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Although many absorption enhancers have been investigated,
very few are used clinically. A need exists therefore for mor e effec-
tive absorption enhancers. The drug-absor ption-enhancing effects
of combinations of N-trimethyl chitosan chloride (TMC) with
degrees of quater nization of 48 and 64%, dicar boxymethyl chitosan
oligosaccharide, and chitosan lactate oligomer with monocaprin
and melittin were compared to their individual performancesusing
thein vitro Caco-2 cell model. Combining the absor ption enhancers
showed synergism in both the reduction of the transepithelial elec-
trical resistance (TEER) and the enhancement of the transport of a
macromolecular model compound across this intestinal epithelial
cell layer. Lower concentrations of the absor ption enhancersin the
combination groups exhibited greater effects on the epithelial cells
compared with theindividual absor ption enhancers.

Keywords absorption enhancement; chitosan; monocaprin; mélittin;
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INTRODUCTION

The route of choice for drug administration is often the ora
route due to its many advantages such as convenience, safety, and
acceptability (Cleland, Daugherty, & Mrsny, 2001). However,
poor bioavailability of certain types of drug compounds precludes
their administration viathe oral route. These drugs must therefore
be administered via an alternative route, usualy by parentera
injection. An oral drug ddivery system for these drugs would be
desirable, particularly for drugs intended for chronic use. The like-
liness of producing drug molecules with poor biopharmaceutical
properties has increased immensely since the initiation of biotech-
nology and advanced drug design technologies (Sharma, Varma,
Chawla, & Panchagnula, 2005; Van Hoogdalem, De Boer,&
Breimer, 1989; Zhou, 1994), which intensfies the challenges
related to their effective delivery (Gomez-Orellana, 2005). There-
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fore, the situation has arisen where the progressin developing new
drug entitiesis far ahead of the development of effective ddlivery
systems for these new drugs (Kotzé et a., 1999; Shen, 2003;
Soltero & Ekwuribe, 2001).

Strategies that have been proposed to maximize the bio-
availability of poorly absorbable drugs include chemical modi-
fication, special drug delivery systems, targeted delivery, and
co-administration of enzyme inhibitors and absorption enhancers
(Hamman, Endlin, & Kotzé 2005). Absorption-enhancing
agents that facilitate the absorption of hydrophilic macromole-
cules by increasing their transcellular and/or paracellular trans-
port across the intestinal epithelium have been studied
extensively (Lecluyse & Sutton, 1997; Ward, Tippin, & Thakker,
2000). Absorption enhancers that have been evaluated in the
past represent a group of compounds that differ in their chemi-
cal, mechanistic, and toxicity profiles (Junginger & Verhoef,
1998). The mechanism of an absorption enhancer may encom-
pass severa processes, and the absorption enhancer chosen for a
drug compound depends on the particular barrier to that partic-
ular compound’ s absorption (Lecluyse and Sutton, 1997).

Glycerides of medium chain fatty acids have been studied
as permeation enhancers of hydrophilic drugs across epithelial
cells. Monocaprin is the monoglyceride of a C-10 fatty acid
that has been shown to increase the permeability of Caco-2 cell
monolayers by a mechanism thought to be indicative of the
modulation of tight junction permeability (Brown, Collett,
Attwood, Ley, & Sims, 2002). Mélittin is an amphipathic, cat-
ionic peptide that consists of 26 amino acids and is a compo-
nent of honey bee venom. Melittin solutions between 1.2 and
15 uM were shown to increase the transport of mannitol
across Caco-2 cell monolayers by afactor of 3.5, and at a con-
centration of lessthan 2.4 uM, it is expected to exhibit minimal
toxicity (Liu, Davis, Liu, & Krishnan 1999). Addition of melit-
tin to the apical side of Caco-2 cell monolayers resulted in the
opening of tight junctions as indicated by reductions in tran-
sepithelial electrical resistance (TEER) and increased flux of
dextrans across the cell monolayers (Maher, Feighery, Brayden,

1343



1344

& McClean, 20074). Médlittin also had a reversible noncyto-
toxic concentration-dependant decrease in TEER of E-12 cell
monolayers and increased the permeability of rat colonic
mucosae to [YC]-mannitol (Maher, Feighery, Brayden, &
McClean, 2007b). Chitosan, a cationic polysaccharide, and its
derivatives such as methylated and carboxymethylated chito-
san, are able to promote the transmucosal absorption of small
polar molecules as well as peptide and protein drugs (Dodane,
Khan, & Merwin, 1999; Hamman, Schultz, & Kotzé, 2003;
Heazi & Amiji, 2003; Illum, 1998; Junginger & Verhoef,
1998; Kotzé et al., 1997; Luelien et a., 1997; Paul & Sharma,
2000; Thanou, Verhoef, & Junginger, 2001).

The quest for more effective drug absorption enhancers has
stimulated this investigation where combinations of chitosan
derivatives, chitosan oligomers, monocaprin, and melittin have
been evaluated for their in vitro absorption enhancement
effects across the intestinal epithelial cell line, Caco-2. Theaim
is to determine whether different agents would potentiate their
individua absorption-enhancing effects when applied in com-
binations to the epithelial cells. It was further postulated that a
lower concentration of each absorption-enhancing agent is
needed in combination to reach a higher absorption enhance-
ment effect compared to their individual performances.

MATERIALS AND METHODS

Materials

Chitosan oligomers used in this study included chitosan
lactate oligomer (Chitosan Oligo Lactate MW 74,000 Da,
Promex Ingredients, Avaldness, Norway) and a chitosan deriv-
ative oligomer, dicarboxymethyl chitosan oligomer (synthe-
sized from COS-Y chitosan oligomer degree of deacetylation,
70%, 13,500 g/mol). N-trimethyl chitosan chloride (TMC), a
quaternized derivative of chitosan with degrees of quaterniza-
tion of 48% (166,000 g/mol, prepared from Seacure 244,
degree of deacetylation 93%, Pronova Biopolymer, Drammen,
Norway) and 64% (143,000 g/mol, prepared from Seacure 244,
degree of deacetylation 93%, Pronova Biopolymer), was used.
Monocaprin, melittin, and fluorescein isothiocyanate (FITC)—
dextran were purchased from Sigma-Aldrich (Schnelldorf,
Germany), and all other chemicals were of analytical grade or
high-performance liquid chromatography (HPLC) grade.

Study Group Composition

The following absorption enhancer solutions and combina-
tions thereof were tested on the Caco-2 cell model for their
effects on TEER and permeation of a macromolecular model
compound, FITC—dextran (MW 4,400), across Caco-2 cell
monolayers cultured on transwell filters.

Individual absorption enhancers used were as follows:
TMC-48 (N-trimethyl chitosan chloride with a degree of
quaternization of 48% in concentrations of 0.25 and 0.5%, wt/
vol); TMC-64 (N-trimethyl chitosan chloride with a degree of
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quaternization of 64, 0.25, and 0.5%, wt/val); CLO (chitosan
lactate oligomer, 0.25 and 0.5%, wt/val); DCMCO (dicarboxyme-
thyl chitosan oligomer, 0.25 and 0.5%, wt/vol); monocaprin
(1.3 and 2 mM); and melittin (1 and 1.5 uM).

Absorption enhancer combinations used were as follows:
TMC-48 (0.25%, wt/vol) + médittin (1 uM); TMC-64 (0.25%,
wt/vol) + melittin (1 uM); CLO (0.25%, wt/vol) + melittin
(1 uM); DCMCO (0.25%, wt/vol) + melittin (1 uM); monoca-
prin (1.3 mM) + melittin (1 uM); TMC-48 (0.25%, wt/vol) +
monocaprin (1.3 mM); TMC-64 (0.25%, wt/vol) + monocaprin
(1.3 mM); CLO (0.25%, wt/vol) + monocaprin (1.3 mM); and
DCMCO (0.25%, wt/val) + monocaprin (1.3 mM).

Seeding and Culturing of Caco-2 Cell Monolayers

Caco-2 cells (American Type Culture Collection, Manassas,
VA, USA) were cultured and seeded onto Transwell filters (12-
well plates for transepithelial electrical resistance studies and
6-well plates for transport studies) according to a previoudy
described method (Hamman et al., 2003).

Measurement of the Effect on the Transepithelial
Electrical Resistance

The effect of the absorption enhancers alone and in different
combinations on the TEER of Caco-2 cell monolayers was
measured as an indication of the “tightness’ of the tight junc-
tions between adjacent epithelia cells. The absorption enhancer
solutions were prepared in serum-free Dulbecco’s Modified
Eagles Medium (DMEM) and the pH was adjusted to 6.2 or 7.4
with 0.1 M HCI or 0.1 M NaOH as required. Test solutions or
suspensions were freshly prepared on the day the TEER exper-
iments were performed.

The effect of the selected absorption enhancers on the TEER
of the Caco-2 cell monolayers was measured with a Millicell
ERS meter (Millipore Corporation, Billerica, MA, USA) con-
nected to a pair of “chopstick” electrodes. Prior to the start of
each TEER experiment, the medium was removed and replaced
with DMEM buffered at pH 7.4 with 25 mM n-(2-hydroxyme-
thyl) piperazine-N-(2-ethanesulfonic acid), (HEPES) (Sigma).
Measurements were started 1 h prior to incubation with test
compound solutions on the apical side of the cell monolayers.
TEER was measured at 20 min intervals at pH 6.2 and pH 7.4
during incubation with the absorption enhancer solutions at
37°C in an atmosphere of 95% air and 5% carbon dioxide up to
2 h. A control group was included with every TEER experiment
under the same conditions as described above, except that the
absorption enhancer solutions were replaced with serum-free
DMEM. All TEER experiments were carried out in triplicate.

Measurement of the Effect on the Transport
of a Macromolecular Compound

The effect of the individual absorption enhancers and com-
binations thereof on the permeability of a model compound,
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fluorescence isothiocyanate dextran (FITC—dextran, MW
4,400), was determined across Caco-2 cell monolayers. The
permeability studies were conducted between days 21 and 28
after seeding onto the six-well filter plates. The Caco-2 cell
monolayers were incubated at 37°C under 95% air and 5% car-
bon dioxide with the absorption enhancer solutions containing
1 mg/mL FITC—dextran applied to the apical side of the cell
monolayers at time zero. Samples (200 uL) were withdrawn
from the basolateral chamber at the following time intervals
after administration at 20, 40, 60, 80, 100, 120, 150, 180, and
240 min. The medium in the basolateral chamber, which
consisted of DMEM huffered at pH 7.4 with HEPES, was
replenished with an equal volume of HEPES-buffered DMEM
after each sample was withdrawn. All control experiments
were performed as above with 1 mg/mL FITC—dextran in
serum-free DMEM without the test compounds. All transport
experiments were carried out in triplicate. The FITC—dextran
was determined using size exclusion HPLC with fluorescence
detection.

High-Performance Liquid Chromatography Analysis
of FITC-Dextran

Quantification of FITC—dextran in the samples was carried
out using HPLC with size exclusion chromatographic separation
and fluorescence detection. The chromatographic system and
conditions were as follows: spectraphysics liquid chromato-
graphic system—pump (model P1000); autosampler (model
AS3000); fluorescence detector (model FL2000), excitation
wavelength 494 nm and emission wavelength 518 nm; Poly-
Sep-GFC-P Linear size exclusion column, 300 x 7.80 mm; and
PolySep-GFC-P guard column, 35 x 7.80 mm (Phenomenex,
USA digtributed by Separations, Johannesburg, South Africa). The
mobile phase was acetonitrile: 0.05 M phosphate buffer (12:88),
delivered at aflow rate of 1.5 mL/min. The buffer component
of the mobile phase was prepared with deionized water and the
pH adjusted to 7.0. The prepared mobile phase was filtered
through a 0.45-um nylon filter and degassed under vacuum.

Data Analysis

The results obtained from the transport studies were
expressed as cumulative transport (% of initial dose) and the
apparent permeability coefficients (Py,,) were calculated using
the following equation:

Py, = 02 1
PP dt | AgCo

where P, is the apparent permeability coefficient (cm/s),
dQ/dt is the permeability rate (amount permeated per minute),
A isthe diffusion area of the cell monolayer, and C is the ini-
tial concentration of FITC—dextran.

)
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Transport enhancement ratios (R) were calculated from Py,
values using the following equation:

_ Papp (S2Mple)
P.pp (cOntrol)

@)

Statistical Analysis

The reduction in TEER and transport values of the different
experimental groups were compared by means of a one-way
ANOVA to determineif differences were significant (p < .05).

RESULTS AND DISCUSSION

Measurement of the Effect on the TEER

The TEER (% of initial value) plotted as a function of time
for the highest concentrations of the individual absorption
enhancers at pH 6.2 are shown in Figure 1A and that for the
individual absorption enhancersat pH 7.4 in Figure 1B.

The results obtained from the TEER experiments showed that
TMC-48 and TMC-64 both reduced TEER in an apparently
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FIGURE 1. (A) Reduction in TEER (% of initia value) of Caco-2 cell
monolayers as a function of time for the individual absorption enhancers (high
concentrations) at pH 6.2 and (B) at pH 7.4.
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concentration dependent manner, but this was less marked for
TMC-48 at pH 7.4. Thisisin agreement with previous in vitro
research findings (Hamman & Kotzé, 2003; Kotzé et al., 1997).
Mélittin exhibited similar TEER reduction for both pH values
at the higher concentration (1.5 uM) used, but not at the lower
concentration (1.0 uM). At pH 6.2 both CLO, DCMCO and
melittin at 1.0 uM did not result in a statistically significant
decrease in TEER compared with the control group (p > .05).
Mélittin has severa actions on membranes which are complex
in nature and are dependent on many factors, including pH,
concentration, membrane composition, and hydration level and
ionic strength of the medium which influence the conformation
and aggregation state of the peptide itself. Permeabilization of
membranes occurs at low concentrations of melittin and is
indicative of an alteration in the organizational properties of the
membrane lipids (Dempsey, 1990). It was shown that melittin
reduces TEER of Caco-2 cell monolayers in a concentration-
dependent way with a threshold concentration of 0.7 uM. The
mechanism for reduction in TEER was found to involve alter-
ations in specific tight junction proteins (Maher, Feighery,
Brayden, & McClean, 20074). This study confirmed athreshold
value for melittin in its TEER reduction effect when applied
aone to the Caco-2 cell monolayers as it was only effective at
the higher concentration tested.

Monocaprin showed similar effectiveness and reduced TEER
significantly (p < .05) at both pH values, with the higher concen-
tration leading to a greater reduction in TEER. The indepen-
dence of the effect from pH of the medium is to be expected
from an uncharged molecule such as monocaprin. The Caco-2
monolayers exhibited no recovery toward pretest TEER values 1
h after removal of the monocaprin solutions for either concentra-
tion. Brown, Collett, Attwood, Ley, & Sims (2002) have, how-
ever, reported arecovery to 80% of pretest values for monolayer
treated with 1.3 mM monocaprin solutions after 30 h of incuba-
tionin DMEM, whereas no such recovery was noted for 2.0 mM
monocaprin-sol ution-treated monolayers.

DCMCO reduced TEER statisticaly significantly in a
concentration-dependent manner at pH 7.4 (p < .05), but the
reduction in TEER at pH 6.2 was not statistically significant
(p > .05). Chitosan and its derivatives are reported to exhibit a
molecular weight threshold for opening tight junctions (Schip-
per, Varum, & Artursson, 1996). The findings of this study are
consistent with this in that CLO exhibited negligible TEER
reduction, whereas DCM CO exhibited only some reduction in
TEER at 0.5% (wt/vol) concentration. A possible explanation
for this poor performance of chitosan oligomers has been
provided by Jonker-Venter et a. (2006), who propose that it is
possible that oligomers interact with the cell membrane to open
tight junctions, but because they are themselves smaller mole-
cules than polymers, they enter the paracellular space between
cells and thereby block the intercellular space for the passage
of other molecules.

The TEER (% of initial value) plotted as afunction of timefor
the combinations of absorption enhancers (lower concentrations
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were used in the combinations as described under materials and
methods) at pH 6.2 are depicted in Figure 2A and that for the
combinations of absorption enhancersat pH 7.4 in Figure 2B.

The most effective absorption enhancer combinations at pH
6.2 were the TMC polymers in combination with monocaprin
and melittin where a synergistic reduction in TEER was
observed with an increase in the effect on the TEER from 15 +
7.0% for TMC-48 (0.25%, wt/vol) aone to 29 £ 1.1% when
combined with monocaprin and to 56 + 18.4% when combined
with melittin. The effect of TMC-64 (0.25%, wt/vol) alone on
the TEER was increased from 26 + 6.6 to 59 + 6.9% when
combined with melittin, whereas no increase was observed
when combined with monocaprin.

Combining the different chitosan derivatives and oligomers
with melittin and monocaprin showed increased effects on the
TEER of the Caco-2 monolayers a pH 7.4. The most prominent
synergistic effect was obtained with TMC-48 (0.25%, wt/val)
where the reduction in TEER was significantly increased from
43+ 7.2% for TMC-48 aone to 59 £ 2.3% in combination with
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FIGURE 2. (A) Reduction in TEER (% of initia vaue) of Caco-2 cell
monolayers as a function of time for the combinations of absorption enhancers
(low concentrations) at pH 6.2 and (B) at pH 7.4. (Error bars omitted for
reasons of clarity).
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FIGURE 3. (A) Cumulative transport (% of initial dose) of FITC—dextran as

afunction of time for the individual absorption enhancers at pH 6.2 and (B) at
pH 7.4.

monocaprin and to 62 = 7.1% in combination with melittin.
The reduction in TEER for TMC-64 (0.25%, wt/vol) increased
from 35 £ 4.7% when applied alone to 58 + 2.7% in combina-
tion with monocaprin and to 58 + 4.6% in combination with
melittin. The effect on TEER was aso significantly increased
for DCMCO (0.25%, wt/vol) from 12 + 1.5% when applied
alone to 17 + 1.8% with monocaprin and to 31 + 3.1% with
melittin. A similar trend was observed for CLO (0.25%, wt/
vol) where the TEER reduction increased from 2 + 1.6% when
applied aone to 9 £ 2.9% when combined with monocaprin
and to 15 * 2.2% when combined with melittin.

The synergistic effect on the TEER of the epithelial cell
monolayers obtained by combining the different absorption
enhancers can possibly be attributed to the different mecha-
nisms of opening tight junctions by the different absorption
enhancers with probable interactions between these mecha-
nisms and/or some overlap.

Measurement of the Effect on the Transport
of a Macromolecular Compound

The cumulative transport (% of initial dose) of FITC—dextran
plotted as afunction of time for the individual absorption enhanc-
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FIGURE 4. (A) Cumulative transport (% of initial dose) of FITC—dextran as
a function of time for the combinations of absorption enhancers at pH 6.2 and
(B) at pH 7.4. (Error bars omitted for reasons of clarity).

ersat pH 6.2 is shown in Figure 3A, whereas that for the individ-
ual absorption enhancers at pH 7.4 in Figure 3B. The transport
plots for the combinations of absorption enhancers at pH 6.2 are
depicted in Figure 4A and those at pH 7.4 are shown in Figure
4B. The calculated P, values as well as enhancement ratios (R)
areshown in Table 1 for theindividual absorption enhancers, and
the values for the combinations are shown in Table 2.

Of the individual absorption enhancers, monocaprin (2.0
mM) showed the highest absorption enhancement effect with a
Papp Value of 24.4+ 2.4 x 10~" cm/s at pH 6.2 and 26.1 + 3.8 x
10~" at pH 7.4. This can possibly be explained by transport
enhancement of the model compound via the paracellular and
transcellular pathways, and toxic effects may be caused to
some extent by this relatively high concentration of monoca
prin even though previous studies suggested no toxic effects at
this concentration (Brown Collett, Attwood, Ley, & Sims,
2002; Liu et al., 1999). The transport enhancement effects of
all the absorption enhancers tested in this study were clearly con-
centration dependent, whereas in general a less pronounced
dependency was observed for pH. As expected, DCMCO was
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TABLE 1
The Apparent Permeability Coefficients (Py,,) and Transport Ratios (R) of FITC-Dextran (Molecular Weight
4,400) Across Caco-2 Cell Monolayers Co-Applied with the Individual Absorption Enhancers

Individual Absorption pH 6.2 pH 7.4

Enhancers Papp X 107" (c/s)* R Popp X 107" (c/9)* R
DCMCO 0.5% (wt/vol) 6.40+ 0.2% 1.45 6.49+0.28 1.10
DCMCO 0.25% (wt/vol) 414+36 0.94 454+18 0.77
TMC-48 0.5% (wt/vol) 12.00 + 2.9% 2.71 10.41+0.48 1.77
TMC-48 0.25% (wt/vol) 6.60+ 0.5* 1.49 9.18+0.6° 1.56
TMC-64 0.5% (wt/vol) 13.56 + 2.6" 3.06 1544+ 0.58 2.63
TMC-64 0.25% (wt/vol) 7.46 £ 234 1.69 10.25+ 1.78 1.74
Monocaprin 2.0 mM 24.42 + 2.4° 5.52 26.08+ 3.8° 4.44
Monocaprin 1.3 mM 7.32+52 1.66 1053 +2.38 1.79
Mélittin 1.5 uM 14.67 + 1.9° 3.32 10.06 + 0.58 1.71
Mélittin 1 uM 10.16 + 1.6" 2.30 5.69+ 0.3 0.97
Control 442+1.8 - 588+ 1.4 -

*Values marked with an A are statistically significantly different from control at pH 6.2 (p < .05) and B are statistically
significantly different from control a pH 7.4 (p <.05), n =3, mean =+ SD.

TABLE 2
Effect of the Combinations of Absorption Enhancers on the Apparent Permeability Coefficients (P,,) and Transport Ratios (R)
of FITC-Dextran (Molecular Weight 4,400) Across Caco-2 Cell Monolayers

pH 6.2 pH 7.4

Absorption Enhancer Combinations Popp X 107" (c/9)* R Popp X 1077 (cm/g)* R

Maelittin 1 uM + Monocaprin 1.3 mM 20.44 + 1.6" 4.62 8.56 + 0.48° 1.46
Monocaprin 1.3 mM + DCMCO 0.25% (wt/val) 6.94+19 157 879+32 1.49
Monocaprin 1.3 mM + TMC-48 0.25% (wt/vol) 21.15+ 1.7°C 4.78 3595+ 2.85P 6.11
Monocaprin 1.3mM + TMC-64 0.25% (wt/vol) 16.24 £ 2.5AC 3.67 30.43+0.78P 5.18
Mélittin 1 uM + DCMCO 0.25% (wt/vol) 15.25 + 1.8AC 345 488+2.1 0.83
Melittin 1 uM + TMC-48 0.25% (wt/vol) 23.94+ 1.30"° 5.42 2532+ 1.65P 431
Melittin 1 uM + TMC-64 0.25% (wt/vol) 2291+ 1.7°C 5.18 20.54 + 2.85P 3.49

*Values marked with an A are statistically significantly different from control at pH 6.2 (p < .05), B are statistically significantly different
from control at pH 7.4, C are statistically significantly different from single component chitosan derivative at pH 6.2 (p < .05), and D are
statistically significantly different from single component chitosan derivative at pH 7.4 (p < .05), n = 3, mean £ SD.

less effective than the other absorption enhancers at both pH
values for reasons already mentioned in the discussion of the
TEER results.

In accordance with the TEER results, synergism in terms of
absorption enhancement was observed for the combinations of
the TMC polymers with melittin as well as with monocaprin.
Furthermore, melittin and monocaprin in combination with
each other and with DCMCO also exhibited synergistic effects.
The transport enhancement ratio of 5.42 obtained with the
combination of melittin (1 uM) and TMC-48 (0.25%, wt/vol)
is of special importance if taken into consideration that this
effect was achieved with relatively low concentrations of these
absorption enhancers.

As mentioned before, synergism may result from combina-
tions of absorption enhancers that act on the same cellular
mechanism that is not yet saturated or may be due to different
mechanisms of action, such as tight junction permeability
modulation and cell membrane phase transition.

CONCLUSIONS

This study has shown that combinations of absorption
enhancers are more effective in reducing the TEER of Caco-2
cell monolayers and more effective in enhancing the transport of
amodel compound, FITC—dextran, across these cell monolay-
ers at both pH 6.2 and 7.4 than any of the selected absorption
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enhancers aone. Synergistic effects were observed, which
most likely result from the different mechanisms by which the
constituent absorption enhancers act. This synergism resulted
in lower concentrations of absorption enhancers to cause higher
drug absorption enhancing effects on the intestinal epithelium
compared with the individual absorption enhancing agents.
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