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The aim of the investigation was to establish transepithelial
permeation of acyclovir across Caco-2 and Madin-Darby canine
kidney (MDCK) cell monolayers and attempt to improve its
permeation by employing absorption enhancers (dimethyl B
cyclodextrin, chitosan hydrochloride and sodium lauryl sulfate)
and combinations thereof. Caco-2 and MDCK cell monolayers
have been widely employed in studying drug transport, mecha-
nisms of drug transport, and screening of absorption enhancers
and excipients. Transepithelial electrical resistance and per meation
of ®¥™Tc-mannitol were employed as control parameters to assess
the tight junction and paracdlular integrity. Permeation of
acyclovir in the presence of absorption enhancers was found to be
significantly higher compared with drug permeation in their
absence when assessed as apparent permeability coefficients (Pygy).
Syner gistic improvementsin Py, values of acyclovir wer e obtained
in case-selected combinations of absorption enhancers; dimethyl B
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cyclodextrin—chitosan hydrochloride, chitosan hydrochloride-
sodium lauryl sulfate, and dimethyl B cyclodextrin—sodium lauryl
sulfate, were used. Recovery and viability assessment studies of
both cell monolayers suggested reestablishment of paracellular
integrity and no damageto cell membranes. Significantly improved
permeation of acyclovir in the presence of selected combinations
of absor ption enhancers may be used asa viable approach in over-
coming the problem of limited oral bioavailability of acyclovir.

Keywords acyclovir; absorption enhancers;, permeation; Caco-2;
MDCK; TEER; ®*™Tc¢-mannitol

INTRODUCTION

Acyclovir (ACY; 9-[2-hydroxyethoxymethyl]-guanine) is
a nucleoside analogue with potent antiviral activity for the
herpes group of viruses (Elion et al., 1977; Schaeffer et al.,
1978). For over two decades, ACY has been considered the
first choice of treatment for herpes simplex virus (HSV) types
1 and 2 (HSV-1 and -2), but it has also been shown to be
effective in the treatment of varicella-zoster, cytomegalovirus,
and Epstein-Barr virus infections (De Clercq, 1993;
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Jaineta., 2005). ACY is commercially available in
intravenous, oral, and topical administrations (Stagni, Ali, &
Weng, 2004). Although parenteral administration provides
therapeutically effective blood levels, it is acceptable only in
acute situations. In case of HSV infections, chronic therapy is
needed, which leads to poor patient compliance and local
toxicity at the injection site. Topical application of ACY is
associated with very slow absorption (Jain et al., 2005). Oral
administration of ACY is the most preferred route from the
viewpoint of patient compliance and convenience. However,
following oral administration, the absorption of the drug from
the gastrointestinal tract is poor, slow, and variable. The oral
bioavailability of ACY is low (10%-30%) and requires
administration of 800 mg five times per day for the manage-
ment of genital HSV disease (Tolle-Sander, Lentz, Maeda,
Coop, & Polli, 2004; de Miranda & Blum, 1983).
Immunocompetent patients who are already consuming a
variety of other drugs fail to adhere to the dosing regimen of
ACY. Also, low oral bioavailability is associated with greater
intersubject variability of plasma concentrations and, hence,
poorer control of the effects of ACY. In addition to this, there
is drug wastage leading to economic disadvantage (Aungst,
2006). The reason for the low bioavailability of ACY following
oral administration is its permeability limited absorption (BCS
class Il drug; Tolle-Sander et a., 2004). In addition to its low
permeation, ACY is transported via passive diffusion through
the paracellular route (de Vrueh, Smith, & Lee, 1998; Kristl &
Tukker, 1998). As such the paracellular route occupies a very
small surface area compared with the transcellular route and
is sealed by tight junctions, which restrict the transport of
hydrophilic molecules across the epithelium (Noach et al.,
1994; Shah, Jogani, Bagchi, & Misra, 2006). One of the
approaches to improve the permeability across the paracellu-
lar route is the coadministration of absorption enhancers like
bile salts, surfactants, medium-chain fatty acids, cyclodex-
trins, and mucoadhesive polymers (Bernkop-Schnurch,
2000).

The aim of the investigation was to establish transepithelial
permeation of ACY across Caco-2 and Madin-Darby canine
kidney (MDCK) cell monolayers and attempt to improve its
permeation by employing absorption enhancers (dimethyl
cyclodextrin [DM BCD], chitosan hydrochloride [CH], and
sodium lauryl sulfate [SLS]) and combinations thereof to alle-
viate the problem of limited oral bioavailability of ACY. It was
hypothesized that coadministration of ACY with absorption
enhancers would lead to enhancement in permeation across the
paracellular route. Increase in permeation of ACY across the
intestinal epithelium may facilitate absorption of the drug
across the intestinad epithelium, which in turn should lead to
therapeuticaly effective systemic plasmalevels and improvement
in bicavailahility.

Caco-2 (derived from human colorectal carcinoma) and
MDCK (derived from the distal tubular part of the nephron of a
dog kidney) cell monolayers have been widely employed in
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studying drug transport, mechanisms of drug transport, and
screening of absorption enhancers and excipients (Shah et al.,
2006; Irvine et a., 1999). These cells have been shown to
possess morphological and functional similarity to intestinal
enterocytes when cultured on semipermeable membranes. Two
cell lines were used as they differ in their transepithelia
electrical resistance (TEER) values, with MDCK cells having
closer resemblance to the TEER values of the small intestine
(30100 Q.cm?; Hidalgo, 2001).

MATERIALS AND METHODS

Materials

ACY was received as a gift from Alembic Limited
(Vadodara, India). sodium pertechnetate was extracted from
%Mo (supplied by the Regional Center for Radiopharmaceuti-
cal Division, Northern Region, Board of Radiation and |sotope
Technology, Delhi, India) by using freshly distilled methyl
ethyl ketone. Radionuclidic, radiochemical, and chemica
purities were ensured before its use. CH (degree of
deacteylation = 85%; molecular weight = 20 kDa) was purchased
from S. A. Chemicals (Mumbai, India). Mannitol, stannous chlo-
ride dihydrate, acetic acid, sodium bicarbonate, DMBCD, SLS,
Dulbecco’'s Modified Eagle Medium (DMEM), fetal bovine
serum (FBS; heat inactivated, U.S. origin), nonessential amino
acids (NEAA), L-glutamine, benzyl penicillin, streptomycin,
trypsin, ethylene diamine tetra acetic acid (EDTA), Hanks
Balanced Salt Solution (HBSS), N-(2-hydroxyethyl) pipera-
zine-N’-(2-ethanesulfonic acid) (HEPES) and trypan blue were
purchased from Sigma-Aldrich (Denmark). Culture plate
inserts (0.4-um pore size, 30-mm diameter, polycarbonate)
were purchased from Millipore Corp. (Bedford, Massachu-
setts, USA).

Radiolabeling of Mannitol

Mannitol was labeled with ®*™Tc by a simple reduction
method and optimized for maximum labeling efficiency
(Eckelman, 1995; Mishra et al., 2004). Mannitol (10 mg)
was dissolved in 1 ml of water for injection followed by the
addition of 100 pg stannous chloride. The pH was adjusted
to 6.0 £ 0.1 with 0.5 M sodium bicarbonate solution. The
solutions were nitrogen-purged. The contents were filtered
through a 0.22-um membrane filter (Millipore Corporation,
Bedford, Massachusetts, USA) into an evacuated sterile
vial. One ml of sterile sodium pertechnetate (75-100 Mega
Bequerel [MBq]) was added to the solution and mixed for
30 seconds. The labeling was carried out at room tempera-
ture (25 + 2°C). The quality control of *®™Tc-mannitol was
performed using ascending instant thin layer chromatography
(ITLC) using silica gel (SG) coated fiberglass sheets
(Gelman Instrument Company, Ann Arbor, Michigan, USA)
as per the method described by Mishra and colleagues
(2004).



ACYCLOVIR PERMEATION ACROSS CELL MONOLAYER

Maintenance of Cell Cultures

Caco-2 (passage 18) and MDCK cells (passage 31,
subclone 2) were purchased from National Center for Cell
Sciences (Pune, India). They were seeded at 1 x 10* cells/ml
into 75 cm? tissue culture flasks (Costar Corporation,
Cambridge, Massachusetts, USA). The Caco-2 cells were
maintained in a culture medium consisting of DMEM contain-
ing 4.5 g/L glucose, supplemented with 10% v/v FBS, 1% v/v
NEAA, 2 mM L-glutamine, 100 U/ml benzyl penicillin, and
100 pg/ml streptomycin, and the pH was adjusted to 7.40 using
0.5 M sodium bicarbonate solution. The MDCK cdl culture
medium additionally contained 1% v/v sodium pyruvate. Cells
were maintained in a water-jacketed incubator (Forma Scien-
tific, Ohio, USA) at 37°C and in an atmosphere of 5% CO..
The culture media was changed three times per week. At 80%
to 90% confluency, the cells were harvested by washing with
Ca?/IMg*>~free HBSS, followed by trypsinization (0.05% wi/v
trypsin and 0.02% w/v EDTA solutions for 5 minutes at 37°C),
and were resuspended in their respective culture media. Cells
were counted with a hemocytometer using a phase-contrast
inverted microscope (Olympus Corporation, Tokyo, Japan).
The cells were seeded onto polycarbonate inserts at a density
of 2 x10° cells’em? and each insert was placed in an individual
well of six well plates (Nunc, Roskilde, Denmark). Seeded
cells were fed with fresh media three times per week. The
growth of cells and degree of confluence was checked daily by
microscopy and measurement of TEER. For permeation
studies, Caco-2 (passages 31-42) and MDCK (passages 39-50)
cells were used 18 to 24 days and 6 to 7 days postseeding,
respectively.

Measurement of TEER

Resistance across cell monolayers was measured at 24-hour
intervals until and after the cells attained confluence using a
Millicell® ERS meter (Millipore, Bedford, Massachusetts,
USA). TEER of cell monolayers was calculated by subtracting
the background resistances obtained with blank wells.
Increasing TEER readings indicate that cells were closely
packed, forming tight junctions. Caco-2 cells were used at
TEER values between 600-800 Q.cm? and MDCK cells at 300
to 350 Q.cm?.

TEER vaues were measured during the permeation studies
to ascertain the effect of absorption enhancer(s) at each sample
point. The TEER values recorded at t = 0 hours were taken as
initial values and expressed as 100%. The TEER values at each
sampling point were expressed as percent of initial values.

Permeation Studies of **™Tc-mannitol

Permeation of ®MTc-mannitol, a paracellular marker (our
unpublished data), across Caco-2 and MDCK cell monolayers
was studied to assess paracellular integrity. Prior to the start of
permeation studies, the culture media was removed from the
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apica (AP) and basolateral (BL) sides of the cell monolayers.
Further, the cell monolayers were washed thrice with fresh
prewarmed HBSS (37 £ 1°C), replaced with phosphate buffer
saline, and equilibrated for 30 minutes.

Transepithelial permeation of *™Tc-mannitolwas carried out
in AP to BL direction by placing 1 ml of *®™Tc-mannitol
(specific activity 7.5-10 MBg/mg, pH 6.3) on the AP side of the
cell monolayers. The BL side contained 2.5 ml of phosphate
buffer saline (pH 7.4). AP to BL permeation of ®™Tc-mannitol
in the absence (control) and presence of different concentrations
of DMBCD (1%wl/v, 3% wl/v, and 5% w/v); CH (0.1% wiv,
0.3% wiv, and 0.5% wi/v); SLS (0.009% wi/v, 0.012% wi/v, and
0.015% wiv); 5% w/v DMBCD-0.5% w/v CH, 0.5% w/v CH-
0.015% w/v SLS; and 5% w/v DMBCD-0.015% w/v SLS
combinations were studied. Samples (200 pL) were withdrawn
from the receiver (BL) compartments at time intervals of O,
0.5, 1.0, and 2.0 hours and replaced with an equal volume of
fresh prewarmed (37 = 1°C) phosphate buffer saline to
maintain sink conditions. Samples withdrawn from BL
compartments were analyzed immediately for the counts of
radiomarker by a well-type gamma spectrometer (Capintec
Inc., New Jersey, USA) consisting of a sodium iodide crystal
doped with avery small amount of thallium (Nal[TI]).

During the permeation of *™Tc-mannitol, the well plates
were placed on a calibrated shaker at 50 rpm at 37°C so as to
minimize the effects of the unstirred water layer.

Permeation Studies of ACY

Prior to the start of ACY permeation studies, Caco-2 and
MDCK cell monolayers were equilibrated as mentioned in per-
meation studies of *™Tc-mannitol. Transepithelial permeation
of ACY in AP to BL direction was carried out by placing 1 ml
of 2.5 mM drug solution, prepared in HBSS + 10 mM HEPES
(pH 6.3) on the AP side, and 2.5 ml of HBSS + 10 mM HEPES
(pH 7.4) on the BL side. Transepithelial permeation of ACY in
the presence of different concentrations of DMBCD (1% wiv,
3% wiv, and 5% wi/v); CH (0.1% wi/v, 0.3% w/v, and 0.5% w/v);
and SLS (0.009% wiv, 0.012% wi/v, and 0.015% wi/v) were
studied in AP to BL direction across both cell monolayers. In a
similar manner, permeation of ACY was also studied in the
presence of 5% w/v DMBCD-0.5% w/v CH, 0.5% w/v CH-
0.015% w/v SLS, and 5% w/v DMBCD-0.015% w/v SLS
combinations. Samples (200 pL) were withdrawn from BL com-
partments at different time intervals (0, 0.5, 1.0, and 2.0 hours)
and replaced with an equal volume of BL medium. Withdrawn
samples were stored at —20 °C prior to analysis by HPLC.

Permeation studies were carried out by placing the well
plates on a calibrated shaker at 50 rpm at 37°C.

Drug Analysis
ACY was analyzed by an HPLC system (Dionex, GmbH,
Germany) consisting of a Dionex P 680 LPG pump, a Dionex
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UVvD 170 UV/Visible multiple wavelength detector, and
Chromeleon software (Version 6.50). The C-18 ODS Hypersil
column (250 x 4.6 mm) with 10 um particles of 120 A pore
size was employed. The mobile phase was water: acetic acid
(99.9: 0.1) at a flow rate of 2.0 ml/minute and a detection
wavelength of 254 nm.

Recovery Studies

After completion of the permeation studies of *™Tc-mannitol,
the test solutions were removed carefully followed by slowly
rinsing the cell monolayers thrice with fresh prewarmed
HBSS (37 + 1°C). Both AP and BL chambers of Caco-2 and
MDCK cell monolayers were replenished with their appropri-
ate culture media and replaced in an incubator at 37°C in an
atmosphere of 5% CO,. TEER values and transport of
9MTc-mannitol across both monolayers were determined at
24 hours posttreatment.

Assessment of Cell Viability

At the end of the permeation studies of ACY, the Caco-2
and MDCK cell monolayers were assessed for cell viability.
Cells were removed from the inserts by trypsinization (0.05%
w/v trypsin and 0.02%w/v EDTA). Trypsin activity was
gquenched by scrapping the cells into the respective culture
medium. This was diluted with 1:1 trypan blue dye solution
and cells were viewed under inverted microscope using a
hemocytometer. Viable cells were detected by their ability to
exclude trypan blue. The numbers of viable and nonviable cells
were counted and percent cell viability was determined using
the following Equation 1, and the cell viability of more than
90% was considered as nontoxic.

Total Viable Cells (Unstained)
Total Cells

% Cell Viability = %100 @

Data Analysis

Apparent permeability coefficient (P,,,) values of *™Tc-
mannitol and ACY were calculated using Equation 2 and
recorded in Tables 3, 4, and 5.

_dQ,

- Ve )

AxC,

Where,

Papp 1S the apparent permeability co-efficient (cmi/s), dQ/dt
is the cumulative flux in the AP to BL direction (ug/s), Vg is
the volume of the receptor compartment (cm?), A is the
diffusion area of the monolayer (cm?), and C, is the initial
concentration applied on the AP side (ug).

All the values are expressed as mean + standard deviation
(D) vaues. Statistical evauation was carried out with
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one-way analysis of variance, and differences between groups
at p < .05 were considered to be significant.

RESULTS

Effect of Absorption Enhancers on TEER of Caco-2
and MDCK Cell Monolayers

TEER values, obtained by treating Caco-2 and MDCK cell
monolayers with different concentrations of DMBCD (1%-5%
w/v), CH (0.1%-0.5% w/v), and SLS (0.009%-0.015% w/v),
were recorded in Tables 1 and 2, respectively. In the case of
control monolayers (i.e., without absorption enhancers), the
TEER values at al time points did not change during the
course of the experiments and were similar to the baseline
(initial, t=0 hours) values. Employment of absorption
enhancers resulted in asignificant (p < .05) decreasein TEER
in a short time (t = 0.5 hours) in both monolayers. With time,
further decrease in TEER was recorded, with the highest
decrease at t = 2 hours. At all time points, the TEER valuesin
both cell monolayers were significantly (p <.05) lower than
their corresponding initial values. In the presence of 5% wi/v
DMBCD, 0.5% w/v CH, and 0.015% w/v SLS, TEER values
reached 42%, 45%, and 63%, respectively, of initial valuesin
Caco-2 cell monolayersat t = 2 hours (Table 1). In the case of
MDCK cell monolayers, the presence of 5% w/v DMBCD,
0.5% w/v CH, and 0.015% w/v SL S resulted in TEER values
reaching 39%, 41%, and 59% of initial values at t = 2 hours
(Table 2).

Combinations of absorption enhancers also led to a signif-
icant (p < .05) reduction in TEER values in both cell
monolayers. At al time points, the reduction caused due to
the combination was higher than that caused by the single
absorption enhancer. With 5% w/v DMBCD-0.5% w/v CH,
0.5% w/v CH-0.015% w/v SLS, and 5% w/v DMBCD-
0.015% w/v SLS combinations, TEER values reached 27%,
30% and 31%, respectively, of the initial values in Caco-2
cell monolayers at t=2 hours. In the case of MDCK cell
monolayers, employment of these combinations resulted in
TEER values reaching 26%, 28%, and 29% of initial values
att =2 hours.

Permeation Studies of *™Tc-mannitol

9mMTc-mannitol was employed for the assessment of
paracellular integrity in Caco-2 and MDCK cell monolay-
ers. Very low and negligible amounts of %™Tc-mannitol
were transported across both monolayers in control
groups (i.e., without absorption enhancers), as indicated by
low P,,, values. The P, values of *™Tc-mannitol in Caco-
2 and MDCK cell monolayers are recorded in Tables 3 and
4, respectively. P, values of **™Tc-mannitol in control
Caco-2 and MDCK cell monolayers were 0.286 +
0.056x10°® cm/seconds and 0.507 + 0.049 x 10°° cm/
seconds, respectively.
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Time/TEER (Q.cm?)*

Treatment 0.5 hr 1lhr 2hr 24 hr Posttreatment
Control 98.97+2.11 98.21+1.73 97.31+1.86 98.59+ 1.53
1% w/v DMBCD 6251+ 1.17* 58.32 + 2.33" 54.45 + 3.07* 97.74+ 4.12
3% w/v DMBCD 58.93 + 2.04* 55.36 + 1.15" 46.74 + 3.02* 96.85+ 1.25
5% w/v DMBCD 59.07 + 2.07* 47.3+1.86" 4233+ 2.10* 95.78 + 4.37
0.1% w/v CH 70.51 + 4.12% 65.18 + 2.22% 56.91 + 1.97* 87.81+ 1.38"
0.3% w/v CH 60.26 + 2.04" 53.74 + 3.55" 50.43+ 1.77* 84.94 + 2.29"
0.5% w/v CH 59.68 + 2.45" 48.76 + 1.94" 45.30 + 3.01% 83.14+ 1.75"
0.009% w/v SLS 83.40 + 1.28* 74.10 + 2.14* 7135+ 1.73" 97.36+3.05
0.012% w/v SLS 78.65 + 2.14* 70.35+ 1.82% 66.56 + 1.17* 97.27+2.36
0.015% w/v SLS 78.69 + 1.59* 70.34 + 2.06" 63.38+ 3.17* 96.57 + 1.61
5% w/v DMBCD + 0.5% w/v CH 46.71 + 1.40* 31.85+1.72* 27.07 + 1.65" 82.26 + 2.48"
0.5% w/v CH + 0.015% w/v SLS 48.27 + 3.01* 3291+ 218" 29.84 + 1.33" 83.08 + 1.54"
5% w/v DMBCD + 0.015% w/v SLS 4931 +1.35" 35.59 + 1.92% 31.19+1.37% 97.66 + 2.05

*TEER values are expressed as percent of initial values.
#ip < .05; significant difference from control.
All values expressed asM = SD (n = 6).

TABLE 2
TEER Vauesin MDCK Cell Monolayers

Time/TEER (Q.cm?)*

Treatment 0.5hr lhr 2hr 24 hr Posttreatment
Control 98.72+ 1.96 97.91+217 96.83+ 1.42 98.79+ 3.08
1% w/v DMBCD 61.63+ 1.51% 51.66 + 1.39" 4592 + 1.64* 96.68+ 2.15
3% w/v DMBCD 60.12 + 3.11% 48.16 + 2.43" 42.33+3.02% 94.79+ 1.79
5% w/v DMBCD 56.68 + 1.59" 43.92 +2.75" 38.58 + 1.36" 93.75+ 2.65
0.1% w/v CH 68.21 + 2.05" 64.20 + 1.73" 53.40 + 1.82% 82.72 + 1.36"
0.3% w/v CH 67.29 + 1.72% 56.07 + 2.02* 43.93+ 1.57% 81.31 +1.33*
0.5% w/v CH 64.08 + 4.02* 53.40 + 2.35" 41.42 + 2.46" 80.26 + 1.38*
0.009% w/v SLS 88.87 + 3.06" 76.83 + 2.24* 68.57 + 1.28* 96.19+ 1.47
0.012% w/v SLS 80.12 + 1.93* 72.78 + 1.26" 62.69 + 2.08* 95.80+ 2.57
0.015% w/v SLS 79.26 + 2.23* 70.90 + 1.45" 59.13 + 2.14% 94.91 + 3.06
5% w/v DMBCD+0.5% w/v CH 45.47 + 2.29% 30.00 + 1.87* 26.18 + 1.57* 79.89+ 2.6"
0.5% w/v CH+0.015% w/v SLS 4735+ 1.76" 32.11 + 1.80* 27.80 + 1.95% 79.57 + 2.24%
5% w/v DMBCD+0.015% w/v SLS 49.05+1.71% 33.69 + 1.34" 29.21 + 2.46" 93.44+3.13

*TEER values expressed as percent of initial values.

“p < .05; significant difference from control.
All values expressed asM = SD (n = 6).

In the presence of absorption enhancers DMBCD, CH, and
SLS, significantly (p < .05) higher P,,, values of *"Tc-
mannitol were recorded in both cell monolayers as compared
with control groups. The increments in the P,,, values of

9MTc-mannitol in the presence of absorption enhancers were
concentration dependent. 5% w/v DMBCD, 0.5% w/v CH, and
0.015% w/v SLS led to 11-, 9-, and 6-fold increases,

respectively, in P, values of *™Tc-mannitol as compared
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with the control in Caco-2 cell monolayers. When 5% wi/v
DMBCD-0.5% w/v CH, 0.5% w/v CH-0.015% w/v SLS, and
5% w/v DMBCD-0.015% w/v SLS combinations were
employed, the increments in P,,, values of **™Tc-mannitol
were 27-, 20-, and 21-fold increase, respectively, as compared
with the control. In MDCK cell monolayers, 5% w/v DMBCD,
0.5% w/v CH, and 0.015% w/v SLSled to 14-, 13-, and 8-fold
increases, respectively, in P, values of *™Tc-mannitol as
compared with the control group, whereas 5% w/v DMBCD-
0.5% w/v CH, 0.5% w/v CH-0.015% w/v SLS, and 5% w/v
DMBCD-0.015% w/v SLS combinations led to 34-, 26-,
and 28-fold increases, respectively, P,,, values of marker
molecule.

app

Permeation Studies of ACY

Transepithelial permeation of ACY in AP to BL direction
was studied. The P, values of ACY are recorded in Table 5.
In the contral (i.e., without absorption enhancers) Caco-2 and
MDCK cell monolayers, P,,, values of ACY were 0.352 +
0.07x10°® cm/seconds and 0.523 + 0.011x10°® cm/seconds,
respectively. The influence of individual absorption enhancers
DMBCD (1%-5% wl/v), CH (0.1%-0.5% w/v), and SLS
(0.009%-0.015% w/v) on ACY permeation across Caco-2 and
MDCK cell monolayers was studied. Significantly (p < .05)
higher P,,, values of ACY (Table 5) as compared with control
groups were recorded in Caco-2 and MDCK cell monolayers.
A concentration-dependent effect of absorption enhancers on
permeability of ACY was recorded across both cell monolay-
ers (Table 5). In the presence of 5% w/v DMBCD, 0.5% w/v
CH, and 0.015% w/v SLS, Py, values of ACY were increased
11-, 10-, and 6-fold, respectively as compared with the control
in Caco-2 cell monolayers. The corresponding increment
values in MDCK cell monolayers were 15-, 14-, and 8-fold,
increase, respectively.

The P,,, values of ACY were also studied in the presence
of combinations of absorption enhancers across both cell
monolayers. 5% w/v DMBCD-0.5% w/v CH, 0.5% w/v CH-
0.015% w/v SLS, and 5% w/v DMBCD-0.015% w/v SLS
increased the P,,, values of ACY 27-, 20-, and 22-fold,
respectively, as compared with the control in the Caco-2 cell
monolayers. These combinations were responsible for 37-,
26-, and 27-fold increments increase, respectively, across
MDCK cell monolayers.

Recovery Studies

TEER and permeation of **™Tc-mannitol across Caco-2
and MDCK cell monolayers 24 hours posttreatment were
determined to check the reversibility of the effect of the
absorption enhancers. In cell monolayers treated with all
concentrations of DMBCD and SLS as well asthe DMBCD-
SLS combination, TEER values recovered and reached to
>90% of initial values within 24 hours posttreatment
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(Tables 1 and 2). Similarly, the P, values of *™Tc-mannitol
had recovered to almost control values (Tables 3 and 4).
However, in the case of CH, DMBCD-CH and CH-SLS
combination treated monolayers, TEER (Tables 1 and 2)
and P, values of *™Tc-mannitol (Tables 3 and 4) exhib-
ited = 80% recovery compared with control values across
both cell monolayers.

Assessment of Cell Viability

After the permeation studies, the viability of Caco-2 and
MDCK cells was determined using the trypan blue staining.
The viability of Caco-2 and MDCK cells treated with
absorption enhancers and combinations was > 90% and not
significantly (p > .05) different from the control (i.e., without
absorption enhancer) cells.

DISCUSSION

ACY is known to possess permeability-limited absorption
(Tolle-Sander et al., 2004). For improving, paracellular per-
meation of ACY, we employed DMBCD (1%-5% w/v), CH
(0.5%-1.5% w/v), and SL S (0.009%—0.015% w/v) as absorp-
tion enhancers. These agents are known to act by the follow-
ing mechanisms. Cyclodextrins lead to absorption
enhancement probably by the opening of the tight junctions,
extracting the phospholipids and proteins from the mem-
brane, thereby transiently atering membrane permeability
and by overcoming the aqueous diffusion barrier (Masson,
L oftsson, Masson, & Stefansson, 1999; Hovgaard & Brondsted,
1995). Chitosan, due to its bioadhesive nature, provides
greater time for contact with the mucosa. The positive charge
of the polymer (due to an amino group at the C-2 position)
interacts with the negatively charged sialic groups sites of the
glycoproteins on the surface of epithelial cells and tight junc-
tions via electrostatic interactions (Artursson, Lindmark,
Davis, & llium, 1994; Kerec, Bogataj, Veranic, & Mrhar,
2005). Once this polymer binds to the epithelium, it induces
changes in distribution of cytoskeletal F-actin, occludin, and
zonula occludens-1 (ZO- 1). This follows the opening of the
tight junctions, leading to enhanced transport via the paracel-
lular pathway (Artursson et al., 1994; Ranaldi, Marigliano,
Vespignani, Perozzi, & Sambuy, 2002; Smith, Wood, &
Dornish, 2004; Dodane, Khan, & Merwin, 1999; Schipper
et al., 1997; Thanou, Verhoef, & Junginger, 2001; Junginger
& Verhoef, 1998). SL S has been reported to improve paracel -
lular transport by causing changes in the tight junctional
structure and atering membrane permeability (Canfield,
Geerdes, & Molitoris, 1991).

The concentrations of absorption enhancers employed in
this study were based on the previous work carried out in our
laboratory and reported work using these absorption enhancers
(Udataet al., 2003; Kotze et a., 1999; Anderberg & Artursson,
1993).
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Effect of Absorption Enhancers on TEER of Caco-2
and MDCK Cell Monolayers

TEER measurement is a simple, quick and easy tool for
measurement of tight junction integrity (Kotze et al., 1998;
Noach et al., 1994). TEER measurements of Caco-2 cell
monolayers were higher than the values for MDCK cell
monolayers, suggesting greater tightness of Caco-2 cell
monol ayers.

TEER measurements in control Caco-2 and MDCK ' cell
monolayers, at all time points, exhibited values similar to the
initial values (Tables 1 and 2) suggesting integrity of tight
junctions. In the presence of absorption enhancers, the TEER
values were found to be significantly lower (p < .05) than the
initial baseline values in both cell monolayers. This may be
explained by the modulation of tight junctions caused by these
enhancers. The reductions in TEER values in both cell
monolayers were more pronounced in DMBCD and CH treated
monolayers compared with the values obtained using SLS as
an absorption enhancer.

As shown in Tables 1 and 2, a significant reduction (p < .05)
in TEER values was observed for both cell lines comparing the
lowest concentration of each enhancer (1% w/v DMBCD,
0.1% w/v CH, and 0.009% w/v SLS) with the corresponding
intermediate concentration (3% w/v DMBCD, 0.3% w/v
CH, and 0.012% w/v SLS). Regarding the highest concen-
trations of the enhancers tested (5% w/v DMBCD, 0.5% w/v
CH, and 0.015% w/v SLS), a different trend was observed
for the two cell lines. A concentration-depending reduction
of TEER values across both cell monolayers was observed
only using DMBCD as an enhancer. With regards to CH,
there was no statistical difference between 0.3% CH and
0.5% CH, both at t = 1 hour and at t = 2 hours measuring
TEER values in MDCK cells. The use of 0.015% w/v of
SLS did not provide any further reduction in TEER values
compared with the lower concentrations of SLS for both cell
lines. The different behavior of the enhancers tested could
be attributed to their different water solubility and/or to a
different tight junction modulation depending on the cell
line involved. In the presence of a combination of enhanc-
ers, the TEER values were also significantly lower (p < .05)
than the initial baseline values.

Permeation Studies of **™Tc-mannitol

Assessment of paracellular integrity is an important aspect
while studying the paracellular transport. TEER values do not
provide any information regarding the paracellular integrity
(Mukherjee, Squillantea, Gillespieb, & Shao, 2004). Negligi-
ble amounts of **™Tc-mannitol transport in control groups of
Caco-2 and MDCK cell monolayers suggested that the
paracellular integrity was not compromised. The P, values
of ®MTc-mannitol were lower in Caco-2 cell monolayers
compared with MDCK cell monolayers (Tables 3 and 4). This
is due to the greater resistance offered by Caco-2 cell

TABLE3
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Apparent Permeability Coefficients (Pyp) of
9MTc-Mannitol Across Caco-2 Cell Monolayers

; -6
Papp iN Caco-2 (x 10 ™ cm/sex)

24 hr
Treatment 2hr Posttreatment
Control 0.286 + 0.056 0.289 + 0.037
1% w/v DMBCD 2.057 + 0.066* 0.304 + 0.032
3% w/v DMBCD 2.399 + 0.038* 0.305 + 0.081
5% w/v DMBCD 3.103 £ 0.126* 0.309 £ 0.064
0.1% w/v CH 1.708 + 0.097* 0.333 £ 0.030*
0.3% w/v CH 242 +0.124* 0.348 £ 0.055*
0.5% w/v CH 2.655 + 0.045* 0.351 £ 0.070*
0.009% w/v SLS 0.718 £ 0.092* 0.291 + 0.022
0.012% w/v SLS 1.187 + 0.106* 0.299 + 0.031
0.015% wi/v SLS 1.605 + 0.110* 0.297 £ 0.125
5% w/v DMBCD+ 7.594 + 0.388* 0.356 + 0.065 *
0.5% w/v CH
0.5% w/v CH + 5.700 £ 0.332* 0.347 + 0.050*
0.015% w/v SLS
5% w/v DMBCD + 6.115 + 0.281* 0.301+0.048
0.015% w/v SLS

*p < .05; significant difference from control.

All values expressed asM = SD (n = 3).

TABLE4

Apparent Permeability Coefficients (P) of
9MTc-mannitol Across MDCK Cell Monolayers

i -6
Papp INMDCK (x 10 ™ cmi/sec)

24 hr
Treatment 2hr Posttreatment
Control 0.507 + 0.049 0.505 + 0.102
1% w/v DMBCD 5.669 + 0.229* 0.520 + 0.061
3% w/v DMBCD 6.891 + 0.155* 0.527 + 0.072
5% w/v DMBCD 7.317 + 1.089* 0.526 + 0.046
0.1% w/v CH 3.542 + 0.294* 0.570 + 0.066*
0.3% w/v CH 5.335+ 0.333* 0.585 + 0.048*
0.5% w/v CH 6.88 + 0.089* 0.591 + 0.079*
0.009% w/v SLS 2.059 + 0.056* 0.511 +0.038
0.012% w/v SLS 3.226 + 0.128* 0.518 + 0.029
0.015% w/v SLS 4,014+ 0.176* 0.522 + 0.086
5% w/v DMBCD+ 17.237 +£ 1.125* 0.600 £ 0.058*
0.5% w/v CH
0.5% w/v CH+ 13.211 + 0.906* 0.594 + 0.092*
0.015% w/v SLS
5% w/v DMBCD+ 14.20 + 0.884* 0.532+0.77
0.015% w/v SLS

*p < .05; significant difference from control.

All values expressed asM = SD (n = 3).
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monolayers in comparison with MDCK cell monolayers.
Thisis in agreement with TEER values across the two cell
monolayers.

Significantly, higher P, values for *™Tc-mannitol in the
presence of DMBCD, CH, and SLS compared with control
groups may be attributed to the modulation of the paracellular
pathway caused by these absorption enhancers. This compro-
mised paracellular integrity led to greater permeation of " Tc-
mannitol across the cell monolayers.

When combinations of two absorption enhancers were
employed, synergistic rather than additive increase in the
permeation of *™Tc-mannitol was observed (Tables 3 and
4). The synergistic improvement may be explained on the
basis of different mechanisms of modulation of the paracel-
lular pathway when these absorption enhancers were
employed simultaneously. In the case of TEER values, no
synergistic or additive reduction was observed (Tables 1
and 2). This may be because TEER values could only
account for tight junction modulation and not paracellular
modulation (Mukherjee et al., 2004). These enhancers also
act by mechanisms other than tight junction modulation
(Masson et al., 1999; Hovgaard & Brondsted, 1995; Thanou
et al., 2001; Junginger & Verhoef, 1998). It has also been
shown by Balda and colleagues (1996) that TEER and man-
nitol permeation are not always correlated. The reduction in
TEER values is not the only factor responsible for the
improvement of drug permeability (Mukherjee et al., 2004).
Drug permeation may also occur by intercellular pathway.
Hence, although the effects of combinations of two enhanc-
ers on TEER values were neither synergistic nor additive,
each combination of enhancers tested worked better than a
single enhancer.

Permeation Studies of ACY

In vitro drug permeation studies of ACY were carried out
from the AP to BL side in order to predict the absorption of
compounds from the lumen of the gut (i.e., mucosal to sero-
sal side, absorptive transport). Very low and negligible P,
values of ACY observed in control groups (i.e., without
absorption enhancer; Table 5) of both cell monolayers is
due to the fact that ACY exhibits poor permeation charac-
teristics (BCS Class Il drug). It is transported across the
epithelium via the paracellular route (de Vrueh et al., 1998;
Kristl & Tukker, 1998). In the case of control Caco-2 and
MDCK cell monolayers where the paracellular integrity is
intact, the drug is transported only in small amounts across
the epithelium. Low P, values of ACY have also been
reported by Irvine and colleagues (1999) and Taub and col-
leagues (2002). As expected, the P, values of ACY were
lower in Caco-2 cell monolayers as compared with MDCK
cell monolayers due to the greater resistance offered by
Caco-2 cell monolayers in comparison with MDCK cell
monol ayers.

Significant (p < .05) enhancements in Py, values of ACY
in the presence of different absorption enhancers (Table 5)
compared with control groups may be explained as follows:
DMBCD, CH, and SLS acting through different mechanisms
cause modulation of the paracellular pathway, which is
responsible for greater amounts of drug permeating the
epithelium and reaching the BL compartment. The enhance-
ments obtained in P,,, values were higher in MDCK cell
monolayers compared with Caco-2 cell monolayers dueto the
greater tightness of Caco-2 cell monolayers. A similar trend
was also observed during permeation studies of *MTc-
mannitol.

The P, values of ACY in the presence of combinations of
absorption enhancers (Table 5) in both cell monolayers were
higher than the P, values of individual absorption enhanc-
ers. Synergistic improvements in P,,, values were observed
in both cell monolayers when combinations of absorption
enhancers were employed. The synergistic effect in drug per-
meation may be attributed to more than one mechanism
involved, leading to greater than additive effect of the two
individual absorption enhancers. The highest increments in
P.p values of ACY were recorded with the 5% w/v
DMBCD-0.5% w/v CH combination. The synergism
between chitosan and cyclodextrin may be explained as fol-
lows. When chitosan interacts with the epithelial membrane,
the tight junctions are opened, then cyclodextrins are able
penetrate into the opened gaps between cells and extract the

TABLES
Apparent Permeability Coefficients (P,p,) of ACY Across
Caco-2 and MDCK Cell Monolayers

Papp IN Caco-2 Papp iN MDCK
Treatment (x 10 8 cmi/sex) (x 10 ~8 cmi/sec)
Control 0.352 £ 0.07 0.523+0.011
1% w/v DMBCD 2.396 + 0.261* 5.822 + 0.169*
3% w/v DMBCD 3.093 £ 0.142* 6.953 £ 0.217*
5% w/v DMBCD 3.816 £ 0.34* 7.896 + 0.412*
0.1% w/v CH 2.04 + 0.149* 3.75x0.677*
0.3% w/v CH 3.169 £ 0.101* 5.718 £ 0.851*
0.5% w/v CH 3.591 + 0.096* 7.239 £ 0.519*
0.009% w/v SLS 0.771£0.114* 1.744 + 0.159*
0.012% w/v SLS 1.47 £0.213* 2.96 + 0.156*
0.015% w/v SLS 1.986 + 0.083* 3.957 £+ 0.206*
5% w/v DMBCD + 9.513 + 0.389* 19.147 + 0.614*
0.5% w/v CH
0.5% w/v CH+ 7.181 + 0.214* 13.531 + 0.497*
0.015% w/v SLS
5% w/v DMBCD + 7.789 + 0.282* 13.877 + 0.356*
0.015% w/v SLS

*p < .05; significant difference from control.

All values expressed asM =+ D (n = 3).
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phospholipids in the biomembrane. Thus, the tight junction
proteins such as occludin (Furuse et al., 1993), claudin-1 and
-2 (Furuse, Fujita, Hiiragi, Fujimoto, & Tsukita, 1998) are
naked and may collapse after the removal of surrounding
phospholipids, resulting in these fusion points coming
untied. Therefore, the opening of the tight junctions may
be strengthened by coadministration of chitosan and
cyclodextrins.

Recovery Studies

Absorption enhancers are expected to modul ate the para-
cellular pathwaysin areversible and safe manner, which is
an important issue to be studied during screening of such
agents. Complete recovery of cells is highly desirable
before they are exposed to the next dose of absorption
enhancers to avoid cell damage due to repeated administra-
tion (Tirumalasetty & Eley, 2005, 2006). Lack of recovery
of barrier properties after treatment of an in vivo epithe-
lium could lead to problems such as increased risk of infec-
tion of the area. In cell monolayers treated with DMBCD
and SLS, as well as the DMBCD-SLS combination, refor-
mation of tight junctions upon removal of these agents
from contact with the monolayers was observed as indi-
cated by >90% recovery of TEER values within 24 hours.
Similarly, regaining paracellular integrity was achieved as
indicated by almost similar P, values of the marker mole-
cule 24 hours posttreatment as those of to control values.
However, in the case of CH-treated cell monolayers and
combinations containing CH, the recovery of TEER and
P Values of ®MTc-mannitol was = 80%. The slightly
lower recovery in the case of CH-treated cell monolayers
may be explained by the mucoadhesive nature and viscosity
of CH (Lehr, Bouwstra, Schacht, & Junginger, 1992), due
to which complete removal of CH from the cell surface is
not possible.

Assessment of Cell Viability

After treating the cell monolayers with DMBCD, CH,
and SLS, viability of the cells was assessed to confirm
whether or not the permeation enhancement caused by these
agents was due to loss of cell viability. The monolayer that
had no enhancer employed was assigned as control. For the
cell viability assessment, a diazo dye, trypan blue, was
employed. The reactivity of trypan blue is based on the fact
that the chromopore is negatively charged and does not
interact with the cell unless the membrane is damaged.
Therefore, all the cells that exclude the dye are viable
(Freshney, 1987). Caco-2 and MDCK cell monolayers
treated with absorption enhancers and combinations had
viability similar to the controls, suggesting that the perme-
ation enhancement caused by them was not due to any loss
of cell viability.
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CONCLUSION

The transepithelial permeation of ACY across Caco-2 and
MDCK cell monolayers in the presence of absorption
enhancers was found to be significantly higher compared
with drugs without absorption enhancers. Synergistic
improvements in the permeation of ACY were observed
when selective combinations of DMBCD-CH, CH-SLS, and
DMBCD-SLS were used. Hence, to achieve the similar
enhancement in the permeation of ACY, smaller concentra-
tions of individual absorption enhancers will be required,
and it will minimize toxicities of individual absorption
enhancers. To conclude, coadministration of these absorp-
tion enhancers in ACY ora formulations may lead to an
improvement in absorption and bioavailability. To use the
concept reported in this paper inclinical practice, extensive
pharmacokinetic evaluation in animals followed by clinical
investigationsis required.

ACKNOWLEDGMENTS

This research work was funded by the University Grants
Commission, New Delhi, India [F.7—25/2003(SR) dated March
31, 2003]. The authors are thankful to Dr. R. P. Tripathi,
Director, Institute of Nuclear Medicine and Allied Sciences
(INMAS, New Delhi, India), for providing the necessary
facilities to carry out this work. The authors are also thankful
to Ms. Geoby George, Department of Microbiology and
Biotechnology Centre, Baroda, and Ms. Divya Khaitan and
Dr. S. Chandna, INMAS, for their assistance in maintaining
cell cultures throughout the studies.

REFERENCES

Anderberg, E. K., & Artursson, P. (1993). Epithelial transport of drugsin cell
culture VI11. Effect of sodium dodecy! sulphate on cell membranes and tight
junction permeability in human intestinal epithelial (Caco-2) cells. J.
Pharm. Sci., 82, 392-398.

Artursson, P., Lindmark, T., Davis, S. S,, & Ilium, L. (1994). Effect of chito-
sanon the permeability of monolayers of intestinal epithelial cells (Caco-2).
Pharm. Res., 11, 1358-1361.

Aungst, B. J. (2006). Optimising oral bioavailability of pharmaceutical leads.
AAPS Newsmagazine, 9, 3.

Bdda, M. S., Whitney, J. A., Flores, C., Gonzalez, S., Cereijido, M., & Matter, K.
(1996). Functional dissociation of paracellular permeability and transepithe-
lial electrical resistance and disruption of the apical-basolateral intramem-
brane diffusion barrier by expression of a mutant tight junction membrane
protein. J.Cell Biol., 134, 1031-1049.

Bernkop-Schnurch, A. (2000). Chitosan and its derivatives: Potential
excipients for per oral peptide delivery systems. Int. J. Pharm., 194, 1-13.
Canfield, P. E., Geerdes, A. M., & Moalitoris, B. A. (1991). Effect of reversible
ATP depletion on tight junction integrity in LLC-PK1 cells. Am. J. Physial.,

261, 1038-1045.

De Clercg, E. (1993.) Antiviras for the treatment of herpesvirus infections.
J. Antimicrob. Chemother ., 32, 121-132.

Dodane, V., Khan, M. A., & Merwin, J. R. (1999). Effect of chitosan on
epithelial permeability and structure. Int. J. Pharm., 182, 21-32.

Eckelman, W. C. (1995). Radiolabeling with technetium-99m to study
high-capacity and low capacity biochemical systems. Eur. J. Nucl. Med., 22,
249-263.



288

Elion, G. B., Furman, P. A., Fyfe, J. A., de Miranda, P., Beauchamp, L., &
Schaeffer, H. J. (1977). Selectivity of action of an antiherpetic agent, 9-(2-
hydroxyethoxymethyl) guanine. Proc. Natl. Acad. Sci. U.SA., 74, 5716-5720.

Freshney, R. . (1987). Culture of animal cells: A manual of basic technique.
New York: Wiley.

Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K., & Tsukita, S. (1998). Claudin-
1 and -2: Novel integral membrane proteins localizing at tight junctions with
no sequence similarity to occluding. J. Cell Biol., 141, 1539-1550.

Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., & Tsukita, S,,
eta. (1993). Occludin: A novel integra membrane protein localizing at
tight junctions. J. Cell Biol., 123, 1777-1788.

Hidalgo, I. J. (2001). Assessing the absorption of new pharmaceuticals. Curr.
Top. Med. Chem,, 1, 385-401.

Hovgaard, L., & Brondsted, H. (1995). Drug delivery studies in Caco-2
monolayers. 1VV. Absorption enhancer effects of cyclodextrins. Pharm.
Res., 12, 1328-1332.

Irvine, J. D., Takahashi, L., Lockhart, K., Cheong, J., Tolan, J. W., & Sdlick,
H. E, et a. (1999). MDCK (Madin-Darby canine kidney) cells: A tool for
membrane permeability screening. J. Pharm. Sci., 88, 28-33.

Jain, S. K., Jain, R. K., Chourasia, M. K., Jain, A. K., Chaasani, K. B., & Soni, V.,
et al. (2005). Design and development of multivesicular liposomal depot
delivery system for controlled systemic delivery of acyclovir sodium. AAPS
Pharm. ci., Tech., 6, E35-E41.

Junginger, H. E., & Verhoef, J. C. (1998). Macromolecules as safe penetration
enhancers for hydrophilic drugs—A fiction? Pharm. Sci. Technol. Today, 1,
370-376.

Kerec, M., Bogataj, M., Veranic, P., & Mrhar, A. (2005). Permeability of pig
urinary bladder wall: The effect of chitosan and the role of calcium. Eur. J.
Pharm. Sci., 25, 113-121.

Kotze, A. F., Lue3en, H. L., de Leeuw, B. J., de Boer, A. G., Verhoef, J. C,, &
Junginger, H. E. (1998). Comparison of the effect of different chitosan salts
and N-trimethyl chitosan chloride on the permeability of intestinal epithelial
cells (Caco-2). J. Control. Release, 51, 35-46.

Kotze, A. F., Thanou, M. M., Luefen, H. L., de Leeuw, B. J,, de Boer, A. G., &
Verhoef, J. C., et al. (1999). Enhancement of paracellular drug transport
with highly quaternized N-trimethyl chitosan chloride in neutral
environment: In vitro evaluation in intestinal epithelia cells (Caco-2). J.
Pharm. ci., 88, 253-257.

Kristl, A., & Tukker, J. J. (1998). Negative correlation of n-octanol/water
partition coefficient and transport of some guanine derivatives through rat
jeiunum in vitro. Pharm. Res., 15, 499-501.

Lehr, C. M., Bouwstra, J. A., Schacht, E. H., & Junginger, H. E. (1992). In
vitro evaluation of mucoadhesive properties of chitosan and some other
natural polymers. Int. J. Pharm., 78, 43-48.

Masson, M., Loftsson, T., Masson, G., & Stefansson, E. (1999). cyclodextrins
as permeation enhancers: Some theoretical evaluations and in vitro testing.
J. Control. Release, 59, 107-118.

Miranda, P. D., & Blum, M. R. (1983). Pharmacokinetics of acyclovir after
intravenous and oral administration. J. Antimicrob. Chemother., 12, 29-37.

Mishra, A. K., Panwar, P., Hosono, M., Chuttani, K., Mishra, P., & Sharma, R. K.,
et al. (2004). A new hifunctional chelating agent conjugated with monoclonal

P. SHAH ET AL.

antibody and labelled with technetium-99m for targeted scintigraphy:
6-(4-isothiocyanatobenzyl)-5, 7-dioxo-1, 11-(carboxymethyl)-1, 4, 8, 11-
tetraazacyclotridecane. J. Drug Target., 12, 559-567.

Mukherjee, T., Squillantea, E., Gillespieb, M., & Shao, J. (2004). Transepithe-
liad electrical resistance is not a reliable measurement of the Caco-2
monolayer integrity in Transwell. Drug Deliv., 11, 11-18.

Noach, A. B. J., Sakai, M., Blom-Roosemalen, M. C., de Jonge, H. R., de Boer,
A. G., & Breimer, D. D. (1994). Effect of anisotonic conditions on the
transport of hydrophilic model compounds across monolayers of human
colonic cell lines. J. Pharmacol. Exp. Ther., 270, 1373-1380.

Ranaldi, G., Marigliano, I., Vespignani, |., Perozzi, G., & Sambuy, Y.
(2002). The effect of chitosan and other polycations on tight junction
permeability in the human intestinal Caco-2 cell line. J. Nutr. Biochem.,
13, 157-167.

Schaeffer, H. J., Beauchamp, L., de Miranda, P., Elion, G. B., Bauer, D. J,, &
Collins, P. (1978). 9-(2-Hydroxyethoxymethyl) guanine activity against
viruses of the herpes group. Nature, 272, 583-585.

Schipper, N. G. M., Olsson, S., Hoogstraate, J. A., deBoer, A. G., Varum, K.
M., & Artursson, P. (1997). Chitosans as absorption enhancers for poorly
absorbable drugs 2: Mechanism of absorption enhancement. Pharm. Res.,
14, 923-929.

Shah, P. J, Jogani, V., Bagchi, T., & Misra, A. (2006). Role of Caco-2 cell
monolayers in prediction of intestinal drug absorption. Biotechnol. Prog.,
22, 186-198.

Smith, J., Wood, E., & Dornish, M. (2004). Effect of chitosan on epithelial cell
tight junctions. Pharm. Res., 21, 43-49.

Stagni, G., Ali, M. E., & Weng, D. (2004). Pharmacokinetics of acyclovir in
rabbit skin after IV-bolus, ointment, and iontophoretic administrations. Int.
J. Pharm,, 274, 201-211.

Taub, M. E., Kristensen, L., & Frokjaer, S. (2002). Optimized conditions for
MDCK cell permesbility and turbidimetric solubility studies using com-
pounds representative of BCS classes |-1V. Eur. J. Pharm. i, 15, 331-340.

Thanou, M. M., Verhoef, J. C., & Junginger, H. E. (2001). Oral absorption
and enhancement by chitosan and its derivatives. Adv. Drug Del. Rev., 52,
117-126.

Tirumalasetty, P., & Eley, J. G. (2005). Evaluation of dodecylmaltoside as a
permeability enhancer for insulin using human carcinoma cells. J. Pharm.
ci., 94, 246-255.

Tirumaasetty, P., & Eley, J. G. (2006). Permeability enhancing effects of the
akylglycoside, octylglucoside, on insulin permeation across epithelial
membrane in vitro. J. Pharm. Pharmaceut. ci., 9, 32-39.

Tolle-Sander, S, Lentz, K. A., Maeda, D. Y., Coop, A., & Palli, J. E. (2004).
Increased acyclovir ora bioavailability via a bile acid conjugate. Mol.
Pharm., 1, 40-48.

Udata, C., Patel, J,, Pal, D., Hgichman, E., Cushman, M., & Mitra, A. K.
(2003). Enhanced transport of a novel anti-HIV agent/cosalane and its
congeners across human intestinal epithelial (Caco-2) cell monolayers. Int.
J. Pharm,, 250, 157-168.

Vrueh, R. L. A., de Smith, P. L., & Lee, C. P. (1998). Transport of L-
valine-acyclovir viathe oligopeptide transporter in the human intestinal cell
ling, Caco-2. J. Pharmacol. Expt., Ther., 286, 1166-1170.



Copyright of Drug Development & Industrial Pharmacy is the property of Taylor & Francis Ltd and
its content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articles for individual use.



