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Purpose. To investigate the transport of poly(amidoamine) (PAMAM) dendrimers with positive, neutral
and negatively charged surface groups across Caco-2 cell monolayers.

Methods. Cationic PAMAM-NH, (G2 and G4), neutral PAMAM-OH (G2), and anionic PAMAM-
COOH (G1.5-G3.5) dendrimers were conjugated to fluorescein isothiocyanate (FITC). The permeabil-
ity of fluorescently labeled PAMAM dendrimers was measured in the apical-to-basolateral direction.
14C-Mannitol permeability was measured in the presence of unlabeled and FITC labeled PAMAM
dendrimers. Caco-2 cells were incubated with the dendrimers followed by mouse anti-occludin or
rhodamine phalloidin, and visualized using confocal laser scanning microscopy to examine tight junction
integrity.

Results. The overall rank order of PAMAM permeability was G3.5COOH > G2NH, > G2.5COOH >
G1.5COOH > G20H. *C-Mannitol permeability significantly increased in the presence of cationic and
anionic PAMAM dendrimers with significantly greater permeability in the presence of labeled
dendrimers compared to unlabeled. PAMAM dendrimers had a significant influence on tight junction
proteins occludin and actin, which was microscopically evidenced by disruption in the occludin and
rhodamine phalloidin staining patterns.

Conclusions. These studies demonstrate that enhanced PAMAM permeability is in part due to opening
of tight junctions, and that by appropriate engineering of PAMAM surface chemistry it is possible to
increase polymer transepithelial transport for oral drug delivery applications.
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INTRODUCTION

The central component of many controlled drug delivery
systems is a polymeric biomaterial. Polymers exhibit low
permeability across epithelial barriers due to their large size.
Therefore, a major limitation of polymers in oral drug
delivery systems is their limited transport across epithelial
barriers. For instance, the tight junctions of the intestinal
epithelium have a pore size of approximately 10-30 A (1),
whereas the hydrodynamic volumes of conventional water-
soluble polymers range from few to several hundred nano-
meters (2,3). Due to their large size, polymer-drug conjugates
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are usually administered parenterally to directly deliver the
drug to the systemic circulation and bypass the gastrointes-
tinal system. However, it is highly desirable to develop new
polymeric drug delivery systems that are orally bioavailable
and would lead to high patient compliance. One class of
polymeric carriers that has shown potential in oral drug
delivery is the poly(amidoamine) (PAMAM) dendrimer
family (4-11). Dendrimers are macromolecules with defined
mass, size, shape, topology and surface chemistry (12,13).
Starburst dendrimers are characterized by a unique tree-like
branching architecture that starts from an initiator core
around which the branches of the dendrimer originate. Each
branching series is termed as a generation (G). Dendrimers
with terminal amine groups are termed as “full generation”
and are symbolized with a full number (e.g., G1, G2, etc.),
and termed as “half generation” with terminal carboxylate
groups (e.g., GO.5, G1.5, etc.). PAMAM dendrimers have
potential use in drug delivery due to the high degree of
branching, which allows the polymer-drug conjugate to have
a high density of biological agents in a compact system.
Recent studies have demonstrated that surface chemistry
influences the transport of PAMAM dendrimers across the
epithelial barrier of the gut (5,7,8). Initial studies suggest that
both positively (7) and negatively (5,8) charged dendrimers
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permeate across epithelial barriers to an appreciable extent
relative to their size and result in increased '*C-mannitol
transport (7,8). PAMAM-NH, dendrimers decreased trans-
epithelial electrical resistance (TEER) readings and in-
creased '*C-mannitol permeability with an increase in
generation number and dendrimer size; PAMAM-OH den-
drimers did not influence TEER or '*C-mannitol transport;
and, PAMAM-COOH dendrimers decreased TEER and
increased '*C-mannitol permeability within a specific size
window (G2.5 and G3.5) (7,8). These studies point to a size
and charge window of PAMAM dendrimers that can
effectively translocate drug molecules across the epithelial
barrier of the gut. However, a systematic correlation between
the effect of size, charge and extent of surface modification of
these polymers on their permeability across the intestinal
barrier has not been evaluated.

Previous studies in our laboratory (7) investigated the
permeability of a series of PAMAM-NH, dendrimers (gen-
erations 0-4), in which results demonstrated a generation-
dependent permeability profile. In the present work we
assessed the affect of dendrimer size and charge by studying
the permeability of cationic PAMAM-NH, (G2), neutral
PAMAM-OH (G2), and anionic PAMAM-COOH
(G1.5-G3.5) labeled with fluorescein isothiocyanate (FITC).
G2NH, was selected among the cationic dendrimers since
this dendrimer had appreciable permeability relative to its
molecular size and was non-toxic to Caco-2 cell monolayers.
To systematically compare the effect of surface charge, the
permeability of a well-characterized paracellular transport
marker, '*C-mannitol, was used as an internal standard in the
presence of structurally related dendrimers that are similar to
G2NH, and vary in surface charge (i.e., G2OH and
G1.5COOH). Since G4NH, dendrimers were previously
reported to be toxic to Caco-2 cells (7), our aim was to
investigate how surface modification with FITC molecules
would affect G4NH, toxicity as well as permeability.
Confocal laser scanning microscopy was used to visualize
the effect of PAMAM dendrimers on cellular tight junctions.
The results from this research will aid in understanding the
relationship between dendrimer structural properties and
their transepithelial transport, which is useful in selecting
suitable dendrimers for use in orally active polymeric drug
delivery systems.

MATERIALS AND METHODS
Materials

PAMAM dendrimer solutions (G2NH,, G4NH,, G20H,
G1.5-G3.5COOH), fluorescein isothiocyanate, '*C-mannitol
(specific activity 50 mCi/mmole) and Triton X-100 were pur-
chased from Sigma-Aldrich Co. (St. Louis, MO). Superose 12
HR 16/50 column and Superose 12 preparative grade beads
were purchased from Amersham Pharmacia Biotech (Piscat-
away, NJ). Caco-2 cells were purchased from American Type
Cell Culture (ATCC, Rockville, MD). Mouse anti-occludin,
Alexa Fluor 488 goat anti-mouse IgG, and rhodamine
phalloidin were purchased from Invitrogen Co. (Carlsbad,
CA). WST-1 cell proliferation reagent was purchased from
Roche Applied Science (Indianapolis, IN).
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Fluorescent Labeling of PAMAM Dendrimers

Cationic (G2) and anionic (G1.5-G3.5) PAMAM den-
drimers were reacted with FITC at a feed molar ratio of 1:1,
in which the anionic dendrimers were first modified with
ethylenediamine (5). Aqueous solutions of anionic PAMAM
dendrimers were mixed with aqueous solutions of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) at a mo-
lar ratio of 1:1 for 30 min at room temperature. A molar
equivalent of ethylenediamine was added to the reaction,
which was then incubated for 4 h at room temperature.
Cationic and anionic PAMAM dendrimers were conjugated
to FITC as follows. PAMAM dendrimers were dissolved in
phosphate buffered saline (PBS) at pH 7.4. The correspond-
ing amount of FITC was dissolved in acetone (<5 mg/ml),
added to the PAMAM solutions and allowed to stir overnight
at room temperature. Neutral (G2) PAMAM dendrimers
were dissolved in dimethyl formamide (DMF). The corre-
sponding amounts of FITC and triethylamine (TEA) (molar
ratio of PAMAM:FITC:TEA = 1:1:1) were dissolved in
DMF, added to PAMAM solutions and allowed to stir for
72 h in nitrogen atmosphere at 80°C. Generation 4 cationic
dendrimers (G4NH,) were dissolved in dimethyl sulfoxide
(DMSO). FITC was dissolved in DMSO, then conjugated to
G4NH; overnight in nitrogen atmosphere at room tempera-
ture with feed molar ratios of 1:1, 1:4 and 1:8 (G4NH,:FITC).

Fluorescently labeled PAMAM dendrimers were puri-
fied and fractionated following a previously reported method
(14). Briefly, fluorescently labeled dendrimers were dialyzed
against distilled water using dialysis membranes of 500
MWCO (Spectrum Laboratories, Inc., Rancho Dominguez,
CA), fractionated on a Superose 12 HR 16/50 preparative
column using a Fast Protein Liquid Chromatography (FPLC)
system (Amersham Pharmacia Biotech, Uppsala, Sweden)
using a mobile phase of 30%/70% (v/v) acetonitrile:Tris
buffer (pH 8.0) and a flow rate of 1.0 ml/min. Eluting
molecules were detected using a UV detector at 280 nm.
Fractions corresponding to the appropriate dendrimer size
and molecular weight were collected, dialyzed against
distilled water, lyophilized and stored at 4°C for permeability
and uptake experiments. The extent of FITC labeling was
measured using an Ultrospec 4000 UV-vis spectrophotome-
ter (Biochrom Ltd., Cambridge, UK) at wavelength 495 nm,
and correlating the absorbance with a FITC calibration
curve. The percent of substituted surface groups corresponds
to the number of FITC molecules incorporated per number
of dendrimer surface groups.

Caco-2 Cell Culture

Caco-2 cells (passages 30-60) were grown at 37°C in an
atmosphere of 5% CO, and 95% relative humidity. Cells
were maintained in T-75 flasks using Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum, 1% non-essential amino acids, 10,000 units/ml
penicillin, 10,000 pg/ml streptomycin and 25 pg/ml amphoter-
icin. Growth medium was changed every 2 days. Cells were
passaged at 70-90% confluency using 0.25% trypsin/ethyl-
enediamine tetraacetic acid (EDTA) solution. Transport
medium consisted of Hank’s balanced salt solution (HBSS)
supplemented with 10 mM N-(2-hydroxyethyl)piperazine-N'-
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(2-ethanesulfonic acid) hemisodium salt (HEPES) buffer
(pH 7.4).

Cytotoxicity of PAMAM Dendrimers

Caco-2 cells were seeded at a seeding density of 30,000
cells/well in 96-well cell culture plates (Corning, Inc., Corn-
ing, NY) and maintained for 48 h under cell culture
conditions described in the previous section. The cells were
washed twice with HBSS transport medium, then incubated
with 100 pl PAMAM dendrimer and FITC samples. After 2
h, the cells were washed three times with HBSS to remove
the dendrimers and replaced with 100 ul HBSS. Thereafter,
10 pl of cell proliferation reagent WST-1 was added to each
well, followed by an incubation period of 4 h. Absorbance
was measured at 440 nm using a SpectraMax 384 Plus plate
reader (Molecular Devices, Sunnyvale, CA). Student’s -test
(P < 0.05) was used to identify significant differences
between PAMAM dendrimers and the negative control,
blank HBSS (SPSS® for Windows).

PAMAM Permeability Across Caco-2 Cell Monolayers

Caco-2 cells were seeded at 80,000 cells/cm? onto
polycarbonate 12-well Transwell® filters of 3.0 um mean
pore size, 1.0 cm? surface area (Corning Incorporated,
Corning, NY). Caco-2 cells were maintained under incuba-
tion conditions described above and used for transport
experiments 21-28 days post-seeding. The transport of fluo-
rescently labeled PAMAM dendrimers was investigated in
triplicate in the apical-to-basolateral (A-B) direction at a
donor concentration of 1.0 mM. Permeability experiments
were conducted in a humidified atmosphere of 37°C while
maintaining sink conditions by transferring the filters to a
new row of wells containing 1.5 ml fresh transport medium
at each time point. Samples were collected from the receiver
chamber at 60 and 120 min. The cell monolayer integrity
was monitored using an epithelial voltohmmeter (EVOM™)
(World Precision Instruments, Inc., Sarasota, FL) to measure
the TEER at t = 0, 60, and 120 min. At the end of the ex-
periments, the cells were washed three times with ice-cold
PBS (pH 7.4) and replaced with growth medium. The TEER
was measured 6, 12, 18, 24, and 48 h after the experiment.

Permeability samples were analyzed using a high-pres-
sure liquid chromatography (HPLC) system with fluores-
cence detection (Waters Corporation, Milford, MA).
PAMAM samples were analyzed using a Waters C-18 5 um
column with a guard column (Phenomenex, Torrence, CA), a
mobile phase of 30%/70% (v/v) acetonitrile:phosphate buffer
(pH 7.4), and an isocratic flow rate of 1.0 ml/min. Fluo-
rescently labeled PAMAM samples were detected with an
excitation wavelength of 495 nm and an emission wavelength
of 518 nm. The apparent permeability (P,,,) coefficients
were calculated as follows:

%Y

Papp = — o 1
WALy - o @

Where 0Q/ot is the permeability rate, A is the surface
area of the membrane filter, and Cy is the initial concentra-
tion in the donor chamber (15). Multivariate ANOVA using
Tukey HSD post-hoc analysis (P < 0.05) was used to
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statistically compare the mean permeability coefficients of
PAMAM permeability generated by the transport experi-
ments (SPSS® for Windows).

14C.Mannitol Permeability in the Presence of PAMAM
Dendrimers

The permeability of '*C-mannitol (3.3 uM) across Caco-
2 cell monolayers was investigated in the presence of
unlabeled and fluorescently labeled PAMAM dendrimers of
different charge and similar size (G2NH,, G2OH,
G1.5COOH). “C-Mannitol permeability was measured in
triplicate in the A-B direction in a humidified atmosphere of
37°C while maintaining sink conditions. Control experiments
were conducted with '*C-mannitol in the absence of
PAMAM dendrimers. Samples were collected at 60 and 120
min. Cell monolayer integrity was monitored as described
above. Samples were analyzed by liquid scintillation counting
(Beckman Coulter, Fullerton, CA). The P, of 14C-mannitol
was calculated, and multivariate ANOVA using Dunnett’s
and Tukey HSD post-hoc analysis (P < 0.05) was used to
statistically compare the mean permeability coefficients of
14C-mannitol in the presence of PAMAM.

Visualization of Tight Junctions

Caco-2 cells were seeded at 30,000 cells/cm?® onto
collagen-coated 4-chamber culture slides (BD Biosciences,
Bedford, MA). Caco-2 cells were maintained under normal
incubation conditions and used for transport experiments 4—7
days post-seeding. Growth medium was replaced with HBSS
transport medium, and cells were equilibrated with HBSS
2 h before uptake experiments. Cells were treated with
300 ul of 1.0 mM unlabeled PAMAM solutions for 2 h. The
PAMAM dendrimers were removed by washing the cells
three times with PBS. The cells were fixed with 300 ul of 4%
paraformaldehyde for 20 min at room temperature. Then
cells were permeabilized using 0.2% Triton X-100 in blocking
solution, made of 1% (w/v) bovine serum albumin (BSA) in
PBS, for 20 min. Staining for tight unctional proteins are
described below (16):

Occludin Visualization

The cells were washed three times with PBS then
incubated with 300 pl of 1% BSA for 30 min. The blocking
solution was removed and cells were incubated with 300 pl of
anti-occludin at 4°C overnight. After removing anti-occludin,
the cells were treated with 1% BSA as before. The blocking
solution was removed, then cells were incubated with
300 pul Alexa Fluor 488 goat anti-mouse IgG for 1 h at room
temperature. The cells were washed with PBS, and the
chambers were removed. Gel/Mount was added to each
region and slides were covered with a glass coverslip, sealed,
and dried overnight at 4°C. Images were obtained using a
Nikon Eclipse TE2000 inverted confocal laser scanning mi-
croscope (Nikon Instruments, Inc., Melville, NY), equipped
with an argon laser. Alexa Fluor 488 was visualized with
excitation and emission wavelengths of 488 and 515 nm,
respectively. The 3-D confocal images were acquired using
the following settings of the Nikon EZ-C1 acquisition
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Table I. Structural Features of Studied PAMAM Dendrimers

Generation Surface Group No. Surface Groups My (Da)* mmol FITC/g dendrimer” % Substituted
G2 -NH, 16 3,256 0.3896 + 0.0288 7.9%
G2 -OH 16 3,272 0.0604 + 0.0001 1.3%
Gl1.5 -COOH 16 2,935 0.0447 + 0.0008 0.8%
G2.5 -COOH 32 6,267 0.0016 + 0.0001 0.3%
G3.5 -COOH 04 12,931 0.0044 + 0.0003 0.1%
G4(1:1) -NH, 64 14,215 0.0520 + 0.0004 12%
G4(1:4) -NH, 64 14,215 0.2179 + 0.0020 4.8%
G4(1:8) -NH, 64 14,215 0.4148 + 0.0090 9.2%

“ Reported by the manufacturer, Dendritech, Inc., Midland, ML.’Label content is reported as mean + standard deviation (n = 3). The percent
of substituted surface groups corresponds to the number of FITC molecules incorporated per number of surface groups.

software (version 2.3, Image systems, Inc., Columbia, MD):
60x oil objective with numerical aperture = 1.4; 100 pm
pinhole size; 9.64 us scan dwell; 512 x 512 pixel size; 0.40 um
z-step size. Confocal images were processed using Volocity
3.6 3D imaging software (Improvision, Inc., Lexington, MA)
by applying iterative deconvolution using a calculated point
spread function for each channel. The mean percent increase
of fluorescent signal in treated cells compared to control cells
was determined using the “measure objects” tool that
determines the voxel (3-dimensional pixel) count of different
regions of treatment (n = 3). Student’s t-test (P < 0.05) was
used to identify significant differences between cells treated
with PAMAM dendrimers and control cells.

Actin Visualization

The cells were washed twice with PBS then incubated
with 300 pl of 1% BSA for 30 min. The blocking solution was
removed and cells were incubated with 200 pl rhodamine
phalloidin solution for 20 min at room temperature. After
removal of rhodamine phalloidin, the cells were treated with
1% BSA as before. The cells were washed with PBS, and the
chambers were removed. Gel/Mount was added to each
region and slides were covered with a glass coverslip, sealed,

and dried overnight at 4°C. Images were obtained as
described above, using excitation and emission wavelengths
of 543 and 605 nm, respectively, for rhodamine phalloidin.

RESULTS

Permeability of Fluorescently Labeled PAMAM Dendrimers
Across Caco-2 Cells

PAMAM dendrimers of different surface charge and
size (G2NH,, G20H, G1.5-G3.5COOH) were conjugated to
FITC (Table I). Fluorescently labeled dendrimers were
fractionated based on size exclusion chromatography princi-
ples to remove small molecular weight impurities from the
conjugates. That is, large molecular weight fractions
(PAMAM-FITC conjugates) eluted earlier from the column
and were collected, while small molecular weight compounds
(unreacted FITC) eluted later. The influence of unlabeled
and FITC labeled PAMAM dendrimers on the viability of
Caco-2 cells was investigated by the WST-1 cytotoxicity assay
(Table II). G2NH, significantly reduced the viability (P <
0.05) of Caco-2 cells compared to untreated cells in HBSS at
donor concentration of 1.0 mM, whereas G2NH,-FITC did
not significantly reduce cell viability (P > 0.05) at all donor

Table II. Viability of Caco-2 Cells Measured with WST-1 Assay Reagent

Concentration 0.01 mM 0.1 mM 1.0 mM

HBSS 100.0%

G2NH, 80.3% + 10.8% 78.0% + 6.6% 77.3% + 1.9%
G2NH,-FITC 88.5+7.5% 92.5 £4.9% 86.8 £ 5.5%
G20H 103.7 + 10.1% 103.6 + 7.9% 96.7 £ 3.3%
G20H-FITC 104.1 £ 6.5% 97.8 £+ 13.8% 98.8 +4.2%
G1.5COOH 100.5 +17.1% 110.3 +3.4% 105.4 + 7.4%
G1.5COOH-FITC 107.2 £ 6.8% 99.5 £ 5.8% 111.8 + 6.6%
G2.5COOH 109.1 +3.1% 91.6 +13.5% 108.3 + 3.7%
G2.5COOH-FITC 1043 £+ 11.2% 99.7 £ 16.5% 106.7 + 10.0%
G3.5COOH 90.7 £+ 1.5% 88.6 £ 2.6% 86.8 £ 4.9%
G3.5COOH-FITC 108.1 £ 3.1% 107.0 + 9.4% 101.7 + 11.7%
G4NH, 66.7 + 28.8% 60.2 £6.2% 38.1+71%
G4NH,-FITC (1:1) 589 +4.3% 53.8+9.8% 53.8+10.4%
G4NH,-FITC (1:4) 85.1 £9.4% 76.8 + 13.5% 56.3 + 3.8%
G4NH,-FITC (1:8) 97.7 + 4.8% 76.5 £ 3.6% 743 £ 4.3%

FITC
Triton X-100

107.3 £ 35.7%

108.5 £ 40.0%
30.4 £ 18.1%

98.1 £ 38.5%

Results are reported as mean percentage + standard deviation of the negative control, HBSS (n = 3). Italicized cells indicate a significant

reduction in cell viability compared to the negative control, HBSS, based upon a p-value < 0.05 using Student’s ¢-test.
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Fig. 1. The permeability of fluorescently labeled PAMAM dendrimers of donor concentration 1.0 mM
across Caco-2 cell monolayers at incubation times of () 60 min and (®) 120 min. Permeability values are
not reported (**) for dendrimers that cause toxicity. Results are reported as mean + standard error of the
mean (n = 9). (*) Denotes a significant difference in permeability compared to permeability of G2NH,,
G20H, G1.5COOH, and G2.5COOH dendrimers (G3.5COOH P < 0.05, G4NH,:FITC (1:8) P < 0.01).

concentrations after 2 h of dendrimer incubation. There was
no significant reduction in cell viability for neutral and
anionic dendrimers at donor concentrations up to 1.0 mM.
The apparent permeability of PAMAM-FITC conjugates was
measured in triplicate at a donor concentration of 1.0 mM up
to 120 min incubation time. Permeability increased with

120

an increase in the number of anionic surface groups in
the PAMAM-COOH series (Fig. 1). The permeability of
G3.5COOH was significantly greater (P < 0.05) than the
permeability of all dendrimers studied with a 1:1 PAMAM:
FITC feed molar ratio. Cationic G2NH, had greater per-
meability than neutral G20H and anionic G1.5- and
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Fig. 2. Transepithelial electrical resistance of Caco-2 cells in the presence of fluorescently labeled
PAMAM dendrimers as a factor of time: (¢) HBSS transport medium, (M) G2NH,, (A) G20H, (x)
G1.5COOH, (+) G2.5COOH, (®) G3.5COOH, (0) G4NH,-FITC (1:8). Results are reported as mean *

standard error of the mean (n = 9).
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Fig. 3. The permeability of *C-mannitol (3.3 uM) in the presence of fluorescently labeled and
unlabeled PAMAM dendrimers of donor concentration 1.0 mM across Caco-2 cell monolayers at
incubation times of (O) 60 min and (W) 120 min. Permeability values are not reported (**) for
dendrimers that cause toxicity. Results are reported as mean +* standard error of the mean (n = 9). (*)
Denotes a significant increase in permeability compared to control (P < 0.001).

Fig. 4. Staining of the tight junction protein occludin. (A) Caco-2 cells with no polymer treatment. Caco-2 cells incubated for 120 min with 1.0
mM: (B) G2NH,; (C) G20H, (D) G1.5COOH; (E) G2.5COOH; (F) G3.5COOH. Main panels illustrate the xy plane; horizontal bars
illustrate the xz plane; vertical bars illustrate the yz plane. Scale bars equal 100.00 pm.
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G2.5COOH dendrimers (Fig. 1). The effect of all tested
PAMAM dendrimers on TEER, except G2NH,, was revers-
ible after 24 h (Fig. 2).

G4NH, dendrimers were conjugated to FITC using feed
molar ratios of 1:1, 1:4, and 1:8 (PAMAM:FITC). All donor
concentrations of G4NH, and G4NH,-FITC (1:1) significant-
ly reduced Caco-2 cell viability (P < 0.05, Table IT). G4NH,-
FITC (1:4) also significantly reduced cell viability (P < 0.05)
at donor concentrations of 0.1 and 1.0 mM, while G4NH,-
FITC (1:8) did not significantly reduce cell viability (P >
0.05) at all donor concentrations (Table IT). The permeability
of G4NH,-FITC (1:8) was significantly greater (P < 0.01)
than the other dendrimers studied (Fig. 1). G4NH,-FITC
conjugates caused a decline in TEER up to 32% during the
experiment, and only G4NH,-FITC (1:8) had a reversible
effect in Caco-2 cells. The TEER value of cells treated with
G4NH,-FITC (1:8) returned to 92.1% the original reading
after 24 h (Fig. 2).

Influence of PAMAM Dendrimers on Paracellular
Permeability

The permeability of *C-mannitol significantly increased
in the presence of FITC labeled G2NH, (P < 0.001) and
G1.5COOH (P < 0.001) dendrimers compared to their un-
labeled counterparts (P > 0.05, Fig. 3). In a similar dendrimer
size range, G2NH,-FITC increased the permeability of
4C-mannitol to a greater extent than G20H-FITC and
G1.5COOH-FITC. PAMAM dendrimers caused a decline
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in TEER over 120 min, up to 40% the original TEER values
(data not shown). Decline in TEER values correlated with
the increase in '*C-mannitol permeability: G2NH, den-
drimers caused the greatest decline in TEER, and FITC
labeled dendrimers caused a greater decline in TEER than
their unlabeled counterparts. Interestingly, FITC labeled
PAMAM dendrimers increased '*C-mannitol permeability
to a greater extent than unlabeled dendrimers. To verify that
14C-mannitol permeability was not increasing due to toxicity
in the presence of FITC labeled dendrimers, cell viability was
measured after treatment with FITC solutions using the
WST-1 cytotoxicity assay. FITC did not significantly reduce
cell viability (P > 0.05) at all donor concentrations after 2 h of
incubation (Table II). The permeability of '*C-mannitol in the
presence of G4NH,, G4ANH,:FITC (1:1) and G4NH,:FITC
(1:4) are not reported due to their toxicity. '*C-mannitol
permeability was highest in the presence of G4ANH,:FITC (1:8)
at 120 min compared to other dendrimers.

PAMAM Dendrimers Cause Modulation of Tight Junctions

Cells treated with mouse anti-occludin to visualize the
occludin protein displayed a uniform staining pattern encir-
cling the cell boundary in control cells (cells not treated with
PAMAM dendrimers) (Fig. 4A). Cells pretreated with
PAMAM dendrimers displayed disruption in the occludin
staining pattern (Fig. 4B-F). An increase in accessibility of
mouse anti-occludin was evidenced in cells treated with all
PAMAM dendrimers, especially for charged dendrimers.

Fig. 5. Staining of the tight junction protein actin. (A) Caco-2 cells with no polymer treatment. Caco-2 cells incubated for 120 min with 1.0
mM: (B) G2NH,; (C) G20H, (D) G1.5COOH; (E) G2.5COOH; (F) G3.5COOH. Main panels illustrate the xy plane; horizontal bars
illustrate the xz plane; vertical bars illustrate the yz plane. Scale bars equal 100.00 pm.
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The increase in fluorescent signal compared to control
cells was 34.2 + 13.4%, 144 = 4.0%, 50.8 £ 8.6%, 56.6 +
5.9%, and 51.9 + 7.5% (mean * standard deviation, n = 3)
for cells treated with G2NH,, G20H, G1.5COOH,
G2.5COOH, and G3.5COOH, respectively. All dendrimers
caused a significant increase in fluorescent signal compared
to control cells (P < 0.05).

A similar, uniform staining pattern was observed for
control cells treated with rhodamine phalloidin to visualize
actin protein (Fig. 5A). Upon incubation with PAMAM
dendrimers of 1.0 mM for 2 h, the staining pattern of
rhodamine phalloidin became disruptive, and a significant
increase in fluorescent signal (P < 0.05), except in the case of
cells treated with G20OH, was observed within cell borders
(Fig. 5B-F). Cells treated with G2NH,, G20H, G1.5COOH,
G2.5COOH, and G3.5COOH dendrimers increased the
fluorescent signal compared to control cells by 36.1 £ 3.5%,
13.1 + 6.8%, 54.8 + 20.9%, 44.6 =+ 2.0%, and 63.3 + 2.2%
(mean = standard deviation, n = 3), respectively. This is an
indication that the structure of the actin filaments are
compromised, thus resulting in condensation of actin within
the cells. These observations are in agreement with the
results from TEER measurements and '*C-mannitol perme-
ability: cells treated with cationic and anionic dendrimers had
greater accumulation of occludin and actin proteins within
the cell periphery, caused the greatest decline in TEER and
enhanced *C-mannitol permeability. These results suggest
PAMAM dendrimers modulate opening of tight junctions.

DISCUSSION

We have previously demonstrated that the dendrimers
investigated in the current study are non-toxic at donor
concentrations of 1.0 mM and up to 120 min incubation time
(7,8). Here, we determined cell viability using the WST-1
toxicity assay that measures metabolic activity of Caco-2
cells. We observed that G3.5COOH dendrimers had greater
permeability compared to the smaller dendrimers
G1.5-G2.5COOH, G2NH, and G20H (Fig. 1) without
reducing cell viability (Table II). This is consistent with
previous data by Duncan and coworkers in an everted sac
model (5), and is a result of the greater anionic surface
charge density that presumably modulates tight junctions by
calcium chelation (8,17). We previously demonstrated that
epithelial permeability of cationic dendrimers decreases with
size (7), whereas here it is reported anionic dendrimer
permeability increases with their size. This data is encourag-
ing in that increased permeability of larger dendrimers
facilitates surface conjugation or enhanced drug loading
within the dendritic box, thereby enabling the utilization of
these constructs for oral delivery of poorly bioavailable
drugs. PAMAM dendrimers reduced cell monolayer electri-
cal resistance after 2 h incubation with Caco-2 cells. Since all
FITC-conjugated dendrimers (except G2NH,) had a revers-
ible effect on Caco-2 TEER (Fig. 2), this suggests their safe
usage as oral drug delivery carriers.

To determine the influence of dendrimer surface charge
on epithelial permeability, we investigated the transport of
comparably sized PAMAM dendrimers while monitoring the
4C-mannitol flux. The rank order of dendrimer permeability,
as well as their concomitant reduction in TEER, was G2NH, >

2825

G1.5COOH > G20H (Fig. 1). The charged dendrimers had
greater permeability than G20H, which has no net surface
charge at physiological pH to enable its interaction with cell
monolayers. Our previous studies suggest that cationic den-
drimers are transported by a combination of paracellular and
endocytic mechanisms (18). Hence, a combination of factors
such as size and transport routes may explain, at least in part,
the observed transport differences between small dendrimers.

14C-Mannitol permeability was not affected by either
FITC-labeled or native G20H. However, the '*C-mannitol
flux significantly increased in the presence of FITC-labeled
G2NH, and G1.5COOH dendrimers relative to their unla-
beled counterparts (Fig. 3). To assess whether changes in cell
permeability were due to intrinsic toxicity of the FITC label
itself, we determined Caco-2 cell viability in the presence of
increasing FITC concentrations using the WST-1 cytotoxicity
assay. No significant effect was observed up to 1.0 mM FITC,
which was the highest concentration conjugated to PAMAM
dendrimers used in this study (Table I). Thus, the conjuga-
tion of FITC to charged dendrimers modifies their absorption
enhancing effects, likely due to a change in physicochemical
surface characteristics. This is an encouraging finding in that
the conjugation of drug molecules to dendrimers may
influence the extent to which the carriers are transported
across the epithelial barrier of the gut.

In addition to altering permeability characteristics, it has
been shown that surface modification of PAMAM den-
drimers reduces their toxicity (10,11). Therefore, we investi-
gated the effect on cell viability of a series of fluorescently
labeled dendrimers with an incremental increase in the
amount of conjugated FITC. As expected, at feed molar
ratios of 1:1, 1:4, and 1:8 (G4NH,:FITC) the toxicity of
G4NH, dendrimers reduced with an increase in FITC label
(Table I). Interestingly, G4NH,-FITC (1:8) displayed the
highest relative permeability (Fig. 1) with a concomitant
increase in mannitol flux (Fig. 3), most likely due to a higher
degree of tight junctional modulation. Although reduced cell
viability cannot be excluded as a contributing factor to the
increased permeability (Table II), it should be noted that
monolayer integrity after exposure to these conjugates was
reversible (Fig. 2). These data demonstrate that attachment
of several hydrophobic drug molecules may result in appre-
ciable permeability while the polymer-drug conjugate
remains non-toxic to the epithelial barrier.

The '*C-mannitol permeability and TEER data suggest a
direct interaction between PAMAM dendrimers and cellular
tight junctions (7,8,18). To confirm this hypothesis, we
employed immunofluorescence microscopy to study changes
in the barrier function of tight junctions. Tight junctions are
protein complexes that include occludin, claudin, junctional-
associated membrane protein (JAM), and zonula occludens
proteins (ZO-1, ZO-2) (16, 19-21). Occludin protein is
responsible for the fusion of adjacent plasma membranes to
form the junction, which functions to maintain cellular
integrity, along with Ca®" and Mg>" ions (22). A clear band
of occludin protein was observed for untreated Caco-2 cells
(Fig. 4A), whereas PAMAM dendrimer exposure resulted in
increased accumulation of occludin protein as evidenced by the
disruptive staining pattern encircling Caco-2 cells. This pattern
indicates the opening of the tight junctions upon incubation
with PAMAM dendrimers. Cells treated with cationic (Fig. 4B)
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and anionic (Fig. 4D-F) dendrimers appear to have more
disruptive staining pattern and greater accumulation of occludin
than cells treated with neutral dendrimers (Fig. 4C). These data
directly confirm that PAMAM dendrimers contribute to the
opening of tight junctions.

Actin filaments are responsible for binding adjacent
cells, thereby forming a single unit (22). Incubation of Caco-2
cell monolayers with rhodamine phalloidin, a specific probe
for filamentous actin, revealed a clear, continuous staining
pattern (Fig. 5A). Upon incubation with PAMAM den-
drimers, however, the cells show a clear disruption of actin
staining (Fig. 5B-F). These data correspond with the
observations that cationic and anionic dendrimers cause a
decline in TEER and enhance *C-mannitol permeability.

The studies reported here point to several phenomena
that can be useful in the design of oral drug delivery systems
based on poly(amidoamine) dendrimers. Higher generation
anionic dendrimers can be suitable candidates because of
their increased transport rate and low toxicity. The physico-
chemical characteristics of the conjugated molecules and the
extent of conjugation can influence cell viability and perme-
ability, and indeed tight junctional opening is, at least in part,
responsible for the observed increase in the transport of
dendrimers as well as paracellular markers such as *C-
mannitol. The next logical steps are to investigate the
endocytic behavior of dendrimers, the manner and extent
by which they influence cell membranes, and design and
develop novel systems by which these carriers can be
beneficial in the oral delivery of biomolecules.

CONCLUSIONS

PAMAM dendrimer permeability is dependent on
structural properties including size and surface charge. In
the series studied, anionic dendrimer G3.5COOH and
cationic G4NH, modified with 8 FITC molecules in the feed
ratio showed the highest transport rates. Increase in the
attachment of hydrophobic FITC label increased the perme-
ability and reduced toxicity of G4NH,. Finally, permeability
and confocal microscopy studies suggest PAMAM den-
drimers cause modulation of the tight junctions. The reported
data demonstrates that by controlling size, surface charge and
surface functionality it is possible to design dendrimers for
optimized oral drug delivery applications.
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