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ABSTRACT

Purpose This study investigates the mechanisms of G3.5 poly
(amido amine) dendrimer cellular uptake, intracellular traffick-
ing, transepithelial transport and tight junction modulation in
Caco-2 cells in the context of oral drug delivery.

Methods Chemical inhibitors blocking clathrin-, caveolin- and
dynamin-dependent endocytosis pathways were used to
investigate the mechanisms of dendrimer cellular uptake and
transport across Caco-2 cells using flow cytometry and
confocal microscopy.

Results Dendrimer cellular uptake was found to be dynamin-
dependent and was reduced by both clathrin and caveolin
endocytosis inhibitors, while transepithelial transport was only
dependent on dynamin- and clathrin-mediated endocytosis.
Dendrimers were quickly trafficked to the lysosomes after
I5 min of incubation and showed increased endosomal
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accumulation at later time points, suggesting saturation of this
pathway. Dendrimers were unable to open tight junctions in
cell monolayers treated with dynasore, a selective inhibitor of
dynamin, confirming that dendrimer internalization promotes
tight junction modulation.

Conclusion G3.5 PAMAM dendrimers take advantage of
several receptor-mediated endocytosis pathways for cellular
entry in Caco-2 cells. Dendrimer internalization by dynamin-
dependent mechanisms promotes tight junction opening,
suggesting that dendrimers act on intracellular cytoskeletal
proteins to modulate tight junctions, thus catalyzing their own
transport via the paracellular route.

KEY WORDS endocytosis - oral drug delivery -
PAMAM dendrimers - tight junctions - transport

ABBREVIATIONS

AF alexa fluor

BSA bovine serum albumin

CH carbohydrazide

DAPI 4',6-diamidino-2-phenylindole

Dl deionized

DMEM  Dulbecco’s modified eagle’s medium

DPBS Dulbecco’s phosphate-buffered saline
DYN Dynasore
EDC [ -Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
EDTA ethylenediamine tetraacetic acid
EEA-I early endosome antigen-|
FBS fetal bovine serum
FIL filipin
G generation
GEN genistein
HBSS Hank's balanced salt solution
HEPES  N-(2-hydroxyelthyl)piperazine-N'-179
(2 ethanesulfonic acid) hemisodium salt
LAMP-1  lysosome-associated membrane protein |
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LY lucifer yellow CH
MDC monodansy! cadaverine
MWCO  molecular weight cutoff

OG Oregon green

PAMAM  poly (amido amine)

PAO phenylarsine oxide

PBS phosphate-buffered saline

PDIO protein desalting column

TEER transepithelial electrical resistance
T tight junction

WST-1 water-soluble tetrazolium salt

INTRODUCTION

Poly (amido amine) (PAMAM) dendrimers have shown
promise as drug delivery carriers due to their unique
physical properties, including nanoscale size and near
monodispersity (1). With each increase in dendrimer
generation, the diameter increases linearly while the
number of surface groups increases exponentially, creating
high density surface groups that can be conjugated to
drugs, imaging agents and targeting moieties, making them
versatile multifunctional nanocarriers (2, 3). Reports from
our laboratory (4—7) and others (8—11) have demonstrated
that PAMAM dendrimers in a specified size and charge
window can effectively cross the epithelial layer of the gut,
showing potential as oral drug delivery carriers. Conjuga-
tion or complexation of therapeutics with poor solubility
and low permeability (e.g. Biopharmaceutics Classification
System Class 3 and 4 compounds) to water-soluble
dendrimers that can permeate the epithelial layer of the
gut has the potential to render these drugs orally bioavail-
able (12—14). Oral drug administration has many advan-
tages, including the convenience of at-home administration,
reduction of direct and indirect costs, and a more flexible
dosing regimen, resulting in higher patient compliance and
a lower burden on hospitals and the healthcare system (15).

PAMAM dendrimers are known to cross the epithelial
barrier by a combination of transcellular and paracellular
mechanisms. Transport of cationic dendrimers has been
found to be energy dependent and is reduced in the
presence of endocytosis inhibitors, signifying the impor-
tance of endocytosis in dendrimer transport (16). In
addition, dendrimers were found to colocalize with clathrin
and early endosome markers, suggesting the involvement of
clathrin-mediated endocytosis in dendrimer internalization
(17). Dendrimers have also been reported to interact with
tight junctions, transiently opening them to allow for
paracellular transport (4). While there has been significant
progress in understanding the mechanisms by which
dendrimers enter cells and are transported across the
epithelial barrier, several important questions remain to
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be addressed. In particular, the contributions of different
endocytosis pathways to dendrimer cellular uptake and
transcytosis and the specific mechanisms by which den-
drimers open tight junctions have yet to be elucidated.
Additionally, the majority of mechanistic studies to date
have focused on cationic dendrimers, which are promising
due to their high transport rates, but are limited by their
significant cytotoxicity. Anionic dendrimers show compara-
bly low cytotoxicity but still appreciable transport rates,
making them well suited for oral delivery (18, 19).

In this study, we investigated the mechanisms of cellular
uptake, transepithelial transport and tight junctional mod-
ulation of anionic G3.5 PAMAM dendrimers by examining
the impact of endocytosis inhibitors on dendrimer interac-
tion with Caco-2 cells and differentiated Caco-2 mono-
layers. In addition, we monitored the intracellular
trafficking of dendrimers from endosomes to lysosomes
over time. Knowledge of the specific pathways of endocy-
tosis, intracellular trafficking and transepithelial transport
will aid in rational design of dendrimers for oral delivery.

MATERIALS AND METHODS
Materials

G3.5 PAMAM dendrimers (reported molecular weight=
12,931), lucifer yellow CH dipotassium salt, oregon green
carboxylic acid succinimidyl ester, monodansyl cadaverine,
phenylarsine oxide, filipin, genistein and dynasore were
purchased from Sigma Aldrich (St. Louis, MO). Superose
12 HR 10/300 GL column was obtained from Amersham
Pharmacia Biotech (Piscataway, NJ) and WST-1 cell
proliferation reagent from Roche Applied Sciences (Indian-
apolis, IN). Caco-2 cells were obtained from American
Type Cell Culture (Rockville, MD).

Synthesis of G3.5-0OG

Purified G3.5 PAMAM dendrimers were first modified
with pendant primary amine groups to facilitate Oregon
Green (OG) labeling (18). TFifty mg dendrimer was
dissolved in deionized (DI) water to a final concentration
of 10 mg/ml, and the pH was adjusted to 6.5. 1-Ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC) was added
at a 5:1 molar ratio to the dendrimer and stirred for
30 min at room temperature, after which ethylene
diamine was added at a 5:1 molar ratio and stirred for
4 h at room temperature. The sample volume was reduced
to 1 ml by rotoevaporation of water and then run through
a PD10 column followed by purification with an amicon
centrifugal filter MWCO 4000) to remove the EDC and
ethylene diamine. Size exclusion chromatography was
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used to confirm the absence of low molecular weight
impurities. The number of amines per dendrimer was
determined to be 2.5 by the ninhydrin assay. Ten mg of
amine-modified dendrimer was dissolved in 25 ml of DI
water, and | equivalent of Oregon green carboxylic
succinimidyl ester per dendrimer was added and stirred for
30 min. The water was removed by rotoevaporation, and the
product was redissolved in methanol and added dropwise to
diethyl ether to precipitate the G3.5-OG conjugate. The
solution was centrifuged and the ether decanted, and then
the precipitate was dried overnight under vacuum. The
precipitate was then redissolved in 1 ml of water and passed
through a PD10 column to remove unreacted OG. Size
exclusion chromatography was used to confirm the absence
of free dye. OG content was determined, by a fluorescence
standard curve (Aexcitation =485 Nm, Acpission =235 nm), to be
0.75 molecules of OG per dendrimer on average.

Caco-2 Cell Culture

Caco-2 cells (passages 30—45) were grown at 37°C in an
atmosphere of 95% relative humidity and 5% CO,. Cells
were maintained in T-75 flasks using Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% non-essential amino acids, 10,000
units/mL penicillin, 10,000 pg/mL streptomycin and
25 png/mL amphotericin B. Media was changed every other
day, and cells were passaged at 80-90% confluence using a
0.25% trypsin/ethylenediamine tetraacetic acid (EDTA)
solution. Incubation buffer used in assays consisted of Hank’s
balanced salt solution (HBSS), supplemented with
1.0 mM N-(2-hydroxyelthyl)piperazine-N'-179 (2 ethanesul-
fonic acid) hemisodium salt (HEPES) buffer (pH 7.4).

Cytotoxicity of Endocytosis Inhibitors

Potential short-term cytotoxicity of endocytosis inhibitors
was assessed in Caco-2 cells to ensure cell viability during
uptake and transport assays. Chemical inhibitors were
prepared at a range of concentrations known to reduce
clathrin-mediated endocytosis (phenylarsine oxide (1-
20 uM), monodansyl cadaverine (100-300 pM)), caveolin-
mediated endocytosis (filipin (1-4 uM), genistein (100-
300 pM)) or dynamin-dependent endocytosis (dynasore
(40-80 pM)) (20-22). Cytotoxicity of the inhibitors was
assessed by the water-soluble tetrazolium salt (WST-1)
assay. Caco-2 cells were seeded at 50,000 cells per well in
96-well cell culture plates (Corning, Corning, NY) and
maintained at 37°C, 95% relative humidity and 5% COq
for 48 h. Cells were washed with warm HBSS buffer and
incubated for 2 h with 100 pL of varying concentrations of
endocytosis inhibitors. After 2 h, the inhibitor solutions
were removed, and the cells were washed with warm HBSS

buffer. Ten pL. WST-1 cell proliferation reagent in 100 L.
of HBSS buffer was added to each well and incubated for
4 h at 37°C. Absorbance at 460 nm and background at
600 nm were measured using a SpectraMax 384 plate
reader (Molecular Devices, Sunnyvale, CA). HBSS was
used as a negative control for 100% cell viability.
Cytotoxicity of inhibitor concentration was assessed in four
replicates. Cell viability of greater than 85% was classified
as acceptable for uptake and transport assays.

Cellular Uptake

Cellular uptake of G3.5-OG dendrimers was determined in
the presence and absence of endocytosis inhibitors. Inhib-
itors were used at concentrations that showed a minimum
of 85% cell viability during the 2 h assay period (Table I).
Caco-2 cells were seeded at 300,000 cells per well in 12-
well plates (Corning, Corning, NY) and maintained for
48 h at 37°C, 95% relative humidity and 5% COs. Cells
were washed with HBSS and pretreated with endocytosis
inhibitors or HBSS for 1 h at 37°C. Endocytosis inhibitors
were removed, and 25 uM G3.5-OG, 5 pM Transferrin-
AF488 (Molecular Probes, Carlsbad, CA) or 5 uM Cholera
Toxin B-AF488 (Molecular Probes, Carlsbad, CA) was
added in the presence of endocytosis inhibitor solutions or
HBSS for 1 h at 37°C. Cells were washed once with cold
HBSS, trypsinized for 5 min and then complete cell culture
medium was added to halt the trypsinization process. The
cells were removed from plates, collected in microcentri-
fuge tubes and centrifuged for 5 min at 1,000 rpm, after
which the supernatant was removed. The cells were
washed with PBS and finally fixed in 1% paraformalde-
hyde in PBS at a final concentration of 500,000 cells/ml.
Flow cytometry was used to assess cellular fluorescence
using a BD LSR II flow cytometer (Becton Dickenson,
Franklin Lakes, NJ) with a 530/30 bandpass filter. Twenty-
five-thousand to forty-five-thousand events were collected
per sample. Percent uptake was determined for two

Table | Endocytosis Inhibitor Concentration and % Cell Viability in
Caco-2 Cells. Results are Reported as Mean +/— Standard Deviation
with n=4

Endocytosis inhibitors Concentration % Cell viability
(™M)
Clathrin Phenylarsine | 90.0x5.7%
Inhibiting Oxide (PAO)
Monodansyl 300 92.7+3.4%
Cadaverine (MDC)
Caveolin Filipin (FIL) 4 95.9+2.7%
Inhibiting  Genistein (GEN)) 100 86.7+2.9%
Dynamin Dynasore (DYN) 50 [06.1 £5.0%
Inhibiting
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different cell populations by the shift in mean fluorescence
in the presence of endocytosis inhibitors compared to
HBSS control.

Colocalization and Intracellular Trafficking

Caco-2 cells were seeded at 40,000 cells/ cm” on collagen-
coated 8-chamber slides. Slides were used when cells were
90% confluent, typically 4-5 days after seeding. Cells were
washed with DPBS and then incubated in DPBS for 30 min
at 37°C. Cells were treated with G3.5-OG (1 pM) or
Transferrin-AF488 (250 pg/ml) for 30 min at 4°C to allow
for attachment but not internalization (pulse). Subsequent-
ly, the cells were washed three times with ice-cold DPBS to
remove unbound ligand and incubated with warm DPBS at
37°C for 5, 15, or 30 min (chase), after which they were
fixed with 4% paraformaldeyde, 4% sucrose in DPBS for
20 min. All subsequent steps were carried out at room
temperature. The cells were washed twice with 25 mM
glycine and then once with DPBS, permeabilized with 1%
Triton-X 100 in blocking solution (3% Bovine Serum
Albumin (BSA)/DPBS) and then incubated with blocking
solution to prevent non-specific binding. Primary antibodies
for early endosomes (rabbit polyclonal early endosome
antigen-1 (EEA-1)) and lysosomes (rabbit polyclonal
lysosome-associated membrane protein 1 (LAMP-1)) (Mo-
lecular Probes, Carlsbad, CA) were added to separate
chambers and incubated for 1 h. The antibodies were
removed, cells were washed three times with blocking
solution and Alexa Fluor-568 goat anti-rabbit IgG (Molec-
ular Probes, Carlsbad, CA) was added at 1:400 in blocking
solution for 1 h. The cells were then washed three times
with DPBS and incubated with 300 nM 4',6-diamidino-2-
phenylindole (DAPI) 10 min to stain the nuclei. The cells
were then washed once with DPBS and once with DI
water, and the chambers were removed. The slides were
mounted, covered with glass coverslips, allowed to dry for a
minimum of 2 h before sealing and stored at 4°C prior to
visualization.

Images were acquired using a Nikon Eclipse TE2000
mverted confocal laser scanning microscope (Nikon Instru-
ments, Melville, NY). Excitation and emission wavelengths
for DAPI, OG/ AF488 and AF568 were 405/450, 488/
515 and 543/605, respectively. Four Z-stacks were
obtained for each treatment using the following microscope
settings: 60X o1l objective, 2X optical zoom, 60 pm pinhole
and 512x512 pixel size. Z-stacks contained 41 0.5-mm
slices to encompass the entire cell layer. Detector gains were
set to be constant between samples to facilitate sample
comparison.

Colocalization between G3.5-OG or Transferrin-AF-
488 with early endosomes and lysosomes was quantified
using Volocity 3D Imaging software (Improvision, Lexing-
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ton, MA). The extent of colocalization between the green
and red channels (M) was calculated by the software using
the following equation:

Z Xi,coloc
M, =
X Z x;

i

where x; .1c 15 the value of voxel 1 of the overlapped red
and green components, and x; is the value of the green
component. M, is reported for each treatment as an
average of the four regions. Transferrin-AF488 was used
as an endocytosis control ligand to establish the validity of
the assay methods for monitoring intracellular trafficking
over time.

Transepithelial Transport

Caco-2 cells were seeded at 80,000 cells/cm® onto
polycarbonate 12-well Transwell filters of 0.4 pm mean
pore size with 1.0 cm” surface area (Corning, Corning,
NY). Caco-2 cells were maintained under standard incu-
bation conditions where medium was changed every other
day, and cells were used for transport experiments 21—
25 days post-seeding. Prior to experiments, the trans-
epithelial electrical resistance (TEER) of each monolayer
was measured with an epithelial voltohmmeter (World
Precision Instruments, Sarasota, FL). Monolayers with
TEER >600 Qcm® were used for assays. Cell monolayers
were washed with HBSS and then incubated in the
presence of HBSS or endocytosis inhibitors for 1 h at
37°C. Inhibitors were used at concentrations that showed a
minimum of 85% cell viability during the 2 h assay period
(Table I). The solutions were removed, and G3.5-OG
(10 pM) was added to the apical compartment in the
presence of HBSS or endocytosis inhibitor, and the
corresponding solution was added to the basolateral com-
partment. After incubating for 1 h, samples were taken from
the basolateral compartment. Transport was quantified by
measuring fluorescence in the basolateral compartment using
a SpectraMax Gemini XS spectrofluorometer (Molecular
Devices, Sunnyvale, CA) with excitation and emission
wavelengths of 485 and 535 nm, respectively. Percent
transport is reported comparing dendrimer transport in the
presence of inhibitors to dendrimer transport in HBSS alone.
The standard deviation for each reported value is calculated
using propagation of error for the quotient of two experi-
mentally determined values.

Lucifer yellow (LY) CH permeability was also monitored
in the presence of HBSS and endocytosis inhibitors to
ensure the integrity of the monolayers. LY apparent
permeability was less than 1% 107° for all conditions tested,
which is within the accepted range of LY permeability for
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differentiated monolayers (23). There was not a significant
difference between LY permeability in the presence of
HBSS or inhibitors, confirming that endocytosis inhibitors
do not affect tight junctional integrity (data not shown).

Caco-2 Monolayer Visualization and Occludin
Staining

After acquisition of samples for transport assays, Caco-2 cell
monolayers were prepared for visualization by confocal
microscopy. In particular, Caco-2 cell monolayers treated
with G3.5-OG or HBSS in buffer or in the presence of
dynasore were analyzed for occludin accessibility. The
monolayers were washed twice with ice-cold PBS, fixed,
permeabilized and blocked by the same procedures used in
the immunofluorescence studies (see section “Colocalization
and Intracellular Trafficking” above). Subsequently, mono-
layers were treated with mouse anti-occludin (2 pg/ml)
overnight at 4°C. The next day, monolayers were washed
twice with blocking solution and incubated with the same
solution for 30 min. Alexa Fluor 568 goat anti-mouse IgG
(1:400) was added in blocking solution for 1 h. The cells
were then washed and stained with DAPI. The membranes
were carefully excised from the Transwell supports using a
scalpel, mounted on glass slides, covered with a glass
coverslip and then sealed with clear nail polish. Slides were
stored at 4°C prior to visualization.

Images were acquired using a Nikon Eclipse TE2000
inverted microscope using the same settings as described
above (“Colocalization and Intracellular Trafficking”). To
visualize the G3.5 dendrimer interaction with the cell
monolayer, Z-stacks were obtained with 51 0.5 pm slices
using red, green and blue channels. To quantify occludin
staining, four z-stacks were obtained per region, and only
the red channel was used. Images were processed using
Volocity software. Red voxels, corresponding to occludin
staining, were quantified by thresholding the intensity
between 20% and 100%. The number of red voxels was
quantified for four z-stacks in each region. Results are
reported as meanztstandard deviation, and statistical
significance was determined by a one-way analysis of
variance with Bonferroni post-hoc correction.

RESULTS
Cytotoxicity of Endocytosis Inhibitors

Five endocytosis inhibitors were chosen to examine the
pathways of cellular uptake and transepithelial transport of
G3.5 PAMAM dendrimers. Before initiating uptake and
transport studies, Caco-2 cell viability during the 2 h assay
time was confirmed in the presence of these inhibitors,

whose concentrations were chosen based on literature-
reported values (20-22). Inhibitors included chemicals
known to prevent clathrin-mediated endocytosis (phenyl-
arsine oxide (1-20 pM); monodansyl cadaverine (100-
300 uM)), caveolin-mediated endocytosis (filipin (1-4 uM);
genistein (100-300 uM)) and dynamin-dependent endocy-
tosis (dynasore (40-80 uM)). We have shown previously
that G3.5 dendrimers do not cause a reduction in Caco-2
cell viability up to 100 pM (19). Since the maximal
dendrimer concentration used in this work was 25 pM,
toxicity due to the dendrimers was not a concern.

Short-term cytotoxicity of endocytosis inhibitors was
assessed by the WST-1 cell viability assay at five different
concentrations in the reported range of each inhibitor
(Table I). Eighty-five percent cell viability was chosen as
the minimum allowable for use in uptake and transport
assays. Monodansyl cadaverine and filipin did not show
appreciable toxicity at any concentration tested and were
used at their maximum reported concentrations of
300 pM and 4 uM, respectively. Phenylarsine oxide
and genistein showed significant toxicity and were used
at their lowest effective concentrations. Dynasore showed
increasing toxicity over the range of concentrations tested,
with the most acceptable (i.e. >85% viability) toxicity
profile at 50 uM (Table I).

Cellular Uptake of G3.5-OG Dendrimers
in the Presence of Endocytosis Inhibitors

As chemical inhibitors have varied effectiveness in different
cell lines and can be somewhat non-specific, we took a
multi-pronged approach, selecting one inhibitor for the
general process of dynamin-dependent endocytosis and two
inhibitors for distinct clathrin- and caveolin-mediated
processes. In addition, we monitored the cellular uptake
of transferrin and cholera toxin B, control ligands for
clathrin- and caveolin-mediated endocytosis, respectively,
to determine the efficacy and specificity of the selected
inhibitors. Dynasore was used to block vesicular endocytosis
by selectively inhibiting dynamin 1 and dynamin 2
GTPases, which are responsible for vesicle scission during
both clathrin- and caveolin-mediated endocytosis (21).
Monodansyl cadaverine and phenylarsine oxide were used
to block clathrin-mediated endocytosis. Monodansyl cadav-
erine is known to stabilize clathrin-coated pits on the cell
membrane, thereby preventing internalization (24). Phenyl-
arsine oxide has also been shown to inhibit clathrin
endocytosis at low micromolar concentrations, but its
mechanism is unknown (25, 26). Filipin and genistein were
selected to inhibit caveolin-mediated endocytosis. Filipin
binds cholesterol and has been shown to disrupt caveolae-
mediated endocytic pathways (27). Genistein inhibits
protein tyrosine kinases and, amongst other effects, was
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shown to block internalization by caveolae (28). The
percent uptake relative to buffer control was calculated
for G3.5 and control ligands in the presence of five
endocytosis inhibitors (Table II).

G3.5 PAMAM dendrimers show reduction in cellular
uptake in the presence of all endocytosis inhibitors tested,
suggesting the involvement of both clathrin- and caveolin-
mediated endocytosis pathways in dendrimer cellular
uptake. As expected, dendrimers showed the greatest
reduction in uptake in the presence of dynasore, a selective
chemical inhibitor of dynamin, a protein integral to the
hallmark event of vesicle pinching from the plasma
membrane during receptor-mediated endocytosis. The
significant decrease in uptake of dendrimers and control
ligands in the presence of dynasore confirms the endocytosis
of G3.5 PAMAM dendrimers by dynamin-dependent
pathways. Dendrimers showed decreased uptake in the
presence of both clathrin inhibitors, with a greater decrease
seen in the presence of monodansyl cadaverine. Transferrin
uptake was not reduced in the presence of phenylarsine
oxide, indicating that this is not an effective clathrin-
endocytosis inhibitor in Caco-2 cells at the concentration
used, and the decrease in dendrimer uptake may be due to
a non-specific effect. Alternatively, dendrimer trafficking
may be more sensitive to phenylarsine oxide compared to
transferrin and cholera toxin B, which are affected only at
higher phenylarsine oxide concentrations. In contrast,
transferrin  shows reduced uptake in the presence of
monodansyl cadaverine, illustrating the efficacy of mono-
dansyl cadaverine in Caco-2 cells. Cholera toxin B also
shows reduced uptake in the presence of monodansyl
cadaverine, but this decrease in uptake was expected since
cholera toxin B can be endocytosed by clathrin- and
caveolin- mediated pathways in Caco-2 cells (29). Den-
drimers also showed reduced uptake in the presence of both
caveolin inhibitors, markedly seen with genistein; however,
filipin did not reduce uptake of cholera toxin B, and this
may represent a cell-specific effect. While genistein reduces
the uptake of transferrin, it reduces the uptake of cholera
toxin B to a much larger extent, making it an effective and
relatively specific inhibitor of caveolin-mediated endocyto-
sis. The most effective and specific inhibitors (monodansyl

cadaverine, genistein and dynasore) were chosen for further
investigation in transport assays.

Intracellular Trafficking

In addition to determining the mechanism of dendrimer
uptake, we investigated the intracellular trafficking of
G3.5 PAMAM dendrimers in Caco-2 cells. Dendrimers
colocalized with early endosomes (EEA-1) and lysosomes
(LAMP-1) over time (Fig. lA). Transferrin trafficking
(Fig. 1B), which has been well-characterized in this cell
line, was used as a control for the study (17). Five minutes
after incubation, dendrimers showed initial localization in
the early endosomes and lysosomes. By 15 min, however,
they showed increasing localization in the lysosomes,
indicating quick trafficking to these cellular compart-
ments. Interestingly, at 30 min, the level of accumulation
in the lysosomes remained unchanged, while their pres-
ence in endosomes increased. This suggests that the
trafficking pathway was saturated, causing dendrimer
retention in early endosomes once lysosomes were occu-
pied. In contrast, transferrin showed almost constant
presence in the early endosomes with increasing presence
in the lysosomes over time. This is typical of transferrin, a
classical ligand for clathrin-mediated endocytosis, known
to accumulate in the early endosomes, confirming the
validity of the assay methods.

Transepithelial Transport of G3.5-OG Dendrimers

Transepithelial transport of G3.5-OG dendrimers was
monitored in the presence of endocytosis inhibitors at 4°C
and compared to transport in buffer at 37°C (Fig. 2).
Transport of PAMAM G3.5 was significantly reduced at
4°C, illustrating strong energy dependence. Similar to Caco-
2 uptake studies, transport was also reduced in the presence
of dynasore and monodansyl cadaverine, indicating the
importance of dynamin-dependent and clathrin-mediated
endocytosis mechanisms in transepithelial transport. Howev-
er, contrary to its effect on cellular uptake of dendrimers
(Table II), genistein does not significantly impact den-
drimer transport across Caco-2 monolayers, suggesting

Table Il Percent Uptake of
G3.5-OG Dendrimers and
Control Ligands in Caco-2 Cells
in the Presence of Endocytosis

Endocytosis inhibitors

Percent uptake

Inhibitors. Results are Reported
as Mean +/— Standard Deviation
with n=2

G3.5 Transferrin Cholera toxin B
Clathrin Inhibiting Phenylarsine Oxide (PAO) 84.4+0.6% [12.3+1.5% 100.5+4.0%
Monodansyl Cadaverine (MDC) 57.8x2.1% 65.6+2.5% 61.8+5.1%
Caveolin Inhibiting Filipin (FIL) 81.0+0.2% 110.2+0.1% [14.4+3.4%
Genistein (GEN) 22.4+0.7% 69.8+2.4% 204+0.7%

Dynamin Inhibiting Dynasore (DYN) 20.4+3.5% 150+2.7% 57.1+19.6%
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Fig. 1 Intracellular trafficking of G3.5-OG dendrimers (A) and Transferrin
(B) over time in Caco-2 Cells. Colocalization (M,) with early endosomes
(EEA-1) and lysosomes (LAMP-1) is shown. Results are reported as
mean +/— standard deviation (n =4).

that caveolin-mediated endocytosis may not play a
significant role in this process. It has been suggested that
fully differentiated Caco-2 cells lack caveolae (29), opening
the possibility that, while caveolae play an important role
in dendrimer endocytosis in undifferentiated Caco-2
cells, they are less important in dendrimer transepithelial
transport because of their lower expression in differenti-
ated enterocytes.

Visualization of G3.5-OG Dendrimer Interaction
with Caco-2 Cell Monolayers

After cell monolayers were used for transport assays, they
were fixed and stained for occludin and nuclear DNA. By
excising the stained membranes from the transwell sup-
ports, we were able to visualize the dendrimer interacting
with differentiated Caco-2 cell monolayers. Although there
have been many studies documenting dendrimer interac-
tion with Caco-2 cells grown on microscope slides (17), this
1s the first to show interaction with fully differentiated and
confluent monolayers. Fig. 3 shows a representative image
of the cell monolayer. The nuclear staining was omitted
from Tig. 3B to allow for easier visualization of the
dendrimer and tight junctions. In both figures, dendrimer
staining is observed inside the confluent cells, confirming

internalization. In addition, there are punctate regions
strongly resembling vesicles (circled in Fig. 3B), which
confirm the involvement of vesicular endocytosis in den-
drimer transepithelial transport. Finally, dendrimers cannot
be detected in the nuclear region of the cell, confirming
their localization in the cell interior and without further
trafficking into the cell nucleus. These images serve as
complementary evidence of the importance of the trans-
cellular pathway in dendrimer transport.

Cells Treated with Dynasore Do Not Show Increased
Occludin Staining in Presence of Dendrimers

Increased occludin staining is a well-established indicator
for tight junctional opening in Caco-2 cell monolayers and
has shown strong correlation with reduction in TEER and
increase in paracellular marker permeability (30). Previous
studies have shown that monolayers treated with den-
drimers showed increased occludin accessibility relative to
cells treated with HBSS alone, indicating that dendrimers
open tight junctions (4, 19). We examined occludin
accessibility in Caco-2 cell monolayers treated with den-
drimers or HBSS in the presence of dynasore or buffer
alone (Figs. 4 and 5). In cells treated with buffer,
dendrimers significantly increased occludin staining relative
to untreated cells, indicating tight junction opening
(Fig. 4A,B). In contrast, in cells treated with dynasore, no
difference could be detected in occludin staining between
cells treated with dendrimers or dynasore alone (Fig. 4C,D).
This illustrates that dendrimers were unable to open tight
junctions in cells were dynamin-dependent endocytosis was
inhibited, suggesting that dendrimers must first be inter-
nalized to modulate cellular tight junctions.

Two major mechanisms have been established for
opening tight junctions: depletion of divalent cations and
disruption of intracellular tight junctional components.
Disodium ethylenediaminetetraacetate, a calcium chelator,

100 -

% Transport
g

4°c DYN MDC
Treatment

GEN

Fig. 2 Percent transport of G3.5-OG dendrimers across Caco-2
monolayers in the presence of endocytosis inhibitors or at 4°C. Mean =
standard deviation (n=4). ** indicates a significant difference (p<0.01)
from 100% transport (buffer alone).
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Fig. 3 Visualization of G3.5-
OG dendrimer interaction with
Caco-2 monolayers. Dendrimers
are localized inside cell mono-
layers but avoid the nucleus (A),
and small vesicles of G3.5 den-
drimers (circled) can be seen
interacting with cells (B). Scale
bar=21 um.

and polyoxyethelyne, a surfactant, both lower extracellular
calcium levels, causing dissociation of tight junctions (31).
Other compounds, such as sodium caprate, increase tight
junctional opening by initiating a biochemical-signaling
cascade which results in the contraction of actin microfila-
ments, effectively dilating the intracellular tight junctions

Fig. 4 Occludin staining in the
presence and absence of G3.5-
OG dendrimers in Caco-2 cells
treated with HBSS or Dynasore.
A G3.5/ HBSS, B HBSS only C
G3.5/Dynasore and D Dynasore
only. Main panels illustrate the xy
plane; horizontal bars illustrate the
xz plane; vertical bars illustrate the
yz plane. Scale bars equal 21 um.
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(31). While it is possible that dendrimers interact with the
tight junctions in multiple ways, it is clear that prevention of
dendrimer endocytosis reduces both transcellular and
paracellular transport, suggesting that dendrimer endocy-
tosis is at least in part responsible for tight junction
modulation. Dendrimers are most likely acting on intracel-
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Fig. 5 Quantification of occludin staining. Cells treated with G3.5-OG
dendrimers in the presence of HBSS show a significant increase in occludin
staining from untreated cells. (***) indicates p <0.001. Cells treated with
dendrimer in the presence of dynasore do not show a significant change in
occludin staining relative to the control. Results are reported as mean +/—
standard deviation with n=4.

lular cytoskeleton components to induce tight junction
opening.

DISCUSSION

PAMAM dendrimers have shown promise as oral drug
delivery carriers due to their ability to translocate across the
epithelial layer of the gut, taking poorly bioavailable drug
cargo in tow (14). While many studies have suggested that
dendrimers transiently open tight junctions and are trans-
ported through the intestinal barrier by transcellular and
paracellular pathways (5, 10, 16), the details of these
processes are poorly understood. In order to design
dendrimers as oral drug delivery carriers, it is critical to
know the detailed mechanisms of their cellular entry,

Fig. 6 Dendrimer transport A
across Caco-2 cell monolayers.
Once endocytosed, dendrimers
can interact with tight junctions
(A), allowing for paracellular
transport (B), or they can be
degraded by the lysosomes (C)
or transcytosed (D).

Apical Side

5°C)
Tig

trafficking, transport and interaction with cellular tight
junctions. In this work, we have uncovered some of the
details of anionic dendrimer transport, which can have
significant implications for oral drug delivery.

Caco-2 cellular uptake of G3.5 dendrimers was found to
occur primarily through dynamin-dependent endocytosis
pathways, specifically clathrin- and caveolin-mediated
endocytosis. Previous reports have suggested the involve-
ment of clathrin in dendrimer endocytosis (17). The present
study confirms, for the first time, the involvement of
caveolin-mediated endocytosis in dendrimer internaliza-
tion. This suggests that dendrimers are not relegated to a
single means of cellular entry, but instead take advantage of
several specific endocytosis pathways. This has significant
implications for drug delivery, as intracellular trafficking is
largely dependent on initial pathway of cell entry. There-
fore, it is to be expected that a portion of dendrimer dose
applied to enterocytes will be trafficked to the lysosomes by
the clathrin-mediated endocytosis pathway, while the
dendrimers that enter via the caveolac may end up in the
cell cytosol, allowing dendrimers to be targeted to either
compartment depending on the desired effect.

Dendrimer transport across differentiated Caco-2 cell
monolayers was found to be dependent on dynamin- and
clathrin-mediated endocytosis, but independent of caveolin-
mediated endocytosis. This result was expected, since fully
differentiated Caco-2 cells lack caveolae. The differences
between dendrimer transport across differentiated epithelial
cells and uptake in undifferentiated cells can be exploited
potentially by drug delivery strategies that aim to specifi-
cally target cancer cells while simultancously avoiding
intestinal cells by designing linkers that would be cleaved
in caveolae-mediated transport pathways.

Intracellular trafficking studies shed further light on the
environments that dendrimers encounter after cellular
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internalization. Kitchens and co-workers (17) examined
G1.5 and G2 dendrimer colocalization with endosomal and
lysosomal markers in Caco-2 cells and reported that
dendrimers show constant presence in the early endosomes
at 20 and 60 min, with time-dependent trafficking to the
lysosomes. In this study G3.5 dendrimers were found to
localize in the early endosomes and lysosomes after 5 min,
displayed fast trafficking to the lysosomes after 15 min and
increased endosomal and lysosomal accumulation at
30 min, likely due to pathway saturation. Often, drugs are
conjugated to dendrimers via pH-sensitive linkers that are
cleaved in the acidic environment of mature endosomes or
peptide linkers that are cleaved by lysosomal enzymes such
as cathepsin B (32). These intracellular trafficking studies
corroborate the validity of such strategies, as dendrimers
can be found in both environments following cellular
internalization. Cleavage of pH-sensitive linkers in the
endosomes may be promising, as dendrimers are shown to
accumulate in these compartments over time. Knowledge
of the cellular uptake and intracellular trafficking pathways
of dendrimers can have significant impacts on designing
them for use as drug delivery vehicles. In the context of oral
drug delivery, knowledge of subcellular localization in
intestinal cells can enable design of conjugates that are
robust in these compartments and absorbed intact to the
blood-stream.

One of the most intriguing attributes of PAMAM
dendrimers 1s that within a specified size and charge
window, they have been shown to catalyze their own
transport via the paracellular pathway (5). Previous reports
have shown that dendrimers cause decreases in TEER,
increases in paracellular marker flux (e.g. mannitol) and
increased occludin accessibility in Caco-2 cells, confirming
that dendrimers open tight junctions (5-7). However, the
mechanism behind this phenomenon remained largely
elusive. In this study, we examined the role of dendrimer
cellular internalization in tight junction opening by moni-
toring the effects of dendrimers on confluent monolayers in
buffer or in the presence of dynasore. While dendrimers
were able to open tight junctions in the presence of buffer
alone, they could not do so in the presence of dynasore,
suggesting that dendrimer internalization is requisite for
tight junction opening. This has significant implications for
oral delivery using dendrimers because it shows that tight
junction opening is at least in part modulated by den-
drimers within the cells. Whether affecting tight junctional
structures from the apical environment outside the cells by
dendrimers also plays a role remains to be examined.
Therefore, this mechanism (opening tight junction by
internalization) results in temporary tight junction opening,
which is consistent with our previous reports that TEER
returns to pre-treatment values after 24 h (33). Taken
together, these data establish that dendrimers can be used

@ Springer

safely as oral drug carriers or penetration enhancers since,
depending on generation, concentration and incubation
time, their effects on tight junctions can be transient, not
permanent. Fig. 6 summarizes some of the possible G3.5
transport pathways across Caco-2 cell monolayers.

CONCLUSION

In this work, we report the detailed mechanisms of cellular
uptake, intracellular trafficking, transport and tight junction
modulation of G3.5 PAMAM dendrimers in Caco-2 cells.
We find that G3.5 PAMAM dendrimers enter undifferen-
tiated Caco-2 cells by clathrin-, caveolin-, and dynamin-
dependent pathways but that their transepithelial transport
across confluent monolayers is governed by clathrin- and
dynamin-dependent pathways only. Dendrimers are quickly
trafficked to the lysosomes, but show increased endosomal
accumulation once the lysosomal compartments become
saturated. Finally, it is demonstrated that dendrimer
endocytosis promotes tight junction opening, illustrating
the interconnected nature of the transcellular and para-
cellular pathways in dendrimer transepithelial transport.
Knowledge of detailed mechanisms of dendrimer cellular
uptake, intracellular and transepithelial transport will assist
in the design of PAMAM dendrimer-based oral drug
delivery strategies by providing appropriate linker chemis-
try consistent with transepithelial transport and cellular
trafficking pathways.
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