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bstract

The overall objective of this study was to evaluate the effect of chitosan, benzalkonium chloride (BAK) and disodium ethylendiaminetetraacetic
cid (EDTA), alone and in combination, on permeation of acyclovir (ACV) across excised rabbit cornea. Corneas of male New Zealand White rabbits
ere used in these studies. Transcorneal permeation studies were conducted at 34 ◦C using a side-bi-side diffusion apparatus. In the presence of
.01% BAK, transcorneal permeability of ACV was observed to increase almost 10.5-fold, from 3.5 × 10−6 to 37.4 × 10−6 cm/s. At 0.005% BAK,
ermeability of ACV was almost 3-fold higher than control. Combination of BAK 0.005% and EDTA 0.01% increased transcorneal penetration
f ACV by 2.5-fold. Chitosan 0.2 and 0.1% increased corneal permeability of ACV by 5.8- and 3.1-fold, respectively, whereas, at 0.02%, chitosan

id not exhibit a statistically significant effect. BAK at 0.005%, in combination with 0.01% EDTA and 0.1% chitosan, increased transcorneal ACV
ermeation by 5.5-fold. This study suggests that a judicious combination of chitosan, BAK and EDTA can lead to a significant increase in ACV’s
ranscorneal permeability and that chitosan can enhance diffusion of hydrophilic agents across the corneal membrane. Further in vivo evaluation
s warranted.

2007 Elsevier B.V. All rights reserved.
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In recent years, several polymers have been identified that can
afely and reversibly disrupt cellular tight junctions (Majumdar
nd Mitra, 2006). Among these, chitosan appears to be a very
romising candidate. In vitro and in vivo studies demonstrate
hitosan’s ability to increase passive diffusion of compounds
cross biological membranes, probably through its effect on the
ight junction proteins (Luessen et al., 1996; Schipper et al.,
997; Dodane et al., 1999; Senel and Hincal, 2001; Ranaldi et al.,
002; Sinswat and Tengamnuay, 2003; Sandri et al., 2004; Smith
t al., 2004; Yu et al., 2004; Kerec et al., 2005; Kos et al., 2006).
n the past, utility of absorption enhancers in ophthalmic for-
ulations has been limited by their potential adverse effects (Di

olo et al., 2002; Kaur and Kanwar, 2002). In contrast, chitosan
ppears to be well tolerated by the corneal cells (Felt et al., 1999;
e Campos et al., 2004; Enriquez de Salamanca et al., 2006),
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nd also possesses wound healing and antimicrobial properties
Felt et al., 2000), making it a promising transcorneal absorp-
ion promoter. Additionally, chitosan may increase retention of
opically instilled ophthalmic formulations. Another significant
dvantage of chitosan is that its action appears to be reversible
Dodane et al., 1999; Ranaldi et al., 2002; Smith et al., 2004).

Effect of chitosan on corneal tight junctions has lately started
ttracting attention. A recent report by Zambito et al. sug-
ests that N-trimethyl chitosan (TMC) fails to disrupt the tight
unctions of the corneal epithelium and increase transport of
obramycin (a paracellular marker) (Zambito et al., 2006). The
esults are intriguing since in all other epithelial tissues chitosan
as been observed to disrupt cellular tight junctions and enhance
aracellular transport.

In view of chitosan’s potential in ocular drug delivery, a closer
ook at its effect on transcorneal permeability of hydrophilic
herapeutic agents is necessary. The purpose of this study

as to evaluate, in vitro, chitosan’s effect on transcorneal
iffusion of a small hydrophilic molecule, acyclovir (ACV),
nown to traverse the corneal epithelium by passive diffusion
Majumdar et al., 2003). Another objective of this project was

mailto:majumso@olemiss.edu
dx.doi.org/10.1016/j.ijpharm.2007.08.017
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of BAK 0.005% or BAK (0.005%) and EDTA (0.01%) was not
statistically significant. Lack of any detectable effect of EDTA
on tight junctions, in this study, as compared to some earlier
reports (Pawar and Majumdar, 2006; Rathore and Majumdar,
Fig. 1. Schematic representation of the diffusion apparatus.

o delineate the effect of benzalkonium chloride (BAK) and
thylenediaminetetraacetic acid (EDTA), commonly included in
phthalmic formulations as preservatives but also known to act
s penetration enhancers (Green and Tonjum, 1971; Green and
owns, 1974; Tonjum, 1975; Grass et al., 1985; Camber et al.,
987; Flach et al., 1989; Ashton et al., 1990; Citi, 1992), on the
bsorption promoting properties of chitosan. Literature reports
ndicate that BAK up to a concentration of 0.01% and chitosan
p to a concentration of 1.5% is well tolerated by the corneal
ells (Felt et al., 1999; Pawar and Majumdar, 2006; Rathore and
ajumdar, 2006). The concentrations of BAK, EDTA and chi-

osan in this study were selected on the basis of these and other
eports.

Acyclovir was purchased from Hawkins Inc. (Minneapolis,
SA). Solvents were of analytical grade and were obtained from
isher Scientific (St. Louis, MO, USA). Chitosan (catalog num-
er 448869) and all other chemicals were procured from Sigma
St. Louis, MO, USA).

New Zealand albino rabbits (Myrtle’s Rabbitry, Thomp-
on Station, TN) were used for the determination of in vitro
orneal permeability. Experiments using rabbits conformed to
he tenets of the Association for Research in Vision and Oph-
halmology statement on the Use of Animals in Ophthalmic and
ision Research. A side-bi-side diffusion apparatus (Fig. 1) from
ermeGear Inc. (Bethlehem, PA) was used in this study and pro-

ocols as published previously were followed (Majumdar et al.,
003). Chitosan solutions were prepared in Dulbecco’s phos-
hate buffered saline (DPBS) containing 2% acetic acid (pH
.0 ± 0.2). Receiver chamber contained DPBS pH 7.4 in all
ases. Samples were analyzed using a Waters HPLC-UV system
t a wavelength of 254 nm (Majumdar et al., 2003).

Corneal membrane permeability was determined by normal-
zing the FLUX to the donor concentration, Cd, according to Eq.
1)

ermeability (Papp) = FLUX

Cd
(1)

here FLUX = (dM/dt)/A, M the cumulative amount of drug
ransported in time t and A is the corneal surface area exposed

o the permeant.

All experiments were conducted in quadruplicate and results
re expressed as mean ± standard deviation. Data obtained was
ubjected to statistical analysis using Student’s t-test. A differ-

F
p
p

ig. 2. Transcorneal permeability of acyclovir (ACV), alone (control) or in
he presence of chitosan and EDTA. Values represent mean ± S.D. (n = 4); (*)
ndicates p < 0.05 (statistically significant difference from the control).

nce between mean values was considered to be statistically
ignificant when the p-value was ≤0.05.

Transcorneal ACV permeability (Fig. 2) in the presence of
.2 and 0.1% chitosan were almost 5.8-fold (7.61 × 10−6 cm/s)
nd 3.1-fold (4.1 × 10−6 cm/s) greater, respectively, compared
o that of ACV alone (1.32 × 10−6 cm/s). However, chitosan,
t a concentration of 0.02%, did not produce a statistically sig-
ificant increase in ACV’s corneal permeability. These results
hus demonstrate that, contrary to the earlier report by Zambito
t al., chitosan can increase corneal permeability of hydrophilic
olecules. Considering that chitosan produces marginal effect

n transcellular permeation and that ACV is a relatively
ydrophilic molecule, the results suggest an interaction between
hitosan and the corneal tight junctions.

BAK also enhanced corneal permeation of ACV. In the
resence of 0.005 and 0.01% BAK apparent permeability
f ACV increased from 3.56 × 10−6 to 10.4 × 10−6 and
7.4 × 10−6 cm/s, respectively (Fig. 3). On the other hand, the
ifference in transcorneal permeability of ACV in the presence
ig. 3. Transcorneal permeability of acyclovir (ACV), alone (control) or in the
resence of BAK and EDTA. Values represent mean ± S.D. (n = 4); (*) indicates
< 0.05 (statistically significant difference from the control).
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006) is probably due to the presence of calcium in the transport
uffer limiting EDTA’s chelating action on intracellular calcium.
lso, any membrane fluidization property of EDTA would prob-

bly be overshadowed by the activity of BAK. However, our
esults are in agreement with those of Scholz et al. wherein
DTA was not observed to influence transcorneal permeability
f another hydrophilic molecule, pilocarpine-HCl (Scholz et al.,
002).

A synergistic effect was observed when chitosan, BAK and
DTA were used in combination. Whereas, 0.1% chitosan could
enerate only a 3.1-fold increase in ACV’s corneal permeabil-
ty, chitosan at the same concentration in the presence of BAK
nd EDTA generated a 5.5-fold increase, from 1.32 × 10−6 to
.3 × 10−6 cm/s (Fig. 2).

Interestingly, osmolality of the transport buffer that was
mployed for the chitosan studies was 328 ± 6 mosmoles
Osmette S, model 4002, Precision Systems Inc., Natick, MA),
hereas, that of DPBS (used for the BAK and EDTA stud-

es) was 270 ± 6. This increase in osmolality led to a 2.7-fold
ecrease in transcorneal ACV permeation (from 3.5 × 10−6

o 1.3 × 10−6 cm/s), which is consistent with earlier findings
Scholz et al., 2002).

Experiments were also conducted to evaluate whether the
orneal epithelial integrity was re-established following with-
rawal of the permeation enhancing agents. For this purpose,
t the end of 3 h, donor and receiver solutions were removed
nd both chambers were washed twice with the respective trans-
ort buffer. Following this, drug solution was added to the donor
hamber and transport buffer was added to the receiver side. The
ransport studies were continued for another 3 h at 34 ◦C. Sim-
lar protocols were followed for the control set (no penetration
nhancers added) also to ensure that the experimental procedure
as not damaging the corneal epithelial cell layer integrity. The
bserved permeability coefficients of ACV during the initial 3 h
ransport study, in the presence or absence (control) of the per-

eation enhancers, and during the second 3 h study period, in the
bsence of any enhancer, were not significantly different (data
ot shown). The results clearly indicate that a 3 h period was
ot sufficient for the corneal epithelial cellular integrity to be
e-established. Lack of essential cellular nutrients in the buffer
ystems and duration of the recovery phase may be responsible
or the observed lack of recovery. Further studies are being car-
ied out to design a suitable model/protocol to monitor corneal
ight junction recovery.

In conclusion, this in vitro study demonstrates that chitosan
an increase transcorneal diffusion of hydrophilic agents, prob-
bly through disruption of tight junctions, and may be a useful
djunct in ophthalmic formulations. BAK exhibits a synergistic
ffect on the absorption promoting property of chitosan. Chi-
osan’s mechanism of action, extent of absorption enhancement
nd reversibility of effect, alone and in combination with BAK
nd EDTA, warrants further investigation in vivo.
eferences

shton, P., Diepold, R., Platzer, A., Lee, V.H., 1990. The effect of chlorhexidine
acetate on the corneal penetration of sorbitol from an arnolol formulation in
the albino rabbit. J. Ocul. Pharmacol. 6, 37–42.

S

f Pharmaceutics 348 (2008) 175–178 177

amber, O., Edman, P., Gurny, R., 1987. Influence of sodium hyaluronate on
the meiotic effect of pilocarpine in rabbits. Curr. Eye Res. 6, 779–784.

iti, S., 1992. Protein kinase inhibitors prevent junction dissociation induced
by low extracellular calcium in MDCK epithelial cells. J. Cell Biol. 117,
169–178.

e Campos, A.M., Diebold, Y., Carvalho, E.L., Sanchez, A., Alonso, M.J., 2004.
Chitosan nanoparticles as new ocular drug delivery systems: in vitro stability,
in vivo fate, and cellular toxicity. Pharm. Res. 21, 803–810.

i Colo, G., Zambito, Y., Burgalassi, S., Serafini, A., Saettone, M.F., 2002.
Effect of chitosan on in vitro release and ocular delivery of ofloxacin from
erodible inserts based on poly(ethylene oxide). Int. J. Pharm. 248, 115–
122.

odane, V., Amin Khan, M., Merwin, J.R., 1999. Effect of chitosan on epithelial
permeability and structure. Int. J. Pharm. 182, 21–32.

nriquez de Salamanca, A., Diebold, Y., Calonge, M., Garcia-Vazquez, C.,
Callejo, S., Vila, A., Alonso, M.J., 2006. Chitosan nanoparticles as a poten-
tial drug delivery system for the ocular surface: toxicity, uptake mechanism
and in vivo tolerance. Invest. Ophthalmol. Vis. Sci. 47, 1416–1425.

elt, O., Carrel, A., Baehni, P., Buri, P., Gurny, R., 2000. Chitosan as tear
substitute: a wetting agent endowed with antimicrobial efficacy. J. Ocul.
Pharmacol. Ther. 16, 261–270.

elt, O., Furrer, P., Mayer, J.M., Plazonnet, B., Buri, P., Gurny, R., 1999. Topical
use of chitosan in ophthalmology: tolerance assessment and evaluation of
precorneal retention. Int. J. Pharm. 180, 185–193.

lach, A.J., Jaffe, N.S., Akers, W.A., 1989. The effect of ketorolac tromethamine
in reducing postoperative inflammation: double-mask parallel comparison
with dexamethasone. Ann. Ophthalmol. 21, 407–411.

rass, G.M., Wood, R.W., Robinson, J.R., 1985. Effects of calcium chelat-
ing agents on corneal permeability. Invest. Ophthalmol. Vis. Sci. 26, 110–
113.

reen, K., Downs, S.J., 1974. Prednisolone phosphate penetration into and
through the cornea. Invest. Ophthalmol. 13, 316–319.

reen, K., Tonjum, A., 1971. Influence of various agents on corneal permeability.
Am. J. Ophthalmol. 72, 897–905.

aur, I.P., Kanwar, M., 2002. Ocular preparations: the formulation approach.
Drug Dev. Ind. Pharm. 28, 473–493.

erec, 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.

os, M.K., Bogataj, M., Veranic, P., Mrhar, A., 2006. Permeability of pig urinary
bladder wall: time and concentration dependent effect of chitosan. Biol.
Pharm. Bull. 29, 1685–1691.

uessen, H.L., de Leeuw, B.J., Langemeyer, M.W., de Boer, A.B., Verhoef,
J.C., Junginger, H.E., 1996. Mucoadhesive polymers in peroral peptide drug
delivery. VI. Carbomer and chitosan improve the intestinal absorption of the
peptide drug buserelin in vivo. Pharm. Res. 13, 1668–1672.

ajumdar, S., Gunda, S., Mitra, A., 2003. Functional expression of a sodium
dependent nucleoside transporter on rabbit cornea: role in corneal perme-
ation of acyclovir and idoxuridine. Curr. Eye Res. 26, 175–183.

ajumdar, S., Mitra, A.K., 2006. Chemical modification and formulation
approaches to elevated drug transport across cell membranes. Expert Opin.
Drug Deliv. 3, 511–527.

awar, P.K., Majumdar, D.K., 2006. Effect of formulation factors on in vitro
permeation of moxifloxacin from aqueous drops through excised goat, sheep,
and buffalo corneas. AAPS Pharm. Sci. Tech. 7, E13.

analdi, G., Marigliano, I., Vespignani, I., Perozzi, G., Sambuy, Y., 2002. The
effect of chitosan and other polycations on tight junction permeability in the
human intestinal Caco-2 cell line(1). J. Nutr. Biochem. 13, 157–167.

athore, M.S., Majumdar, D.K., 2006. Effect of formulation factors on in vitro
transcorneal permeation of gatifloxacin from aqueous drops. AAPS Pharm.
Sci. Tech. 7, 57.

andri, G., Rossi, S., Ferrari, F., Bonferoni, M.C., Muzzarelli, C., Caramella, C.,
2004. Assessment of chitosan derivatives as buccal and vaginal penetration

enhancers. Eur. J. Pharm. Sci. 21, 351–359.

chipper, N.G., 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.



1 rnal o

S

S

S

S

T

Y
insulin delivery in the chitosan solution: in vitro and in vivo studies. Int. J.
78 S. Majumdar et al. / International Jou

cholz, M., Lin, J.E., Lee, V.H., Keipert, S., 2002. Pilocarpine permeability
across ocular tissues and cell cultures: influence of formulation parameters.
J. Ocul. Pharmacol. Ther. 18, 455–468.

enel, S., Hincal, A.A., 2001. Drug permeation enhancement via buccal route:
possibilities and limitations. J. Control Release 72, 133–144.
inswat, P., Tengamnuay, P., 2003. Enhancing effect of chitosan on nasal absorp-
tion of salmon calcitonin in rats: comparison with hydroxypropyl- and
dimethyl-beta-cyclodextrins. Int. J. Pharm. 257, 15–22.

mith, J., Wood, E., Dornish, M., 2004. Effect of chitosan on epithelial cell tight
junctions. Pharm. Res. 21, 43–49.

Z

f Pharmaceutics 348 (2008) 175–178

onjum, A.M., 1975. Permeability of rabbit corneal epithelium to horseradish
peroxidase after the influence of benzalkonium chloride. Acta Ophthalmol.
(Copenhagen) 53, 335–347.

u, S., Zhao, Y., Wu, F., Zhang, X., Lu, W., Zhang, H., Zhang, Q., 2004. Nasal
Pharm. 281, 11–23.
ambito, Y., Zaino, C., Di Colo, G., 2006. Effects of N-trimethylchitosan on

transcellular and paracellular transcorneal drug transport. Eur. J. Pharm.
Biopharm. 64, 16–25.


	Effect of chitosan, benzalkonium chloride and ethylenediaminetetraacetic acid on permeation of acyclovir across isolated rabbit cornea
	References


