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Abstract

N-trimethyl chitosan chloride (TMC), a partially quaternized derivative of chitosan with superior water solubility, was synthesized with
different degrees of quaternization [12.6% quaternized (TMC-L) and 19.9% quaternized (TMC-H)] and the effects of these novel polyme
on the permeability of intestinal epithelial cells were investigated in Caco-2 cell monolayers. Transepithelial electrical resistance (TEEF
measurements showed that both polymers in 1.5-2.5% w/v concentrations caused a pronounced, concentration dependent lowerin
TEER values, but that TMC-H was more effective than TMC-L at similar concentrations 86 reduction with TMC-L and 53 6%
reduction with TMC-H at 2.0% concentrations). Similar results were obtained in transport studies with the hydrophilic radioactive marker
[**C]mannitol (MW 182.2) and*fC]polyethylene glycol 4000 ¥fC]JPEG 4000, MW 4000). The transport df¢]mannitol was increased
51-fold (TMC-L) and 97-fold (TMC-H) at 2.5% concentrations. No deleterious effects to the cells could be demonstrated with trypan blue
exclusion studies. The results show that TMC is able to open the tight junctions of intestinal epithelial cells to allow for paracellulal
transport of hydrophilic molecules. It is concluded that the charge density of TMC, as determined by the degree of quaternization, is
important factor determining its potential use as an absorption enhancer across intestinal epitt@dia.Elsevier Science B.V. All rights
reserved.
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1. Introduction the transport of hydrophilic molecules such #€[manni-

tol, [**C]polyethylene glycol and fluorescein-dextran signif-

Previous studies have established that the mucoadhesivacantly in Caco-2 cell monolayers [1-3]. Perhaps more

polymer chitosan is a potent enhancer of drug transport significant is the use of chitosan as an absorption enhancer
across mucosal surfaces. It has been shown that chitosann vivo for peptide drugs. The intraduodenal administration
salts like chitosan glutamate and chitosan hydrochloride of buserelin with chitosan hydrochloride in a gel formula-
were able to reduce the transepithelial electrical resistancetion increased the absolute bioavailability of buserelin from
in vitro in a cultured human intestinal epithelial cell line 0.1 to 5.1% [4], while the nasal application of insulin with
(Caco-2) [1,2] and that these polymers were able to increasechitosan glutamate led to a significant reduction in blood

glucose levels in rats and sheep [5]. The increase in the
mmin author. Department of Pharmaceutics, Potchefstroom transport of these compounds could be attributed to an inter-
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cells. It has been reported that chitosan induces a redistribu-93 and 83%, respectively, were kindly provided by Pronova
tion of cytoskeletal F-actin and the tight junction protein Biopolymer (Drammen, Norway). TMC was synthesized
Z0-1 [3,6], thereby altering the integrity of the tight junc- from sieved fractions <500 um) of the different grades
tions which is associated directly or indirectly with the F- of chitosan based on methods described previously
actin filaments [7]. Confocal laser scanning microscopy has [10,11]. Briefly, the experimental conditions are reductive
confirmed that chitosan is able to open the tight junctions to methylation of the chitosan for 75 min with iodomethane in
allow for the paracellular transport of large hydrophilic a strong basic environment at®- The counterion {J, of
compounds [1,2]. the modified polymers recovered, was exchanged with ClI
However, chitosan is a polycation (apparent, p6) and by dissolving the quaternized polymers in a small quantity
in neutral and basic environments, as found in the large of water, followed by the addition of HCI in methanol. The
intestine and colon, the chitosan molecules will lose their degree of quaternization of the polymers was calculated
charge and precipitate from solution, rendering it unsuitable from *H NMR spectra (600 MHz) obtained with a Bruker
for use as an absorption enhancer in these environments. IDMX-600 spectrometer. Viscosity measurements on all the
all the above mentioned studies, absorption enhancementpolymers (0.1% w/v) were performed on a Haake rotation
was only found in acidic or slightly acidic environments. viscosimeter (Haake CV 100/ME 30, Haake, Karlsruhe,
We have shown recently that a partially quaternized deriva- Germany) at 23.8C in aqueous acetic acid (0.1% v/v).
tive of chitosan, N-trimethyl chitosan chloride (TMC), The pK, values were obtained by potentiometric titration.
could be prepared by a relatively easy chemical procedure From the synthesis two TMC products were obtained, one
and that this polymer has excellent water solubility, even at with 12.6% of quaternization (TMC-L) and one with 19.9%
low degrees of quaternization, over a wide pH range com- of quaternization (TMC-H).
pared with chitosan salts. TMC reduces the TEER of a
cultured epithelial cell line (Caco-2) in a reversible way at 2.2. Cell cultures
concentrations of 1.5% and higher, and is able to increase
the transport of several hydrophilic compounds such as Caco-2 cells (passages 76—79) were seeded on tissue
[“Clmannitol (MW 182.2), fluorescein-dextran (FD-4, culture treated polycarbonate filters (area 4.7 and 0.33
MW 4400) and the peptide drugs buserelin (MW 1300), cn?)in Costar Transwell 6- and 24-well plates, respectively
9-desglycinamide, 8-arginine vasopressin (DGAVP, MW (Costar Europe, Badhoevedorp, The Netherlands) at a seed-
1412) and porcine insulin (MW 5778) in Caco-2 cell mono- ing density of 16 cells/cmi 2. Dulbecco’s Modified Eagle’s
layers (8-9). Confocal laser scanning microscopy confirmed Medium [DMEM, pH 7.40] (Sigma, Bornem, Belgium),
that TMC acts in a similar way as chitosan, by opening tight supplemented with 1% non-essential amino acids, 10% foe-
junctions to allow for the paracellular transport of these tal bovine serum, benzylpenicillin G (160 U/ml) and strep-
compounds [2,8]. Although it was shown that TMC was tomycin sulphate (10@,g/ml) (all obtained from Sigma),
not quite as effective as other chitosan salts at similar con- was used as culture medium, and added to both the donor
centrations, such as chitosan glutamate and chitosan hydroand acceptor compartments. The medium was changed
chloride, the superior water solubility of TMC, especially at every second day and cell cultures were kept at a tempera-
neutral and basic pH values, may compensate for its lesserture of 37C in an atmosphere of 95% air and 5% £O
activity in acidic mediums. The results of these investiga- Filters were used for transepithelial electrical resistance
tions clearly showed that the charge, charge density andmeasurements (24-well plates) and transport experiments
structural configuration of chitosan and the chitosan deriva- (6-well plates) 21-23 days after seeding [8,9,12,13].
tive, TMC, play an important role in their ability to act as
absorption enhancers across intestinal epithelia. 2.3. Measurement of the transepithelial electrical
It was concluded that the potential use of TMC could be resistance (TEER)
an important contribution towards effective delivery of
hydrophilic compounds, in the more neutral and basic envir- A Millicell © ERS meter (Millipore, Bedford, MA), con-
onments of the large intestine and colon [2,8]. The present nected to a pair of chopstick electrodes, was used to measure
study investigates the effects of the degree of quaterniza-the effect on the TEER of the filters every 20 min
tion, which determines the charge density of TMC, on the [8,9,12,13]. Solutions of TMC-H (1.5-2.5% wi/v), synthe-
permeability of intestinal epithelial cells. sized from chitosan 93% deacetylated and TMC-L (1.5-
2.5% wi/v), synthesized from chitosan 83% deacetylated,
were prepared in serum-free DMEM (pH 7.40). The pH of
2. Materials and methods the resulting polymer solutions was adjusted to 6.80 since it
was found that dissolving TMC in DMEM led to a slight
2.1. Synthesis and characterization of N-trimethyl chitosan decrease in the pH (6.70—7.00) of DMEM. This is probably
chloride (TMC) caused by traces of HCI, from the synthesis procedure, in
the TMC samples. Two hours before the start of each
Two batches of chitosan, with degrees of deacetylation of experiment, the medium in the acceptor compartments
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was removed and replaced with DMEM buffered at pH 7.40 [1,2,8]. The basolateral medium was PBS. After 30 min, the
with 25 mM n-(2-hydroxyethyl) piperazine-N-(2-ethanesul- medium was removed from both sides of the cell mono-
fonic acid) (HEPES) (Sigma). Measurements started 1 hlayers and the cell monolayers were examined by light
prior to incubation on the apical side of the cells with the microscopy for exclusion of the marker. Cells incubated
different TMC solutions. The TEER was measured for a for 5 min with 0.5% w/v sodium dodecyl! sulphate in PBS
period of 4 h. Control experiments were performed under and stained with trypan blue were used as a reference for
the same conditions without dissolved polymers. Experi- uptake of the marker. Cells excluding trypan blue were
ments were done in triplicate at 37 in an atmosphere of  considered to be viable.

95% air and 5% C@ Average TEER values for untreated

cell monolayers were in the range of 800—1@D6NY. 2.6. Data analysis
2.4. Permeability studies Apparent permeability coefficient®,) for [**C]manni-
tol and F*CJPEG 4000 were calculated according to the
2.4.1. f“C]Mannitol transport following Eq. [2,3,8]:
[“*C]Mannitol (MW 182.2; spgmﬁc radioactivity 57 mC.|/ Papp= [dc/dt]. [1/(A.60.C0)] 1)
mmol, 200 mCi/ml) was obtained from Amersham Life
Science (Little Chalfort, UK). The transport dfC]manni- whereP,p, is the apparent permeability coefficient (cm/s),

tol across Caco-2 cell monolayers was studied as describeddd/dt is the permeability rate (concentration unit/mia)is
previously [1,2,8]. Solutions of TMC-H and TMC-L (1.5— the diffusion area of the monolayer (mand C, is the
2.5% w/v) were prepared in serum-free DMEM (pH 7.40) initial concentration of the respective radioactive com-
containing the radioactive marker. The pH of the polymer pounds. All rate constants were obtained from the permea-
solutions were adjusted to 6.80. The medium in the acceptortion profiles of each radioactive compound. The regression
compartment was DMEM buffered at pH 7.40 with HEPES. coefficients (%) obtained from the curve fits were generally
Samples of 20| were taken every 20 min for 4 h from the between 0.90—1.00. Transport enhancement ralpwsere
basolateral side. Samples taken from the basolateral sidecalculated fromP,,, values by Eq. (2) [2,8]:

were replaced with an equal volume qf DMEM with R=P,, (specific polymer and concentratwfﬁ’app(baseline
HEPES. Controls were run in every experiment with solu-

tions containing the radioactive marker without the dis- )
solved polymers. All experiments were done in triplicate

in an atmosphere of 95% air and 5% £& 37C. The

total radioactivity applied to the cells was determined in

200 ul samples of the solutions tested and background 3. Results and discussion

radioactivity was determined in 2Q0 samples of DMEM

and HEPES without the radioactive marker. The radioactiv- 3.1. Synthesis and characterization of TMC

ity present in the samples was determined after adding 3 ml

scintillation cocktail (Ultima-Gold, Packard Instruments, In Table 1, the physical and chemical properties of the
Meridan, USA) in a liquid scintillation counter (Tri -Carb  two batches of TMC, synthesized from the chitosan with
1500, Packard Instruments, Meridan, USA). Results were different degrees of deacetylation, are shown. In contrast
corrected for dilution and expressed as cumulative transportwith the parent chitosan, which is only soluble in acidic

at timet. mediums, both batches of TMC are perfectly soluble in

water over the whole pH range in concentrations up to
2.4.2. f“C]Polyethylene glycol 4000 {{C]JPEG 4000) 10%. The increase in solubility could be attributed to the
transport replacement of the primary amino groups on the C-2 posi-

[**C]PEG 4000 (MW 4000; specific radioactivity 50 mCi/  tion of chitosan with quaternary amino groups [10,11]. In
ml) was obtained from Amersham Life Science (Little Chal- general, TMC is soluble for a degree of quaternization as
fort, UK). The transport of YC]JPEG 4000 across Caco-2 low as 12.6%, as determined frotH NMR spectra.
cell monolayers was studied as described above for Although the pK values and viscosities of the two TMC

[**Clmannitol. batches do not differ from each other, the degree of quater-
nization (19.9%), calculated frofi MNR spectra, is much
2.5. Viability of Caco-2 cell monolayers higher in the batch (TMC-H) synthesized from the chitosan

with the higher degree of deacetylation. This could be
Both the apical and basolateral sides of the cell mono- explained in terms of the amount of amino groups available
layers were rinsed twice with 0.01 M phosphate-buffered for methylation in each batch of chitosan. The decrease in
saline (PBS, pH 7.40) after completion of all the TEER and the intrinsic viscosity of TMC, compared with the starting
transport experiments. The cell monolayers were incubatedmaterials, correlated well with the degradative reaction con-
apically with a solution of 0.1% trypan blue (Sigma) in PBS ditions (temperature of 8C) in a strong alkaline medium.
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Table 1
Physical and chemical properties of chitosan and TMC*

Polymer Degree of pKa Viscosity [0.1% *Solubility
quaternization (%) w/iv] (mPa/s)
pH 4 pH 6 pH 7 pH9

Chitosan (83% - 5.5+ 0.0 19.57+ 0.0 Soluble Soluble Insoluble Insoluble

deacetylated)
TMC-L 12.6 6.0+ 0.1 1.48+ 0.0 Soluble Soluble Soluble Soluble
Chitosan (93% - 55+ 0.1 3.64+ 0.0 Soluble Soluble Insoluble Insoluble

deacetylated)
TMC-H 19.9 6.0+ 0.1 1.20+ 0.0 Soluble Soluble Soluble Soluble

*Data are presented as the measD of three experiment&Solubility, soluble and insoluble for chitosan (1.5% w/v) and TMC (1-10% w/v). Measurements
performed in water (pH adjusted with 0.1 M HCI or 0.1 M NaOH).

NMR spectra show that a high proportion of the amino values compared with the control group. Both polymers
groups is still dimethylated. Dimethylation is significantly caused an immediate reduction in TEER, especially at 2.0
decreased by repeating the basic reaction twice to obtainand 2.5% concentrations. The effect of TMC seems to be
higher degrees of quaternization [11]. However, at higher concentration dependent, with the highest reduction in
degrees of quaternization evidence of O-methylation on the TEER measured at 2.5% concentrations of the respective
3 and 6 hydroxyl groups of chitosan is found. In general, O- polymers.
methylation led to less soluble products. These results show The results presented here show that TMC-H, at similar
that the degree of quaternization of TMC can be controlled concentrations, is more effective in reducing the TEER than
by using different deacetylation grades of chitosan or by TMC-L. The decrease in TEER at 2.0% w/v concentrations
controlling the reaction steps. was in the order TMC-H (5% 6% reduction)> TMC-L
(36 £ 3% reduction). At 2.5% concentrations the TEER
3.2. Effect of TMC on the TEER of intestinal epithelial cells was reduced by 6& 4% (TMC-H) and 62+ 5% (TMC-
L), respectively. The difference in effect at similar concen-
The effect of TMC-L and TMC-H on the TEER of Caco- trations of TMC could be explained by the difference in the
2 cell monolayers is presented in Fig. 1. Measurement of degree of quaternization of these polymers. The degree of
TEER values is believed to be a good indication of the quaternization gave an indication of the charge density on
tightness of the junctions between cells. The results in the respective polymers. TMC-H, with the highest degree of
Fig. 1 clearly demonstrate that TMC-L and TMC-H are quaternization, has more positively charged (quaternary)
able to decrease the TEER of Caco-2 monolayers. Incuba-amino groups for interaction with the negative sites on the
tion on the apical side of the monolayers with 1.5-2.5% w/v cell membranes and is therefore more effective in reducing
of the polymers resulted in a marked reduction in TEER the TEER of the monolayers at similar concentrations of
TMC-L. Several studies have shown that chitosan acts pri-
marily by an interaction of the positively charged amino
120 . group on the C-2 position with negatively charged sites on
| the cell membranes and/or tight junctions [2,3,6]. In pre-
vious studies, it has been proposed that TMC most likely
acts by the same mechanism as chitosan salts [2,8,9].
Previous studies have shown that it is unlikely, because of
the high viscosity and mucoadhesive character of chitosan
and TMC, that all the polymer solution could be removed
from the monolayers without damaging the cells. Only a
gradual reversibility of the effect of these polymers on the
TEER was demonstrated while complete reversibility
towards initial TEER values could not clearly be established
[2,8]. However, staining with trypan blue, after completion
I I o of the TEER experiments, did not result in any visible intra-
60 30 0 30 60 90 120 150 180 210 240 270 cellular uptake of this marker. The absence of intracellular
Time (minutes) trypan blue, after 4 h of incubation with both TMC-L and
Fig. 1. Effect of TMC-L and TMC-H on the TEER of Caco-2 cell mono- TMC-H, |n_1pl-|es that the cell memprane.s remained unda-
layers. Each point represents the mea8.D. of three experiments. Con- maged. Similar results were obtained in a recent study
trol (+ ), TMC-L 1.5% (O), TMC-H 1.5% @), TMC-L 2.0% (A), TMC-H where Caco-2 cell monolayers were able to exclude the
2.0% (A), TMC-L 2.5% (), TMC-H 2.5% @). propidium iodide nucleic stain after 4 h of incubation with
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30.00 | values for both radioactive marker molecules were found
[ 268 with TMC-H as with TMC-L at every concentration tested
25.00 of the respective polymers. This could be explained in terms

of the charge density of each polymer, as determined by
their respective degrees of quaternization. In agreement

147 with results obtained with the TEER experiments, no evi-
dence of trypan blue inclusion into the intracellular spaces

106 of the cells was found when cells were stained with this dye

179 after completion of all transport studies, which is a good
52 indication that the cell membranes are not affected by incu-

bation with any concentration of these polymers.

N
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Control 1.5 2 2.5
TMC concentration (%) 4. Conclusion

Fig. 2. Cumulative transport of{C]-mannitol by TMC-L (white bars) and
TMC-H (black bars). Each point represents the meé®D. of three
experiments.

Chitosan is a weak base which requires a certain amount
of acid to transform the glucosamine units into the posi-
tively charged, water-soluble form. Therefore, it is only
several TMC polymers with different degrees of quaterniza- effective as an absorption enhancer in acidic environments.

tion [14]. In previous studies, the prospects for derivatives of chitosan,
soluble in neutral and basic environments, have been high-

3.3. Effect of TMC on the permeability of intestinal lighted [2,8,9]. The present study confirms that TMC is a

epithelial cells partially quaternized derivative of chitosan with superior

water solubility, especially in neutral and basic environ-

Fig. 2 and Fig. 3 show the cumulative transport of ments compared to chitosan and chitosan salts [2]. Even
[**C]mannitol and }*C]JPEG 4000, expressed as percentage at a degree of quaternization as low as 12.6%, TMC
of the total dose applied, in the presence and absence ofbecomes perfectly soluble in neutral and basic pH environ-
different concentrations of TMC-L and TMC-H. From the ments and is able to increase the transport of hydrophilic
individual permeation profiles of the radioactive markers, compounds across intestinal epithelia in a neutral environ-
Papp Values and transport enhancement ratiRswere cal- ment. These investigated derivatives of chitosan are extre-
culated. These results are presented in Table 2. Both man-mely effective in enhancing the paracellular transport of
nitol and PEG 4000 are metabolically inert and are highly small hydrophilic molecules, such a&'¢]mannitol, but
hydrophilic in nature. Under the conditions described, very the transport of larger molecules, such &€JPEG 4000,
low baseline permeabilities were found for both compounds is also increased substantially. TMC reduces the TEER of
and only negligible amounts were transported in the control intestinal epithelial cells, thereby opening the tight junctions
groups. Incubation of the monolayers with both TMC-L and to allow for the paracellular transport of these hydrophilic
TMC-H resulted in a marked accumulation 8i¢]mannitol molecules. The degree of quaternization of TMC plays an
and F*C]PEG 4000 in the acceptor compartmeiiC][Man- important role in determining the ability and effectiveness
nitol, with the lowest molecular weight, exhibited the high-
est permeability and the cumulative amounts transported up  *%
to 4 h, at 2.5%w/v concentrations of the polymers, were '
25.8+ 1.6% (TMC-H) and 14.% 1.0% (TMC-L) of the 1251
total dose applied, respectively (control: 028.02%). 1
This represents a 97-fold (TMC-H) and a 51-fold (TMC-
L) increase in the permeability compared with the control
situation (Table 2). The permeability decreased with an
increase in molecular weight and the cumulative amounts

1.00 0.9

0.75 4

Cumulative transport (% of total dose)

0.50 |
of [YC]-PEG 4000, transported up to 4 hours, were much | os | o4 o2
lower than with f*Clmannitol at similar polymer concen- 025 | 02 °2
trations. At 2.5% concentrations a 17-fold and 4-fold o o El
increase in permeability were found after incubation with D-OO—EML— s , .

TMC-H and TMC-L, respectively. This suggests that the TMC concentration (%)
permeation of these compounds across intestinal epithelial
cells is, among other factors, dependent on their moIecuIarFig. 3. Cumulative transport offC]-PEG 4000 by TMC-L (white bars)

size and StrUCtural_ conformation. _ and TMC-H (black bars). Each point represents the me&nD. of three
In agreement with the TEER results, high&y, andR experiments.
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Table 2
Effect of TMC-L and TMC-H on the permeability of4C]-mannitol and }*C]-PEG 4000 across Caco-2 cell monolayers*

Marker Polymer concen- TMC-L TMC-H
tration (% w/v)
Papp X 107 (cm/s) R Papp X 107 (cm/s) R
[**C]-Mannitol - 0.41+ 0.03 1 0.41+ 0.03 1
15 7.97+ 0.40 19 11.63: 3.14 28
2.0 14.37+ 0.50 35 22.95 5.16 56
25 21.07+ 1.32 51 39.63t 2.62 97
[**C]-PEG 4000 - 0.0& 0.01 1 0.08+ 0.01 1
1.5 0.28+ 0.03 4 0.41+ 0.14 5
2.0 0.32+ 0.09 4 0.59+ 0.16 7
25 0.33+ 0.11 1 1.39+ 0.49 17

*Papp apparent permeability coefficieri, transport enhancement ratio. Data presented as the m8&nof three experiments.
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