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Abstract: Some pharmaceutical excipients are able to modify intestinal permeability, thus influencing
drug absorption and bioavailability. The effect of four polyols (mannitol, maltitol, sorbitol and
xylitol) on the permeability of seven active pharmaceutical ingredients (API), representing different
BCS classes (furosemide, amiloride, atenolol, ranitidine, nadolol, L-thyroxine and acyclovir), was
investigated using the Caco-2 cell permeability model. Analytical methods for the sensitive polyol
and API quantification were developed using Ultra High Performance Liquid Chromatography
coupled to triple-quadrupole Mass Spectrometry (UHPLC-QqQ). Apparent permeability coefficients
(Papp) were calculated from the measured concentrations in the apical and basolateral compartments.
The cell monolayer remained intact throughout the experiment in all trials, neither significant Lucifer
Yellow (LY) passage, nor modification of the electrical resistance was detected, demonstrating that
no active principle or excipient (or combinations thereof) modulated the paracellular transport.
The Papp values for apical to basolateral and basolateral to apical directions of drug + excipient
combinations were compared with the Papp values for the drug substance alone. Our results show
that mannitol, maltitol, sorbitol and xylitol did not modify the permeability of furosemide, amiloride,
atenolol, ranitidine, nadolol, acyclovir and L-thyroxine APIs. Moreover, the presence of polyols did
not alter the efflux of the active principle (basolateral to apical).

Keywords: polyols; xylitol; sorbitol; maltitol; mannitol; BCS; Caco-2; permeation; intestinal; excipient;
active; furosemide; amiloride; thyroxine; atenolol; ranitidine; nadolol; acyclovir; UHPLC; triple quad;
Papp; apparent permeability coefficient

1. Introduction

The use of pharmaceutical excipients is mandatory for producing effective pharma-
ceutical preparations with active pharmaceutical ingredients (API). Excipients are appro-
priately evaluated for their safety and inclusion in drug formulation, selected for their
chemical inertness and expected galenical function. In the past, they were considered as
inactive substances used, e.g., as diluents, binders, lubricants, sweeteners or coatings, How-
ever, scientific data from recent years show that some excipients are capable of influencing
drug absorption and bioavailability through the modification of its solubility or changes in
intestinal permeability and the modulation of the gastrointestinal motility [1,2]. Among
these excipients, polyols are frequently used in tablets and capsules. They are selected
for its good tableting properties and serve as soluble filler-binder in many tablets [3–5].
Orodispersible and effervescent formulations rely on specific galenic properties of polyols.
Due to its sweetness and its selected texture, polyols are the preferred choice in OTC
formulations. Polyols such as mannitol [5,6] exhibit many strong advantages such as a
low hygroscopicity, a strong inertness with both the API and the patient’s body and the
ability to produce extremely robust tablets. Nevertheless, according to a certain paper,
Sorbitol, another widely used sugar alcohol in the formulations of various drugs, may
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alter oral absorption and bioavailability of certain drugs, especially when sustained release
formulation was used in place of immediate release formulation and for certain API [7].

The Biopharmaceutics Classification System (BCS), based on aqueous solubility and
intestinal permeability, is an approach used to predict drug absorption during pharmaceu-
tical development to justify a waiver for in vivo bioequivalence [8]. Thereby, it is essential
to know the role of an excipient in the formulation and consider the drug bioavailability,
particularly for class III drugs exhibiting high solubility and low permeability.

The data from the literature have demonstrated that some excipients (many sugar
alcohols, polyethylene glycol (PEG), sodium acid pyrophosphate) could influence the ab-
sorption of poorly permeable drugs via their osmotic pressure in the small intestine [2,8–11].
Another potential matter for extending BCS biowaivers to low-permeability drugs is the
potential of some excipients to modulate the intestinal drug permeability. In vivo and
in vitro human data indicate that microcrystalline cellulose, hydroxypropyl methylcellu-
lose, sodium lauryl sulfate, corn starch, sodium starch glycolate, colloidal silicon dioxide,
dibasic calcium phosphate, crospovidone, lactose, povidone, stearic acid, pregelatinized
starch, croscarmellose sodium and magnesium stearate do not modify the absorption
of BCS class III drugs (high solubility/low permeability) cimetidine and acyclovir in
humans [12]. Nevertheless, some excipients such as polysorbate 80 and docusate modulate
the Caco-2 permeability of low permeable drugs, such as furosemide, cimetidine and hy-
drochlorothiazide, by inhibiting their active efflux and increasing the apical to basolateral
direction permeability [13]. Caco-2 cells are derived from the human colon adenocarcinoma
cell line and have been identified as a good in vitro experimental model for the study of
drug absorption mechanism [14]. According to the literature, in vitro cell experiments
can more accurately reflect the effect of excipient on drug absorption than integral animal
experiments [15]. According to different authors, CaCo-2 cells are cultured on a porous
permeable polycarbonate membrane, and they can grow, fuse, differentiate, and form a con-
tinuous monolayer. Moreover, their morphology and function are similar to human small
intestinal epithelial cells, and marker enzyme expression, uptake, transport, and permeabil-
ity characteristics are all similar to the small intestinal epithelial cells and can be a robust
model for the absorption process of the small intestinal epithelial cells [16,17]. The main
efflux transport proteins, P-glycoprotein (P-GP), Multidrug resistance-associated proteins
(MRP), and Breast cancer resistance protein (BCRP) are highly expressed on Caco-2 [18].

Due to contradictory results regarding the excipients’ effect on intestinal drug absorp-
tion, it is important to study the possible effect of polyols on drug bioavailability. This work
investigates the absorption of four polyols—mannitol, maltitol, sorbitol and xylitol—and
their influence on drug permeability. Seven active substances were tested based on their
low permeability and varying physicochemical properties: furosemide (BCS class 4: low
solubility/low permeability) and drugs of the critical BCS class 3: amiloride, atenolol,
ranitidine, nadolol, L-thyroxine and acyclovir. Permeability assays were performed with
Caco-2 cells (human intestinal epithelial cells derived from a colorectal adenocarcinoma).

2. Materials and Methods

All tested polyol samples were of pharmaceutical excipient quality. PEARLITOL® 200
SD mannitol, SweetPearl® P90 maltitol, NEOSORB® P 200 SD sorbitol and XYLISORB® 90
xylitol were supplied by Roquette Frères, Lestrem, France. Active substances were obtained
from Sigma Aldrich, St. Quentin Fallavier, France. The study was performed in three steps:
cytotoxicity evaluation of the tested compounds, development of analytical methods and
permeability studies on Caco-2 cells.

2.1. Cytotoxicity Determination

The first step was to determine possible cytotoxic effects and the optimal nontoxic test
concentrations for seven active substances and four excipients (and combinations thereof)
on Caco-2 cells to avoid cellular membrane damage and leakages in cell monolayer. Each
of the excipients, drug substances and combinations were co-incubated with the cells for
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one hour at 37 ◦C in the presence of 5% CO2. Caco-2 cells were seeded in 384w plate format
two days prior to the experiment at eight different concentrations: 500–1000–2000–3000–
4000–6000–8000 and 10,000 cell/well using HBSS incubation buffer. The cytotoxicity was
evaluated by ATP luminescence technology using CellTiter-Glo Luminescent Cell Viability
Assay Kit (Promega, Charbonnières-les-Bains, France). The detection period was 30 min at
room temperature. For control, a test in the absence of cells was also performed to trace an
eventual interference with the luminescence detection method.

2.2. Analytical Methods

Analytical methods were developed for a highly sensitive quantification of the polyols
and the active substances by using Ultra High Performance Liquid Chromatography cou-
pled to triple-quadrupole Mass Spectrometry (UHPLC-QqQ). The quantification of each
active substance and polyol was performed by a 1290 Infinity Binary LC system (Agilent
Technologies, Waldbronn, Germany) coupled with a Q-TRAP® 5500 mass spectrometer
with an ESI Turbo V ion source (SCIEX, Foster City, CA, USA). Liquid chromatography
parameters were defined to separate active substances, excipients and components of
Caco-2 assay buffer A and B (salts and hepes/mes). Two column chemistries were used:
Poroshell 120, EC-C18 (Agilent, Les Ulis, France), BEH Hilic (Waters, Saint-Quentin-en-
Yvelines, France). The polyols and the active substances were quantified using chromato-
graphic column with the Hilic and C18 chemistry, respectively. All used parameters for the
chromatographic separations in the subsequent phases are given in Tables 1 and 2.

Table 1. Elution gradient used for C18 column for active substances quantification.

Total Time (min) Flow Rate (µL/min) Mobile Phase A (%) 1 Mobile Phase B (%) 2

0 650 100 0
0.3 650 100 0
0.9 650 20 80
1 650 0 100

1.3 650 0 100
1.31 650 100 0
1.6 650 100 0

1 Mobile Phase A: 6 mM Ammonium Acetate + 0.1% Formic Acid; 2 Mobile Phase B: 90% Acetonitrile +
6 mM Ammonium Acetate + 0.1% Formic Acid; (No ammonium acetate in mobile phases A and B for
L-thyroxine determination).

Table 2. Elution gradient used for BEH Hilic column for polyols quantification.

Total Time (min) Flow Rate (µL/min) Mobile Phase A (%) 1 Mobile Phase B (%) 2

0 650 5 95
0.3 650 5 95
1.2 650 16 84

1.21 650 60 40
1.5 650 60 40

1.51 650 5 95
1.6 650 5 95

1 Mobile Phase A: 6 mM Ammonium Acetate + 0.1% Formic Acid; 2 Mobile Phase B: 90% Acetonitrile +
6 mM Ammonium Acetate + 0.1% Formic Acid.

For each substance, the linearity range, correlation coefficient r2 and accuracy were
determined. The limit of detection (LoD) was defined as the lowest concentration for a
measured peak intensity three-fold superior to the baseline (three-fold the signal noise ratio).
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2.3. Permeability Assay on Caco-2 Cells

All excipients, active substances and their combinations were tested at doses without
detected cytotoxicity, solubilized in dimethyl sulphoxide (DMSO).

Permeability assays were performed with Caco-2 cells as previously described [19],
using commercially ready-to-use plates (ReadyCell™, Barcelona, Spain) and by testing in
either apical to basolateral (A–B direction) or basolateral to apical (B–A direction).

The test samples were dissolved in buffer A for apical compartment (HBSS +
5 mM MES pH 6.5) and in buffer B for basal compartment (HBSS + 10 mM Hepes pH 7.4)
with a final concentration of DMSO of 1% (v/v).

The incubation times for the permeability trials were the following: A–B: 60 min
37 ◦C (5% CO2); B–A: 40 min 37 ◦C (5% CO2). Colchicine (PgP-transporter control)
and ranitidine (very low permeability), labetalol (medium permeability) and propra-
nolol (high permeability) were tested as four standard controls at a concentration of
10 µM. A standard curve for Lucifer Yellow (LY) using eight different concentrations
(0/10/20/50/100/250/500/1,000 µM) was established. A total of 100 µM LY was added
as internal standard in each experimental well. Moreover, transepithelial/endothelial
electrical resistance (TEER) was measured to confirm the integrity and permeability of the
monolayer, before and after the transfer [20].

Apparent permeability coefficients (Papp) were calculated as previously described [21]
using analytically measured concentrations in the A and B compartments for combinations
of actives and polyols and compared to active alone for apical to basolateral and basolateral
to apical directions. The recovery of each compound was calculated between A and B
compartments. The apparent permeability coefficient (Papp) of the test compound and its
recovery are calculated as follows:

Papp = dQ/dt × 1/AC0

where Papp is the apparent permeability coefficient (cm s−1), dQ/dt the amount of drug
permeated per unit of time, A the effective surface area of the cell membrane exposed to
the medium and C0 the initial drug concentration in the donor compartment.

3. Results

Concerning cytotoxicity assays, no interference was detected for all the tested sub-
stances in the presence of 1 µM ATP (without cells). No cytotoxicity was found with any of
the four polyols and seven active substances, alone or in combination, at doses up to 10 µM.

LC-MS methods were optimized for the detection of four excipients and seven active
substances in medium A and B for the permeability assay (Table 3).

The obtained data show that the analytical methods are suitable for detection and
quantification of all tested compounds in medium A and B for the permeability assay,
with good linearity (r2 > 0.98), accuracy (from 80% to 120%) and selectivity (data not
shown). During all tests, no significant LY passage was detected with no modification
of the electrical resistance TEER, demonstrating that the cell monolayer remained intact
throughout the experiments. Neither the active principles nor the excipients or their
combinations modulated the paracellular transport.

Based on Caco-2 permeability assays (Tables 4–6), maltitol and sorbitol showed a
very low passage from apical to basolateral compartments of the Caco-2 model whereas
mannitol and xylitol had a medium permeability across the Caco-2 model. From basolateral
to apical region, maltitol did not cross the barrier whereas mannitol, sorbitol and xylitol
had a very low passage (Table 4).

The active substances furosemide, amiloride, atenolol, ranitidine, nadolol, acyclovir
and L-thyroxine did not cross from the apical to the basolateral region or from the basolat-
eral to apical region when combined with any polyol. No modification of the permeability
of the tested active substances in either direction was observed under the test conditions
(Tables 5 and 6).
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Table 3. Range of linearity and limit of detection of detectable compounds in assay buffer A or B.

Compound Buffer Range of Linearity (nM) r2 Detection Mode 1 Limit of Detection (nM) RT (min) 2

Furosemide A 0–1000 0.995 QQQ 0.5
0.99B 0.1–10000 0.997 (-) 5

Amiloride A 0.1–5000 0.989 QQQ 0.5
0.72B 0.5–5000 0.987 (+) 5

Atenolol A 0.1–10000 0.997 QQQ 5
0.71B 0.1–10000 0.997 (+) 5

Ranitidine A 0–1000 0.991 QQQ 0.5
0.72B 0–1000 0.991 (+) 0.5

Nadolol A 0–5000 0.997 QQQ 0.5
0.77B 0.1–10000 0.987 (+) 5

Acyclovir A 0.1–10000 0.993 QQQ 5
0.70B 0.1–5000 0.985 (+) 5

Mannitol A 0.1–10000 0.994 QQQ 100
0.80B 0.1–10000 0.996 (-) 100

Maltitol A 0.1–10000 0.992 QQQ 50
1.08B 0.5–10000 0.987 (-) 50

Sorbitol A 0.1–10000 0.998 QQQ 100
0.80B 0.1–10000 0.995 (-) 100

L-Thyroxine A 50–10000 0.999 QQQ 50
0.93B 50–5000 0.999 (+) 50

Xylitol A 0.1–10000 0.993 QQQ 100
0.74B 0.1–10000 0.993 (-) 500

1 Detection mode: QQQ: triple quadrupole, (+) (-): positive or negative mode; 2 RT: retention time.

Table 4. Mean Papp (+/− standard deviation) of four polyols alone, basolateral to apical and apical to
basolateral Caco-2 permeability assay.

Papp (×10−6 cms−1) Mannitol Maltitol Sorbitol Xylitol

Apical to Basolateral compartment 2.70 (+/−0.88) 1.09 (+/−0.01) 1.88 (+/−0.33) 5.88 (+/−0.20)
Basolateral to Apical compartment 8.75 (+/−3.38) 0.52 (+/−0.02) 8.76 (+/−2.91) 3.52 (+/−0.23)

Table 5. Mean Papp (+/− standard deviation) of seven active substances in apical to basolateral
Caco-2 permeability assay, either alone or in the presence of an excipient (ND: not determined).

Apical to Basolateral Compartment No Excipient Mannitol Maltitol Sorbitol Xylitol

Papp (×10−6 cms−1)
Furosemide 0.08 (+/−0.01) 0.07 (+/−0.01) 0.08 (+/−0.01) 0.07 (+/−0.01) 0.07 (+/−0.02)
Amiloride 0.15 (+/−0.03) 0.23 (+/−0.03) 0.22 (+/−0.01) 0.21 (+/−0.03) 0.24 (+/−0.04)
Atenolol 0.16 (+/−0.01) 0.17 (+/−0.02) 0.20 (+/−0.00) 0.20 (+/−0.00) 0.18 (+/−0.00)

Ranitidine 0.15 (+/−0.02) 0.16 (+/−0.00) 0.19 (+/−0.01) 0.18 (+/−0.04) 0.14 (+/−0.00)
Nadolol 0.06 (+/−0.01) 0.08 (+/−0.01) 0.08 (+/−0.00) 0.08 (+/−0.00) 0.11 (+/−0.03)

Acyclovir 0.15 (+/−0.03) 0.17 (+/−0.00) 0.08 (+/−0.00) 0.22 (+/−0.02) 0.14 (+/−0.02)
L-Thyroxine 0.74 (+/−0.06) 0.75 (+/−0.04) ND 0.71 (+/−0.03) ND
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Table 6. Mean Papp (+/− standard deviation) of seven active substances basolateral to apical Caco-2
permeability assay, either alone or in the presence of an excipient (ND: not determined).

Basolateral to Apical Compartment No Excipient Mannitol Maltitol Sorbitol Xylitol

Papp (×10−6 cms−1)
Furosemide 5.88 (+/−0.09) 5.16 (+/−0.02) 5.83 (+/−0.31) 5.86 (+/−0.65) 5.41 (+/−0.01)
Amiloride 0.46 (+/−0.11) 0.28 (+/−0.07) 0.34 (+/−0.09) 0.29 (+/−0.01) 0.24 (+/−0.00)
Atenolol 0.14 (+/−0.02) 0.19 (+/−0.01) 0.22 (+/−0.06) 0.21 (+/−0.02) 0.23 (+/−0.00)

Ranitidine 0.40 (+/−0.02) 0.44 (+/−0.01) 0.39 (+/−0.02) 0.40 (+/−0.01) 0.45 (+/−0.06)
Nadolol 0.10 (+/−0.09) 0.18 (+/−0.01) 0.17 (+/−0.01) 0.19 (+/−0.00) 0.32 (+/−0.02)

Acyclovir 0.36 (+/−0.08) 0.31 (+/−0.07) 0.14 (+/−0.11) 0.09 (+/−0.13) 0.17 (+/−0.00)
L-Thyroxine 0.40 (+/−0.02) 0.29 (+/−0.05) ND 0.28 (+/−0.02) ND

4. Discussion

The results show that polyols have a very low to medium intestinal permeability
in the Caco-2 model. This observation is in accordance with several results obtained
on the human intestine, which indicated the slow and incomplete absorption of polyols.
These compounds are slowly and incompletely absorbed in the small intestine via passive
diffusion without additional energy input. The process and amount of absorption varies
depending on the individual polyol [22].

According to Lenhart and Chey [22], polyols are absorbed via passive diffusion with-
out any energy requirement. The molecular size of polyols influences its absorption rate.
When comparing different monosaccharide polyols, such as sorbitol and erythritol, the
larger size of sorbitol may be approaching the upper limit for diffusion across the small
intestinal epithelium, resulting hence in poorer absorption. The lower molecular size of
erythritol may explain its more complete absorption in comparison to other polyols. In
our study, we find the same phenomenon: the results for Papp values obtained for passages
from apical to basolateral compartments of the Caco-2 model decrease with the increasing
molecule size as follows: xylitol > mannitol > sorbitol > maltitol. Moreover, the Papp value
obtained for mannitol corresponds with those found in the literature: 1.9 × 10−6 cms−1 [23];
2.6 × 10−6 cms−1 [13], 2.63 × 10−6 cms−1 [24] and it is approximately ten times higher than
the value recovered with 11C-mannitol [25]. According to Lenhart and Chey [22], monosac-
charides may be absorbed via the transcellular route, whereas larger disaccharide molecules
may be absorbed in a lesser extent paracellularly. Intestinal glucose absorption is predomi-
nantly facilitated by sodium-dependent glucose transporter 1 (SGLT1), whereas glucose
efflux from enterocytes into the blood is mediated by glucose transporter 2 (GLUT2) [26].
In another way, the absorption mechanism could differ, comparing the polysaccharides
structures. Cyclic oligosaccharide such as cyclodextrins, often used as excipients for the
solubility and permeability enhancement of poorly soluble active pharmaceutical ingredi-
ents, are absorbed on Caco-2 cells via cellular internalization and endocytosis, with some
differences between the internalization probably due to hydrophilicity or lipophilicity of the
different cyclodextrins derivatives [27]. According to Artursson and Borchardt (1997) [28],
mannitol is hydrophilic, not metabolized by Caco-2 cells and absorbed through a para-
cellular pathway, through the tight junctions. Moreover, this molecule is not distributed
in the membrane cells. The monosaccharide polyols with lower molecular size (Figure 1)
could be absorbed via the transcellular route (xylitol, molecular weight: 152 g/mol; sor-
bitol and mannitol, molecular weight: 182 g/mol), while the disaccharide-polyol (maltitol,
molecular weight: 344 g/mol), with the largest molecular size, could be absorbed via para-
cellular mechanism. These findings correlate with the reported molar volumes [29] with
90.70 mL/mol for erythritol, 110.68 mL/mol for xylitol and 130.62 mL/mol for both sorbitol
and mannitol and may, therefore, explain the differences of the observed Papp’s.
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and in situ rat intestinal perfusion in the presence of five excipients (lactose, povidone,
hydroxypropyl methylcellulose, sodium lauryl sulfate and PEG 400). No increase in the
permeability of any of the active substances was observed in the presence of any of the
tested excipients in either of the models [30].

Nevertheless, some excipients could have some influence on intestinal permeability
of active substances: Rege et al. [13] showed that polysorbate 80, sodium dodecyl sulfate
and docusate have an impact on the Caco-2 permeability of low permeable drugs, such as
furosemide, cimetidine and hydrochlorothiazide. These excipients increased the apical to
basolateral direction permeability of these active substances. For example, polysorbate 80
could inhibit active efflux transporter P-gp. It significantly increases 7.49-fold furosemide
Papp from apical to basolateral direction, which is very highest than the results obtained
for all tested polyols (from 0.875- to 1-fold). Moreover, regarding basolateral to apical Papp
and Papp ratio basolateral/apical values, polyols have no impact on efflux mechanism
compared to polysorbate 80 on Ranitidine.

Another example is that the pharmaceutical excipient polyethylene glycol 400 has inter-
action with efflux transport proteins and leads to changes in the absorption characteristics
of some active substances [15].

Compared to the results obtained for docusate, sodium dodecylsulfate or polysorbate,
our study shows that mannitol, maltitol, sorbitol and xylitol did not modify the permeability
of furosemide, amiloride, atenolol, ranitidine, nadolol, acyclovir and L-thyroxine. These
tested drug models represent the relevant three different BCS classes and a majority of
currently used drug substances, considering their solubility and permeability.

Moreover, according to different authors [9,13,31,32], the Caco-2 cell model seems
to be oversensitive for describing the modulation of the drug permeability by excipients,
compared to in vivo models. In our in vitro studies, polyols did not influence the Caco-2
transport of the tested drugs, owning different permeabilities. In addition, Caco-2 cells do
not express mucins; hence, the mucus layer is absent in this cell model: mucus could limit
the impact on active permeation enhancement of excipients with surfactant characteristics
(Polysorbate®, Kolliphor®, Labrafil® and Labrasol®) [33].

It is, therefore, reasonable to assume that polyols will not have an impact on the
intestinal absorption of these active ingredients in vivo. Further work is needed to evaluate
in vivo the absorption of these drugs in the presence of polyols.
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