants lowered the secretory 
permeability of digoxin significantly when compared to the control 
(Fig. 5B, Table 3). However, L.fil, Kol. EL, and Kol. RH40 appeared to 
slightly increase the secretory permeability by 20–25%, while L.sol 
lowered the secretory permeability by 25%, and PS20 and PS80 led to 

Fig. 2. Time dependent accumulation of 14C-mannitol in the receiver chamber during bidirectional transport assays in Caco-2 cells in the presence or absence of 200 
µL 15% porcine type III mucin. The donor solution contained 1 µCi⋅mL− 1 14C-mannitol (17.5 µM). The experiments were performed at 37 ◦C with a circular rotation of 
130 rpm. (A) Absorptive (A-B) transport of 14C-mannitol (n = 4 for control, n = 3 for mucin type III), (B) secretory (B-A) transport of 14C-mannitol (n = 4 for control, 
n = 3 for mucin type III). n is the number of independent Caco-2 cell passages and each point represents mean values ± SEM. 

Fig. 3. Time-dependent accumulation of 3H-digoxin in the receiver chamber during bidirectional transport studies across a Caco-2 cell monolayer over 240 min in 
the absence (A) and presence (B) of 200 µL 15% type III mucin and 200 µM PS20 on the apical side. Donor solutions contained 1 µCi⋅mL− 1 3H-digoxin (25.8 nM). The 
experiments were performed at 37 ◦C with a circular rotation of 130 rpm. (n = 10) for controls of A-B and B-A, (n = 6) for A-B and B-A in the presence of mucus, (n =
4) in the presence of 200 µM PS20. n is the number of independent Caco-2 cell passages and each point represents mean values ± SEM and a linear regression line is 
depicted for the steady state part of the curve. 

S. Jakobsen et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 624 (2022) 121885

6

similar permeabilities as the control. None of the surfactants seemed to 
have an influence on TEER, when the cells were added 15% mucus, at 
most leading to a 20% decrease compared to the initial value, which was 
similar to the control (Table 3). Similarly, the permeability of glycine 
appeared to be unaffected by the presence of the non-ionic surfactants, 
at most being increased by 10–15% when compared to the control 
(Table 3). 

Overall, this suggested that while mucus can protect Caco-2 cells 
from the destructive effects of surfactant on barrier properties, mucus 
also impaired the ability to identify inhibition of the surfactants on P-gp 
mediated digoxin transport. 

3.4. The influence of mucin concentration on digoxin transport in the 
presence of various surfactant concentrations 

To identify the optimal balance between protecting the cell barrier 
function and allowing the P-gp mediated transport to be identified, the 
influence of mucin concentration on the secretory permeability of 
digoxin was studied over a range of 2.5%–15% type III mucin concen-
trations as well as in the presence of various surfactants. It appeared that 
secretory digoxin permeability was about 15% lower in the presence of 
15% and 10% mucus when compared to 7.5%, 5%, and 2.5% mucus 
(Fig. 6, Table 3). In the presence of 5% PS20 the secretory permeability 
of digoxin was decreased as the concentration of the mucus was 
decreased to 5%. An increase in the permeability was observed when the 
mucus concentration was reduced to 2.5%. This treatment also 
increased glycine permeability by 71% when compared to 2.5% mucus 
without surfactant present as well as reduced the TEER to 53 ± 14 
Ω⋅cm2 (Table 3). This indicated that the integrity of the Caco-2 cell 
monolayer was disrupted. 

In the presence of 5% Labrasol, the secretory permeability of digoxin 
was also slightly decreased when the mucus concentration was 
decreased. However, the permeability was approximately the same at 
both 5% and 10% mucus. At 10% mucus the presence of Labrasol 
increased glycine permeability by 32% when compared to the control 
and slightly lowered TEER. At 5% mucus the glycine permeability 
almost tripled and TEER was reduced to 107 ± 10 Ω⋅cm2 when Labrasol 
was present, again indicating a breach of the cell monolayer (Table 3). 

Overall, lowering the mucin content of mucus made it possible to 
detect the influence of the non-ionic surfactants on digoxin perme-
ability. However, when the mucus concentration got too low the sur-
factants also increased glycine permeability and lowered the TEER, 
suggesting that the cell layer was compromised. 

4. Discussion 

The present study explored the interplay between protecting Caco-2 
cells from surfactants using porcine mucus and the ability of surfactants 
to inhibit P-gp mediated transport to provide of a more physiologically 
relevant in vitro model for investigating the cellular effects of commonly 
used surfactants. The effect of mucus in relation to studying ABC 
transporters or solute carriers is a sparsely investigated area, although 
various mucus applications have been investigated with Caco-2 cells 

Table 3 
Permeability coefficients (Papp), lag times, and TEER values from bidirectional 
transport studies of 1 µCi⋅mL− 1 3H-digoxin and 1 µCi⋅mL− 1 14C-glycine in Caco-2 
cells in the presence or absence of 15% mucin type III solutions. All values are 
given as means ± SEM.   

3H-digoxin 14C-glycine TEER 
(before), 
(Ω⋅cm2) 

TEER 
(after), 
(Ω⋅cm2) Papp, 

(×10-6 

cm⋅s− 1) 

Lag 
time, 
(min) 

Papp, 
(×10-6 

cm⋅s− 1) 

Lag 
time, 
(min) 

A-B 
Control 0.63 ±

0.01 
− 25 
± 3.8 

1.3 ±
0.01 

4.0 ±
4 

583 ± 47 422 ± 19 

15% 
mucus 

0.35 ±
0.01 

− 9.2 
± 4.0 

1.0 ±
0.01 

43 ± 4 617 ± 35 545 ± 22 

B-A 
Control  14 ±

0.14 
1.5 ±
1.3 

1.7 ±
0.02 

8.4 ±
1.2 

583 ± 45 409 ± 21 

200 µM 
PS20 

8.3 ±
0.22 

6.0 ±
3.6 

1.8 ±
0.02 

12 ±
1.2 

601 ± 58 491 ± 24 

2.5% 
mucus 

14 ±
0.37 

23 ±
3.2 

2.6 ±
0.05 

23 ±
2.3 

520 ± 90 382 ± 42 

5% 
mucus 

14 ±
0.31 

29 ±
2.6 

2.8 ±
0.07 

31 ±
2.9 

514 ± 98 332 ± 98 

7.5% 
mucus 

14 ±
0.46 

30 ±
3.7 

3.1 ±
0.10 

32 ±
3.6 

514 ± 100 316 ±
103 

10% 
mucus 

12 ±
0.57 

26 ±
5.6 

2.5 ±
0.09 

29 ±
4.0 

512 ± 98 284 ±
128 

15% 
mucus  

12 ±
0.54 

29 ±
5.2 

2.0 ±
0.07 

32 ±
4.3 

591 ± 40 463 ± 34 

15% 
mucus 
+ 200 
µM 
PS20 

14 ±
0.60 

42 ±
4.4 

2.2 ±
0.05 

43 ±
2.5 

589 ± 42 494 ± 25 

2.5% 
mucus 
+ 5% 
PS20 

9.1 ±
0.24 

24 ±
3.2 

4.4 ±
0.08 

41 ±
1.8 

522 ± 91 53 ± 14 

5% 
mucus 
+ 5% 
PS20 

6.2 ±
0.23 

18 ±
4.7 

3.1 ±
0.12 

31 ±
4.7 

517 ± 100 283 ±
117 

7.5% 
mucus 
+ 5% 
PS20 

7.5 ±
0.31 

27 ±
4.8 

3.2 ±
0.13 

40 ±
4.8 

539 ± 112 420 ±
187 

10% 
mucus 
+ 5% 
PS20 

9.8 ±
0.53 

33 ±
6.1 

3.2 ±
0.16 

45 ±
5.8 

528 ± 99 383 ±
178 

15% 
mucus 
+ 5% 
PS20 

10 ±
0.79 

20 ±
9.1 

2.1 ±
0.06 

37 ±
3.2 

562 ± 50 513 ± 27 

5% 
mucus 
+ 5% 
L.sol 

7.8 ±
0.15 

25 ±
2.2 

8.0 ±
0.17 

26 ±
2.6 

507 ± 91 107 ± 10 

10% 
mucus 
+ 5% 
L.sol 

7.2 ±
0.27 

26 ±
4.5 

3.3 ±
0.12 

32 ±
4.1 

517 ± 99 233 ± 30 

15% 
mucus 
+ 5% 
L.sol 

8.8 ±
0.43 

31 ±
5.5 

2.1 ±
0.04 

37 ±
2.5 

554 ± 48 445 ± 5 

15% 
mucus 
+ 5% 
PS80 

11 ±
0.97 

13 ±
11.5 

2.2 ±
0.22 

24 ±
12.9 

556 ± 46 451 ± 17 

15% 
mucus 
+ 5% 
L.fil 

15 ±
0.97 

35 ±
7.3 

2.2 ±
0.08 

43 ±
4.2 

579 ± 33 505 ± 16 

15% 
mucus 

15 ±
0.98 

25 ±
7.5 

2.3 ±
0.08 

35 ±
4.3 

563 ± 53 510 ± 39  

Table 3 (continued )  
3H-digoxin 14C-glycine TEER 

(before), 
(Ω⋅cm2) 

TEER 
(after), 
(Ω⋅cm2) Papp, 

(×10-6 

cm⋅s− 1) 

Lag 
time, 
(min) 

Papp, 
(×10-6 

cm⋅s− 1) 

Lag 
time, 
(min) 

+ 5% 
Kol. EL 

15% 
mucus 
+ 5% 
Kol. 
RH40 

15 ± 1.6 3.1 ±
14.8 

2.3 ±
0.11 

28 ±
6.3 

564 ± 42 461 ± 22  
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Fig. 4. Time-dependent accumulation of 14C-glycine in the receiver chamber during bidirectional transport studies across a Caco-2 cell monolayer over 240 min in 
the presence and absence of 200 µL 15% type III mucin. Donor solutions contained 1 µCi⋅mL− 1 14C-glycine (10 µM). The experiments were performed at 37 ◦C with a 
circular rotation of 130 rpm. (n = 10) for controls of A-B and B-A, (n = 6) for A-B and B-A in the presence of mucus. n is the number of independent Caco-2 cell 
passages and each point represents mean values ± SEM and a linear regression line is depicted for the steady state part of the curve. 

(A)

(B)

Fig. 5. A: Time-dependent accumulation of 3H-digoxin in the receiver chamber during secretory (B-A) transport studies across a Caco-2 cell monolayer with 200 µL 
15% type III mucin over 240 min in the presence and absence of 5% nonionic surfactant solutions. Donor solutions contained 1 µCi⋅mL− 1 3H-digoxin (25.8 nM). 
HBSS* was used as the buffer in all experiments with some apical solutions containing 5% surfactant solutions. The surfactants used were Polysorbate 20 (PS20), 
Polysorbate 80 (PS80), Labrafil M 2125 CS (L.fil), Labrasol (L.sol), Kolliphor EL (Kol. EL), and Kolliphor RH40 (Kol. RH40). The experiments were performed at 37℃ 
with a circular rotation of 130 rpm. (n = 6) for the control and (n = 3) for A-B the rest. n is the number of independent Caco-2 cell passages and each point represents 
mean values ± SEM and a linear regression line is depicted for the steady state part of the curve. B: Secretory (B-A) apparent permeability coefficients (Papp) derived 
from Fig. 5A Values are shown as means ± SEM. The control was studied on 6 independent cell passages and other treatments in 3 passages. Statistical analysis was 
done using One-way ANOVA followed by Tukey’s multiple comparisons test. None of the treatments were significantly different (P > 0.05) from the control. 
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(Boegh et al., 2014; Boegh et al., 2015; Goncalves et al., 2012; Keemink 
and Bergstrom, 2018; Wuyts et al., 2015). 

One of the major findings in this study was that of the two 
commercially available porcine mucins, only type III was compatible 
with the Caco-2 cell models, while type II mucin increased mannitol 
permeability and lowered the TEER, both results indicating a compro-
mised integrity of the cell monolayer. Type II and III mucin are prepared 
similarly from pig stomachs by protease pepsin treatment followed by 
ethanol precipitation yet type II is described by the manufactory as a 
crude mucin preparation, while type III is a partially purified powder. A 
recent study accordingly stated, that type II mucin contains more im-
purities than type III (Marczynski et al., 2021), and it seems likely that 
one or more of these impurities were present in high enough amounts to 
impair the cell integrity. The study by Marczynski et al. suggested that 
the commercial porcine mucin could be re-purified to obtain a more 
pure mucin preparation after which both type II and III could be used 
(Marczynski et al., 2021). Moreover, it has been suggested that 
commercially available mucin does not form a gel-like structure after 
solubilization but remains in the solution state phase (Marczynski et al., 
2021). Although this is likely to introduce difficulties in an absolute 
scaling of data from in vitro to in vivo and yield some lab-to-lab variation, 
commercially available porcine mucin is still more readily available and 
could be used for initial early-phase permeability investigations despite 
its limitations, such as lack of gelling and lubricating abilities (Marc-
zynski et al., 2021). 

The introduction of mucus to Caco-2 cells prolongs the lag-time of 
solute transport. This may be caused by the increased diffusion distance, 
increased viscosity of the applied mucus layer, the charge selective 
properties of mucus (Werlang et al., 2019) or intermolecular in-
teractions between mucus and the solute. It was recently experimentally 
suggested by Tzanova et al. that the reciprocal diffusion coefficient was 
proportional to the medium viscosity in a stagnant layer (Tzanova et al., 
2021). In the present study, preliminary dynamic viscosity measure-
ments (not shown) of 2.5 – 15% mucus suggested different viscosities 
increasing with mucin concentration, yet the lag-time of glycine and 
digoxin did not change with increasing mucin concentration. This sug-
gests that the diffusion distance is the main reason for increased lag- 
time. Even though the increased lag-time was expected, it is still a 
consideration that needs to be taken into account when designing 
transport studies with mucus supplemented cell systems. In our lab 
transport studies are normally conducted over a 2-hour period with 5 
samplings, while mucus-supplemented Caco-2 cells should be run for 4 h 
with the first sample taken after one hour. During a transport study using 
Caco-2 cells, the TEER values are normally reduced by approximately 

20% (Al-Ali et al., 2018b), however, with the highest concentration 
(15%) of type III mucin the TEER reduction was lower than for control 
cells, which could be related to a protection of the effect of sampling 
from the wells or a membrane stabilizing effect, which was also seen for 
e.g. PS20 (Al-Ali et al., 2018b). Overall, the investigated mucus con-
centrations in the absence of surfactant did not decrease the electrical 
barrier properties of Caco-2 cell monolayers. 

The presence of 15% mucin type III, in our study, significantly 
lowered both the secretory and absorptive steady-state permeability of 
mannitol. In another study by Keemink and Bergström using Caco-2 cells 
and 15% mucin type III, the permeability of mannitol at pH 6.5 was 
reported not to be altered (Keemink and Bergstrom, 2018). The differ-
ence between our study and the study by Keemink and Bergström could 
be caused by the different sampling schemes used since (Keemink and 
Bergstrom, 2018) sampled at 30, 60 and 120 min to estimate the 
permeability. Another difference is found in the pH values of the buffers 
used since mucus with a pH of 7.4 was used in the present study as 
opposed to mucus with a pH of 6.5 used in the study by Keemink and 
Bergström, which could affect the structure of the formed mucus layer. 
In contrast, absorptive glycine permeability was slightly increased by 
the highest mucus concentration (15%) and the secretory permeability 
increased at mucus concentrations of 2.5–10 %. Glycine is a small 
zwitter-ionic amino acid (75.07 g/mol), and although it is a substrate for 
amino acid transporters, such as hPAT1, previous studies have shown 
that at the concentration used in the present study, it functions as a 
paracellular marker (Larsen et al., 2008), which was also supported by 
the lack of polarized transport seen in the present study (Cf. Table 3). 
With mannitol permeability being decreased and glycine permeability 
increased, although both to a minor degree, it is difficult to speculate 
about how the mucus layer affected the junctional permeability. Digoxin 
showed a polarized permeability in the secretory direction with an efflux 
ratio of 22 in the control situation, which was in accordance with pre-
vious reports (Al-Ali et al., 2018a; Nielsen et al., 2016). This was 
consistent with the secretory permeability being facilitated by P-gp 
mediated efflux. The secretory permeability of digoxin was not affected 
by any of the investigated mucus concentrations, indicating that the 
apically applied type III mucin itself did not contain any P-gp inhibiting 
compounds. This was important in order to investigate how excipients 
affect P-gp mediated transport under mucus supplemented condition. 

From in vivo studies it is known that surfactants, such as PS20, can 
increase the oral bioavailability of P-gp substrates such as etoposide and 
digoxin (Al-Ali et al., 2018a; Nielsen et al., 2016). Digoxin bioavail-
ability was increased in Sprague-Dawley rats after oral administration of 
a digoxin solution containing more than 10% of PS20, whereas in 

Fig. 6. Secretory (B-A) apparent permeability coefficients (Papp) of 3H-digoxin across a Caco-2 cell monolayer with 200 µL of mucus (varying concentrations) and in 
the presence and absence of 5% Polysorbate 20 (PS20) or Labrasol. Donor solutions contained 1 µCi⋅mL-13H-digoxin (25.8 nM). The receiver solution was either pure 
HBSS* (control) or containing 5% surfactant. The mucus applied either contained 2.5%, 5%, 7.5%, 10%, or 15% type III mucin. Papp is shown as means ± SEM. 
Experiments in the presence of 15% mucus were done on 3 independent cell passages (6 for control), and the rest were done on 4. Statistical analysis was done using 
One-way ANOVA followed by Tukey’s multiple comparisons test. *Indicates a significant difference (P < 0.05) between means of the corresponding control 
experiment (same mucus concentration). 
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MDR1a(-/-) Sprague-Dawley rats bioavailability of digoxin was not 
increased (Nielsen et al., 2016). This suggests that PS20 can inhibit 
bioavailability limiting P-gp mediated efflux of digoxin in vivo, and also 
indicated that PS20 can permeate the mucus found in the rat intestine. 
The mucus layer in rats has been estimated to be approximately 34–123 
µm thick (Atuma et al., 2001; Szentkuti and Lorenz, 1995; Varum et al., 
2012). In our study, 200 µL applied mucus would correspond to a 
thickness of approximately 1800 µm. Therefore, both the thickness and 
the actual composition and structure of the mucus (Marczynski et al., 
2021) applied to Caco-2 is clearly a limitation in establishing a physi-
ological relevant in vitro model. Yet, in the absence of mucus 200 µM 
PS20 significantly decreased the secretory digoxin permeability across 
Caco-2 cells, whereas in the presence of 15% mucus, 200 µM PS20 could 
not decrease the permeability. Even increasing the concentration of 
PS20 to 5%, corresponding to 44.8 mM, did not decrease secretory 
digoxin permeability in the presence of 15% mucus. Compared to in vivo 
data, we observed that 5% PS20 administered orally to Sprague-Dawley 
rats could not increase digoxin absorption, which support the early- 
stage use of the mucus supplemented Caco-2 cells (Nielsen et al., 
2016). Likewise, Polysorbate 80, Kolliphor EL and RH40, Labrafil and 
Labrasol at 5% in 15% mucus supplemented Caco-2 cells could not 
decrease secretory digoxin permeability and did not affect glycine 
permeability or TEER values. This suggested that while the Caco-2 cells 
were protected from loss of integrity by the surfactants, the mucus layer 
also restricted the movement of surfactants resulting in a too low con-
centration in the vicinity of P-gp to inhibit the transporter. Lowering the 
concentration of mucus decreased the secretory digoxin permeability, 
indicating inhibition of P-gp, as seen for PS20 and Labrasol. The lowest 
mucus concentration could not protect the cells, since TEER decreased 
and glycine transport increased, thus it seems that for PS20 specifically 
5% mucus protected the cells while still making it possible for the sur-
factant to inhibit P-gp. In contrast, 5% mucus was not sufficient to 
protect Caco-2 cells from the effects of Labrasol. For Labrasol 10 % 
mucus was needed to protect the cells and allow for P-gp inhibition. This 
indicates that to perform permeability studies investigating the effect of 
surfactant or other formulation components different mucus concen-
trations must be investigated. 

Overall, the present work adds to early-stage permeability in-
vestigations on how mucus affects the study of formulation components 
and P-gp mediated transport. The results contained important knowl-
edge for researchers studying the effects of enabling formulations such 
as lipid-based systems containing various amounts of surfactants and 
other formulations excipients likely to affect P-gp mediated transport. 
Mucus from reconstituted porcine mucin can be utilized to ensure 
compatibility between the Caco-2 cell model and high concentrations of 
nonionic surfactants, thus constitutes an advancement in in vitro cell 
culture models that potentially allows the testing of otherwise cytotoxic 
components on cells, due to the protective capabilities of a mucus layer. 
However, as this study also shows there seems to be a tradeoff between 
gaining protection from deleterious compounds and the ability to then 
see their bioactivity as is evident from the diminished P-gp inhibition of 
nonionic surfactants seen in this study. Considerations should be made 
regarding balancing these two aspects when implementing a mucus 
layer, or whether it should be solely used to resemble a more physio-
logically relevant model. However, as this study highlights, the actual 
composition of the mucus should be considered carefully, as some 
commercially available mucins appear to have cytotoxic effects. 

5. Conclusion 

For commercially available porcine mucins it is evident that type III 
mucin was compatible with Caco-2 cell transport studies, and should be 
chosen over type II mucin, although slightly more expensive. Transport 
studies with mucus-supplemented Caco-2 cells should be conducted over 
a longer than a standard 2-hour protocol, to account for the increased 
lag-time observed. Since mucus poses a diffusion barrier to the 

surfactants, the amount of mucus applied should ideally be determined 
for the individual surfactants in order to avoid losing important data on 
excipient effects on transport proteins. Under such condition it was 
possible to use mucus to protect Caco-2 cells and still detect the P-gp 
inhibiting effect of surfactants. 
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Nielsen, C.U., Steffansen, B., 2019. The Permeation of Acamprosate Is Predominantly 
Caused by Paracellular Diffusion across Caco-2 Cell Monolayers: A Paracellular 
Modeling Approach. Mol. Pharm. 16 (11), 4636–4650. 

Atuma, C., Strugala, V., Allen, A., Holm, L., 2001. The adherent gastrointestinal mucus 
gel layer: thickness and physical state in vivo. Am. J. Physiol. Gastrointest. Liver 
Physiol. 280 (5), G922–G929. 
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