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ABSTRACT
Poly(amidoamine) (PAMAM) dendrimers have been extensively investigated for oral delivery
applications due to their ability to translocate across the gastrointestinal epithelium. In this Review,
we highlight recent advances in the evaluation of PAMAM dendrimers as oral drug delivery carriers.
Specifically, toxicity, mechanisms of transepithelial transport, models of the intestinal epithelial
barrier including isolated human intestinal tissue model, detection of dendrimers, and surface
modification are discussed. We also highlight evaluation of various PAMAM dendrimer-drug
conjugates for their ability to transport across gastrointestinal epithelium for improved oral
bioavailability. In addition, current challenges and future trends for clinical translation of PAMAM
dendrimers as carriers for oral delivery are discussed.
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Introduction

Importance of oral delivery

The oral route of administration is most patient com-
pliant, widely used, and readily accepted. It provides
additional advantages including minimal intervention
and pain during administration, cost-effectiveness,
reproducibility and feasibility across a range of patient
populations.1 It is estimated that the market for oral
drug delivery is growing at a compounded annual
growth rate of 10.3 % from 2010 to 2017.2 The total
absorptive surface area of the gastrointestinal (GI)
tract is around 300–400m2 and is comprised of villi
and microvilli that contribute to this high absorptivity
of the GI epithelium.3 The GI tract which extends
from mouth to colon, consists of 4 layers of architec-
ture: tunica serosa (for abdominal cavity) or tunica
adventitia (for esophagus and rectum areas) – the out-
ermost layer, tunica muscularis - next 2 smooth mus-
cle layers, and tunica mucosa – the innermost layer.
The tunica mucosa is the layer that faces the gut
lumen and contains the gastrointestinal epithelium.
The tunica submucosa is the layer that is surrounded
by vasculature and vessels of lymphatic systems.4,5

The intestinal epithelial cells (IECs) consist of

absorptive enterocytes and secretory IECs including
goblet cells, enteroendocrine cells, and Paneth cells.
The IECs are organized in the crypts and villi of the
intestinal epithelium.6 The enterocytes have absorp-
tive property, whereas goblet cells have mucus secret-
ing property. The lymphoid regions comprising of
Peyer’s patches are covered with M (microfold or
membrane) cells that are specialized for antigen pre-
sentation. M cells play a significant role in oral drug
delivery because they have high transcytotic activity,
and they have relatively less mucus protection.7

The challenges involved with oral drug delivery
include the acidic gastric environment, the poor aque-
ous solubility and chemical stability of many drugs
and the presence of digestive enzymes.7 The GI epithe-
lium protects the human body against absorption of
unwanted toxic materials by an external barrier sys-
tem that comprises mucus, an aqueous layer of water,
and the glycocalyx. In addition to these layers, there
are also abundant undifferentiated crypt cells and
mucus-secreting goblet cells, lining the wall. The high
enzymatic activity in enterocytes of the GI tract is
another challenge involved in oral drug delivery. The
enzymatic activity of GI tract often leads to intracellu-
lar hydrolysis and degradation of macromolecules
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after their absorption by endocytosis through
enterocytes.4

There are 2 major mechanisms of drug transport
across GI epithelium: a) Paracellular, b) Transcellular.
Paracellular transport involves passive diffusion of
substances through the intercellular spaces in between
epithelial cells and is under the control of tight junc-
tions.8 Transcellular transport pathway is further
divided into passive diffusion, carrier-mediated trans-
port and the endocytic transport or transcytosis. Pas-
sive diffusion is the preferred route of transport of
relatively small lipophilic molecules and is dependent
on concentration gradient across the GI epithelium.
Carrier-mediated transport involves energy-depen-
dent uptake of specific molecules by carriers. For
example, b-lactam antibiotics, angiotensin converting
enzyme inhibitors, monosaccharides, and amino acids
follow carrier-mediated transport processes for
absorption across GI epithelium.9 Endocytic transport
process involves invagination of the plasma mem-
brane leading to the formation and internalization of
vesicles and delivery of internalized molecules into
endosomal compartments.10 Mechanisms of endocytic
uptake include clathrin-mediated endocytosis, phago-
cytosis, macropinocytosis and caveolin-mediated
endocytosis.11 In addition to being endocytosed, drugs
or macromolecules can be transcytosed (transported
across cell).

Factors that should be taken into consideration in
developing oral drug delivery systems include physico-
chemical properties of the drug such as lipophilicity
and enzyme susceptibility, the modification of epithe-
lial permeability by small molecules (absorption
enhancers), the addition of receptor targeted ligands,
and the use of particulate carrier systems for transport
across the site of absorption. Particularly, the use of
particulate carrier systems involving the use of lipoic
and polymeric carriers has been highly successful in
the field of oral delivery.12,13

Polymeric Oral Drug Delivery Systems

Drug delivery involving either chemical conjugation
or physical complexation to polymeric carriers can
result in prolonged circulation half-life, increased con-
centration at the site of action and reduced non-spe-
cific toxicity.14,15 For oral drug delivery, polymers
provide the potential advantage of protecting drugs
and macromolecules against degradation in the

gastrointestinal tract and enhanced uptake.16 The
absorption of polymer based oral drug delivery sys-
tems is dependent on properties such as size, surface
chemistry, regiospecificity of a particle in the small
intestine, the bio/-mucoadhesive property of the poly-
mer, and permeation enhancement, among other fac-
tors.17 Polymer-based oral drug delivery systems
primarily follow the following 3 routes for absorption
through GI barrier: (1) through M cells; (2) via entero-
cyte mediated transcytosis; (3) via the paracellular
route.17 It was also reported that the uptake and trans-
location of the polymer-based particles in the small
intestine occur rapidly in less than an hour after
administration.17

The polymers used in oral drug delivery can be
widely classified as either hydrophilic or hydrophobic.
The hydrophobic group comprises poly (esters), poly
(cyanoacrylate), poly (orthoesters) and poly (phospha-
zenes). Examples of poly (esters) include poly (lactic
acid-co-glycolic acid) (PLGA) and poly(ξ-caprolac-
tone).18 The hydrophilic polymer group comprises of
poly(alkyl methacrylates), poly(methacrylates), poly
(acrylates), alginates, chitosan, polyphosphazene
hydrogels, poly(ethylene glycol)s and poly(amido-
amine) (PAMAM) dendrimers.18

PAMAM dendrimers

PAMAM dendrimers belong to a class of hydrophilic
and hyperbranched polymers reported by Tomalia in
1979.19 They are synthesized by a divergent synthetic
method that starts with an ethylene diamine core fol-
lowed by amidoamine branching structure. This pat-
tern leads alternatively to amine-terminated full
generation or carboxyl-terminated half-generation
dendrimers after each addition step in the synthesis.20

As the generation number increases, the number of
functional groups doubles, while the diameter of den-
drimer increases by about 1 nm.20,21 PAMAM den-
drimers because of their highly tunable and controlled
synthesis have the unique advantage of having very
low polydispersities. A complete generation of
PAMAM dendrimers has primary amine groups on
the surface (pKa D 6.85) and tertiary amine groups
within the core (pKa D 3.86).21 The availability
of high-density functional groups on the surface of
PAMAM dendrimers provides a unique advantage
of surface modification of these polymers with various
drugs, nucleic acids, and imaging agents.20,22
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PAMAM dendrimers were shown to interact with
microvasculature and extravasate through endothe-
lium because of their intrinsic charge.23 The net sur-
face charge of dendrimers is based on the nature of
surface groups and the generation number of the den-
drimers. The net surface charge of PAMAM den-
drimers characterized by measuring their zeta
potential was: 64.8 §3.2 mV for G7-NH2 (amine sur-
face), ¡42.0§1.2 mV for G6.5-COOH (carboxyl den-
drimers) and 27.7§1 .1 mV for G7-OH (hydroxyl
dendrimers).24 Due to their charge-based ability to
interact with biological membranes, PAMAM den-
drimers were shown to permeate across epithelial bar-
riers of the gut, therefore, making them potential
polymeric carriers for the delivery of drugs and mac-
romolecules across the GI barrier.20 PAMAM den-
drimers were also utilized as non-viral gene delivery
vectors due to their nanoscale size and their ability to
condense DNA thereby protecting DNA from in vivo
environment.22,25 PAMAM dendrimers were also
shown to be useful in other fields of nanomedicine
such as electrochemical bio(sensing),26 and photody-
namic therapy.27 However, PAMAM dendrimers suf-
fer from shortcomings such as toxicity, which have
limited their clinical and commercial acceptance.
Careful consideration in overcoming the toxicity using
surface modification could potentially transform
PAMAM dendrimers into specific, selective, and bio-
compatible nanocarriers for delivery of therapeutics
across various biological barriers.

This review focuses mainly on the use of PAMAM
dendrimers as polymers for oral delivery with empha-
sis on their mechanism of transport, the influence of
surface chemistry and toxicity after oral
administration.

Mechanism of transepithelial transport

PAMAM dendrimer interaction with tight junctions

Initial studies of PAMAM dendrimer transport across
Caco-2 cell monolayer and in situ perfusion models
demonstrated that PAMAM dendrimers are trans-
ported across GI epithelium by both para- and trans-
cellular routes.28-32 The detailed mechanistic studies
were then performed to elucidate the interaction of
PAMAM dendrimers with the tight junction of the
epithelium. Tight junctions are protein complexes
that include occludin, claudins, junctional-associated
membrane protein (JAM), and zonula occludens

proteins (ZO-1, ZO-2).33 Claudins are major struc-
tural components of tight junction and form a barrier
with highly regulated charge-selective pores and play
an important role in determining the permeability
properties of epithelial and endothelial cells.34,35

Occludin associates with claudins and contributes to
the assembly of tight junctions and the establishment
of the paracellular barrier.36,37 A thick perijunctional
F-actin support the integrity and barrier properties of
differentiated epithelia.35

Kitchens et al, investigated whether treatment of
Caco-2 cell monolayers with amine-terminated (G2.0-
NH2), hydroxyl-terminated (G2.0-OH), and carboxyl-
terminated (G1.5-COOH and G3.5-COOH) PAMAM
dendrimers resulted in modulation of tight junc-
tions.36 All dendrimers were investigated at 1.0 mM
concentration. Changes in the barrier functions of
tight junctions were evaluated by visualizing occludin
and actin in Caco-2 cell monolayers after treatment
with dendrimers using immunofluorescence micros-
copy. In untreated Caco-2 cells, occludin appears as a
sharp honeycomb pattern at the cell apex indicating
the intact, tight junction, whereas exposure of
PAMAM dendrimers altered this localization causing
either occludin diffusion along the lateral plasma
membrane or its translocation in the cytosol (Fig. 1).36

Similarly, incubation of Caco-2 cell monolayers with
rhodamine phalloidin, a probe specific for filamentous
actin, revealed a clear, continuous staining pattern.
After incubation with cationic and anionic PAMAM
dendrimers, the cells show a clear disruption of actin
staining indicating that dendrimers most likely
resulted in disruption of perijunctional F-actin belt
causing tight junction disassembly.36

In another study, Avaritt, et al, 2014, assessed tight
junction proteins caludin-1, occludin, and ZO-1 in
Caco-2 cell monolayers after treatment with G4-NH2

(0.01 mM) and G3.5-COOH (0.01 and 0.1 mM) den-
drimers. Interestingly, for G4-NH2 no difference in
staining occurred for actin, claudin-1, or occludin
compared to the control. In contrast, G3.5-COOH at
higher concentration (0.1 mM) significantly increased
staining of all proteins investigated.38 Furthermore,
Lin Y et al., 2011, quantitatively evaluated the effect of
PAMAM dendrimers on the paracellular permeability
of epithelial monolayers. The increase in concentra-
tion, incubation time and generation number of cat-
ionic and anionic dendrimers resulted in increased
paracellular permeability of epithelial cell
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monolayers.39 Therefore, it was confirmed that
PAMAM dendrimers modulate tight junction proteins
and increased permeability partly due to the opening
of tight junctions, which can be reversible depending
on the concentration, generation and surface charge
of the dendrimers.

Intracellular fate of PAMAM dendrimers

The most common pathway for intracellular uptake of
macromolecules is the endocytic pathway. The cellular
internalization and subcellular trafficking of FITC-
conjugated PAMAM dendrimers have been investi-
gated extensively.39-42 FITC-conjugated PAMAM den-
drimers, when visualized by confocal microscopy,
revealed that they are internalized within 20 mins, and
differentially colocalized with endocytosis markers
clathrin, EEA-1 (endosome antigen-1), and LAMP-1
(lysosomal-associated membrane protein 1).40 To fur-
ther investigate the endocytosis mechanisms of
PAMAM transport across Caco-2 cell monolayers, the
influence of endocytosis inhibitors such as brefeldin,
colchicine, filipin, and sucrose on uptake and

transport of G4.0-NH2 across Caco-2 cells was stud-
ied.41 In the presence of endocytosis inhibitors, a sig-
nificant reduction in G4.0-NH2 uptake and
permeability was observed. Brefeldin A and colchicine
reduced G4.0-NH2 uptake 2-fold and 3-fold respec-
tively.41 Furthermore, co-incubation with filipin and
sucrose reduced the rate of G4.0-NH2 uptake almost
3-fold.41 Therefore, it was concluded that in addition
to paracellular transport, cationic dendrimers are also
endocytosed.

To further investigate whether the surface charge
has any influence on cellular uptake mechanism,
PAMAM G3.5-COOH dendrimer cellular uptake,
intracellular trafficking, transepithelial transport and
tight junction modulation in Caco-2 cell monolayers
was evaluated.42 Oregon green-conjugated PAMAM
G3.5-COOH dendrimers’ transport across Caco-2
cells was evaluated in the presence of chemical inhibi-
tors blocking clathrin-, caveolin-, and dynamin-
dependent endocytosis pathways. Phenylarsine oxide
and mono dansyl cadaverine were clathrin inhibitors,
filipin and genistein were caveolin inhibitors, and
dynasore was dynamin inhibitor. In the presence of all

Figure 1. Dendrimers disrupt the integrity of tight junctions in cultured intestinal epithelial cells (A) Caco-2 cells with no polymer treat-
ment. Caco-2 cells incubated for 120 min with 1.0 mM: (B) G2NH2; (C) G2OH; (D) G1.5COOH; (F) G3.5COOH. Main panels illustrate the XY
plane; horizontal bars illustrate the Z plane; vertical bars illustrate the Z plane. Scale bars equal 100.00 mm. Figure obtained with permis-
sion from reference.36
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inhibitors tested, G3.5-COOH showed a reduction in
cellular uptake suggesting the involvement of both cla-
thrin- and caveolin-mediated endocytosis pathways in
cellular uptake.42 Overall, these studies suggest that
PAMAM dendrimers are transported across Caco-2
cell monolayers by a combination of paracellular path-
way and endocytosis.

Translocation of PAMAM dendrimers across isolated
intestinal tissue and in vivo models

In addition to transepithelial transport studies of
PAMAM dendrimers across Caco-2 monolayers, tech-
niques such as in situ perfusion, isolated tissue models
using the Ussing chamber set up, and in vivo models
were also employed.28,43-46 In vivo models in compari-
son to Caco-2 cell monolayers comprise mucus layers,
supportive mixed cell populations, and basement
membrane. Furthermore, these models allow the com-
parison of differences in the segmental transport
throughout different regions of the GI tract.45,47 125I
and fluorescein isothiocyanate (FITC)-labeled
PAMAM dendrimers were utilized in the majority of
instances for evaluation of their uptake and transport
across in vivo models.

In an initial study, transport of 125I-labeled anionic
PAMAM dendrimers was studied using the everted
intestinal sac system in the rat.28 The results have
shown that cationic PAMAM dendrimers exhibited
greater tissue uptake than their serosal transfer rates
across everted rat intestinal sacs at each time point.
Conversely, anionic dendrimers showed greater sero-
sal transfer rates than their tissue uptake in the same
model.28 This study confirmed the results from
Caco-2 monolayer studies that PAMAM dendrimer’s
generation and surface charge influence their transepi-
thelial transport.

The evidence of oral translocation of 125I-labeled
anionic G6.5-COOH dendrimers across GI epithelium
was reported after oral administration in CD-1
mice.46 The schematic showing the fate of radiolabeled
G6.5 dendrimers in the gastrointestinal tract and evi-
dence of its systemic absorption is provided as
Figure 2.46 In this study, the stability of the radiola-
beled dendrimers was first evaluated in simulated gas-
tric and intestinal conditions and in an in situ loop
perfusion model of mouse GI tissue. These experi-
ments were performed to investigate the possibility
that enzymes and other molecules present in those

scenarios could potentially cleave radiolabel off den-
drimers. Results indicated that radiolabeled G6.5-
COOH was relatively intact under simulated and in
situ loop perfusion conditions.46 The result revealed
that the oral bioavailability of 125I-labeled G6.5-
COOH dendrimers plateaued off at about 4 hours and
was found to be 9.4 % for 4 h.46

Studies involving transport of PAMAM dendrimers
across isolated rat and human intestinal tissue using
Ussing Chambers have been reported. In an initial
study transepithelial transport of FITC-labeled
PAMAM dendrimers across isolated rat jejunal muco-
sae was reported. Results demonstrated that the
apparent permeability (Papp) values of FITC-G3.5
PAMAM dendrimers significantly increased over that
of free FITC. However, the Papp of FITC-G4.0 den-
drimers did not significantly increase over that of free
FITC. Moreover, histological evaluation of isolated
jejunal tissue after 120 min incubation in Ussing
chambers with both anionic and cationic FITC-labeled
dendrimers showed that there was no significant
membrane disruption due to dendrimer treatments.
All tissue samples showed an intact barrier, consistent
with the retention of secretory ion transport
capacity.45

In a follow-up study, the Papp of PAMAM den-
drimers across isolated rat intestinal regional mucosae
was evaluated using FITC-labeled dendrimers. Trans-
port of dendrimers across jejunal and colonic regions
of isolated rat intestinal mucosae was compared.
Results showed that jejunal transport of dendrimers
was higher than transport in colonic epithelium.
Results from isolated tissue model were compared to
Caco-2 monolayer model, and it was reported that
monolayer Papp values of dendrimers were comparable
to those of jejunal mucosae.43 The results of this study
indicate that the transport in jejunal mucosae appears
to be the greatest, and small intestine may be the most
likely region to target for oral drug delivery using
PAMAM dendrimers.

The ability to predict the human intestinal perme-
ability of PAMAM dendrimers based on results
obtained from isolated human intestinal tissue was
first reported by Dallin et al.44 Human jejunal and
colonic tissues received from colectomy, pancreatic
duodenectomy, and Roux-en-Y gastric bypass surgery
patients. The permeability of PAMAM dendrimers
was evaluated along with the penetration enhancing
effects on the small paracellular marker mannitol.
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Results indicated that at 1.0 mM concentration both
G4-NH2 and G3.5-COOH dendrimers did not have a
statistically significant higher permeability compared
to free FITC controls in isolated human jejunum and
colonic tissues.44 Therefore, this first in human tissue
study suggests that PAMAM dendrimer oral drug
delivery may be possible, but it may be limited to
highly potent drugs.44

Toxicity of PAMAM dendrimers in the context of
oral delivery

It is well reported that PAMAM dendrimers demon-
strate a generation-, surface charge-, concentration-
and incubation time-dependent cytotoxicity profile in
Caco-2 cell monolayers.29 Based on other in vitro
cytotoxicity studies, the rank order of cytotoxicity of
PAMAM dendrimers is hydroxyl-termina-
ted<carboxyl-terminated<amine-terminated sys-
tems.20,31 Cytotoxicity evaluation performed on

Caco-2 cells using the lactate dehydrogenase (LDH)
assay showed that carboxyl-terminated dendrimers of
generations 3.5 and 4.5 were shown to be toxic only at
a higher donor concentration of 10.0 mM compared
to amine-terminated dendrimers of generations 3.0
and 4.0 which are toxic to 1.0 mM.29,30 The influence
of cationic PAMAM G4-NH2 on Madin-Darby canine
kidney (MDCK) cell monolayer integrity was per-
formed by determining the permeability of mannitol
across MDCK cells.32 Results indicated that at 100 mg/
ml concentration of G4-NH2 dendrimer, mannitol
permeability increased by 9-fold, suggesting that cell
integrity is compromised in the presence of G4.32

Further evaluation of toxicity of PAMAM den-
drimers was performed in other in vitro models such
as fresh rat blood cells48 and 3-D kidney organoid cul-
ture model.49 The release of hemoglobin after addition
of PAMAM dendrimers G1.5-G9.5 to fresh rat blood
cells (RBCs) and incubation at 37�C for 1 h was spec-
trophotometrically determined. Results indicate that

Figure 2. Schematic depicting the fate of radiolabeled G6.5 dendrimers in the gastrointestinal tract and evidence of its subsequent sys-
temic absorption. Figure obtained with permission from reference[46].
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amine-terminated PAMAM dendrimers displayed
concentration and generation-dependent hemolysis,
and changes in red cell morphology. All cationic den-
drimers except G 1.0 showed hemolytic activity above
1.0 mg/mL. Anionic dendrimers did not show any
morphological changes to RBCs up to 2.0 mg/mL.48 In
another in vitro study, 3-D kidney organoid proximal
tubule cultures were created using isolated murine
proximal tubule fractions suspended in a biomedical
grade hyaluronic acid based hydrogel. The toxicity of
G5-OH dendrimers was assessed using a clinical bio-
marker generation. Results indicate that G5-OH
PAMAM dendrimers elicited in vivo-relevant kidney
biomarkers and cell viability that closely reflect toxic-
ity markers reported in vivo in rodent nephrotoxicity
models exposed to same G5-OH dendrimers.49

Several in vivo studies were reported that were
focused on the toxicity of PAMAM dendrimers of dif-
ferent generations and surface charge, after oral
administration.24,46,50 PAMAM dendrimers of genera-
tions 3.5, 4.0, 6.5, and 7.0 corresponding to 3 different
surface functionalities: carboxyl-, amine, and
hydroxyl-terminated were administered orally and
intravenously. The results have shown that orally
administered doses of PAMAM dendrimers were tol-
erated at a higher dose when compared to intrave-
nously administered doses. PAMAM G4-NH2 was
tolerated up to 100 mg/kg after oral administration
while anionic and hydroxyl-terminated PAMAM den-
drimers of the corresponding generation were toler-
ated at 300 mg/kg. Furthermore, PAMAM G7.0-NH2

was found to be toxic at 50 mg/kg while anionic and
hydroxyl-terminated PAMAM dendrimers of same
generations were tolerated at 300 mg/kg.24,50 To elimi-
nate the local toxicity of dendrimers as the cause of
increased permeation resulting in enhanced oral bio-
availability, an acute toxicity study after oral adminis-
tration of G6.5-COOH PAMAM dendrimer was
conducted using CD-1 mice. Results indicate that
G6.5-COOH did not show any signs of toxicity after
oral administration at a dose (1 mg/kg) employed in
bioavailability studies.46

Surface modification of PAMAM dendrimers to
reduce toxicity and enhance transepithelial
transport

Because of their potential to transport across epithelial
barriers, it would be desirable to enhance their

transport without eliciting toxicity. This enhanced
transport can be achieved by surface modification of
PAMAM dendrimers using various small molecule
ligands.20,22 The initial attempts in this direction
involved conjugation of lauric acid to cationic
PAMAM dendrimers, generation 2.0 to 4.0 and evalu-
ation of their cytotoxicity and permeability across
Caco-2 cell monolayers.51,52 Results have shown that
conjugation of PAMAM dendrimers with 6 and 9
lauroyl chains per molecule of PAMAM reduced tox-
icity and improved permeability. The study involving
investigation of the mechanism of transport of lauroyl
conjugated dendrimers suggested that lauroyl moieties
enhance penetration of dendrimers across Caco-2
cells.52 In an attempt to reduce toxicity, PAMAM den-
drimers were partially- or fully- acetylated, and their
transport across Caco-2 cells was evaluated.53 The
results of this study suggest that the cytotoxicity of the
cationic PAMAM G4-NH2 can be reduced by surface
acetylation while maintaining permeability.

Amino acids ornithine and arginine were conju-
gated to PAMAM dendrimers and their permeability
across Caco-2 and intestinal pig epithelial cell (IPEC-
J2) monolayer were investigated.54,55 In both cell lines,
there was no significant difference in cytotoxicity
between polyamine-conjugated dendrimer and native
dendrimers. Furthermore, a concentration and time-
dependent enhancement in permeability was observed
from apical to the basolateral side for the polyamine
conjugated PAMAM dendrimers.54,55 Another proven
strategy to improve biocompatibility and pharmacoki-
netics of polymeric drug carriers in vivo is PEGylation.
PEGylation of anionic dendrimers G3.5-COOH and
G4.5-COOH with PEG 750 kDa did not significantly
alter cytotoxicity up to a concentration of 0.1 mM.56

Overall, the above studies indicate that surface modifi-
cation of PAMAM dendrimers can result in a reduc-
tion of cytotoxicity while either maintaining or
increasing transepithelial permeability.

PAMAM-dendrimer-drug conjugates and
complexes for oral delivery

Due to the availability of functional groups and pres-
ence of void volume inside dendrimers, therapeutics
can be covalently attached to- or complexed by ion-
ion and van der Waals interactions or entrapped in
void spaces of PAMAM dendrimers. During the past
decade, there have been many reports of such
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PAMAM dendrimer-drug conjugates and complexes.
The investigations have included both in vitro and in
vivo evaluation of transepithelial transport of
PAMAM drug conjugates and complexes. Discussion
about all PAMAM drug conjugates and complexes is
out of the scope of this review. However, a few exam-
ples will be discussed below, and a list is provided in
Table 1.

An initial study reported conjugation of proprano-
lol, a poorly soluble drug, and a p-glycoprotein (P-up)
substrate, with PAMAM G3.0-NH2 or lauroyl-modi-
fied PAMAM G3.0-NH2 using a chloroacetyl spacer.
The results of this study showed that conjugation of
propranolol with dendrimers enhanced solubilization
overcame P-gp efflux and increased apical to basolat-
eral transport of the dendrimers across Caco-2 mono-
layers.57 In another study, oral absorption of PAMAM
G3.0-NH2-doxorubicin conjugate was investigated in
rats. The absorption kinetics was evaluated using a
simple non-compartmental model using plasma con-
centration vs. time data after oral gavage of PAMAM-
doxorubicin conjugates. The results reported a 300
fold increase in bioavailability of the doxorubicin
when delivered as PAMAM-doxorubicin conjugate as
compared to the free drug following a single oral dose
in rats.58

Studies in our lab involved covalent conjugation as
well as complexation of 7-ethyl-10-hydroxy-campto-
thecin (SN-38), a potent topoisomerase inhibitor and
a biologically active metabolite of irinotecan hydro-
chloride, with PAMAM dendrimers. Initially, SN-38
was complexed to PAMAM G4.0-NH2, and its perme-
ability was assessed across Caco-2 monolayers.59 The
results indicated that PAMAM G4.0-NH2 – SN-38
conjugate showed up to 10-fold higher permeability
and 100-fold higher uptake than free SN-38. However,
the complex was not stable under acidic conditions.59

In a follow-up study, SN-38 was covalently conjugated
to PAMAM G3.5-COOH with glycine and b-alanine
spacers and their transepithelial transport was evalu-
ated on Caco-2 cell monolayers.60 G3.5-Gly-SN38 at
100 mM and G3.5- bala-SN38 at 10 mM and 100 mM
showed a statistically significant increase in apical to
basolateral SN-38 flux relative to free SN-38
(p < 0 .001).60 However, the SN-38 flux was concen-
tration dependent for G3.5-gly-SN38 while it was
unchanged for G3.5-bala-SN38 between treatment
with 10 and 100 mM concentrations. The data, there-
fore, suggests that conjugate with glycine linker may
be transported primarily by a concentration-driven
process, such as paracellular diffusion and conjugate
with b-alanine linker may follow a saturable process
such as transcellular transport.60

A more recent study involved investigation of
PAMAM dendrimers as absorption enhancers for oral
delivery of camptothecin, an anti-cancer agent with
low oral bioavailability and gastrointestinal toxicity.61

In this study, camptothecin (5mg/kg) was formulated
and co-delivered with cationic G4.0-NH2, anionic
G3.5-COOH PAMAM dendrimers in CD-1 mice.61

Both cationic and anionic dendrimers resulted in an
approximate 2 to 3-fold oral absorption enhancement
of camptothecin in vivo at 2 h. However, PAMAM
dendrimers alone did not cause an increase in blood
levels of the paracellular uptake marker 14C-mannitol
at 2 h suggesting that, at the doses tested, tight junc-
tion modulation was not observed in vivo and that the
increase in absorption of camptothecin was not due to
the opening of tight junctions.61

Future outlook

The oral administration remains the most patient
compliant route for therapeutics. Many of the major

Table 1. List of PAMAM dendrimer-drug conjugates investigated for oral delivery.

PAMAM-Drug Year Conjugation or Complexation Model Ref

PAMAM G0,G1,G2-quercetin 2016 Complexation In vivo-rat 63

PEG-PAMAM-probucol in nanostructured lipid carriers 2015 Co-delivery In vivo-mouse 64

PAMAM-resveratrol 2015 Complexation In vitro-stability 65

PAMAM G0,G1,G2-puerarin 2013 Complexation In vivo-rat 66

PAMAM G4.0, G3.5-camptothecin 2013 Co-delivery In vivo-rat 61

PEG-PAMAM-Simvastatin 2013 Complexation In vivo-rat 67

PAMAM G1.5,G2,G2.5,G3-silybin 2011 Complexation In vivo-rat 68

PAMAM-SN38 2011 Covalent conjugation In vitro-Caco-2 60

PAMAM-doxorubicin 2008 Complexation In vivo-rat 58

PAMAM-naproxen 2007 Covalent conjugation In vitro-Caco-2 69

PAMAM-propranolol 2003 Covalent conjugation In vitro-Caco-2 57
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drawbacks associated with oral delivery can be over-
come using polymer based delivery systems. PAMAM
dendrimers are one such polymer that have shown
promise in enhancing oral delivery of drugs with poor
bioavailability. Research in various in vitro and in vivo
models has shown that PAMAM dendrimers have the
ability to enhance transepithelial transport of thera-
peutics. The major challenges that involve clinical
translation of PAMAM dendrimers as efficient oral
delivery carriers are their toxicity and biocompatibil-
ity. There is a need for strategies to mitigate the toxic-
ity of dendrimers while maintaining their
permeability across the transepithelial barrier. Surface
charge is determined to be the most dominant reason
for toxicity of dendrimers. Therefore, strategies to
alter the surface of PAMAM dendrimers using novel
chemistries would be of utmost importance for the
success of these carriers as oral delivery carriers in a
clinical setting.

Permeability experiments on isolated human tis-
sues have been reported to have a strong correlation
to fraction absorbed in humans.62 Evaluation of
PAMAM dendrimer permeability across isolated
human tissue revealed important aspects of their
transepithelial transport that influence their transla-
tion to the clinic. Based on correlation curves, an over-
all predicted fraction absorbed for 13-14 kDa
dendrimers was approximately 30% in humans. How-
ever, this value may be an overestimation because the
correlation curves are prepared from Papp values of
small molecular weight pharmaceuticals and markers
across intestinal epithelial barriers and have inherent
assumptions that these probes do not influence the
transport properties of epithelial barriers.

Another major area involves appropriate analytical
techniques for quantification of intact and degraded
PAMAM dendrimers in various biological fluids and
tissues after oral administration. Current methods
that are based on either radiolabeling or conjugation
with a fluorophore are cumbersome, lack specificity,
and often suffer from stability issues. The design and
development of linker chemistries for PAMAM den-
drimer-drug conjugates play a vital role, as the linker
must be stable in the GI tract and the blood stream,
but susceptible to cleavage at the target site of action.

Based on published literature and experimental evi-
dence from our lab, PAMAM dendrimers can be ben-
eficial for a) moderately enhancing the intestinal
permeability of highly potent drugs with poor oral

bioavailability, b) oral delivery of targetable systems
intended for site-specific release of drugs, and c) for
delivery of polymer-therapeutics along with penetra-
tion enhancement.

In conclusion, PAMAM dendrimers can provide a
platform for oral drug delivery, provided their draw-
backs can be overcome by strategies such as optimiz-
ing the dose of the carrier and drug, surface
modification to overcome toxicity, reliable analytical
techniques for detection, appropriate design of site-
specific linkers, and employment of penetration
enhancers.
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