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A B S T R A C T

Tight junction (TJ) modulation is a promising approach for improving drug bioavailability by enhancing the
absorption of active pharmaceutical ingredients. However, the application of many different test methods to
determine the efficacy of new TJ modulators (TJMs) or to assess different compounds is accompanied by a lack
of comparable results, reducing the rational evaluation and commercial marketing of these pharmaceutical
excipients. The establishment of unified testing methods can fill this gap and offers the opportunity to compare
results from different laboratories. Furthermore, the calculation of a TJ modulation score allows the objective
comparison of TJ modulators and facilitates the selection of appropriate candidates.

In this study, eight well-known TJ modulators were tested with a focus on four different in vitro bioassays
carried out with MDCK cells. The extent of TJ modulation was determined by transepithelial electric resistance
(TEER) measurements and permeability studies with mannitol. To evaluate tolerability, cell viability (MTT) and
cytotoxicity (CellTox™ Green) assays were performed, and TEER regeneration was monitored for 24 h after ex-
posure. With the exception of labradimil, seven TJ modulators caused significant TEER reduction of up to 100 %.
For five compounds, an enhancement of mannitol permeation was observed. As expected, first-generation en-
hancers exhibited lower cell compatibility than mechanism-based modulators. Based on the experimental results
of this study, for the first time, an evaluation system (tight junction modulator scoring system, TJMSS) is pre-
sented that provides a ranking of the tested modulators depending on weighted parameters. Such a system offers
the possibility of rational formulation development for drugs requiring improved absorption.

1. Introduction

The modern concepts and methods of drug discovery, including
high throughput screening, yield a large number of new promising drug
candidates [1], but a multitude of them are related to pharmacokinetic
problems such as poor solubility and permeability, limiting their
pharmaceutical application [2]. Beyond low permeability after oral
administration, many active pharmaceutical ingredients (API) also
show poor permeation behavior and drug transport at several other
barrier-forming tissues such as the blood brain barrier [3], the cornea
[4] or human skin [5]. For this reason, several innovative approaches
have been developed in recent decades to overcome these hurdles in
drug development and improve drug bioavailability. Such approaches
included, for example, prodrug strategies or the inhibition of efflux
transporters such as P-glycoprotein, technical innovations such as mi-
croneedles or iontophoresis, drug formulation strategies such as the
self-microemulsifying drug delivery system (SMEDDS) or nanoparticles
and the use of permeation enhancers such as mucoadhesive polymers,
bile salts and surfactants [6]. However, all these concepts have the
disadvantage of being linked to particular properties of the API or

restricted to certain tissues. Out of these considerations, the idea of the
modification of drug absorption barriers to increase permeation of
various APIs emerged. One possible starting point could be the mod-
ulation of tight junctions (TJs), which prevent or decrease paracellular
drug transport, in particular of large and hydrophilic molecules [7],
thereby forming an important barrier responsible for the low perme-
ability of many chemical entities.

TJs are part of the junctional complex next to gap junctions and
desmosomes located in the apical part of the paracellular space,
forming a branching network of polymerized protein strands [8]. These
strands consist of 4 different integral transmembrane proteins (occludin
[9], claudin [10], tricellulin [11] and junctional adhesion molecules A,
B and C [12]) that are connected to the actin filaments of the cytos-
keleton by zonula occludens proteins [13–15]. This connection enables
the specific regulation of TJs to allow the controlled permeation of
nutrients or other essential molecules [16]. The key factor for this
functionality is the myosin light chain (MLC), a subunit of myosin [17].
MLC activation by phosphorylation leads to the contraction of actin
filaments and thereby creates an opening of TJs [18]. This phosphor-
ylation is regulated by the balance between the activities of myosin
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light-chain kinase (MLCK) and myosin light-chain phosphatase (MLCP).
Different pathways, triggered by various receptors and kinases, lead to
MLCK and MLCP activation or inhibition [19]. Among other things, TJs
regulate cell proliferation, differentiation and polarization and con-
tribute to the establishment of the ion gradient [20]. Furthermore, their
localization in the paracellular space creates a strong barrier for many
xenobiotics. The claudins, with 24 known members belonging to their
family, play a decisive role in this so-called fence function [21]. Their
expression pattern, particularly their morphology and number of
strands, determines the barrier characteristics of different tissues [22].
For example, claudin-5 can be found in especially strong barriers such
as the blood brain barrier, cornea or nephron epithelium [23].

Over the years, several TJ modulators have been studied with re-
gard to their drug permeation enhancing properties and can be classi-
fied into different groups according to their mechanism of action and
tolerability. TJ modulators of the first generation, that do not target
specific TJ components, were calcium chelators, e.g., EDTA, and sur-
factants, e.g., sodium caprate, and were followed at the end of the
1990s by second-generation modulators (targeting specific TJ proteins)
such as peptides corresponding to occludin, Clostridium perfringens en-
terotoxin or antisense RNA [24]. Due to the low biocompatibility of
these substances along with cytotoxic effects, the development of so-
called mechanism-based (MB) TJ modulators seems to be a promising
approach [19]. Such compounds, e.g., AT-1002 or PN159, target TJ
regulation and are therefore promising to lead to a more gentle and
reversible opening of TJs, causing fewer cytotoxic effects in contrast to
first- and second-generation modulators. A summary of all TJMs ex-
amined in this study is presented in Table 1.

Starting from scratch, what makes a good TJ modulator? The
opening of the TJ should be fast, short acting and reversible. A fast and
easy method for the evaluation of TJ modulator efficiency can be per-
formed by measuring transepithelial electrical resistance (TEER) as a
surrogate parameter for the opening of TJs. In general, two different
laboratory methods for TEER measurement are used; for example,
single measurements of resistance by chopstick electrodes or cell cul-
ture cup chambers and more precise, continuous measurements of

impedance under standardized conditions with cellZscope®, ECIS® or
xCELLigence® are carried out. The latter are particularly well suited for
determining TEER regeneration after the depletion of TJ modulators
and thus the reversible opening of TJs. For the evaluation of permeation
enhancement, different marker substances such as mannitol, inulin,
polyethylene glycol or FITC-dextran can be used [36]. However, TEER
measurements can only offer a first indication of whether a substance
can enhance API permeation. It must be considered that not every de-
crease in TEER leads to a higher apparent permeation coefficient (Papp)
for a drug, and furthermore, with comparable TEER values, Papp de-
pends on the paracellular marker used [37], resulting in a general
problem with the comparability of results gained from experiments
with comparable TEER values and different markers [38–42]. More-
over, Papp values obtained for certain tracers can vary greatly among
different cell lines [43,44] or tissues. Furthermore, the incubation time
of the TJ-modulating compound plays a distinct role and can lead to
different results. Beyond efficacy, tolerability is a key feature for dis-
tinguishing a good TJ modulator. Miscellaneous cell-based assays are
available for the measurement of viability or cytotoxicity [45] as in-
dicators of tolerability, targeting metabolic capacity, membrane in-
tegrity or apoptosis markers.

Hence, current research on the efficacy and tolerability of TJ
modulators deals with a variety of testing systems and methods and was
extensively reviewed by Deli in 2005 [46]. Thus, different cell lines
(e.g., Caco-2, HUVEC, MDCK), in vitro models and animal models are
used for this application [47]. However, this procedure presents a large
disadvantage regarding the comparability and assessment of TJ mod-
ulators for several reasons. First, the expression of barrier properties in
distinct cell lines or tissues is different, reflected by a large range of
TEER values. Second, cell cultures, tissues and animal models are dif-
ferentially affected by the cell-based assays according to different pro-
liferation and metabolism ratios. Third, the comparison between per-
meation studies performed using different markers and barriers is
limited by their molecular weights, hydrophilicities, barrier properties
and associated permeation coefficients. Thus, the selection of suitable
permeation enhancers for challenging pharmaceutical applications by

Table 1
Summary of the eight TJ modulators tested in the study.

Name Formula Pharmaceutical Use Mode of action Molecular
Weight

logP

Benzalkonium chloride Preservative Cytotoxic interaction with cell
membrane and membrane proteins
[25,26]

283.9 g/mol 3.45+

EDTA Chelating agent Calcium chelator [27] 292.2 g/mol −0.43*

Sodium caprate Surfactant Phospholipase C activation [27,28] 194.2 g/mol 4.09#

Sodium fluoride NaF Caries prevention Myosin light-chain phosphorylation,
Cytotoxic effects [29,30]

42.0 g/mol −0.77#

Sodium nitroprusside Na2[Fe(CN)5NO] Vasodilatator Myosin light-chain kinase and Protein
kinase C activation [31]

261.9 g/mol 0.07#

AT-1002 Phe-Cys-Ile-Gly-Arg-Leu Permeation enhancer Protease activated receptor-2 agonist
[32]

707.9 g/mol N/A

Labradimil Arg-Pro-Hyp-Gly-Thi-Ser-Pro-Tyr(Me)-psi-(CH2NH)-Argx Permeation enhancer Bradykinin B2 receptor agonist [33] 1098.3 g/mol −2.5#

PN159 Lys-Leu-Ala-Leu-Lys-Leu-Ala-Leu-Lys-Ala-Leu-Lys-Ala-Ala-
Leu-Lys-Leu-Ala

Permeation enhancer Binding to TJ Proteins [34,35] 1876.5 g/mol N/A

Listed are their formulas and pharmaceutical use as well as their assumed mode of action as TJM (primary target), molecular weight and octanol/water partition
coefficient (logP value). The double-crossed line separates the first-generation enhancers in the first part from the mechanism-based (MB) enhancers in the second
part of the table. The logP values were obtained from three different databases (chemspider*, drugbank# and pubchem+). No logP values were available for the
modulators AT-1002 and PN159. Data for benzalkonium chloride, a mixture of alkylbenzyldimethylammonium chlorides, is exemplary for the benzyldimethy-
loctylammonium chloride. However, neither logP values nor the molecular weight of the TJM allow a conclusion to be drawn as to their modulating properties or the
extent of the modulating effect.

x Hyp: hydroxyproline, Thi:2-thienyl-alanine, psi: CO-NH is exchanged by CH2NH
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formulation scientists is hampered, and the general benefit of TJ
modulators independent of APIs and certain tissue characteristics and
their universal applicability have been questioned.

This study describes an attempt to solve the problem of the com-
parability of different TJ modulators and introduces a new method for
evaluating TJ modulators. It allows the objective evaluation of different
potential TJ modulators and is still adaptable to individual require-
ments. Based on TEER and permeability data to determine efficiency
and regenerative capacity and viability and toxicity assays to evaluate
biocompatibility, a score system is proposed that facilitates the uniform
assessment of TJMs. The newly developed TJM score condenses data
from all experiments into one value to achieve the complete description
of a modulator.

2. Materials and methods

2.1. Materials

Phosphate-buffered saline (PBS), Earle’s MEM medium with 2.2 g/l
NaHCO3 and 2mM glutamine were purchased from Biochrom (Berlin,
Germany). Fetal bovine serum (FBS) and antibiotic solution with
10,000 U/mL penicillin, 10mg/mL streptomycin sulfate and 25 µg/mL
amphotericin B were obtained from Sigma-Aldrich (Darmstadt,
Germany).

Except for measurements of multivalent cation-sensitive com-
pounds, all measurements were performed in Krebs-Ringer buffer
(KRB), pH 7.4, in 1,000mL of double distilled water with 116.4 mM
NaCl, 5.4mM KCl, 1.0 mM NaH2PO4·H2O, 25.0mM NaHCO3, 15.0mM
HEPES, 5.6mM D-glucose monohydrate, 0.8 mM MgSO4×7·H2O,
1.8 mM CaCl2× 2·H2O. NaCl, NaHCO3 and HEPES were obtained from
Carl Roth (Karlsruhe, Germany). KCl and MgSO4× 7·H2O were pur-
chased from Acros Organics (Geel, Belgium). NaH2PO4·H2O was pur-
chased from Merck (Darmstadt, Germany). D-glucose monohydrate was
obtained from Caelo (Hilden, Germany). For multivalent cationsensi-
tive compounds, calcium- and magnesium-free KRB buffer (KRB-/-) was
used. OptiPhase SuperMix scintillation liquid was purchased from
PerkinElmer (Shelton, Connecticut). Carbon-14-radiolabeled mannitol
was obtained from Hartmann Analytic (Braunschweig, Germany). All
other chemicals used in this study were of analytical grade. The TJ
modulators EDTA, sodium caprate and sodium fluoride were obtained
from Sigma-Aldrich. Benzalkonium chloride was purchased from Caelo,
and nitroprusside sodium was purchased from Carl Roth. The MB
modulators AT-1002 and PN159 were purchased from Caslo (Lyngby,
Denmark), and labradimil was received from Bachem (Bubendorf,
Switzerland). All modulators were used in concentrations with a loga-
rithmic scale. The choice of mean tested concentration was made ac-
cording to previously described effective doses for every TJ modulator.

2.2. Madin-Darby Canine Kidney (MDCK) cells I

MDCK type I cells at passage 17 were obtained from the European
Collection of Authenticated Cell Cultures (ECACC). This cell line was
initially derived from the renal duct of an adult female cocker spaniel.
When grown on filters, they form tight monolayers with a polarized
morphology. Cells were cultivated in 25 cm2 tissue culture flasks at
37 °C under a humidified atmosphere with 5 % CO2. The ECACC-re-
commended medium Earle’s MEM containing 2.2 g/l NaHCO3, 10 %
FBS, 2mM glutamine and 1 % antibiotic/antifungal mixture was used.
Growth medium was replaced 3 times per week. Cells were subcultured
after reaching confluence. Cell counting was performed using a Z2
Coulter Counter from Beckman Coulter (Krefeld, Germany).

2.3. Transepithelial electrical resistance (TEER) measurement

The cellZscope® from nanoAnalytics (Münster, Germany) was used
for continuous evaluation of TEER as a surrogate parameter of tight

junction functionality. MDCK cells were grown on 1.12 cm2, 1.0 µm
transparent filter inserts (ThinCerts™, Greiner Bio-One, Frickenhausen,
Germany) with a seeding density of 100,000 cells per well. The medium
was changed at cultivation days 3, 4 and 5. TEER measurements were
performed on day 5 when cells reached a resistance of approximately
3500Ω·cm2 starting with the replacement of the growth medium by an
equivalent volume of KRB, pH 7.4 (500 µL apical, 1500 µL basolateral)
and cell incubation for 60min. After this preincubation, 250 µL of KRB
was removed from the insert, and the same volume of double-con-
centrated sample solution (TJ modulator in KRB) was added to the
250 µL KRB inside the insert to reach the desired concentration.
Afterwards, impedance measurements were performed for 180min
with a frequency range of 1 Hz to 100 kHz at 37 °C and 5 % CO2 inside
the incubator.

Subsequently, the cells were carefully washed with fresh KRB and
incubated in medium, and TEER was monitored up to 24 h in 30min
time intervals after the start of the experiment to evaluate TEER re-
covery. The results are given as the relative TEER reduction, defined as
the percentage change of the starting value corrected by the baseline
value.

2.4. Permeation studies

For permeation studies, MDCK I cells were cultivated on ThinCerts™

filter inserts for 5 days according to impedance measurements as de-
scribed above. The cellular layer was incubated with 500 µL KRB before
permeation. After 60min, KRB was replaced by 200 µL donor solution
containing 1mM mannitol in KRB spiked with 14C-mannitol to a re-
sulting activity of 0.5 μCi/mL and the TJ modulator at the appropriate
concentration. KRB (1200 μL) was used as the acceptor solution in the
basolateral compartment. Aliquots (200 μL) were collected from the
receiver chamber at fixed time intervals for 210min and replaced with
an equal volume of KRB. Radioactivity was determined using an LS
6500 scintillation counter (Beckmann Coulter, USA) after adding
1.5 mL scintillation liquid cocktail to every sample. The permeation
profiles of mannitol were determined by plotting the permeated amount
[µg] versus the time [min]. The permeation enhancement factor was
calculated as the ratio of the permeated amount of mannitol in the
acceptor solution for KRB donor solution with TJM versus KRB donor
solution without TJM at the end of the experiment.

2.5. Cell viability and toxicity

2.5.1. MTT assay
MDCK cells were cultivated at a density of 10,000 cells/well in a 96-

well plate for 24 h. Cells were incubated with 100 µL sample dispersion
in KRB per well for 15min, 30min, 60min, 120min and 180min.
Afterwards, samples were removed, and 100 µL of 0.5 % MTT solution
in media was added per well and incubated for 180min. The MTT so-
lution was replaced by a solubilization solution containing 2.75 g so-
dium dodecylsulfate, 3.65 g hydrochloric acid, 88.2 g water and 905.4 g
isopropyl alcohol. After 12 h of refrigerated storage, the absorbance at
570 nm was determined using a KC4 plate reader from BioTek (Bad
Friedrichshall, Germany). After the addition of MTT solution, all further
steps performed were protected from light. KRB and 0.1 % Triton-X
solutions were used as negative and positive controls, respectively.

2.5.2. Membrane integrity assay
The CellTox™ Green assay from Promega (Mannheim, Germany) was

used to determine the cytotoxicity of TJ modulators. The fluorescence-
based assay measures changes in membrane integrity that occur as the
result of cell death. The cultivation of MDCK cells and sample incuba-
tion were performed according to the MTT assay as described above.
Subsequently, the CellTox™ Green assay was carried out following the
manufacturer’s protocol. Fluorescence was measured using a GENios
plate reader (Tecan, Männedorf, Switzerland).
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2.6. Tight Junction Modulator Scoring System (TJMSS)

Based on the results, a scoring system was proposed to evaluate
TJMs. The key parameters and functionality are described below. The
TJ modulator score is calculated by spreadsheet analysis, which is
provided in the supplementary data. The score can be calculated from
TEER measurements at five time points (15, 30, 60, 120 and 180min),
permeation studies and viability/toxicity assays with individual
weighting. The scoring is performed using the following Eq. (1):

= − + +

+ − + +

Factor Factor permeation Factor

viability toxicity Factor regeneration

TJ modulator score

1* [TEER] 1
25

* 2*[ ] 3

*([ ] (1 [ ]) 4*(1 [ ]) (1)

The four different factors can be chosen as whole numbers ranging from
1 to 5, where one stands for low importance and five stands for high
importance. The factors can be individually chosen according to your
own requirements. Crucial for different rankings is the weighting ratio
between the four parameters. Selecting one or five for all parameters
will change the value of the score factor but not the order.

[TEER] is the relative TEER reduction corrected by the relative
TEER reduction of control (KRB) at the same time point. [Permeation]
is the ratio of permeated mannitol with TJ modulator to permeated
mannitol in KRB (control solution) at the chosen time. It is corrected by
the empirical factor of 1

25
to obtain a normalized value with no over-

estimation of strong permeation enhancement. [Viability] is the meta-
bolic activity determined by MTT assay in relation to the negative
control and corrected by the positive control. [Toxicity] is the calcu-
lated membrane interference from the CellTox™ Green assay according
to manufacturer’s protocol. [Regeneration] is the relative TEER re-
duction corrected by the relative TEER reduction of control (KRB) 24 h
after the start of the experiment.

3. Results

In Fig. 1, the relative TEER reduction over 180min and after a re-
generation time of 24 h is presented. All TJ modulators with the ex-
ception of labradimil at the concentrations tested were able to cause
significant reduction in TEER up to 100 % within the first 15 min of
incubation. Most modulators seem to have an all-or-nothing effect,
showing no effect or a reduction of approximately 100 %. One milli-
molar sodium caprate and 10mM sodium fluoride cause a TEER re-
duction of approximately 50 %. Among first-generation enhancers ex-
hibiting a reduction of 100 %, only 1mM EDTA showed TEER
regeneration after 24 h. The TEER could also regenerate with the use of
25mM AT-1002 and 10 µM PN159.

The results of the permeation studies are shown in Fig. 2. In contrast
to the significant TEER reduction observed earlier, strong permeation
enhancement was detected in this setup only for benzalkonium
chloride, EDTA, sodium caprate and PN159 (permeation enhancement
factor> 5). PN159 showed a concentration-dependent influence on
mannitol permeation, whereas only 1mM and 10mM BAC caused
permeation enhancement. Interestingly, for 10mM sodium caprate, a
distinctly higher effect was observed than that for 100mM sodium
caprate. This may be because the CMC concentration of 86mM [48]
was exceeded.

Fig. 3 illustrates the results of the MTT assay. First-generation en-
hancers reduced the metabolic activity of MDCK cells in contrast to
most MB modulators. For first-generation enhancers, TEER reduction
seems to be linked to the restriction of metabolic activity. In contrast,
AT-1002 at TEER-reducing effective concentrations produced a time-
dependent decrease in viability; however, the values were at least 50 %
or higher. For 10 µM and 100 µM PN159, cell viabilities lower than 80
% were detected, but in contrast to first-generation modulators, 10 µM
PN159 was able to reconstitute barrier properties and regenerate TEER

to up to 90 % of the levels seen with the control (Fig. 1H).
The results from the CellTox™ Green assay are depicted in Fig. 4. In

the case of first-generation enhancers, membrane toxicity was detected
only for BAC and sodium caprate. This may be due to their chemical
structures and amphiphilic properties. However, for BAC concentra-
tions ranging from 100 µM to 10mM, contrary to expectation, the de-
termined toxicity levels decrease with higher concentrations, which
may be due to fluorescence quenching at higher chloride concentrations
[49]. Furthermore, a 180min incubation with 100mM sodium fluoride
caused a toxicity of approximately 60 %. For the MB modulators AT-
1002 and PN159, the MTT results correlate with membrane toxicity
measured by the CellTox™ Green assay.

Benzalkonium chloride ranging from 0.005 % (~176 µM) to 0.02 %
(~705 µM) is a commonly used preservative in many ophthalmic for-
mulations. It has distinctive cytotoxic potential due to its chemical
properties as a cationic surfactant, thereby increasing the ocular bioa-
vailability of numerous topically applied drugs [50–52]. In this study,
BAC at concentrations higher than 100 µM (~0.0028 %) caused a fast
TEER reduction within the first 15min. After 24 h of regeneration, cells
that were previously incubated with 100 µM BAC showed a remaining
TEER reduction of 44 %, whereas incubation with higher BAC con-
centration did not result in TEER regeneration. For pronounced per-
meation enhancement, BAC concentrations of 1mM and higher were
necessary and resulted in particularly high permeation enhancement
factors up to 20. However, metabolic activity after 15min incubation
was already dramatically decreased to 38 % for 100 µM BAC. For higher
concentrations of BAC as well as longer incubation periods, even ex-
tremely low metabolic activity values< 5 % were detected.

Ethylenediaminetetraacetic acid acts by depleting extracellular
calcium and thereby activates protein kinase C [27]. Concentrations of
EDTA above 1mM caused TEER reduction within 15min, but this re-
duction was not as fast as that seen with BAC. After 24 h, the TEER
could regenerate completely in the case of 1mM EDTA, whereas for
10mM and 100mM EDTA, the regeneration of barrier integrity was not
observed. Permeation enhancement factors up to 8.0 were determined
for 10mM and 100mM EDTA; however, lower concentrations did not
cause improved mannitol permeability. Metabolic activity was above
70 % for all EDTA concentrations after 15min of incubation but de-
creased thereafter in both a concentration- and time-dependent
manner. Higher variances in these tests were, inter alia, reducible to the
partial detachment of cells caused by the calcium-complexing behavior
of EDTA. Toxic effects on membrane integrity were not detected for all
EDTA concentrations in the CellTox™ Green assay.

A proposed mechanism of action for sodium fluoride as a TJM is
Rho activation and, thereby, myosin light chain phosphorylation [29].
However, the toxic effects of fluoride should also be taken into account
[30]. One hundred mM NaF showed fast TEER reduction without re-
generation after 24 h, whereas 10mM NaF exhibited a delayed reduc-
tion of 60 % after 30min incubation time and regeneration up to 100 %
after 24 h. Lower concentrations had no effect on the TEER. However,
effective NaF concentrations showed no permeation enhancement and
reduced metabolic activity.

Nitroprusside sodium effects arise from MLCK and PKC activation
[31]. In this experimental setup, 100mM nitroprusside sodium showed
fast TEER reduction up to 100 %, and, for 10mM nitroprusside sodium,
a delayed effect after 90 min with TEER reduction up to 50 % was
observed. The regeneration of barrier integrity was only detectable for
nitroprusside sodium at a concentration of 10mM. One hundred mil-
limolar nitroprusside sodium produced 2.5-fold permeation enhance-
ment but reduced the viability of MDCK cells to approximately 40 %.

Sodium caprate affects TJ function by increasing intracellular cal-
cium levels due to its interaction with the cell membrane, resulting in
the contraction of actin filaments [27]. Sodium caprate at concentra-
tions of 10mM and 100mM reduced the TEER up to 100 % without
regeneration, whereas 1mM sodium caprate caused TEER reduction of
60 % with complete regeneration compared to the control. However,

D. Saaber and S. Reichl European Journal of Pharmaceutics and Biopharmaceutics 142 (2019) 353–363

356



Fig. 1. The effect of eight different tight junction modulators (TJMs) on the transepithelial electrical resistance (TEER) of MDCK monolayers following incubation for
180min and a recovery period of 21 h is shown. The TEER is expressed with the relative TEER, defined as the first value before adding the TJM, as 0 % and the
following values expressed as a percentage change of the starting value. Graphs A–E illustrate the relative TEER development of five different first-generation TJMs,
and the relative TEER values of three mechanism-based modulators are depicted in graphs F - H. TEER was continuously measured except for a short break after
180min for substance depletion and washout. For testing of EDTA and sodium caprate (B, E), polyvalent cation-free KRB (KRB-/-) was used, while other experiments
were performed with KRB as a reference. The indicated values are the means of two independent experiments with n= 2–3 each ± SD.
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Fig. 2. Permeation profiles for 1 mM mannitol solution in the presence of eight different TJMs using MDCK monolayers as the permeation barrier for an incubation
period of 210min are shown. Figure A–E represent permeation graphs for five first-generation TJMs, whereas permeation graphs for three mechanism-based
modulators are depicted in figure F–H. For permeation studies with EDTA and sodium caprate (B, E), polyvalent cation free KRB (KRB-/-) was used, while other
experiments were performed with KRB as a reference. The indicated values are the means of two independent experiments with n= 2–3 each± SD.
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Fig. 3. The metabolic activity of MDCK cells in the presence of eight different TJMs after 15min, 30min, 60min, 120min and 180min incubation time determined
using the MTT assay and expressed as cell viability is depicted. For EDTA and sodium caprate (B, E), polyvalent cation-free KRB (KRB-/-) was used as a negative
control, and the other experiments were performed with KRB as a negative control (corresponding to 100 % cell viability). A 0.1 % Triton-X solution was used as a
positive control for all experiments (corresponding to 0 % viability). Graphs A – E show MDCK cell viability after incubation with five different first-generation TJMs,
whereas viability after treatment with three mechanism-based modulators is depicted in graphs F - H. The indicated values are the means of two independent
experiments with n= 5–6 each ± SD.
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Fig. 4. Cytotoxic effects caused by eight different TJMs after 15min, 30min, 60min, 120min and 180min incubation detected as changes of cell membrane integrity
via CellTox™ Green assay are presented. Bars represent the relative cytotoxicity. For EDTA and sodium caprate (B, E), polyvalent cation-free KRB (KRB-/-) was used as
a negative control, and the other experiments were performed with KRB as a negative control (corresponding to 0% toxicity). As a positive control (corresponding to
100 % toxicity) for all experiments, lysis solution was used according to the manufacturer’s protocol. Graphs A–E show the cytotoxicity of five different first-
generation TJMs, while the cytotoxicity of three mechanism-based modulators is depicted in graphs F–H. The indicated values are the means of two independent
experiments with n=2–3 each ± SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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only for 10mM sodium caprate was permeation enhancement detect-
able to a comparable extent as that found for 10mM BAC. A distinct
influence on cell viability was observed for 10mM and 100mM sodium
caprate. In contrast to 100mM sodium caprate, the cytotoxic effect of
10 mM sodium caprate was time-dependent.

Labradimil has been reported to increase the permeability of human
brain microvascular endothelial cells, e.g., for 70 kDa dextran and in-
ulin [33] and was tested in multiple clinical trials [19]. However, in this
experimental setup, labradimil caused only a slight decrease in the
TEER. Additionally, no effects of labradimil on permeation studies and
the MTT and CellTox™ Green assays were detected.

The MB modulator AT-1002, known as a PAR2 receptor agonist
[32], decreased TEER values at concentrations from 1mM to 25mM
without resulting in the significant permeation enhancement of man-
nitol. Twenty-five millimolar AT-1002 showed a time-dependent re-
duction of metabolic activity, whereas for concentrations below 10mM,
viability was found to be above 80 %. The CellTox™ Green assay in-
dicated time- and concentration-dependent effects on membrane in-
tegrity for 10mM and 25mM AT-1002.

For PN159, a direct interaction with TJ proteins is hypothesized
[34]. PN159 at concentrations of 10 µM and 100 µM showed strong
TEER reduction as well as permeation enhancement comparable to
BAC, but only for 10 µM was TEER recovery seen. However, both
concentrations also ereduced metabolic activity and exhibited intensive
effects in toxicity testing.

4. Discussion

Since increasing numbers of drug candidates currently exhibit low
bioavailability [53] due to poor solubility and low permeability, a
promising approach for improving drug absorption could be the en-
hancement of paracellular flux across epithelial barriers by tight junc-
tion modulation. In particular, advanced scientific understanding of
tight junction regulation provides a chance for the targeted develop-
ment of novel mechanism-based TJ modulators to increase permeability
with fewer side effects than modulators from prior generations [54].
Based on the idea of developing TJ modulators for pharmaceutical
application, the question of testing routines and parameters to describe
their suitability came into focus. However, the current scientific lit-
erature reports no consistent approach for the specification of TJ
modulators, resulting in a large number of cell lines with different
barrier characteristics, a variety of cell viability and toxicity assays and
many different permeation markers that are used for this purpose [46].
This has the great disadvantage that many of these studies are not
comparable with one another. In fact, numerous TJ modulators have
been described in recent decades, but only sodium caprate has been
placed on the market and is used in commercial pharmaceutical pro-
ducts [55]. A crucial obstacle for companies could be the lack of valid
preclinical data and test systems for selecting an appropriate compound
for their purposes. Depending on the application, different character-
istics of a TJ modulator are required, which makes comprehensive
characterization indispensable. However, timely research regarding
selected individual methods and special cell lines or tissues hampers,
with respect to the low comparability of results, the comprehensive
characterization of TJ modulators. Thus, formulation scientists are
faced with the question of what modulator to choose for their purposes.
The successful choice of TJ modulator depends on the application site
and the dosage form, and one or the other property appears to be of
greater importance on a case-by-case basis.

This study aimed to solve these problems by providing a unified test
system for the assessment of TJ modulators. For this purpose, perfor-
mance of the assays is to be fast and easy but nevertheless produce all
relevant information for the examination of TJ modulators and provide
high comparability for all enhancers. Second, a scoring system should
be established on the basis of these results. The assignment of a specific
score should simplify the choice of the most appropriate modulator for

the respective application. As a consequence, the choice of an appro-
priate modulator, e.g., a modulator with a rapid response or low toxi-
city, is simplified and could improve the application of TJ modulators
as universal permeation enhancers.

To implement such a test and scoring system, five first-generation
modulators (EDTA, benzalkonium chloride, sodium caprate, sodium
fluoride and nitroprusside sodium) as well as three MB modulators
(labradimil, AT-1002 and PN159) were examined regarding their effi-
cacy and toxicity. The eight tested compounds are known permeation
enhancers with different mechanisms of action and differ in their tol-
erability, effectiveness, response time, TEER reduction and permeation
enhancement. For this study, the MDCK I cell line, a well-established
cellular model for testing epithelial permeability, was used. MDCK I
cells have the advantage of showing high, stable TEER values of
3,500Ω·cm2 after five days of cultivation, which makes them very well
suited for impedance measurements and permeation assays. Impedance
was continuously measured with the cellZscope®, providing standar-
dized and stable conditions. In contrast to simple resistance measure-
ments, impedance measurements are not accompanied by temperature
fluctuations or variation in electrode distance that result in different
TEER values [56]. Permeation assays were performed with mannitol as
a hydrophilic marker, which offers various advantages in comparison to
fluorescence-based assays. Mannitol is nonionic and causes fewer in-
teractions with charged TJ modulators. Furthermore, the quantitative
analysis is not influenced by quenching effects from several cations and
anions [49]. Cell viability was tested by the well-established MTT assay,
and the cytotoxic effects of TJ modulators on cell membrane integrity
were determined using the commercially available CellTox™ Green
assay. Thus, the whole system is kept as simple as possible to provide
the fast but still comprehensive and conclusive characterization of TJ
modulators. The methods are unified and can be easily transferred to
other laboratories to achieve not only intralaboratory but also inter-
laboratory comparability of different TJ modulators.

Comparison of the results obtained with this test system to those of
previous studies that used a different experimental setup shows similar
characteristics for some tested substances, but now more objective
classification is allowed. For benzalkonium chloride, fast TEER reduc-
tion and permeation enhancement due to its high cytotoxicity were
observed, as already reported for in vitro [26,50] and in vivo [57]
studies. Another investigation revealed smaller cytotoxic effects of
EDTA in comparison to those of benzalkonium chloride [58], as also
detected in this study. Tomita et al. described the higher permeation
enhancement of EDTA but higher TEER reduction of sodium caprate
when the two are directly compared [27] using concentrations of 0.25
% (equivalent to 10mM in this study). We found similar TEER reduc-
tion but higher permeation enhancement of sodium caprate. In contrast
to our results, Ghadiri et al. recently reported no influence of EDTA on
TEER as well as lower cytotoxicity of EDTA and sodium caprate [59].
However, this may be due not only to the use of Calu-3 cells but also to
the use of Hank’s balanced salt solution, which is not specified as cal-
cium-free and could explain the differing results. AT-1002 has pre-
viously been shown to enhance the permeation of PEG 4000, inulin
[39] and mannitol [60] in rats, but its effects on cell viability and
toxicity were not tested. For labradimil, permeation enhancement was
shown for inulin but not for dextran in human brain microvascular
monolayers [33]. We were able to prove the TEER reduction and per-
meation enhancement of MDCK cells incubated with 10 µM and 100 µM
PN159. Cui et al. reported cell viability> 80 % when treating the
EpiAirway™ model with 25 µM, 50 µM and 100 µM PN159 [35], which
is in contrast to the results obtained with our test system. Generally, the
results of the present study confirm findings from previous investiga-
tions but also indicate the need for standardization of test systems for
the comparability of TJ modulators.

With the prime objective of making future research on TJ mod-
ulators on the one hand comparable and on the other hand adjustable to
the appropriate requirements and needs, we introduce a new tight

D. Saaber and S. Reichl European Journal of Pharmaceutics and Biopharmaceutics 142 (2019) 353–363

361



junction modulator scoring system (TJMSS, see also Section 2.6). It is
designed to be as simple and flexible as possible without requiring
additional experiments. Hence, it results, in the style of FMEA analysis,
in a scoring system that includes the parameters of TEER reduction,
permeation enhancement, viability, toxicity, and TEER regeneration
with individual weighting factors from 1 to 5, finally combining all data
describing a TJ modulator into one value (TJ modulator score). Final
evaluation by spreadsheet application to calculate distinct scoring va-
lues is a fast and easy way to compare modulators with regard to certain
applications from one set of data without further research (the corre-
sponding Excel file has been made available in the supplementary
data).

In the following, the selection of a suitable TJM for three drug ap-
plication routes using the TJMSS is briefly presented. Although the
TJMSS always uses the same data set, the results (TJ modulator score)
are strongly dependent on the user's selected settings (i.e., incubation
time and weighting of the TEER reduction, permeation enhancement,
viability and TEER regeneration parameters with factors from 1 to 5).
The first case considers ophthalmic products with challenging dosage
forms. Due to the multilayered structure and expression of TJs, the
cornea forms a strong absorption barrier for many ocular drugs.
Moreover, lacrimation and eyelid blinking decrease the precorneal re-
sidence time of APIs, resulting in a very low bioavailability. Therefore,
to increase paracellular drug absorption, ophthalmic formulations need
a TJM with a short response time, and to avoid corneal damage, good
tolerability is required. The effectiveness and tolerability of a TJM is of
particular interest during the first 15min after application because eye
drops are quickly diluted and washed out by the tear fluid. Thus, in this
case, we searched for a modulator with a short incubation time
(choosing “15min”) and weighted permeation enhancement and via-
bility with a factor of “3″. Based on these assumptions, the TJMSS
proposes labradimil, EDTA and sodium caprate as suitable enhancers.
In the second case, the blood brain barrier (BBB) represents another
physiological barrier that can hardly be passed by many potential APIs,
e.g., for the therapy of neurological diseases. Considering the BBB, a
longer TJM response time is assumed due to its systemic circulation
time, and as a consequence, the TJM should exhibit good tolerability for
a longer period of time. Accordingly, the incubation time was set to
“60min”, the weighting factors for TEER reduction and permeation
enhancement were set to “3”, and the weighting factor for viability was
set to “5”. For these settings, TJMSS proposes sodium caprate, labra-
dimil and sodium fluoride as the most suitable enhancers. In the third
case, e.g., oral administration, TEER regeneration may potentially be of
great importance to reduce the unintended enhancement of other
compounds because of the opened paracellular space to a minimum.
Therefore, with an incubation time of “30min” and weighting factors
for permeation enhancement, TEER reduction and regeneration set to
“3”, benzalkonium chloride, PN159 and sodium caprate seem to be the
most suitable enhancers. Remarkably, for all of the chosen applications,
sodium caprate, the only commercially used TJ modulator, is among
the three suitable enhancers. Nevertheless, the result of scoring and
ranking of the TJMSS always depends on the selected parameters and
factors.

5. Conclusions

The experimental setup of this study provided data for the adequate
characterization of TJ modulators, showing their specific strengths and
weaknesses. The TJMSS established on the basis of these data allows us
to evaluate TJ modulators for the first time. Thus, this is the first study
proposing a unified procedure that tests TJ modulators and makes re-
sults about different compounds or from different laboratories com-
parable, with the aim of giving a promising class of permeation en-
hancers better access to the market. Furthermore, a guideline is offered
for the structured testing of TJ modulators by the unification of present
approaches that establishes a general applicable strategy for the

evaluation of TJMs. Previous problems of comparability are reduced by
the unified test system, and the novel TJMSS facilitates the inter-
pretation of the results obtained with this test system, particularly in
relation to the specific application of the TJM.

However, even though the TJMSS enables the uniform evaluation of
TJ modulators, the effects of these modulators on the target tissue still
have to be tested. In addition, possible interactions between TJM and
API or the drug delivery system and their impact on modulating effects
are currently not considered by the TJMSS. Therefore, TJMSS could be
extended in the future so that only TJMs with desired physicochemical
properties are included in the ranking. Furthermore, to validate the
newly introduced TJMSS, further studies should be conducted to in-
vestigate whether this in vitro procedure can be correlated with in vivo
studies. This could make a valuable contribution to preclinical for-
mulation development. Furthermore, this study could form the essential
basis to create a TJ modulator database to establish the widespread use
of this promising class of permeation enhancers in the market.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejpb.2019.07.004.
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