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Abstract

The objective of this study was to determine the permeability of a series of poly amidoamine (PAMAM) dendrimers
of generations 0–4 (G0–G4) across MDCK (Madin–Darby Canine Kidney) cell line. PAMAM dendrimers with
incremental increase in size and molecular weight were labeled by fluorescein isothiocyanate (FITC) and the least
polydisperse fractions were collected by size exclusion chromatography. MDCK cells were grown on Transwell®

filters for four days. The conjugates were detected by HPLC equipped with fluorescence detector. The permeability
of the dendrimers across MDCK cells was determined in the apical to basolateral direction. The rank-order
permeability of the PAMAM dendrimers was G4�G1:G0\G3\G2. The permeability of mannitol in the
presence of G4 increased by nine-fold. Results suggest that the transepithelial transport of PAMAM dendrimers is
effected by both the polymer size, and the modulation of the cell membrane by the cationic dendrimers. © 2001
Elsevier Science B.V. All rights reserved.
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Polymeric carriers are the main component of
most novel drug delivery systems. Attachment of
polymers to small molecular weight drugs allows
for the design of controlled drug delivery systems
that aim at lowering toxicity and maximizing
efficacy (Kopecek et al., 2000).

One class of polymeric drug carriers that have
shown potential in controlled drug delivery is poly
amidoamine (PAMAM) dendrimers. PAMAM
dendrimers are hydrophilic, highly branched
macromolecules with repeating functional units
and a well-defined structure (Tomalia et al., 1985,
1986, 1990). PAMAM dendrimers consist of an
ethylenediamine core, from which poly ami-
doamine (�CH2CH2CONHCH2CH2N�) repeat
monomer extends in all directions. This uniform
expansion of geometry gives rise to generations
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(Tomalia et al., 1990), which provides incremental
increase in molecular weight and size (Fig. 1).
Applications of PAMAM dendrimers in drug de-
livery include carrying Cisplatin for tumor eradi-
cation (Malik et al., 1999), delivery of genes
(Haensler and Szoka, 1993), and antisense
oligonucleotide delivery (Yoo et al., 1999).

Unlike linear polymers such as poly ethylene
glycol (PEG), PAMAM dendrimers posses a rigid
spherical structure in solution with a fixed molec-
ular diameter. PAMAM dendrimers can also
serve as macromolecular models for studying the
influence of geometry on transport across biologi-
cal barriers. Recently, microvascular extravasa-
tion of PAMAM dendrimers was compared to a
corresponding PEG molecule of similar molecular
weight (El-Sayed et al., in press). Results of these
studies and others (Ghandehari et al., 1997) sug-
gest that in addition to the molecular weight,
surface charge groups and geometry play a role in
the transport of macromolecules across biological
barriers.

Originally derived from the distal renal epithe-
lium of a normal male cocker spaniel, the MDCK
(Madin–Darby Canine Kidney) cell line has

shown promising results for measuring membrane
permeability (Irvine et al., 1999). For passively
absorbed compounds, drug permeability across
MDCK cells is similar to permeability across
Caco-2 cells (Irvine et al., 1999). Confocal mi-
croscopy has indicated that, confluent MDCK
monolayers form a tight junction network within
2–6 days (Rothen-Rutishauser et al., 1998). This
short communication describes the results of the
transepithelial transport of a series of PAMAM
dendrimers (G0–G4) across MDCK monolayers.

Aqueous solutions of G0–G4 of PAMAM den-
drimers were purchased from Dendritech (Mid-
land, MI). Fluorescein isothiocyanate (FITC),
phosphate buffered saline (PBS) and HPLC-grade
acetonitrile were purchased from Sigma–Aldrich
(St. Louis, MO). MDCK cells were obtained from
ATCC (Rockville, MD). Six well cell cluster
dishes with polycarbonate Transwell® filters were
purchased from Corning-Costar (Cambridge,
MA). Radiolabeled [14C] mannitol (specific activ-
ity of 51.0 mCi/mmol) was obtained from Dupont
NEN (Boston, MA). Hank’s Balanced salt solu-
tion (HBSS), HEPES buffer, and Dulbecco’s
Modified Eagle’s Medium (DMEM) were pur-
chased from Sigma cell culture. Fetal bovine
serum was purchased from Life Technologies, Inc.
(Rockville, MD). The HPLC-equipment consisted
of: Waters 510 pump (Milford, MA), Waters 717
Autosampler (Milford, MA), HP 3394 Integrator
and Perkin-Elmer fluorescence detector LC 240
(UK). BDS Hypersil C18 column (120 A, , 3 mm,
150×4.6 mm ID) was purchased from Keystone
Scientific (Pellefonte, PA).

PAMAM dendrimers (G0–G4) were labeled
using fluorescein isothiocyanate (FITC) by proce-
dure described previously (El-Sayed et al., in
press). Briefly, PAMAM aqueous solutions were
diluted with a dilution factor of 100 (v/v) in
phosphate buffer saline (PBS) of pH=7.4. The
corresponding amount of FITC (i.e. polymer:
FITC molar ratio=1:1) was dissolved in acetone
to give a solution of concentration B5 mg/ml
and added to regular unlabeled PAMAM solu-
tions which were then allowed to stand overnight
at room temperature with stirring.

Fluorescently-labeled PAMAM solutions were
dialyzed against deionized water. The dialyzed

Fig. 1. Schematic structure of PAMAM. Successive incremen-
tal increases in size and molecular weight takes place in the
same fashion as illustrated for G0–G2.
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solutions were fractionated on a Superose 12 HR
16/50 preparative scale column using a Fast
Protein Liquid Chromatography System (FPLC)
(Amersham Pharmacia Biotech, Piscataway, NJ).
The mobile phase was composed of (30:70 v/v)
acetonitrile/Tris buffer (pH=8) and the flow rate
was adjusted to 1 ml/min. Detection of eluting
molecules was done using an UV detector at a
fixed wave length (l=280 nm). The fractions
corresponding to the size and molecular weight of
each probe were collected. The collected fractions
of each probe were dialyzed against deionized
water to remove the mobile phase salts. The dia-
lyzed solutions were subsequently lyophilized and
stored at 4°C for the permeability experiments.

To establish a detection methodology by HPLC
for PAMAM dendrimers, previously developed
analytical methods for FITC-labeled compounds
with similar hydrophilicity to PAMAM den-
drimers were considered. The detection methodol-
ogy for PAMAM dendrimers was adapted from
Sakai et al. (1998). Isocratic elution of the poly-
mer–FITC conjugates was performed at a flow
rate of 1 ml/min, using a mobile phase consisting
of 88% phosphate buffer saline and 12% acetoni-
trile, adjusted to pH 7.25–7.30. The lex and lem of
the fluorescense detector was set to 494 and 518
nm, respectively. Standard curve regressions typi-
cally produced B5% error. A linear correlation
was obtained between the detector response and
the concentration of the dendrimers with r2 values
higher than 0.99 (data not shown).

MDCK cells were maintained in DMEM, con-
taining 10% fetal bovine serum. The cells were
grown in T-75 flasks. At 80–90% confluency, the
cells were trypsinized and split at 1:6 ratio. For
transport studies, the cells were plated at a seed-
ing density of 1×106 cells/4.71 cm2 on Transwell®

filters (0.4 mm pore diameter). The medium was
changed 48 and 72 h post seeding. The cells were
cultured for 4 days before use.

Transport studies were conducted using Tran-
swell® filters in the apical to basolateral direction
in HBSS containing 10 mM HEPES buffer (solu-
tion pH 6.8) at 37°C and 50 oscillations per
minute. Monolayer integrity was monitored by
determining [14C] mannitol permeability. The vol-
ume of the donor and receiver compartments were

1.5 ml and 2.6 ml, respectively. After incubating
the cells in HBSS, 1.5 ml of given polymer con-
centration in HBSS was added to the donor com-
partment (time=0 min). At 30 and 60 min, the
filters were moved to adjacent wells containing
fresh HBSS (2.6 ml) in order to maintain sink
conditions. The receiver samples were obtained at
two time points, 30 and 60 min. At the end of
each study, the receiver and donor samples were
analyzed by HPLC. [14C] mannitol was quantified
using scintillation counter and the PAMAM sam-
ples were quantified by HPLC. Permeability co-
efficients (Papp) of the dendrimers were calculated
according to equation 1:

Papp=
DQ/Dt

ACd

, (1)

where Papp is the apparent permeability (cm/s) of
the studied probe, DQ/Dt is the appearance rate in
the receiver compartment (mg/s), A is the cross-
sectional area (i.e. 4.71 cm2), and Cd expresses the
donor substance concentration (mg/ml). The per-
meability of the dendrimers was measured in trip-
licate. Results are presented as mean9standard
error of mean (SEM).

Permeability of PAMAM dendrimers G0–G4
was examined at a concentration of 100 mg/ml.
Permeability of mannitol was studied in the pres-
ence and absence of G4. In addition, permeability
of G2 was studied at a concentration range of
50–300 mg/ml.

Table 1 illustrates important physicochemical
properties of the studied dendrimers and their
respective permeabilities. Papp of PAMAM den-
drimers was in the order of G4�G1:G0\
G3\G2 (Fig. 2). Papp for G0 and G1 were
similar, followed by a decrease for G2, and a
subsequent increase for G3 and G4. These results
suggest that in addition to molecular size, other
factors are also involved in the permeability of
dendrimers.

The high Papp of G4 can probably be attributed
to the interaction of positively charged PAMAM
dendrimers with the cell surface. Recent studies
have pointed to the cytotoxicity of PAMAM den-
drimers in a generation dependent fashion, i.e.
higher generations showed a higher cytotoxicity
(Roberts et al., 1996; Brazeau et al., 1998; Malik
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Table 1
The molecular size, number of terminal amine groups and permeability values of PAMAM dendrimers

MW (Da)aProbe Diameter (A, )a No. surface NH2 groups per moleculea Papp×106 (cm/s)b

15G0 4517 1.02 (90.084)
G1 221430 8 1.08 (90.064)

29 163256 0.076 (90.0056)G2

6909G3 36 32 0.55 (90.031)
G4 14215 45 64 16.1 (90.58)

a Reported by Tomalia et al. (1990).
b Permeability is the mean9SEM of three analyzed MDCK monolayers.

et al., 2000). It has been shown that PAMAM G4
dendrimers are myotoxic in a concentration de-
pendent fashion (Brazeau et al., 1998). Scanning
electron microscopy of red blood cells, when ex-
posed to PAMAM dendrimers have shown a
‘clumping’ behavior, where cells were brought
into contact, probably by cell crosslinking in a
generation-dependent fashion (Malik et al., 2000).
Studies using other cell types (e.g. lung fibrob-
lasts) have also shown a generation- and concen-
tration-dependent cytotoxity when exposed to
PAMAM dendrimers (Roberts et al., 1996). Re-
sults of these studies are consistent with the higher
permeability of G4 observed in our experiments,
suggesting that PAMAM permeability across
MDCK cells is governed by a balance between the
size of the polymer and its interaction with the
cells.

The primary amine groups on the surface of
PAMAM dendrimers have a pKa value of 6.85,
indicating that �50% are positively charged since
this pKa value is about the same as the pH 6.8 of
HBSS. As the generation of PAMAM increases,
the number of surface NH2 groups also increase
(Table 1). However the total concentration of
primary charged amine groups in the apical side
for the permeability experiments was approxi-
mately the same (�2.3×104 mole/ml) regardless
of the generation studied. This suggests that the
cell modulation by PAMAM G4 appears to be
not per se a function of the primary amine con-
centration in the apical solution. Rather, the
larger molecular weight of PAMAM G4 relative
to the lower generations may be responsible for
influencing the integrity of MDCK monolayers.

To examine the influence of PAMAM G4 on
cell integrity, the permeability of mannitol across
the MDCK cells was determined in the presence
and absence of G4 at 100 mg/ml. Mannitol perme-
ability increased by nine-fold from 1.54 (9
0.29)×10−6 cm/s in the absence of G4 to
13.9×10−6 (90.43) cm/s in the presence of G4,
suggesting that cell integrity is compromised in
the presence of G4.

The concentration dependency of the perme-
ability of PAMAM G2 is illustrated in Fig. 3. As
shown, the Papp of the concentrations 50 and 100
mg/ml are approximately the same with a tendency
to increase at �130–200 mg/ml. The Papp in-
creased by approximately three-fold from 200 to
300 mg/ml of G2 in the apical side. It has been
shown that the cytotoxicity of PAMAM den-
drimers in part depends on concentration, i.e. an
increase in concentration generally leads to an
increase in cytotoxicity (Roberts et al., 1996;

Fig. 2. Papp of PAMAM dendrimers G0–G4 at 100 mg/ml. For
polymer characteristics, see Table 1. Results are in triplicate,
mean value9standard error of mean (SEM).
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Fig. 3. Papp of PAMAM G2 at concentrations 50, 100, 130,
200 and 300 mg/ml. Results are in triplicate, mean value9
standard error of mean (SEM).
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the literature, our results suggest that the cell
modulation of permeability by PAMAM is con-
centration dependent.

In conclusion the results of this initial study
suggest that the permeability of PAMAM den-
drimers across MDCK cells appear to be a func-
tion of both the size of the dendrimers and their
interaction with the cells. These studies pave the
way for future detailed mechanistic and morpho-
logical studies that are necessary to elucidate the
nature of the interaction of PAMAM dendrimers
with epithelial cells.
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