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bstract

Dendrimer-based prodrugs were used to enhance the transepithelial permeability of naproxen, a low solubility model drug. The stability of the
endrimer–naproxen link was assessed. Naproxen was conjugated to G0 polyamidoamine (PAMAM) dendrimers either by an amide bond or an
ster bond. The stability of G0 prodrugs was evaluated in 80% human plasma and 50% rat liver homogenate. The cytotoxicity of conjugates towards
aco-2 cells was determined and the transport of the conjugates across Caco-2 monolayers (37 ◦C) was reported. In addition, one lauroyl chain (L)
as attached to the surface group of G0 PAMAM dendrimer of the diethylene glycol ester conjugate (G0-deg-NAP) to enhance permeability. The

actic ester conjugate, G0-lact-NAP, hydrolyzed slowly in 80% human plasma and in 50% rat liver homogenate (t1/2 = 180 min). G0-deg-NAP was
ydrolyzed more rapidly in 80% human plasma (t = 51 min) and was rapidly cleaved in 50% liver homogenate (t = 4.7 min). The conjugates
1/2 1/2

ere non-toxic when exposed to Caco-2 cells for 3 h. Permeability studies showed a significant enhancement in the transport of naproxen when
onjugated to dendrimers; L-G0-deg-NAP yielding the highest permeability. Dendrimer-based prodrugs with appropriate linkers have potential as
arriers for the oral delivery of low solubility drugs such as naproxen.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Dendrimers represent a relatively new class of highly
ranched polymers with a well-defined structure that allows
recise control of size, shape and terminal group functionality
Tomalia et al., 1985). Dendrimers have several pharmaceutical
pplications (D’Emanuele and Attwood, 2005; D’Emanuele et
l., 2003) including, for example, the enhancement of drug sol-
bility (Milhem et al., 2000) and permeability (D’Emanuele et
l., 2004).

Dendrimers show potential as carrier/delivery systems that
an cross cell barriers (Florence et al., 2000; Wiwattanapatapee

t al., 2000) by both paracellular and transcellular pathways
El-Sayed et al., 2003; Jevprasesphant et al., 2003a). The cyto-
oxicity and permeability of PAMAM dendrimers was found
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o be concentration, generation, and charge dependent. Anionic
AMAM dendrimers were less cytotoxic and permeated cells at
ower rates than cationic PAMAM dendrimers (Jevprasesphant
t al., 2003a). Low generation PAMAM dendrimers (G0 and
1) exhibit significantly less cytotoxicity and higher perme-

bility than higher generations (G2, G3 and G4) (El-Sayed
t al., 2002). However, a significant reduction in cytotoxicity
nd enhancement in permeability can be achieved by surface
ngineered cationic PAMAM dendrimers with lauroyl chains
Jevprasesphant et al., 2003a,b).

The utilization of dendrimers as drug delivery carriers is
f great interest due to their highly controllable structure and
ize. The terminal functional groups of dendrimers show higher
hemical reactivity compared to that when present in other
lasses of polymers (Fréchet, 1994). The functional groups of
endrimers have been conjugated to various biologically active
olecules such as drugs, antibodies (Roberts et al., 1990),

ugar moieties (Aoi et al., 1995), and lipids (Jevprasesphant
t al., 2003b). In dendrimer–drug conjugates (prodrugs) the

rug is combined through a covalent bond either directly or
ia a linker/spacer to the dendrimer. The release of drug from
prodrug occurs via chemical or enzymatic cleavage of a

ydrolytically labile bond. Several reports have investigated the

mailto:Antony@DEmanuele.net
dx.doi.org/10.1016/j.ijpharm.2006.11.047
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onjugation of drugs to PAMAM dendrimers as drug delivery
ystems. For example, 5-fluorouracil (5FU)-PAMAM dendrimer
onjugates (G4 and G5) gave a slow release of 5FU (Zhuo
t al., 1999). 5-Aminosalicylic acid (5-ASA) was conjugated
sing two different spacers, both containing an azo-bond, to
3 PAMAM dendrimer for use as a carrier for colonic deliv-

ry. Colon specificity and prolonged release of 5-ASA from
he conjugates were reported suggesting that PAMAM den-
rimers have potential for use as colon-specific drug carriers
Wiwattanapatapee et al., 2003). Propranolol, an insoluble drug
nd a substrate for the P-glycoprotein (P-gp) efflux transporter,
as conjugated to surface modified G3 PAMAM dendrimer. The

onjugate was shown to bypass the efflux of P-gp transporters
n Caco-2 cells, thus dendrimer nanocarriers may enhance the
ioavailability of drugs that are poorly soluble and/or substrates
f efflux transporters (D’Emanuele et al., 2004).

Our previous work described the design, synthesis, and

haracterization of a series of zero generation (G0) PAMAM
endrimer-based prodrugs for the potential enhancement of drug
olubility and bioavailability (Najlah et al., 2006). Naproxen was
onjugated to the dendrimer either directly or via a linker (lactic

a
U

Fig. 1. Structures of dendrimer and dendrimer–naproxen conjugates. Letters on
Pharmaceutics 336 (2007) 183–190

cid or diethylene glycol) to give prodrugs (Fig. 1). Conjugates
n which naproxen was linked to the G0 dendrimer through

diethylene glycol linker showed high chemical stability in
uffers, but readily released naproxen in plasma. Such conju-
ates have potential as carriers for low solubility drugs such as
aproxen.

In the present study, the stability of these G0 PAMAM con-
ugates in 50% liver homogenate is compared to that in 80%
uman plasma (Najlah et al., 2006). The biological evaluation
f the conjugates including their cytotoxicity (MTT assay) and
ransport across Caco-2 monolayers is described. The influence
f attaching a surface modifier (lauroyl chain) on the transport
roperties is also evaluated.

. Materials and methods

.1. Materials
Zero generation PAMAM dendrimers (G0) with ethylenedi-
mine cores were purchased from Dendritech Inc. (Michigan,
SA). Trifluoroacetic acid (TFA), triethylamine (TEA), (S)-

G0 PAMAM dendrimer structure are included to aid NMR assignments.
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standard) was added in order to deproteinize the sample and
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+)-6-methoxy-�-methyl-2-naphthaleneacetic acid (naproxen),
-nitrophenyl chloroformate, 1-dodecanol (lauroyl alcohol),
rypan blue, 3-(4,5-dimethythiazole-2-yl)-2,5-diphenyl tetra-
olium bromide (MTT) and Sephadex LH-20 were purchased
rom Sigma–Aldrich Co. Ltd. (Poole, Dorset, UK). Cell cul-
ure materials were from Gibco BRL Life Technologies (Paisley,
cotland). Polycarbonate cell culture inserts (Transwell® 12 mm
iameter) and cluster plates (96 well) were purchased from Corn-
ng Costar UK (High Wycombe, Bucks, UK). Rat livers were
rovided by the Animal Support Unit (University of Manch-
ster).

G0 dendrimer–naproxen conjugates including G0-naproxen
G0-NAP), G0-lactic-naproxen (G0-lact-NAP), and G0-
iethylene glycol-naproxen (G0-deg-NAP) were synthesized
nd characterized as described previously (Najlah et al., 2006).
he lauroyl (L) conjugate (L-G0-deg-NAP) and its synthetic

ntermediates were characterized using 13C and 1H NMR
pectroscopy (Bruker Avance 300, Bruker, Coventry, UK).
3C NMR spectra were assigned with the aid of DEPT-135.
PLC analyses were carried out using a Hewlett-Packard
eries II 1090 (Germany) instrument equipped with a Luna
�m, C18 column (250 mm × 4.6 mm, Phenomenex, Cheshire,
K).The solvent system used to characterize the conjugates
as methanol:aq H3PO4 (0.05%, w/v), ratio 5:95 for 4 min

hen 80:20 for the remaining elution time, the flow rate was
.2 ml/min and UV detection was at λ = 230 nm.

.2. Synthesis of lauroyl (4-nitrophenyl carbonate)

Lauroyl alcohol (0.93 g, 5 mmol) was dissolved in THF
10 ml) and TEA (1.02 g, 10 mmol) was added. The mixture
as stirred for 10 min after which 4-nitrophenyl chloroformate

2.01 g, 10 mmol) was added portionwise and stirred for 24 h
t room temperature. THF was evaporated under vacuum and
he residue was dissolved in hexane:EtOAc (85:15), filtered and
urified by silica gel column chromatography, eluting with the
ame solvent system to give lauroyl (4-nitrophenyl carbonate)
Rf = 0.4). The yield was 84%. 1H NMR (CDCl3): 0.80 (3H,
, J = 6.9, CH3), 1.35–1.15 (18H, m, 9× CH2 ), 1.68 (2H,
entet, J = 6.8, CH2 ), 4.20 (2H, t, J = 6.8, CH2 O CO ),
.35–7.25 (2H, m, Ar), 8.2–8.15 (2H, m, Ar). 13C NMR
CDCl3): 14.5 ( CH3), 23.1 ( CH2 ), 26.0 ( CH2 ), 30.0–28.9
7× CH2 ), 32.3 ( CH2 ), 70.0 ( CH2 O CO ), 122.1 (2×
H, Ar), 125.6 (2× CH, Ar), 145.7 (C, Ar), 152.9 (C, Ar), 156.0
CO ).

.3. Synthesis of lauroyl-G0-deg-NAP (L-G0-deg-NAP)

Lauroyl (4-nitrophenyl carbonate) (22.5 mg, 0.064 mmol) in
MF (1 ml) was added dropwise to a stirred solution of G0-deg-
AP (50 mg, 0.058 mmol) in DMF (2 ml). The reaction mixture
as stirred for 5 days. DMF was evaporated under vacuum

nd the residue was purified by size exclusion (gel filtration)

hromatography using Sephadex LH 20 with methanol:water
5:1). The resulting product was dissolved in water and fil-
ered; the filtrate was concentrated under vacuum and purified
gain by size exclusion chromatography (same conditions).

q
9
s
t
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he yield of L-G0-deg-NAP was 57%. 1H NMR (d4-MeOD):
.89 (3H, t, J = 6.8, CH3, L), 1.28–1.21 (18H, m, 9× CH2 ,
), 155–1.52 (5H, m, CH3, NAP and CH2 , L), 2.40–2.32

8H, m, 4× c-G0), 2.57 (4H, s, 2× a-G0), 2.91–2.69 (8H, m,
× b-G0), 3.09–2.95 (4H, m, 2× f-G0), 3.39–3.27 (12H, m,
× f′-G0 and 4× e-G0), 3.54–3.44 (2H, m, CH2O , deg),
.64–3.58 (2H, m, OCH2 , deg), 3.92–3.88 (4H, m, CHCOO
nd O CH3, NAP), 4.04–3.94 (4H, m, CH2 O CO , L and
CH2 O CO , deg), 4.20–4.16 (2H, m, COOCH2 , deg),
.72–6.77 (6H, Ar, NAP). 13C NMR (d4-MeOD): 14.5 ( CH3,
), 19.0 ( CH3, NAP), 23.8 ( CH2 , L), 27.0 ( CH2 , L),
0.8–30.3 (7× CH2 , L), 33.1 ( CH2 , L), 34.2 (4× c-G0),
8.6 (2× f-G0), 39.9 (2× f′-G0), 41.3 (4× e-G0), 46.6 ( CH ,
AP), 50.9 (4× b-G0), 51.9 (2× a-G0), 53.5 ( OCH3, NAP),
5.0 ( CH2OCONH , deg), 65.2 ( CH2OCONH , L), 66.0
COOCH2 , deg), 70.0 ( CH2O deg), 70.5 ( OCH2 deg),

06.6 (CH Ar, NAP), 120.1 (CH Ar, NAP), 127.0 (CH Ar,
AP), 127.2 (CH Ar, NAP), 128.3 (CH Ar, NAP), 130.3

CH Ar, NAP), 130.4 (C Ar, NAP), 135.3 (C Ar, NAP), 137.0
C Ar, NAP), 158.8 (NHCOO, deg), 159.2 ( CO , L), 164.2
C Ar, NAP), 175.1 ( COO , NAP), 176.2 (4× d-G0). (+)-
SI-MS: 1074 [M+ + H].

.4. Enzymatic hydrolysis of naproxen prodrugs

.4.1. Hydrolysis of the prodrugs in 80% human plasma
Human plasma was diluted to 80% with 0.05 M phosphate

uffer. The reaction was initiated by adding an appropriate
mount of conjugate to 5 ml of preheated plasma solution to give
final concentration of 2 × 10−4 M. The solution was main-

ained at 37 ◦C, and at appropriate intervals, samples (50 �l)
ere withdrawn and 200 �l of a methanolic solution of sodium

alicylate (1.25 mM) (internal standard) was added in order to
eproteinize the plasma and quench the reaction. After immedi-
te centrifugation for 5 min at 9000 × g, the clear supernatant
as stored at −20 ◦C awaiting analysis by HPLC (solvent

ystems: ACN:aq H3PO4 (0.05%, w/v) (40:60)) for NAP-lact
nd NAP-Me, and methanol:ACN:aq H3PO4 (0.05%, w/v)
17.5:30:52.5) for NAP-deg.

.4.2. Hydrolysis of the prodrugs in 50% rat liver
omogenate (RLH)

Male Sprague–Dawley rat livers were blotted dry, weighed,
ut into small pieces and homogenized in ice-cooled PBS (pH
.4) at a ratio of 1 g tissue to 1 ml buffer. The liver homogenate
as centrifuged at 9000 × g for 45 min. The supernatant was
sed to perform the hydrolysis study. The reaction was ini-
iated by adding an appropriate amount of conjugate to 2 ml
f preheated liver supernatant to give a final concentration of
× 10−4 M. The solution was maintained at 37 ◦C, and at appro-
riate intervals, samples (50 �l) were withdrawn and 200 �l of
methanolic solution of sodium salicylate (1.25 mM) (internal
uench the reaction. After immediate centrifugation for 5 min at
000 × g, the clear supernatant was stored at −20 ◦C and sub-
equently analyzed by HPLC using the same solvent systems as
hat used for plasma studies.



1 al of

2

8
m
r
(
n
s
a
p
t
w
d
s
4
a
l
H

2
c

a
1
s
s
a
T
T
i
v
s
e
a
c
8
t
b
(
w
a
p
(
w
m
w
a
a
r
t
T
w
d
w
a

3

3

N
i
r
N
l
r
d
c
t
w
b
o
r
r
o
fi
c
c
w
s
(
t

3

(
s
i
S
t
w
i
h
b
d
n
h
r
e

s
n
r
r
o
t
t

86 M. Najlah et al. / International Journ

.5. Cytotoxity studies

Human intestinal adenocarcinoma cells (Caco-2) (passage
0–85) were seeded at 30,000 cells/well in 96-well plates and
aintained at 37 ◦C in an atmosphere of 5% CO2 and 95%

elative humidity in Dulbecco’s Modified Eagle’s Medium
DMEM) supplemented with 10% foetal bovine serum, 1%
on-essential amino acids, 50 IU/ml penicillin and 50 mg/ml
treptomycin. The medium was changed on alternate days, and
fter 3 days DMEM was removed, the cells were washed in
hosphate buffered saline, and 100 �l Hanks Balanced Salt Solu-
ion (HBSS) containing G0 PAMAM dendrimer or conjugates
as added. After 3 h of incubation at 37 ◦C, 20 �l of 3-(4,5-
imethythiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
olution (5 mg/ml) was added and cells incubated for a further
h. HBSS was removed, 100 �l dimethylsulfoxide (DMSO) was
dded and the optical density at 550 nm was measured. The
evel of colour development in the control wells (containing only
BSS) was assumed to indicate 100% viability.

.6. Transport studies of G0 PAMAM dendrimer and
onjugates

Caco-2 cells (passage 83–92) were seeded onto polycarbon-
te 12-well transwell filters (pore size 3.0 �m) at a density of
.2 × 105 cells/cm2. Cells were grown at 37 ◦C in an atmo-
phere of 5% CO2 and 95% relative humidity in DMEM
upplemented with 10% foetal bovine serum, 1% non-essential
mino acids, 50 IU/ml penicillin and 50 mg/ml streptomycin.
he medium was changed every other day for 21–22 days.
he integrity of each batch of cells was tested by measur-

ng the transepithelial electrical resistance (TEER) using a
oltohmmeter (EVOM, World Precision Instruments, Sara-
ota, FL, USA) before and after the experiments. Before the
xperiments, cells were equilibrated with HBSS for 20 min
t 37 ◦C, and the TEER was determined. The TEER value,
orrected for the blank filter resistance, was in the range of
00–950 � cm2. Only confluent monolayers were used for the
ransepithelial transport studies. Transport was determined in
oth apical-to-basolateral (A → B) and basolateral-to-apical
B → A) directions. The transport medium (TM) was HBSS
ith 25 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic

cid (HEPES) and was placed in the donor and receiver com-
artments. Naproxen, G0 PAMAM dendrimer and conjugates
each 100 �M) were placed in the donor compartment, and cells
ere incubated in a humidified atmosphere at 37 ◦C. TEER was
easured every 30 min during the experiment, samples (50 �l)
ere removed from the receiver compartment at time zero and

fter 60, 120, and 180 min, and from the donor compartment
fter 180 min. In order to calculate the percentage of naproxen
eleased from the conjugate during transport studies, an addi-
ional sample was taken from the receiver after 180 min and
FA was added to release all conjugated naproxen. The samples

ere analyzed by HPLC using phenanthrene as an internal stan-
ard. The solvent system used was methanol:aq H3PO3 (0.05%,
/v) (80:20), the flow rate was 1 ml/min and UV detection was

t λ = 230 nm.

o
i
(
g
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. Results and discussion

.1. Synthesis and characterization of L-G0-deg-NAP

Lauroyl alcohol was attached to a primary amine of G0-deg-
AP through a carbamate bond (Scheme 1). Lauroyl alcohol was

nitially reacted with 4-nitrophenyl chloroformate to obtain lau-
oyl (4-nitrophenyl carbonate) which was characterized by 1H
MR (Fig. 2) and 13C NMR spectroscopy. G0-deg-NAP and

auroyl (4-nitrophenyl carbonate) were reacted in an equimolar
atio to form a carbamate bond between the lauroyl chain and the
endrimer. A pure sample, with one lauroyl chain attached to the
onjugate (L-G0-deg-NAP), was obtained after several purifica-
ion steps (size exclusion chromatography and solubilization in
ater). Conjugates with two or three lauroyl chains were insolu-
le in water and were not studied further. The relative intensities
f the peaks in the 1H NMR spectrum originating from the lau-
oyl chain compared to those of G0-deg-NAP confirmed the 1:1
atio of lauroyl-dendrimer (Fig. 2). In the 13C NMR spectrum
f L-G0-deg-NAP, the appearance of a peak at 157.8 ppm con-
rmed the formation of a carbamate bond between the lauroyl
hain and the amine surface group. It should be noted that the
onjugate may be a mixture of the “trans” and “cis” compounds,
ith the naproxen and the lauroyl chain being on opposite or the

ame dendrimer arms (Fig. 1). The appearance of a single peak
Rt = 10.6) in the RP-HPLC chromatogram (Fig. 3) confirmed
he purity of L-G0-deg-NAP.

.2. Enzymatic stability

As previously reported, G0 PAMAM dendrimer conjugates
G0-NAP, G0-lact-NAP and G0-deg-NAP) were found to be
table under neutral and acidic conditions, but varied in stability
n the presence of 80% human plasma (Najlah et al., 2006).
tability under neutral and acidic conditions is required to enable

he prodrug to pass through the gastrointestinal tract intact or
ith minimal degradation. The stability of naproxen prodrugs

n enzymatic rich media (80% human plasma and 50% rat liver
omogenate) varied according to the medium, and the linker
etween the dendrimer. The direct linkage of naproxen to the G0
endrimer (G0-NAP) resulted in a very stable amide prodrug;
o traces of naproxen could be detected in either plasma or liver
omogenate (data not shown). These results confirm previous
eports that amide bonds are poor substrates for hydrolyzing
nzymes (Franssen et al., 1992).

As shown in Fig. 4, the ester conjugate G0-lact-NAP was
lowly hydrolyzed in 80% human plasma, with 20% release of
aproxen after 16 h. There was no significant difference in drug
elease between G0-lact-NAP and NAP-lact. However, in 50%
at liver homogenate, both esters hydrolyzed with pseudo-first-
rder kinetics, with NAP-lact (t1/2 = 44.0 min) reacting faster
han G0-lact-NAP (t1/2 = 180.1 min), indicating that attaching
he lactic acid linker to PAMAM dendrimer decreases the rate

f hydrolysis. The rate of degradation of the lactic ester prodrugs
ncreases with increase of the esterase activity of the medium
liver > plasma). The stability of G0-lact-NAP in plasma sug-
ests that L-lactic acid may be a suitable linker for prodrugs
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Scheme 1. Synthesis of L-G0-deg-N

Fig. 2. 1H NMR spectra (300 MHz) of (A) lauroyl (4-nitrophenyl carbonate)
(CDCl3), (B) G0-deg-NAP (d4-MeOD), and (C) L-G0-deg-NAP (d4-MeOD).

i
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T
G
t
s
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m
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F
N

AP (shown as “trans” isomer).

ntended for use in controlled release delivery or for drug tar-
eting applications.

G0-deg-NAP hydrolyzed following pseudo-first-order kinet-
cs in both 80% human plasma (t1/2 = 51.0 min) (Najlah et al.,
006) and 50% rat liver homogenates (t1/2 = 4.7 min) (Table 1).
he degradation of G0-deg-NAP was significantly faster than
0-lact-NAP in both human plasma and rat liver. This suggests

hat the diethylene glycol linker produces esters that are more
usceptible to enzymatic hydrolysis than lactate esters because
f the increased length and lower steric hindrance of this pri-

ary alcohol linker compared to lactic acid. In addition, its

xyethylene structure should produce prodrugs with good water
olubility and rapid enzymatic hydrolysis (Bonina et al., 2001,
002). In contrast to the lactate linker, attaching the diethy-

ig. 3. RP-HPLC Chromatograms of (a) PAMAM G0 dendrimer, (b) G0-deg-
AP, (c) G0-lact-NAP, (d) G0-NAP, and (e) L-G0-deg-NAP.
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Table 1
Enzymatic hydrolyses (t1/2) of naproxen esters in 80% human plasma and 50% rat liver homogenate

t1/2 G0-lact-NAP NAP-lact NAP-Me G0-deg-NAP NAP-deg

50% rat liver homogenate 180 min 44.0 min 10.3 min 4.7 min 3.3 min
80% human plasma More than 24 h More than 24 h 316 min 51.0 min 38.6 min
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Caco-2 monolayers, especially in the A → B direction, was sig-
nificantly higher than that of naproxen itself and reflected an
obvious pro-moiety dependency. No significant difference can
be observed between the permeability of the direct amide linked
ig. 4. Stability of G0-lact-NAP (©) and NAP-lact (�) esters in 80% human
lasma, and G0-lact-NAP (�) and NAP-lact (×) in 50% rat liver homogenate
mean ± S.D.).

ene glycol linker to G0 PAMAM dendrimers had no significant
mpact on the rate of degradation of the drug-linker ester NAP-
eg indicating that the diethylene glycol linker gives the required
pace between the drug and the carrier for esterases to attack the
ster bond. Both G0-deg-NAP and NAP-deg showed signifi-
antly faster hydrolysis and release of naproxen, compared with
he methyl ester of naproxen (NAP-Me, 80% human plasma
t1/2 = 316 min) and 50% rat liver homogenate (t1/2 = 10.3 min)).
he results indicate that dendrimer prodrugs with diethylene gly-
ol linkers have the ability to release the parent drug in plasma
nce absorbed.

.3. Cytotoxicity of G0 PAMAM dendrimer–naproxen
onjugates

The influence of PAMAM dendrimers on the viability of
aco-2 cells is reported using the MTT assay. MTT is a tetra-
olium salt oxidized by mitochondrial dehydrogenase in living
ells to produce a dark blue formazan product (Mosmann, 2003).
amaged or dead cells show reduced or no dehydrogenase activ-

ty. As shown in Fig. 5, G0 PAMAM dendrimer was not toxic to
aco-2 cells at concentrations of up to 10.0 mM with an incuba-

ion time of 180 min. This result is in agreement with previous
bservations based on the lactate dehydrogenase (LDH) assay
El-Sayed et al., 2002). Attaching naproxen directly or via a
inker to the G0 PAMAM dendrimer had no influence on the
iability of Caco-2 cells at concentrations up to 3.0 mM for an
ncubation time of up to 180 min. However, a decrease of approx-
mately 20% in viability was noted with the lauroyl conjugate
-G0-deg-NAP at a concentration of 3.0 mM.

.4. Transport of naproxen, G0 PAMAM dendrimer and

onjugates across Caco-2 monolayers

The transport of naproxen and conjugates across Caco-2
onolayers was investigated in both A → B and B → A direc-

F
m
i

ig. 5. The effect of G0 PAMAM dendrimer, naproxen and conjugates on the
iability of Caco-2 cells (mean ± S.D.).

ions at non-toxic concentrations (as determined by the MTT
ssay). G0-NAP and G0-lact-NAP permeated across Caco-2
onolayers without any degradation (no traces of free naproxen

ould be detected in the receiver compartment). However, 8% of
he permeated G0-deg-NAP was hydrolyzed to naproxen, which
as detected in the receiver compartment. Therefore, in order

o compare transport data for the range of conjugates, perme-
bility was expressed as the percentage of equivalent naproxen
assed across Caco-2 monolayers after 180 min (Fig. 6) rather
han Papp.

The permeability of G0-NAP and G0-lact-NAP across
ig. 6. The A-B (�) and B-A (�) transport of naproxen across Caco-2 cell
onolayers for naproxen, and conjugates (equivalent naproxen) after 3 h of

ncubation (mean ± S.D.).
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onjugate (G0-NAP) and the lactic ester prodrug (G0-lact-NAP).
his suggests that using lactate as a linker had no impact on the
ermeability of the resulting conjugate. In contrast, using the
iethylene glycol linker in G0-deg-NAP resulted in an increase
n permeability compared with G0-NAP. However, a compari-
on between the NAP-deg and NAP transport results confirms
hat most of the enhanced permeability of the conjugate arises
rom the attachment of the drug to the G0 PAMAM dendrimer.

The high permeability of these conjugates may be attributed
o the positively charged amine groups of the G0 PAMAM
endrimers. Knipp et al. (1997) reported that because of the
avorable electrostatic interaction with the negatively charged
pithelial surfaces, positively charged molecules permeate at a
igher rate across Caco-2 monolayers compared to neutral or
nionic molecules. Similarly, Jevprasesphant et al. have found
hat the permeability of positively charged dendrimers (G2, G3,
nd G4) was higher than that of anionic dendrimers (G2.5 and
3.5) (Jevprasesphant et al., 2003a). However, in this study,

he G0 PAMAM dendrimer was used to minimize the impact
f cytotoxicity exhibited by higher generations. In addition, the
→ B permeability of G0 PAMAM dendrimers was found to

e several fold higher than the A → B permeability of higher
enerations (G3 and G4) (El-Sayed et al., 2002).

G0-deg-NAP showed high chemical stability at pHs 1.2,
.4, and 8.5, whereas it showed rapid release of naproxen in
lasma (Najlah et al., 2006). In addition, G0-deg-NAP exhibited
igh permeability across Caco-2 monolayers, demonstrating the
otential of dendrimers as carriers for low solubility drugs such
s naproxen. To enhance the permeability further, one lauroyl
hain was attached to the surface group (amine) of G0-deg-
AP to give the conjugate (L-G0-deg-NAP) (Scheme 1). It has
een reported that conjugation of cationic G3 PAMAM den-
rimer with six lauroyl molecules decreased its cytotoxicity
nd increased its permeation through Caco-2 cell monolayers
Jevprasesphant et al., 2003a).

Here, lauroyl alcohol was attached through a carbamate bond.
s expected, L-G0-deg-NAP showed the highest permeability

n both directions across Caco-2 cell monolayers of all the G0
onjugates evaluated. The A → B permeability of L-G0-deg-
AP was over four-fold higher than that of naproxen. However,
ttaching the lauroyl chain to the G0-deg-NAP increased its cyto-
oxicity at high concentrations (higher than 2.0 mM) (Fig. 5).
he difference in cytotoxicity profile between surface modified
0 and G3 PAMAM dendrimers (Jevprasesphant et al., 2003a)
ay be due to the fact that a single lauroyl chain represents a
uch higher proportion of the molecular weight of a surface
odified G0 than a G3 PAMAM dendrimer. It has been shown

hat significantly increasing the number of lauroyl chains (from
to 9) on a G3 dendrimer increases cytotoxicity (Jevprasesphant
t al., 2003a).

Measurements of TEER values following apical incubation
f NAP, NAP-deg, and G0-naproxen conjugates (each100 �M)
howed that NAP and NAP-deg had no significant impact on

EER values compared to the control (HBSS with 25 mM
EPES) (Fig. 7), However, TEER values decreased by

pproximately 30% when exposed to G0-NAP, G0-lact-NAP,
0-deg-NAP or L-G0-deg-NAP. This suggests that the enhance-

B

ig. 7. Effect of naproxen and naproxen prodrugs (all at 100 �M) on the TEER
f Caco-2 cell monlayers after apical incubation (mean ± S.D.).

ent of permeability may be partly due to the modulation
f the tight junction. However, previous work has demon-
trated that transepithelial transport of dendrimer conjugates
nvolves both paracellular and transcellular pathways (Najlah
nd D’Emanuele, 2006).

. Conclusions

The use of G0 PAMAM dendrimers as drug carriers was
nvestigated in vitro. Direct amide linkage of naproxen to the
0 dendrimer produced prodrugs of high stability in plasma

nd liver homogenate. The use of the lactate ester linker gave
rodrugs of high stability in plasma with slow hydrolysis in liver
omogenate; such conjugates may have potential in controlled
elease systems or as prodrugs for drug targeting. In contrast,
sing diethylene glycol as a linker yielded an ester conjugate
hat showed high chemical stability, but readily released drug
n plasma and liver homogenate. Cytotoxicity studies indicated
on-toxic effects of G0 dendrimer and conjugates on Caco-2
onolayers. Conjugation of naproxen to G0 PAMAM dendrimer

ppreciably increased its permeability in both directions. A more
ronounced increase of naproxen transport was observed when
lauroyl chain was attached to the surface of G0 PAMAM

endrimers. Our results suggest that G0 PAMAM dendrimers
emonstrate potential as nanocarriers for the enhancement of
ral bioavailability.
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