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Drug delivery systems or vectors are usually needed to improve the bioavailability and effectiveness of a
drug through improving its pharmacokinetics/pharmacodynamics at an organ, tissue or cellular level.
However, emerging technologies with sensitive readouts as well as a greater understanding of physiolog-
ical/biological systems have revealed that polymeric drug delivery systems are not biologically inert but
can have innate or intrinsic biological actions. In this article, we review the emerging multiple innate bio-
logical/toxicological properties of naked polyamidoamine (PAMAM) dendrimer delivery systems in the
absence of any drug cargo and discuss their correlation with the defined physicochemical properties of
PAMAMs in terms of molecular size (generation), architecture, surface charge and chemistry. Further,
we assess whether any of the reported intrinsic biological actions of PAMAMs such as their antimicrobial
activity or their ability to sequester glucose and modulate key protein interactions or cell signaling path-
ways, can be exploited clinically such as in the treatment of diabetes and its complications.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

The effectiveness of a pharmacological agent (e.g. drug or vac-
cine) is dependent on its ability to reach the right target organ, tis-
sue or intracellular site of action in an intact or active (right) form
for a sufficient (right) period of time to exert the desired (right)
biological activity. Drug delivery systems or vectors are usually
needed to improve the bioavailability and effectiveness of an active
agent through improving its pharmacokinetics at an organ, tissue
or cellular level (see also [1,2]. The drug carrier system offers,
amongst others, one or more of the following properties: protec-
tion of the drug from degradation in the biological milieu [3–6],
improving its passage across biological barriers [7–11] overcoming
drug efflux transporters [12,13], avoiding or delaying elimination/
excretion [14–16], enhancing cell binding, uptake, trafficking and
intracellular localization to the desired subcellular compartments
[1,6,17–19]. Delivery systems can often be needed for classical
small molecule drugs (e.g. poorly water-soluble drugs with low
bioavailability [20]; however, they are almost always necessary
for macromolecular drugs such as those emerging from the ongo-
ing biotechnological revolution that include the recent clinically-
approved nucleic acid-based therapeutics (antisense oligonu-
cleotides, RNA-interference/siRNA [21–23] and mRNA-based
COVID-19 vaccines [24]. Further, they will also be required for
delivering the more recently developed macromolecular gene edit-
ing technologies such as CRISPR/Cas9 (clustered interspaced short
palindromic repeats/CRISPR-associated protein 9) that are under-
going human clinical trials evaluation [25–28]. The active agents
of these therapeutics are generally biologically unstable, or of high
molecular weight and often negatively charged (i.e. polyanionic) –
characteristics that, without the use of an appropriate delivery sys-
tem, would otherwise prevent their passage through the body to
their intracellular sites of action [21,23]. Although a lipid-based
delivery system (or liposome technology) has been employed for
the improved delivery of some recently approved siRNA drugs
and mRNA-based COVID-19 vaccines, there are a plethora of drug
delivery systems or vectors, including natural and synthetic poly-
mers, peptides and lipids/liposomes, that can be used to improve
the delivery of small molecule or macromolecular therapeutic
agents. A review of these is beyond the scope of this article and
the reader is referred to more pertinent literature on this topic
[1,2,21–23,29].

There is a general consensus that drug delivery systems, in
addition to improving the delivery of the active agent through
modulation of its pharmacokinetics/pharmacodynamics, must be
biocompatible and exhibit little or no cellular toxicity [23,30–32].
Traditionally, biocompatible delivery systems, identified through
screening of the gross biological properties in vitro and in vivo, have
largely been considered as being ‘‘biologically inert”. However,
with the advent of -omics technologies (e.g. transcriptomics and
proteomics) and highly sensitive, high throughput screening plat-
forms, the emerging field of nanotoxicology can now identify sub-
tle, often early, biological effects at the cellular level (genomic/
proteomic) that might be predictive of the gross toxicological
and biological properties of nanomaterials used in drug delivery
systems including interactions of excipients with drug transporters
and drug-drug interactions [22,23,31,33–36]. Indeed, we were the
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first group to show commercially available gene-transfection
agents such as lipofectin and oligofectamine as well as linear and
branched polyethylene, polypropylenimine and polyamido(amine)
(PAMAM) dendrimers induced multiple gene expression changes
in human cells (for a review see [22,23,31]. In the context of using
these delivery systems in gene silencing studies, where usually
only one target-gene change is desired, multiple gene changes
induced by the delivery vector would be undesirable as they may
mask gene silencing activity and/or contribute to the off-target
effects [30,31]. Thus, it was proposed that drug-delivery systems
for gene-based therapeutics should also be screened for ‘‘geno-co
mpatibility” in toxicogenomic analysis using transcriptomics
[22,23,31]. More recently, it has been shown that drug delivery
systems including PAMAM dendrimers [37], lipids [38] and cell
penetrating agents [32] also modulate protein cell signaling cas-
cades in living systems and thus can exert intrinsic/innate biolog-
ical actions beyond their effects on drug delivery (see also [39]).

The concept of intrinsically biologically active or bioactive poly-
mers is not novel per se but has been known for many years
[39,40]. Indeed, several synthetic polymer products have been
commercially available for some time as clinically-approved
sequestrants of ions or toxins (e.g. sodium polystyrene (Kayex-
alate�)) and as plasma volume expanders (e.g. Hydroxyethyl starch
130/0.4 (Voluven�) and more recently as immunomodulators
(Glatiramer (Copaxone�)) [41–44]. In addition, natural polymers
such as nucleic acids, proteins, and carbohydrates have obvious
biological activity necessary for life-processes and some are also
available as clinically-approved drugs (e.g. Recombinant Insulin
is a well-known therapy for reducing blood glucose levels in dia-
betic patients [45]; and the recent mRNA vaccines are used in
SARS-CoV-2/COVID-19 infections [46]. However, synthetic poly-
mers primarily adopted for use as drug delivery systems, were gen-
erally not ‘‘designed” to have any specific biological action of their
own but are now emerging to be intrinsically bioactive often with
multiple biological actions.

In this review, we will focus on highlighting the emerging mul-
tiple biological/toxicological properties of naked PAMAM den-
drimer delivery systems (i.e. in the absence of any drug cargo
attached to the polymers). For literature on PAMAM-drug conju-
gates, the reader is referred to other recent reviews [47–50].
Herein, we further assess whether any of the reported intrinsic bio-
logical actions of PAMAMs such as their antimicrobial activity or
their ability to sequester glucose and modulate key protein inter-
actions and cell signaling pathways, can be exploited clinically
(e.g. in the treatment of diabetes and its complications).
2. Overview of PAMAM dendrimers

Polyamidoamine (PAMAM) or ‘‘starburst” dendrimers (see
Fig. 1A) were the first complete nano-sized family of dendrimer
structures to be chemically synthesized, characterized and com-
mercialized [51] (for review see also [49,50,52,53]. The term ‘‘den-
drimer” is derived from the Greek words, ‘‘dendron” and ‘‘meros”,
meaning ‘‘tree” and ‘‘parts”and refers to their characteristic
branched-like structure. PAMAM dendrimers are generally spher-
oidal, highly branched, cascade polymers, the size and surface
functional group and charge of which can be finely controlled



Fig. 1. Structural and physicochemical properties of PAMAMs. (A) Schematic showing the chemical structure of G2 amino-terminated PAMAM dendrimer (the core, surface
amino groups and internal cavity for drug entrapment or sequestration are highlighted). (B) Structure of cationic, neutral and anionic surface functional groups of PAMAM
dendrimers. (C) A table summarising the molecular weight (Daltons), measured diameter (nm), and number of surface groups of different generations of PAMAMs (G0-G10).
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during synthesis [52–56]. PAMAM dendrimers can be synthesized
by several strategies including divergent step-growth polymeriza-
tion in a layer-by-layer manner (expressed in ‘generations’ or ‘‘G”)
typically around an initiator 2-carbon ethylenediamine core unit;
though ammonia and cystamine are also commonly used core
structures [50]). Thus, layers of radially repeating units attached
to the core lead to progressive generations of dendrimers (see
Fig. 1A) with defined molecular structure/architecture, branching
points, terminal functional chemistry and very low polydispersity
[50,52,54]. Each successive generation leads to an increased diam-
eter and molecular weight with twice the number of terminal sur-
face groups as its immediate precursor (see Fig. 1C. In addition to
the classical cationic PAMAM with their amino-terminal surface
chemistry ((–NH2); hydroxyl- (–OH, neutral) and carboxyl- (–
COOH, anionic) surface chemistries (see Fig. 1B) are also commer-
cially available. The cationic and neutral PAMAMs are available as
full generation dendrimers (G1 through G10) whereas the anionic
PAMAMs are produced in half generations (e.g. G1.5 to G9.5). Thus,
PAMAM dendrimers are available as a homologous series of poly-
mer structures with increasing molecular weight (or generations)
3

and different surface chemistries that provide a defined set of
physiochemical properties to evaluate structure–activity relation-
ships in drug delivery as well as in the biological actions of these
unique nano-structures.

As an additional advantage, post-synthesis engineering of
PAMAM dendrimers to produce alternative, often open, structural
architectures is also possible. For example, following a controlled
solvolytic procedure at high temperature, the so-called ‘‘fractured”
or ‘‘activated” dendrimer architectures can be produced that have
reduced internal structural branching and increased internal cavity
volume. Such PAMAM nanoarchitectures allow for improved drug
entrapment and delivery through increasing the capacity of drug-
pay-load that can be physically carried internally within the voids
of the dendrimer [57,58]. SuperFect (SF) is an example of a com-
mercially available fractured (activated) generation 6 (G6), cationic
(amino-terminated) PAMAM dendrimer.

Thus, PAMAM dendrimers have been considered ideally suited
to serve as non-viral drug delivery vectors whereby drug cargo
can be carried and protected either within the internal cavities
(see Fig. 1A), or bound to the surface groups or even a combination
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of the two approaches- a strategy that might be useful for drug
combination therapies. Typically, small molecule drugs are those
that are entrapped within dendrimer cavities, so as to improve sol-
ubility, reduce toxicity and possibly mask taste with the ultimate
goal of improving the pharmacokinetics and bioavailability of the
active agent (for a recent review see [49]. Entrapment capacity
for drugs is greater with activated or lower generation PAMAMs
(typically below G4) that have open structures compared to the
higher generations (>G6) that exhibit a more rigid surface due to
high branching and surface group density [58,59]. Furthermore,
drugs or active agents can also be attached to the dendrimer sur-
face through electrostatic adsorption or covalent conjugation (e.g.
for recent reviews see [47,49]).

Cationic amino-terminated PAMAM dendrimers, because of
their positive charge and ability to bind to negatively charged
nucleic acids as well as promote efficient cellular uptake by endo-
cytosis and/or via membrane pore formation [60–62], have been
extensively studied as drug delivery vectors for nucleic acid based
therapies including plasmid DNA and siRNA/antisense oligonu-
cleotides [22,23,31,47,49,53,63]. The formed complexes of PAMAM
dendrimers with nucleic acids are usually termed ‘‘polyplexes” or
‘‘dendriplexes” that can more efficiently deliver nucleic acids into
cells.

Non-viral drug delivery systems, including PAMAMs, aside from
their drug delivery-enhancing capacity, should ideally be biologi-
cally inert [22,23,31]. In the last decade or so, an emerging theme
arising from several micro-array based global gene expression pro-
filing studies [30,64–69] and protein signaling studies [37,70–72],
have highlighted that even so called ‘biocompatible” polymers can
exert intrinsic biological activity such as modulation of global gene
expression and interference with key cell signaling cascades (for
reviews see [22,23,31,73]. A study of the biological effects of drug
delivery systems will not only have a bearing on their nanotoxicol-
ogy and clinical safety but importantly, may also highlight
potentially novel biological actions that could be exploited thera-
peutically [37]. Thus, a common consensus in the nanotechnology
field is that drug delivery system-induced biological changes to liv-
ing cells need to be profiled in detail both in vitro and in vivo and
their clinical significance determined. Recent literature highlight-
ing these biological properties of PAMAMs is reviewed herein.
3. Biodistribution and pharmacokinetics of PAMAMs in vivo

To assess the likely biological actions exerted by naked
PAMAMs and their possible impact on a given organ/tissue/cell
system, it is necessary to study the likely fate of PAMAMs in the
body following administration via different routes.

Despite the reported enhanced pharmacokinetic profiles of
many drugs and marketed formulations when conjugated to
PAMAM dendrimers [47,74,75], the pharmacokinetic modeling of
naked PAMAMs (without a drug cargo) administered via different
routes has not been extensively reported. It should be noted that
the fate of drugs carried by PAMAM dendrimer delivery system
does not necessarily reflect that of PAMAM dendrimer itself as
the latter can dissociate and have a fate that is different from the
drug. Due to the potential diversity of PAMAM dendrimer struc-
ture, size, and surface charge that can be generated by modifica-
tions to their core and/or surface, their ability to cross cellular
membranes will vary accordingly, and consequently their pharma-
cokinetic profiles are expected to be widely versatile.

Generally, it is known that in vivo administration of nanopartic-
ulate drug delivery systems, including PAMAMs, usually results in
their biodistribution into tissues of the reticuloendothelial system
such as the spleen, lung, liver, heart and kidney [76]. There is also
evidence that PAMAMs can traverse the blood–brain barrier and in
4

the CNS, neutral G4 PAMAMs can localise to microglia and astro-
cytic inflammatory cells of the brain [77]. In a study of 14C-
labelled PAMAMs, Roberts et al (1996) also showed extremely high
accumulation of cationic G5 and G7 in the pancreas- a finding that
might have clinical implications in diabetes. It was generally found
that cationic dendrimers were rapidly removed from blood circula-
tion (<2h) and rapidly eliminated via the kidneys into the urine
[78].

In key studies lead by the Ghandehari group [60,79], the biodis-
tribution and pharmacokinetics of three generations (G5, G6, and
G7) of the neutral PAMAMs were characterized in tumour-
bearing mice and modelled into a two-compartmental distribution
model with a central link to two tumour serial compartments.
There were significant differences in the pharmacokinetic primary
parameters, including elimination and renal clearances among the
three PAMAM generations that was dependent on polymer size/-
generation. As the hydrodynamic size (or generation) of the
PAMAMs increased, the elimination clearance decreased linearly
in a log scale. This was also in agreement with the renal clearance
when urine data were analyzed, with lower reported values than
the overall elimination clearance suggesting a side pathway of
elimination such as through the liver and spleen. Tomalia et al.
[54] demonstrated that MRI images of mice injected with different
generations of cationic PAMAMs showed that as the PAMAM gen-
eration increases, its predominant elimination pathway shifts from
the kidneys (PAMAMs < G5) to the liver (PAMAMs > G5). Thus,
lower generations of cationic PAMAMs (G2 to G5) demonstrated
a predominant accumulation in the kidney compared to the higher
generations (G6 to G9) which tended to be trapped in the reticu-
loendothelial system of the liver and spleen [80].

As a main elimination process within the kidneys, glomerular
filtration was found to play a major role in the renal elimination
of PAMAMs. With a cut-off diameter of ~5.0 nm for the majority
of pores [81], the glomerulus selectively allows the filtration of
polymers below this threshold. This size-dependent glomerular fil-
tration was evident with PAMAMs of hydrodynamic radius of
around 2.0 nm being filtered easily through the kidney compared
to PAMAMs of larger hydrodynamic radius of around 4.0 nm being
close to the glomerular filtration threshold leading to lower renal
clearances and longer blood exposure. Therefore, this polymer
size-dependent pharmacokinetics was also reflected on polymer
blood exposure (dose normalized AUC) which was increased when
PAMAM generation increased from G5 to G7, suggesting a longer
half-life predicted for larger polymers. For example, G7-OH was
shown to have the longest plasma circulation retention compared
to lower generations, resulting in its overall distribution almost
equally to all body organs [79,82]. It is noteworthy to mention, that
the surface chemistry of PAMAMs also plays a significant role in
determining their biodistribution and pharmacokinetics. For
example, radiolabeled charged PAMAMs injected intravenously or
intraperitoneal in rats have been shown to readily clear from the
circulation and accumulate significantly in the liver, with anionic
taking a longer time to clear than cationic PAMAMs [83]. Surface
modification of these charged PAMAMs to render them hydrophi-
lic, e.g., by PEGylation, could limit their hepatic clearance and con-
sequently prolong their half-life [84,85]. A careful selection of the
degree of PEGylation not only improves the pharmacokinetics of
PAMAMs, but also reduces their toxicity especially for the cationic
constructs [86,87].

It is thought that PAMAM dendrimer architecture also has an
influence on its passage through cellular membranes, and conse-
quently their pharmacokinetic profiles. The extent of branching,
ability to deform, and the possibility of being globular have been
shown to be correlated with PAMAMs biodistribution [8,55,83].
In contrast to linear polymers, which can reptate through porous
membranes (i.e. through a motion analogous to snakes slithering
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one through another), PAMAM dendrimers have been shown to
lose their ability to deform and get through membranes as their
size/generation increases [88–91]. Thus, PAMAMs at higher gener-
ations show structure rigidity that limits their ability to deform
and pass through fenestrated membranes such as those existing
in the liver and kidney tissues, influencing their elimination/clear-
ance. A possible solution to reducing rigidity is to decrease den-
drimer generation; alternatively, a direct reduction of dendrimer
internal branching such as in the production of ‘‘activated”
PAMAMs through post-synthesis solvolytic degradation of higher
generations is known to lead to nanostructures that are more effi-
cient as transfection agents [57–58]. However, the role of particle
rigidity/elasticity requires further study as in some cases rigid
nanostructures may offer better cell uptake properties and addi-
tionally, rigidity/elasticity may be of less importance than particle
size and shape in determining membrane permeability (for
reviews see [92,93]).

In non-eliminating tissues and organs, the pharmacokinetics of
PAMAM dendrimers have also been correlated with their physio-
chemical properties especially their size/generation and surface
charge. Extravasation and accumulation of PAMAMs into tumour
tissues have been shown to be greater compared to extravasation
to normal tissues [79,94]. Indeed, this selective biodistribution or
enhanced permeability and retention (EPR) effect in particular
has been the basis of using nanoparticles, including PAMAM den-
drimers, as potential delivery carriers for many anti-cancer agents
[95–97].

Beyond parenteral administration, the absorption process fol-
lowing extravascular administration has been separately charac-
terized. To model its absorption through the intestinal epithelial
barrier, the permeability of PAMAM dendrimers was characterized
in vitro across Caco-2 cell monolayer and found to be transported
through a paracellular and energy-dependent process, e.g., adsorp-
tive endocytosis [8,98–101]. PEGylation of anionic PAMAMs, how-
ever, has been shown to reduce its paracellular transport [102].
Although cationic and anionic PAMAMs have been shown in vitro
to increase the paracellular transport of some drugs by opening
tight junctions, most likely by disrupting the tight junctional pro-
teins occludin and actin [60], this phenomenon was not observed
in vivo where PAMAMs were reported to enhance camptothecin
uptake independently of tight junction opening [103]. The role of
membrane transporters such as p-glycoprotein on the transport
of PAMAM dendrimers is yet to be confirmed, as the data are
inconclusive [8,60,104–106].

At the cellular level, membrane association, cell uptake and
intracellular fate of PAMAMs appears also to be dependent on den-
drimer concentration and on the physico-chemical properties of
surface charge and molecular weight as well as the cell-type being
investigated. Although a comprehensive review of the cellular
uptake mechanisms is beyond the scope of this review (for a recent
review see [59], generally, PAMAMs enter cells by some form of
vesicular transport (e.g. endocytosis or macropinocytosis) and/or
via membrane pore formation [59,60,62,107,108]. The pore-
formation theory arises from studies showing that higher genera-
tion dendrimers (>G4) can cause pore formation and strip lipids
from the membranes, whereas low generation dendrimers (<G5)
have been found to intercalate or adsorb to membrane surfaces
(for a review see [59]. Cationic PAMAMs may also be substrates
for efflux transporters such as p-glycoprotein as demonstrated in
drug resistant cancer cells [107], though this requires further
study. The precise PAMAM cell uptake and trafficking mechanisms
are strongly dependent on cell type as significant differences in cell
uptake mechanisms and exocytosis of a G4 PAMAM were noted in
multidrug resistant breast cancer (MCF-7) cells compared to their
sensitive wild type cells [107]. For example, greater macropinocy-
tosis, exocytosis and lysosomal degradation of G4 PAMAM was
5

reported in drug resistant cells than wild-type MCF-7 cells [107].
The intracellular fate of PAMAMs or their breakdown products is
less well studied. PAMAMs are thought to escape endosomal/lyso-
somal compartments (possible via a proton sponge effect) and
have been reported to locate to a variety of intracellular sites
including the cytosol, nucleus, mitochondria, Golgi complex and
the endoplasmic reticulum [59,107,109–110]. Thus, their location
within the many sub-cellular organelles might aid understanding
of the diverse biological actions possible with PAMAM dendrimers.
Indeed, since PAMAMs are thought to be biodegradable; knowl-
edge of both the intracellular fate of the intact dendrimer nanos-
tructures as well as their degradation products requires greater
study as this information will undoubtedly be important in corre-
lating their intracellular location with biological activity (e.g. it
could help distinguish between the relative contribution of
PAMAM-mediated changes in mitochondrial versus nuclear gene
expression).

The above studies suggest that the cellular uptake and traffick-
ing, as well as the in vivo biodistribution and pharmacokinetics of
PAMAMs, are significantly influenced by the dendrimer generation
(size) and surface chemistry. Furthermore, it should be noted that
conjugation or attachment of a drug can alter the pharmacokinet-
ics of PAMAMs; for example nucleic acids complexed with den-
drimers (forming so-called ‘‘dendriplexes”) are more stable and
generally exhibit longer circulation times [76]. Indeed, the in vivo
kinetics of disassociation of PAMAMs from their conjugated drug
moieties, the subsequent fate of intact and breakdown products
of PAMAMs as well as their biological consequences remain poorly
understood and require further study.
4. Innate properties beyond drug delivery: Biological and
toxicological actions of PAMAMs

An emerging consensus is that beyond their drug delivery
effects, PAMAMs also exert several biological/toxicological actions
ranging from molecular effects (such as their impact on gene
expression and on cell signalling proteins) to bulk macroscopic
effects such as haemolysis and cell death (see Fig. 2 for a sum-
mary). These are discussed further in the proceeding sections.
4.1. PAMAM-induced gene expression and the concept of
‘‘toxicogenomics”

Toxicogenomics is a branch of (nano) toxicology that examines
the effects of a nanomaterial on (global) gene expression through a
study of cellular transcriptomics e.g. via using micro-array based
gene expression assays [23,31]. In this way, our laboratory was
the first to report on the ability of several drug delivery systems
such as lipid transfection agents (e.g. Lipofectin and Oligofec-
tamine) [64,66], linear and branched polyethyleneimine [22],
polypropyleneimine dendrimers [65], and PAMAMs [30] to elicit
multiple gene expression changes in human cells- findings that
have been confirmed subsequently by others (see Table 1 for a
summary of studies showing gene expression changes elicited by
PAMAMs).

Drug delivery systems including commercial cationic liposomal
formulations, generally elicited multiple gene expression changes
in the absence of causing detectable direct DNA damage in cells
[31,66]. In our toxicogenomics evaluation of PPI and PAMAM den-
drimers, we found that the nature and extent of gene expression
changes induced by these drug delivery systems were dependent
on the dendrimer generation, dendrimer branching architecture,
surface charge, the type of the nucleic acid present in dendriplexes
and on the type of cell being studied [22,30,31,65]. Drug delivery
system-induced gene changes were observed in in vitro cell culture



Fig. 2. A summary of biological or toxicological effects of PAMAM dendrimers: A schematic showing the potential ability of PAMAMs in altering gene expression,
interfering with signal transduction pathways, inducing hemolysis, producing antibacterial effects, interacting with cellular proteins and nucleic acids, inducing cell death,
and modulating inflammatory responses.

H. Kheraldine, O. Rachid, Abdella M Habib et al. Advanced Drug Delivery Reviews xxx (xxxx) xxx
systems as well as in an animal model (e.g. mouse xenograft for
linear and branched polyethyleneimine) [22]. Furthermore, drug
delivery system-induced gene expression changes appear to occur
after both acute and chronic exposure of delivery systems though
the nature of the genes affected are likely to be different.

Interestingly, in the first report of PAMAM-mediated gene
expression, two commercially available G6 PAMAM dendrimer
delivery systems, Polyfect (PF) and Superfect (SF), were found to
elicit marked gene expression changes in human epidermoid carci-
noma (A431) cells (see also Table 1, Fig. 3) [30]. Using a high-
density microarray chip housing 20,000 gene spots, a 2-fold gene
expression change (up- and down-regulation) in 1749 genes were
observed for SF and only 1103 genes for PF after 4 h incubation
with cells. These two cationic amino-terminated G6 PAMAMs, dif-
fering only in their structural branching architecture, were
reported to have opposing effects on the expression of epidermal
growth factor receptor (EGFR) implying that PAMAM structural
architecture had an important influence on the ability of PAMAMs
to elicit gene expression changes in cells. Although the effect of
PAMAM surface chemistry was not directly investigated in this
study, the authors noted that upon complexation of PF with DNA,
a concomitant reduction in the zeta potential (a measure of surface
charge) was accompanied with a significant reduction in the num-
ber of gene changes (greater than 30%) induced by the PF-DNA
dendriplexes. However, unexpectedly PF-siRNA dendriplexes
exhibited a 70% increase in the number of gene expression changes
[30] implying that the nature of the nucleic acid was an important
determinant of this biological effect and further implied that each
PAMAM-drug complex might exhibit a unique ‘‘gene signature” as
it is likely seen by cells as a separate entity from the PAMAM car-
rier alone.
6

The gene expression effects observed by Hollins et al (2007)
were supported by a later study that concluded G5 cationic
PAMAM dendrimers could also alter the expression patterns of
multiple genes in HeLa cells in a structure-dependent manner,
with a more pronounced impact seen with activated PAMAMs
compared to non-activated ones [68]. As to the nature of the
genes/gene ontologies affected by PAMAM dendrimers, these are
mostly implicated in cell survival, proliferation, nucleic acid bind-
ing, transcription activity, and some other biological processes (see
also Table 1 that gives a comprehensive listing of the gene changes
reported with PAMAMs).

The surface chemistry of PAMAM dendrimers can strongly
influence their toxicogenomic effects. The effect of surface charge
was reported in primary human bronchial epithelial cells, PBECs,
where cationic, but not anionic, PAMAMs downregulated genes
related to cell cycle and cell division mediated by NF-jB [67]. At
low-dose exposure, an upregulation was reported in genes impli-
cated in immune responses, such as TNF-R and IL-1b, as well as
genes involved in cell migration and disassembly of the extracellu-
lar matrix, such as MMP3 and MMP9 [67]. The effect of PAMAMs
on inflammatory responses is further discussed in a subsequent
section (see below).

The nature and extent of gene expression changes elicited by
PAMAMs (see Table 1 for list), even at low doses that do not show
overt cell toxicity, may allow early prediction of subsequent gross
biological and toxicological effects especially in terms of apoptosis.
Furthermore, gene changes may be considered beneficial or detri-
mental in the context of the intended purpose for which PAMAMs
might be used. In the context of using PAMAMs for delivering
siRNA, Hollins et al (2007) showed that PAMAM-induced pleiotro-
pic gene expression could be detrimental as they may add to the



Table 1
Gene expression changes induced by naked PAMAM dendrimers. Genes reported to be upregulated or downregulated are shown.

Gene Protein encoded PAMAM used Generation Model Methodology Effect of
PAMAMs [1]

Reference(s)

ABCB1 ATP-binding cassette, subfamily B (MDR/TAP), member 1 Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR " Kuo et al [68]
ANLN Anillin actin binding protein Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
ARHGAP11A Rho GTPase activating protein 11A Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
ARNTL2 Aryl hydrocarbon receptor nuclear translocator like 2 Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR ; Kuo et al [68]]
ART4 ADP-ribosyltransferase 4 (Dombrock blood group) Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR ; Kuo et al [68]
ASPM Assembly factor for spindle microtubules Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
ATF3 Activating transcription factor 3 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
AURKB Aurora kinase B Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
BIRC5 Baculoviral IAP repeat-containing protein 5 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
BRCA1 Breast cancer type 1 susceptibility protein Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
BTG2 B-cell translocation gene 2 Cationic G3, G4 THP-1 (acute monocytic leukemia) RT-PCR " Janaszewska et al [171]

U937 (histiocytic lymphoma)
BUB1 Mitotic checkpoint serine/threonine kinase Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
BUB1B Mitotic checkpoint serine/threonine kinase B Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
C1orf112 Chromosome 1 open reading frame 112 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
C5orf23 Chromosome 5 open reading frame 23 Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR " Kuo et al [68]
CASC5 kinetochore scaffold 1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CCDC80 Coiled-coil domain containing 80 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
CCNB1 Cyclin B1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDC20 Cell division cycle protein 20 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDC25C Cell division cycle 25C Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDC45 Cell division cycle 45 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDCA2 Cell division cycle associated 2 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDCA5 Cell division cycle associated 5 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDCA8 Cell division cycle associated 8 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDK1 Cyclin-dependent kinase 1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CDKN2A Cyclin-dependent kinase inhibitor 2A Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
CDKN3 Cyclin-dependent kinase inhibitor 3 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CENPF Centromere protein F Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CEP55 Centrosomal protein 55 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CHD4 Chromodomain helicase DNA binding protein 4 Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR ; Kuo et al [68]
CHERP Calcium homeostasis endoplasmic reticulum protein Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR " Kuo et al [68]
COL5A1 Collagen type V alpha 1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
COL6A2 Collagen type VI alpha 2 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
CRADD Death domain-containing protein Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CSF1 Colony stimulating factor 1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
CSF2 Colony stimulating factor 2 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
CX3CL1 C-X3-C motif chemokine ligand 1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
CXYorf3 Homo sapiens chromosome X and Y open reading frame 3 Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR ; Kuo et al [68]
DLGAP5 DLG associated protein 5 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
DPP4 Dipeptidyl peptidase-4 Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
E2F1 E2F transcription factor 1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
EGFR Epidermal growth factor receptor SF and PF cationic G6 Human epidermoid carcinoma A431 cell line Microarray, RT-PCR, Western Blot " ; Hollins et al [30]

SF cationic G6 human embryonic kidney cells Western Blot " Akhtar et al [70]
PF cationic G6 Human embryonic kidney cells Western Blot ; Akhtar et al [71]
SF and PF cationic G6 Male Wistar rats Western Blot " ; Akhtar, Al-Zaid, et al [72]
Cationic G4, G5, G6, G7 Primary rat aortic smooth muscle cells Western Blot ; Akhtar, El-Hashim, et al [120]
Cationic G6 Primary rat aortic smooth muscle cells Western Blot ; Akhtar et al [37]

ENST00000370419 Regulating synaptic membrane exocytosis protein 1 (RIM 1) Non-activated, cationic G5 HeLa cancer cells Microarray " Kuo et al [68]
ErbB2 Erythroblastic oncogene B2 Cationic G4, G5, G6, G7 Primary rat aortic smooth muscle cells Western Blot ; Akhtar, El-Hashim, et al [120]
EREG Epiregulin (EPR) Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
ERK1/2 Extracellular signal-regulated protein kinase SF cationic G6 Human embryonic kidney cells Western Blot " Akhtar et al [70]

PF cationic G6 Human embryonic kidney cells Western Blot ; Akhtar et al [71]
SF and PF cationic G6 Male Wistar rats Western Blot " ; Akhtar, Al-Zaid, et al [72]
Cationic G4, G5, G6, G7 Primary rat aortic smooth muscle cells Western Blot ; Akhtar, El-Hashim, et al [120]
Cationic G6 Primary rat aortic smooth muscle cells Western Blot ; Akhtar et al [37]

ESPL1 Extra spindle pole bodies like 1, separase Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
ETS1 ETS proto-oncogene 1, transcription factor Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
ETS2 ETS proto-oncogene 2, transcription factor Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
FAM129A Protein niban Cationic G4 Primary bronchial epithelial cells mRNA sequencing " Feliu et al [67]
FANCA Fanconi anemia complementation group A protein Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
FANCD2 Fanconi anemia complementation group D2 protein Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
FAT2 FAT atypical cadherin 2 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
FOLH1 Folate hydrolase (prostate-specific membrane antigen) 1 Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR " Kuo, Liou and Chiu [68]
FOXM1 Forkhead box M1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
FOXO1 Forkhead box O1 Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
GIPR Gastric inhibitory polypeptide receptor Non-activated, cationic G5 HeLa cancer cells Microarray, RT-PCR " Kuo, Liou and Chiu [68]
HJURP Holliday junction recognition protein Cationic G4 Primary bronchial epithelial cells mRNA sequencing ; Feliu et al [67]
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‘‘off-target” effects already observed with these gene silencing
agents [30]. In contrast, these authors also showed that by care-
fully selecting a delivery system that additionally inhibited the
actual gene targeted by siRNA (as exemplified by EGFR), gene
silencing activity could be enhanced and thus, in this case
PAMAM-induced modulation of gene expression could be consid-
ered beneficial. In any case, for the appropriate selection of a suit-
able delivery system, including specific PAMAMs, we recommend
toxicogenomics screening as part of their assessment for a given
intended clinical or non-clinical purpose. However, a question that
remains is ‘‘at what time point of exposure should toxicogenomics
studies be performed?”. In most experimental settings, the time
selected is that which is matched to the time chosen for determin-
ing a given biological end-point e.g same time point as when you
examine target gene silencing in cells or animals. However, this
does not always provide answers on the long-term effects of these
drug delivery systems and their likely clinical safety. Indeed, an
important research question that remains poorly understood, is
the precise temporal profile of the gene changes elicited by
PAMAMs. It would also be important to delineate the mechanisms
involved in eliciting acute versus chronic gene changes and
whether the latter involves persistence of the same genes from
acute effects or mediated by different genes resulting from multi-
ple cascade events subsequent to the initial (acute) gene expres-
sion changes. As to the mechanism, we and others have noted
specific gene and signalling changes in the acute in vitro cell setting
are mediated via PAMAM-induced oxidative stress mechanisms
[70,71,110,112], though this needs further verification in other
models in vitro and in vivo.
4.2. Modulation of signal transduction pathways

With the caveat that not every single gene expression change
will lead to a corresponding change in the encoded protein, actual
measured cellular mRNA and protein levels mostly show reason-
able correlation [113]. Thus, a natural corollary to drug delivery
system-induced gene changes is that these will ultimately lead to
cellular changes in protein levels including those involved in cell
signalling and indeed, this is the case with PAMAMs.

PAMAM dendrimers can strongly interact with and/or disrupt
key cell signaling cascades in vitro and in vivo, thereby modulating
cellular communication processes that control the overall cell
function and organization (Fig. 3, Fig. 4). For example, EGFR sig-
nalling is critical for cell growth, proliferation, differentiation,
migration and survival of cells (reviewed in [114,115]). Cationic
PAMAM dendrimers were found to alter the EGFR-ERK1/2 cellular
signal transduction pathway in a dose and time-dependent man-
ner in human embryonic kidney cells, that was also confirmed
in vivo in animal models [70–72]. The use of antioxidants reversed
the impact of PAMAMs on the investigated cell signaling pathway,
which reveals that PAMAMs modulate cell signaling pathways via
an oxidative-stress-dependent mechanism [70–72].

Similar to their differential effects on EGFR gene expression
in vitro [30], SF and PF dendrimers also had opposing actions on
EGFR signaling transduction pathway in vivo [70,71] - not only
implying that dendrimer architecture influences gene and protein
signaling changes alike but further suggested that PAMAMs might
be considered as a new class of EGFR receptor modulators allowing
both stimulation (ligand-like) or inhibition (receptor antagonist-
like actions) [71]. ERK1/2 and p38 MAP kinase signaling cascades
were also modulated by PAMAM dendrimers; since these are
important cell signaling molecules that converge and relay signals
from multiple cell surface receptors, their dysregulation by
PAMAMs might have important implications regarding the use of
these polymers in nanomedicine [72].



Fig. 3. Examples of cell signaling molecules/pathways modulated by PAMAM
dendrimers. These include ACE2 [122], EGFR/ERK1/2-ROCK [71,115], p38 MAP
kinase [72], ROS [71,111–112,153,145–147], renin-angiotensin pathway [122], and
AKT-TSC2-mTOR [124], MMP [67,148–149], ATM [148–149], Caspase [71,112,153],
and AKT-TSC2-mTOR [124].

Fig. 4. Examples of the main signalling pathways modulated by PAMAM dendrim
pathway [122], and AKT-TSC2-mTOR [124].
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Signaling via Angiotensin II, a key peptide of the renin-
angiotensin system (RAS) is vital for blood pressure regulation
and, partly through its ability to transactivate EGFR signaling
[116–120], has been implicated in several pathologies including
cardiovascular diseases [114,119]. In a systematic study of a series
of PAMAM generations (G4, G5, G6, and G7) and different surface
chemistries (cationic, anionic, and neutral), cationic PAMAMs had
the highest inhibitory effect on Angiotensin II/AT1 receptor-
mediated transactivation of EGFR and ErbB2, a second member of
the EGFR family of receptors, in a dose and time-dependent fashion
in primary vascular smooth muscle cells. There was a strong corre-
lation of these biological effects with dendrimer generation as the
inhibition of Ang II-mediated transactivation of EGFR/ErbB2
increased upon treatment with higher generations
(G7 > G6 > G5 > G4) of PAMAMs. This systematic evaluation of den-
drimer generation and surface chemistry on EGFR cell signaling
further provided proof of the important role that physicochemical
properties played in the biological actions of drug delivery systems
[120]. Moreover, mechanistic studies with cationic G5 PAMAM
confirmed suppression of Ang II-mediated transactivation of
EGFR/ErbB2 occurred through inhibition of the non-receptor tyro-
sine kinase (Src) [120] implying that Src signaling may also be the
target for PAMAMs. Further, it is known that upregulated Src-
dependent EGFR signaling via downstream effectors like ERK1/2
and Rho kinases (ROCK) can mediate diabetes-induced vascular
complications [37,114,121]. In an animal model of diabetes, it
was shown that PAMAM dendrimers can inhibit the EGFR-
ERK1/2-ROCK signaling pathway in vivo in a generation and a sur-
ers: these include EGFR/ERK1/2 [71,115], p38 MAP kinase [72], renin-angiotensin



H. Kheraldine, O. Rachid, Abdella M Habib et al. Advanced Drug Delivery Reviews xxx (xxxx) xxx
face chemistry dependent manner (cationic > anionic > neutral)
[37]. This was accompanied by a mitigation of the vascular dys-
function associated with diabetes, and thereby raises hope in uti-
lizing PAMAMs as possible treatments for diabetes-induced
vascular complications [37] (see also perspectives section).

Cationic PAMAM can also bind and inhibit angiotensin convert-
ing enzyme type 2 (ACE2) [122], thereby dysregulating the renin-
angiotensin pathway through blockade of its counter-regulatory
arm comprising ACE2-Angiotensin-(1-7)- Mas receptor that gener-
ally opposes the actions of Ang II [114,123]. In the absence of
ACE2- the same molecule that is known to facilitate cellular entry
of SARS-COV-2 virus that induces pulmonary distress syndrome (a
form of lung injury) in COVID-19 patients (for a recent review see
[123], Ang II actions will predominate and in pulmonary pathology
these are largely detrimental as they mediate lung injury [123].
Inhalation of a cationic, but not anionic, G5 PAMAM dendrimer
in mice led to induction of lung injury through inhibition of
ACE2 and raised Ang II levels [122]. Elevated Ang II levels occurred
presumably as a compensatory mechanism, but surprisingly this
was in the absence of changes in ACE levels [122]. It was hypoth-
esised that blocking Ang II signaling with Losartan, an AT1 receptor
antagonist, could rescue dendrimer-induced lung injury. Taken
together, the above studies imply that PAMAM dendrimers are
important modulators of RAS as they can likely inhibit both ‘‘arms”
of the RAS signaling cascade depending on the tissue or organ sys-
tem being exposed- this fact will be dependent on the route of
administration and the resulting biodistribution and pharmacoki-
netics PAMAMs.

In the context of lung toxicity, it was also found that cationic
PAMAMs induce autophagic cell death mediated by the dysregula-
tion of the Akt-TSC2-mTOR signaling pathway that also mediates
acute lung injury [124]. A set of other pathways related to cell
apoptosis and autophagy are also deregulated by PAMAM den-
drimers and will be discussed in the subsequent sections below.

4.3. Interactions with other sub-cellular components or molecules

PAMAM dendrimers tend to interact and bind with cellular and
subcellular structures and proteins depending on the surface
chemistry and generation of the used PAMAMs. These interactions
may either change the function of the substrate in a desirable man-
ner or induce cellular toxicity [37,125]. Several potentially benefi-
cial actions of PAMAMs have been reported in this context.

Amylin or human islet amyloid polypeptide (hIAPP), that is co-
secreted with insulin from pancreatic beta-cells, is important for
glucose homeostasis. However, amyloid deposits of this peptide
in the islets of Langerhans can lead to beta-cell toxicity and type-
2 diabetes. Gurzov et al showed that neutral G3 PAMAMs can effec-
tively prevent the aggregation of hIAPP and mitigate hIAPP-
mediated toxicity in pancreatic MIN6 and NIT-1 cell lines as well
as in mouse islets [126]. Mechanistically, PAMAM dendrimers pre-
vented the aggregation of hIAPP by stopping its polymerization
through reducing interpeptide contacts and hydrogen bonds [126].

The surface charge/chemistry of PAMAM dendrimers is a major
determinant of their interaction with cellular components. For
example, cationic and anionic PAMAMs showed opposing effects
on the assembly and function of tight junctions in human colorec-
tal adenocarcinoma cell line (Caco-2) [127]. Interestingly, anionic
PAMAMs failed to open tight junctions, whereas cationic PAMAMs
altered tight junctions allowing small molecule transportation. The
reported mechanism behind this effect was linked partially with
the PLC-dependent signaling pathway in addition to intracellular
calcium release caused only by cationic PAMAMs [127]. On the
other hand, cationic PAMAM dendrimers blocked the pore-
forming B components of the binary anthrax toxin (PA63) and
clostridium botulinum C2 toxin (C2IIa) at low concentrations
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[128]. Therefore, by blocking these pores, cationic PAMAMs inhib-
ited transporting of the A components from endosomes to the
cytosol of target cells. These data show a novel biological effect
of PAMAM dendrimers in which they can protect human target
cells from the toxicity of binary toxins released from pathogenic
bacteria [128]. PAMAM dendrimers also showed anticoagulant
activities through binding with polyphosphates and modulating
activation of the intrinsic pathway of coagulation in vitro. Low gen-
eration PAMAMs inhibited clotting in a polyphosphate (polyP) 60-
and 130-dependent mechanism, while higher generations reversed
the procoagulant effects of PolyP 60 and PolyP 130 [129].

Despite the above-mentioned potential benefits, toxicity can
also arise from PAMAM interactions with subcellar components
or molecules. For instance, inhalation of a cationic PAMAM induced
acute lung failure in mice through binding with ACE2 [122]. Collec-
tively, these studies highlighting PAMAM/drug delivery system-
induced molecular interactions at the level of gene expression or
cellular proteins imply that such actions will have functional con-
sequences which likely result in gross biological effects on cells
and organs; and depending on the role of the target molecules
impacted, these gross biological effects can be either beneficial or
detrimental.

4.4. Interaction of PAMAMs with red blood cells and platelets

Since administration of PAMAM dendrimer delivery systems
will likely include the parenteral route, their compatibility with
blood components should be taken into consideration to ensure
the safe application of these compounds. Following intravenous
administration, the immediate gross toxicological effects observed
with mainly cationic PAMAMs upon their interactions with blood
components include red blood cell haemolysis, initiation of blood
clot formation and disruption of key platelet functions [130,131].

In this context, many studies showed that cationic PAMAMs
strongly interact with RBCs in vitro, causing significant haemolysis
and inducing morphological changes resulting from the interaction
between two oppositely charged membranes [132]. Further, the
induction of haemolysis by cationic PAMAMs was time, concentra-
tion, and generation-dependent, as it increased gradually from G3
to G6. The onset of haemolysis was faster upon using cationic
PAMAMs than anionic and neutral chemistries at similar concen-
trations and generations [132]. In vivo studies also revealed that
cationic PAMAMs could trigger adverse blood clots in zebrafish
embryos, resulting in blood toxicity [130]. While anionic and neu-
tral PAMAMs caused a much less haemolytic effect; the role of the
positively charged surface of PAMAMs in inducing haemolysis was
confirmed as similar results were obtained when using a com-
pound with similar amino surface chemistry and different poly-
meric structure [132].

In addition, cationic PAMAM dendrimers can trigger several
changes in the morphology and the membrane integrity of RBCs
(see Fig. 5)- which normally have the shape of a biconcave disc-
in a generation-dependent manner [133,134]. The nature of these
changes depended on the concentration of PAMAMs, i.e. a concen-
tration of 1 nM induced echinocytic transformation, using 10 nM
elongated the cells and created spindle-shaped forms, and finally,
using 100 nM created drepanocyte-like cells [133,134]. It was also
suggested that cationic PAMAMs could change the mobility and
arrangement of fatty acid chains in the bilayer of RBCs cellular
membrane, which might be linked to the observed morphological
changes [133].

Regarding the impact of PAMAMs on platelets, it was reported
that platelet morphology and function was altered by cationic
PAMAMs, leading to increased aggregation [131,135]. In rodents,
administering cationic PAMAMs intravenously produced a dissem-
inated intravascular coagulation-like condition resulting in rapid



Fig. 5. Effect of PAMAMs on RBCs morphology. PAMAM dendrimers induce several morphological changes in RBCs, e.g., echinocytes transformation, drepanocytes
transformation, spindle-shaped transformation [133–134], in addition to the incidence of hemolysis [132].
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mortality [136]. Taken together, these data support that the trend
of PAMAMs toxicity towards RBCs and platelets is surface chem-
istry, generation, and dose-dependent. Although cationic PAMAMs
are usually the most bioactive, surprisingly, red blood cell antigen–
antibody recognition was impaired after applying anionic G4.5
PAMAM, while similar concentrations of cationic and neutral
PAMAMs did not cause a visible impact on the RBC agglutination.
The reason for this was not entirely clear [137] but reflects the
unique nature of biological actions of the different PAMAMs.
4.5. Cell toxicity and triggering cellular death via apoptosis, autophagy
or necrosis

Like most polymeric delivery systems, PAMAM dendrimers also
show some degree of cytotoxicity that is dependent on dose, time
of exposure, generation, surface chemistry, and cell type. As a con-
sensus, positively charged naked PAMAMs can exhibit significant
cytotoxicity (assessed in terms of reduced cell viability or cell
death) compared to anionic and neutral counterparts that are
reported to minimally affect cell viability [59,120].

Cytotoxicity of PAMAMs has mainly been studied in cell lines
in vitro. There is some criticism that use of cell lines may not be
truly representative of the likely toxicity of PAMAMs in vivo and
thus, primary cells may be a better model. Using primary aortic
vascular smooth muscle cells, cell viability of different cationic
PAMAM dendrimer generations (G4, G5, G6, G7) and surface che-
mistries (cationic, neutral and anionic) were compared. Cytotoxic-
ity (reduced cell viability as measured by trypan-blue exclusion)
was dose-dependent for cationic G5 and increased with increasing
cationic PAMAM dendrimer generations. Generation matched neu-
tral and anionic PAMAMs had little or no effect on cell viability at
the doses studied [120]. Thus, PAMAM-mediated gross toxicity in
primary cells is dependent on the physicochemical properties of
the dendrimers- a fact that was also concluded from studies in dif-
ferent cell lines (see reviews by [59]. The cytotoxic nature of catio-
nic polymers including PAMAMs has led to them being explored
for anticancer applications in vitro and in vivo [47,49,50,52,54,138].
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The toxicological/biological effects of PAMAMs in vivo are also
largely mediated by cationic surface chemistry [37,59]. For exam-
ple, a recent study examining the in vivo nanotoxicological effects
of cationic G6 PAMAM in the heart, showed that chronic i.p.
administration of this PAMAM in rats significantly impaired the
recovery of cardiac function following ischemia–reperfusion injury
[139]. Exposure of isolated hearts to cationic G6 PAMAM led to
increased markers of cardiac damage [139] most likely indicating
PAMAM-mediated myocardial injury and cell death.

Herein, we will discuss key studies investigating cellular death
mechanisms induced by PAMAM dendrimers: namely autophagy,
apoptosis, and necrosis (Fig. 6).

4.5.1. Autophagy
Autophagy (or autophagocytosis or ‘‘self-eating”) is an intracel-

lular degradation system wherein old or damaged organelles,
unneeded proteins, or pathogenic agents, are sequestered in
autophagosomal vesicles and digested by lysosomal enzymes with
digestion products being released back into the cytoplasm- a pro-
cess that can ultimately lead to cell death [140–142]. For the dis-
covery of the molecular mechanisms of autophagy, a Nobel prize
was awarded to Yoshinori Ohsumi in 2016 [143].

Cationic PAMAM dendrimers were proven to trigger autophagy
in different cell lines. G3 cationic PAMAM specifically induced the
accumulation of autophagosomes in human lung adenocarcinoma
A549 cells through deregulating the Akt-TSC2-mTOR signaling
pathway; this appeared to occur in the absence of apoptosis as
the hallmarks of apoptosis (DNA fragmentation and Caspase-3
activity) were unaltered [124]. However, cationic G5 PAMAMs
were reported to trigger apoptosis alongside autophagy in HepG2
hepatocellular carcinoma cells [144]. The hepatotoxicity of
PAMAM dendrimers could be significantly reversed by inhibiting
autophagy in vivo highlighting an important role of autophagy in
PAMAM-induced liver injury [144]. CNS toxicity of PAMAM den-
drimers in several glioma cell lines was also linked to induction
of autophagy upon treatment with cationic G5 PAMAMs [145]. Dif-
ferent mechanisms induced by PAMAMs leading to autophagy
were proposed, such as decreasing phosphorylation in Akt/mTOR



Fig. 6. Induction of cell death by PAMAM dendrimers. PAMAM dendrimers can trigger apoptosis, necrosis, and autophagy based on their molecular size/generation and
surface chemistry (see main text for further explanantion).
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signaling pathway and activating ERK1/2 signaling [124,144,145].
Also, an association between oxidative stress and autophagy trig-
gered by cationic PAMAMs was established, as inhibiting ROS pro-
duction reduced the observed toxicological effects [145–147]. The
application of antioxidants such as N-acetyl cysteine, tocopherol
and lipoic acid reduced PAMAM dendrimer-mediated autophagy
and neuronal cell toxicity, thereby implying that using antioxi-
dants and/or autophagy inhibitors could be a useful strategy to
prevent PAMAM-mediated toxicity [147].

4.5.2. Apoptosis and necrosis
Apoptosis (also known as programmed cell death or ‘‘cell sui-

cide”) and necrosis (uncontrolled cell death) are the more widely
reported methods by which cells can die [142]. Many studies have
reported on the apoptosis and necrosis induced by PAMAM den-
drimers, including the influence of different surface chemistries
and generations. G4 cationic PAMAMs resulted in apoptotic effects
with weak necrosis in different cell lines; human acute T-cell leu-
13
kemia Jurkat cells and human lung cells, WI-26 VA4 [148,149].
Apoptosis in these cell lines was thought to be via disruption of
mitochondrial membrane potential (MMP) and activation of
ATM-mediated DNA damage [148,149]. Higher generations of
cationic PAMAMs triggered both apoptosis and necrosis in KB cells
and RAW 264.7 murine macrophage-like cells, with a difference in
the mechanism of action being reported in each cell line [150,151]
- again highlighting the influence of cell type in the biological
actions of PAMAMs. In KB cells, cell death was mediated by lysoso-
mal/mitochondrial pathways as PAMAMs were localized in the
lysosomal compartment causing an increase in lysosomal pH and
cytotoxicity [151]. On the other hand, both apoptosis and necrosis
were reported in RAW 264.7 cells that could be inhibited by a cas-
pase inhibitor, indicating that the mechanism is Caspase-
dependent [150]. Recently we showed in breast cancer cells lines
that cationic, but not anionic or neutral, PAMAMs can induce sub-
stantial cell apoptosis via up-regulation of apoptotic markers (Bax,
Caspases-3, 8 and 9) and down-regulation of Bcl-2 [152].
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In addition, two different structural architectures of G6 PAMAM
dendrimers (PF and SF) triggered apoptosis in HEK 293 cells- indi-
cating that irrespective of the branching structure, PAMAMs can
commonly induce cell death via apoptosis [71]. Apoptosis in
HEK293 cells as well as HaCaT cells, and fish hepatocellular carci-
noma cells, appeared to be mediated by the generation of intracel-
lular ROS [71,112,153]. Increased ROS production by PAMAMs has
led to DNA damage, apoptosis, and even necrosis in a generation-
dependent fashion (G4 < G5 < G6) [111,112,153]. Additionally,
G7 cationic PAMAMs induced significant apoptosis in human
umbilical vein endothelial cells (HUVEC) that was accompanied
by necrosis at higher concentrations [154] -highlighting that the
mechanism of cell death is markedly dependent on PAMAM con-
centration. These cellular effects of cationic PAMAMs even at low
doses were accompanied by elevated expression of surface proin-
flammatory markers: ICAM-1 and phosphatidylserine- implying
that PAMAMs can exert both pro-inflammatory and apoptotic
effects in these endothelial cells. Interestingly, these authors also
showed that G7 cationic PAMAM induced both plasma and mito-
chondrial membrane disintegration with the subsequent shedding
of extracellular vesicles, including some of mitochondrial origin
that were not associated with mitochondrial autophagy [154].

Taken together, these studies suggest that PAMAM-induced
cytotoxicity can lead to cell death through the induction of multi-
ple death mechanisms. As to which mechanism of cell death is ini-
tiated by exposure to PAMAMs is dependent on cell type,
concentration/dose, time of exposure and the physicochemical
properties of dendrimers (surface chemistry and generation/size/-
molecular weight).

4.6. Embryotoxicity

Should PAMAMs reach the clinic, their potential use in preg-
nancy would need to be assessed. Indeed, several pre-clinical
reports have suggested that PAMAM dendrimers can deliver siRNA
and drug molecules during pregnancy for the treatment of differ-
ent pathological conditions in the mother or the fetus [155–159].
Thus, it is important to understand the effects of PAMAMs on the
development of embryos. It has now been reported that several dif-
ferent generations of cationic PAMAMs exhibited substantial toxi-
city to the embryo in different models. For instance, cationic
PAMAMs induced apoptosis and attenuated the development of
zebrafish embryos in a concentration-dependent manner
[160,161]. Additionally, toxic effects triggered by cationic PAMAM
dendrimers were reported at the early stages of embryogenesis in
chicken embryos. These effects were mediated by inhibiting angio-
genesis as well as altering the expression patterns of many genes
responsible for apoptosis and survival in the embryos, such as:
ATF-3, Bcl-2, Caspase-8, FOXA-2, INHIBA, MAPRE2, RIPK-1,
SERPINA-4, and VEGFC genes [162]. In contrast, PAMAMs with
anionic or neutral surface charge/chemistry did not exhibit signif-
icant embryotoxicity, suggesting the greater safety of these com-
pounds during pregnancy in comparison with cationic PAMAMs
[154,162,163]. Thus, these data imply that use of cationic PAMAMs
will likely be contraindicated in pregnancy.

4.7. PAMAMs as glucose scavengers/sequestrants

Polymeric sequestrants in the form of hydrogels and resins have
been widely used to remove toxins, ions, bile acids, and fats, from
the body (for review see [41,42,44]. For example, Kayexalate
(sodium polystyrene) that sequesters excess potassium ions in
the gut has been approved for the treatment of hyperkalemia since
1975 and Renagel, whose structure is based on polyallylamine, can
bind to and lower serum phosphates in patients with chronic kid-
ney disease (for reviews see [41,42,44].
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There is now emerging evidence in the literature that PAMAMs
can act as sequestrants/scavengers of glucose in several experi-
mental models- a finding that potentially could be beneficial in
treating diabetes and its complications. This glucose scavenging
effect is mediated mainly by cationic PAMAMs and likely occurs
via an interaction between PAMAMs terminal amino groups and
glucose molecules to form N-glycosylated PAMAMs [164]. In par-
ticular, G4 cationic PAMAMs showed remarkable scavenging
effects of excessive glucose in diabetic rats and inhibited long-
term markers of diabetic hyperglycemia [165,166]. However, this
was accompanied by much higher reported incidences of death
in treated animals than in controls [165]. Subsequently, it was
reported that G2 and G4 cationic PAMAMs could prevent non-
enzymatic modifications of biomacromolecules by acting as anti-
glycation agents. Nonetheless, no difference in efficacy was noted
between G2 and G4 PAMAMs in terms of scavenging glucose and
hindering protein glycation, although the structure of G2 allows
better glycation than G4 [167]. Another study highlighted that
among different (G2, G3, and G4) PAMAMs, G3 showed the most
significant reduction in markers of severe hyperglycemia, implying
that higher generations of PAMAM dendrimers might result in less
glucose scavenging [164]. Additionally, beneficial effects in lower-
ing blood glucose by G5 and G6 cationic PAMAMs were reported in
diabetic rats, with a greater effect seen in the lower generations,
consistent with previous studies [164]. These differences between
PAMAM generations might be due to the significant rigidity of the
structure of higher generations, making it more difficult to capture
or entrap glucose molecules.

Interestingly, PAMAMs with anionic surface chemistry (G5.5)
also showed a modest but significant effect in lowering blood glu-
cose, which might encourage employing these PAMAMs over their
cationic counterparts since they are generally less toxic [37].
Chronic daily i.p. administration of cationic PAMAM for one month
did not appreciably reduce blood glucose, implying that much
longer administrations of around 2-months might be needed to
observe significant glucose lowering in animals with cationic
PAMAMs [37]. However, the precise mechanism by which the
anionic PAMAM dendrimer achieved glucose lowering was not
studied and remains to be elucidated.

Though not entirely clear, taken together these studies imply
that the possible mechanisms by which PAMAMs sequester
glucose rely on the open structure of lower generations (up to G4
or G5) to allow the relatively small sized glucose to entrap within
the interior cavities of the dendrimer structure. In contrast, the
more densely packed nanostructures resulting from the greater
number of surface groups of the higher dendrimer generations
might sterically hinder glucose entrapment into the inner, and
likely smaller cavities. Alternatively, there is also evidence that
non-enzymatic covalent attachment of the glucose molecules onto
the amino surface groups can result in the formation of
N-glycosylated (‘‘glycated”) PAMAM dendrimers. Furthermore,
the ability of PAMAMs to sequester glucose appears to be
dependent on dendrimer generation, dose/time of exposure and
on surface chemistry.

4.8. PAMAMs as modulators of the inflammatory responses

Surprisingly, PAMAM dendrimers can elicit opposing effects on
inflammation (see Table 2 for a summary of the key studies). It was
demonstrated that PAMAMs produce an anti-inflammatory effect,
which makes them drug candidates for the treatment of several
inflammatory conditions [168]. However, other studies revealed
that some PAMAMs (even the same PAMAMs that have anti-
inflammatory effects) induce inflammatory responses and secre-
tion of pro-inflammatory cytokines in non-diseased animal models
[168].



Table 2
Effects of PAMAM dendrimers on inflammatory responses.

PAMAM surface chemistry Generation Model In-vivo test In-vitro test Reported effect Reference

Cationic 0 Female CD-1 mice Murine air pouch modelm Detection of cytokines/chemokines Pro-inflammatory Durocher and Girard [172]
1
2
3 Female CD-1 mice Murine air pouch modelm Detection of cytokines/chemokines Pro-inflammatory Durocher and Girard [172]

THP-1 and U937 cells NA RT-PCR Pro-inflammatory Janaszewska et al [171]
Electrophoretic mobility shift assay
Cytokine assay

4 HaCaT cells ROS measurement Pro-inflammatory Mukherjee et al [153]
TNF-a and IL8 expression

J774A.1 macrophage cell NA ROS measurement Pro-inflammatory Naha et al [111]
Cytokine assay

THP-1 and U937 cells NA RT-PCR Pro-inflammatory Janaszewska et al [171]
Electrophoretic mobility shift assay
Cytokine assay

Male albino rats Carrageenan-induced edema Macrophage assays Anti-inflammatory Chauhan et al [169]
Cotton pellet test Measurement of nitrite concentrations
Adjuvant-induced arthritis Cyclooxygenase assay

5 HaCaT cells NA ROS measurement Pro-inflammatory Mukherjee et al [153]
TNF-a and IL8 expression

J774A.1 macrophage cell NA ROS measurement Pro-inflammatory Naha et al [111]
Cytokine assay

Male Sprague-Dawley rats Intratracheal instillation Evaluation of BAL fluid None Wangpradit et al [173]
Detecting PGE2 metabolites

6 HaCaT cells NA ROS measurement Pro-inflammatory Mukherjee et al [153]
TNF-a and IL8 expression

J774A.1 macrophage cell NA ROS measurement Pro-inflammatory Naha et al [111]
Cytokine assay

Anionic 4.5 Male albino rats Carrageenan-induced edema Macrophage assays Anti-inflammatory Chauhan et al [169]
Cotton pellet test Measurement of nitrite concentrations
Adjuvant-induced arthritis Cyclooxygenase assay

Mice Caerulein-induced acute
pancreatitis

Hematoxylin-eosin and
Immunohistological Staining to Pancreatic
Tissues

Anti-inflammatory Tang et al [170]

Macrophage infiltration in pancreas
LPS-stimulated mouse
peritoneal macrophages

RT-PCR and Western Blot
NF-jB nuclear translocation

Neutral 5 Mice Caerulein-induced acute
pancreatitis

Hematoxylin-eosin and
Immunohistological Staining to Pancreatic
Tissues

Anti-inflammatory Tang et al [170]

Macrophage infiltration in pancreas
LPS-stimulated mouse
peritoneal macrophages

RT-PCR and Western Blot
NF-jB nuclear translocation
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4.8.1. Anti-inflammatory effects mediated by PAMAMs
The anti-inflammatory effects of naked PAMAMs were acciden-

tally discovered in male albino rats as demonstrated by three
in vivomodels/assays: the carrageenan-induced paw edemamodel,
the cotton pellet test, and the adjuvant-induced arthritis assay
[169]. This study found that G4 cationic PAMAMs exhibited more
significant anti-inflammatory effects compared to G4.5 anionic
PAMAMs in a dose-dependent manner, implying an important
influence of dendrimer surface chemistry. Moreover, PAMAM den-
drimers exhibited synergy with the anti-inflammatory effects of
indomethacin [169]. G4.5 anionic and G5 neutral PAMAM den-
drimers afforded significant protection from pancreas injury in a
cerulean-induced acute pancreatitis mouse model, by reducing
the ensuing inflammatory responses [170]. In addition, PAMAMs
dysregulated gene expression of pro-inflammatory cytokines, such
as IL-1b, IL-6, TNF-a, and TGFbR-1, in pancreatic tissues in vitro and
in mouse peritoneal macrophages in vivo [170]. Another proposed
mechanism behind PAMAMs anti-inflammatory actions was inhi-
bition of NF-jB in macrophages [170]. The total count of plasma
white blood cells and monocytes was also reduced significantly
upon treatment with PAMAMs in vivo. Further, the protective
effects of anionic PAMAMs in developing acute pancreatitis
in vivo were more significant than neutral PAMAMs [170]. Com-
bined with previous findings, it can be stated that the anti-
inflammatory effects of PAMAM dendrimers are most pronounced
with cationic surface chemistry and least likely with neutral chem-
istry (i.e. cationic > anionic > neutral).

4.8.2. Pro-inflammatory effects mediated by PAMAMs
In order to investigate the pro-inflammatory activity of PAMAM

dendrimers, G3, G4, G5, and G6 cationic PAMAMs were tested
in vitro in THP-1, U937, and mouse J774A.1 macrophage cell lines
[111,171]. It was found that PAMAMs, in a concentration-, time-
and generation-dependent manner, increased intracellular ROS
production. In addition, cytokine assays showed an increase in
the pro-inflammatory mediators IL-6, TNF-a, and MIP-2 [111].
Moreover, PAMAM dendrimers contributed to the inflammation
by activating signal transduction pathways related to NF-jB and
thus, increased the expression of NFKBIA, BTG2, IL1 b, and TNFa
[171]. Another in vivo study in female CD-1 mice revealed similar
results using a murine air pouch model, as G0, G1, G2, and G3
cationic PAMAMs exhibited major pro-inflammatory actions
[172]. PAMAM-induced inflammation was indicated by increased
leukocytes migration into air pouches, mainly neutrophils, accom-
panied by an increase in the local production of several cytokines/
chemokines in a generation-dependent manner [172].

Despite these reports, another study evaluating the impact of
G5 cationic PAMAMs in vivo in male Sprague-Dawley rats reported
no inflammatory responses. Cationic PAMAMs did not elevate the
pro-inflammatory cytokines (IL-1b and TNFa) as detected by a
bio bead-based ELISA assay [173]. The difference in the reported
behaviour of similar types of PAMAM dendrimers in modulating
inflammatory responses is probably due to using different models,
different concentrations, and different routes of administration.
Moreover, the pro-inflammatory effect was mainly found in nor-
mal, non-diseased animal models rather than in animals bearing
a disease [168]. These contradictory data show the need for a more
in-depth investigation of PAMAMs inflammatory responses in dif-
ferent models before drawing a conclusion related to these effects.

4.9. Antimicrobial effects: Can PAMAMs serve as novel antimicrobial
agents?

The emergence of antibiotic resistance and the limited develop-
ment of novel antimicrobial agents has led to the search for newer
antimicrobial nanomaterials as well as nanotechnology solutions
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to overcome the problem of drug resistance to existing therapies.
Several polymeric nanoparticles, including PAMAMs, have been
considered for potential use as antimicrobial agents with known
activity against many bacteria, viruses, fungi, and protozoa, (for a
recent review see [174]) either because of their intrinsic antimicro-
bial actions including modulation of mechanisms leading to
antimicrobial drug resistance or through acting as carriers for the
delivery of well-established antimicrobial agents such as antibi-
otics or antiviral agents [49,174]. Herein, we focus our discussion
on the antimicrobial activity of naked PAMAM nanoparticles and
not PAMAMs conjugated to antimicrobial agents, for which the
reader is referred to other recent reviews [49,174].

Although the precise mechanisms of antimicrobial action
remain poorly understood, it is generally thought that polymeric
nanoparticles can penetrate and disrupt the microbial cell mem-
brane integrity, induce ROS production, interact/interfere with
DNA/RNA, proteins or enzyme systems and efflux transporters like
p-glycoprotein, as well as inhibit biofilm formation [49,174]. In
general, the antimicrobial activity of polymeric nanoparticles
appears to be dependent on their physicochemical properties
including surface chemistry/charge, size and shape, surface-to-
volume ratio, and zeta potential [49,174].

Over recent years, as a result of their innate biological actions,
PAMAM dendrimers/nanoparticles have been widely investigated
for their antimicrobial effects, particularly cationic PAMAMs,
which might have a promising future in this area [174–175] (see
also Table 3). The antimicrobial properties of PAMAM dendrimers
were explored in vitro in a wide variety of Gram-negative patho-
gens incuding E. Coli, P. Aeruginosa, A. baumannii, S. typhimurium,
S. dysenteriae, K. pneumoniae, and P. mirabilis, as well as in Gram-
positive bacteria such as S. aureus, B. subtilis, and MRSA [155,175–
179]. These bacteria, because of their multidrug-resistant strains,
represent a global challenge in terms of treatment [180,181].
PAMAM dendrimers exhibited substantial dose-dependent antimi-
crobial effects, reported in many investigations, with a generally
greater effect against standard strains compared to strains isolated
from clinical samples [175,178]. Although some conflicting reports
exist [176], Gram-positive bacteria were, in general, more sensitive
to PAMAMs treatment than Gram-negative ones, mainly due to
their differences in the bacterial cell wall structure, with some
exceptions such as Proteus mirabilis and Salmonella typhimurium.
On the other hand, the least sensitive bacteria to PAMAMs
appeared to be Acinetobacter baumannii [175,177,178]. The fact
that PAMAMs are also effective against a fungus, A. niger and a
yeast strain, Candia albicans [177] means that PAMAM
dendrimer-mediated antimicrobial activity extends beyond bacte-
ria, and as such these dendrimer nanoparticles might be consid-
ered as novel broad spectrum antimicrobial agents.

PAMAM dendrimers also showed a surface chemistry depen-
dency in regard to their antimicrobial effects, as these were greater
with cationic PAMAMs relative to their anionic or neutral counter-
parts [155,179]. This finding was supported by surface PEG-coating
of PAMAM dendrimers that not only decreased the surface charge
but also diminished their antimicrobial effects [176,182]. However,
neutral PAMAMs also showed good activity against Escherichia coli-
induced ascending uterine infection in vivo in a guinea pig model of
chorioamnionitis and as these also exhibited less toxicity to normal
cells, neutral PAMAMs might be favoured over cationic PAMAMs
which generally have higher toxicity in normal cells [155]. The role
of dendrimer generation in mediating the antimicrobial effects of
PAMAMs was also reported with antimicrobial activity reportedly
higher with increasing generation [179]. This is most likely due
to the highly branched structure, large molecular weight, and the
high number of terminal amino groups/positive charges present
in the higher generations of cationic PAMAMs [178]. However, in
another study no difference in antimicrobial activity against Pseu-
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domonas aeruginosa and Staphylococcus aureus was observed
between G5 and G3 cationic PAMAMs [182] - implying that the
type of micro-organism studied may also be an important determi-
nant of PAMAM antibacterial activity.

Regarding the mechanisms behind cationic PAMAMs antimicro-
bial effects, it was proposed that the electrostatic interaction
between the positively charged surface of PAMAMs and the nega-
tively charged bacterial cell wall causes disruption and disintegra-
tion of the lipid bilayer with subsequent release of intracellular
contents such as electrolytes and nucleic acids leading to death
of the microorganism [155,175,178,179]. For the other types of
PAMAMs, it was found that neutral PAMAMs can change the per-
meability of the bacterial cellular membrane, while anionic
PAMAMs can also damage the membrane causing bacterial lysis
[155].

Collectively, these studies suggest that, consistent with their
toxicity profile in mammalian cells in vitro and in vivo [120],
PAMAM dendrimers, especially cationic, and of higher generations
(>G3, as lower generations do not exhibit appreciable activity)
exhibit innate antimicrobial activity that may be clinically useful.
PAMAMs, similar to other cationic polymers/nanoparticles, can
exert their antimicrobial actions via binding to and disrupting
the integrity of negatively charged microbial membranes to induce
leakage of cell contents. Given the same mechanisms are likely
responsible for the cellular toxicity of higher generation PAMAMs
in host cells, topical infections such as those on the skin or vaginal
mucosa, might be more amenable targets (low-hanging fruit) for
PAMAM-based antimicrobial therapies that are likely to have lim-
ited systemic side-effects. However, mitigation of some of the host
cell toxicities associated with PAMAMs by strategies such as
PEGylation (see also section below), might broaden their applica-
tion to systemic infections- though a balance in the degree of
charge neutralization will need to be sought to maximise microbial
toxicity and minimise host cell toxicity. Such an approach may also
facilitate the systemic administration of PAMAMs as vectors for the
delivery of conventional antimicrobial agents where significant
synergistic effects of dendrimer with drug have been noted
[49,174].
5. Potential strategies to reduce PAMAM cell toxicity

Despite all their potential therapeutical benefits, the clinical uti-
lization of PAMAM dendrimers faces a major obstacle, which is the
significant non-specific cytotoxicity seen with cationic PAMAMs in
particular. In fact, the toxicity of cationic polymers and nanomate-
rials is common in delivery systems, mainly due to the interaction
between their dense surface positive charge and the negatively
charged cellular membrane, causing cell lysis and death via apop-
tosis, necrosis and/or autophagy [125,183,184]. Nevertheless, sev-
eral strategies (see Table 4) have been proposed to diminish this
toxicity, such as PEGylation, i.e., covalent linking to polyethylene
glycol (PEG). Many studies stated that conjugating PEG chains with
cationic polymers decreases their intrinsic toxicity, enhances their
biocompatibility, and increases their half-life [15,185,186]. The
conjugation of other surface molecules was found to also diminish
the toxicity of PAMAMs through masking their cationic surface
charge to a certain extent, like acetyl group, lauroyl chloride, 4-
carbomethoxypyrrolidone, and many other molecules [187–190].
On the other hand, other strategies have been proposed in the lit-
erature to manage the cytotoxicity of cationic PAMAMs while pre-
serving their cationic surface, such as optimizing the route of
administration. For instance, it was found that intra-tracheal
administration can avoid inflammatory responses caused by catio-
nic PAMAM dendrimers in rats [173]. Furthermore, intraperitoneal
administration of PAMAM dendrimers in rats was reported to be



Table 4
The most common strategies to reduce PAMAM-mediated toxicity.

Method Description Reference

Surface modification PEGylation [15,205,185–187]
Acetylation [189]
Lauroyl chloride conjugation [187–188]
4-carbomethoxypyrrolidone conjugation [190,206]
Carboxymethylchitosan conjugation [207]
N-(2-hydroxydodecyl) conjugation [208]
Histidine conjugation [209]
Pyrrolidine modification [171,210]

Route and targeted delivery Intra-tracheal administration [173]
Intraperitoneal administration [37,194]
Targeted delivery (e.g. antibody conjugation) [191–193]
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favoured over the intravenous route where haemolysis can occur
[37]. In contrast to the rapid exposure of dendrimer to blood com-
ponents via the i.v route, cationic PAMAMs administered by the i.p.
route are thought to be slowly released from the peritoneum into
the vascular system resulting in minimal haemolysis. Moreover,
targeted delivery of PAMAM dendrimers to selected cells may
allow localization to specific tissues/organs and thereby minimiz-
ing systemic toxicity. For example, grafting the anti-HER2 anti-
body, trastuzumab, onto the surface of PAMAMs allows
selectivity and specificity towards HER2-positive breast cancer
cells rather than other cells [191–193] (Table 4). The development
and optimization of such toxicity-reducing strategies could
broaden the horizon of clinical applications possible for PAMAMs,
especially cationic surface chemistries, by facilitating the exploita-
tion of their many innate biological activities.
6. Concluding remarks and perspectives

It is becoming increasingly apparent that PAMAM dendrimer
nanoparticles exhibit innate or intrinsic biological properties
beyond their ability to improve drug delivery as has been high-
lighted in this review (for a summary see Fig. 7). These include
modulation of gene expression, interaction with protein molecules
and modulation of cell signaling cascades including immune
responses that ultimately manifest in multiple gross biological
changes including haemolysis and cell death. The nature and
extent of biological effects are heavily dependent on the physico-
chemical properties of PAMAMs. In almost all cases, in addition
to the usual dose and time dependency, the biological effects of
PAMAMs were dependent on the dendrimer generation, surface
charge/chemistry, structural architecture and the cell or biological
system studied.

Some of the biological effects might be considered detrimental
and may actually be regarded as toxicological effects. There is the
obvious concern of the general cytotoxicity of PAMAMs, mainly
with a cationic surface charge, that can result in reduced cell viabil-
ity and death. However, these toxicities may be mitigated by care-
ful selection of the PAMAM with the right physicochemical
properties (e.g. anionic or neutral surface chemistries) or through,
amongst others, PEGylation. In addition, there is the risk of
haemolysis when PAMAMs are administered parenterally into
the circulation. Of note here is that despite a significant body of
evidence documenting haemolysis with cationic PAMAMs, this is
largely based on in-vitro (test-tube) assays and/or following rapid
direct exposure of PAMAMs into the bloodstream upon intra-
venous administration (e.g. [130,133]. In contrast, cationic
PAMAMs administered by intraperitoneal injection, presumably
because PAMAMs first enter the peritoneum before slowly diffus-
ing into the bloodstream, cause minimal haemolysis with little or
no haematological toxicity being reported with neutral or anionic
18
surface chemistries in animals [37,194]. Thus, cationic PAMAM-
mediated effects on haemolysis can be circumvented through a
careful selection of the route of administration and therefore
may not prevent scientists exploiting the many biological proper-
ties of PAMAMs for potential clinical applications.

Several of the biological properties of PAMAMs, as reviewed
herein, may have the potential for clinical benefit. There is the
obvious potential for exploiting the cell toxicity of cationic
PAMAMs for use as anti-cancer agents or, more appealingly, as
antimicrobial agents (see Section above). However, this might
necessitate surface charge modifications to balance or optimise
the host-vs-target cell toxicity profile of the cationic PAMAMs.

Of particular interest is the potential exploitation of several bio-
logical actions reported for PAMAMs (reviewed above) that might
be clinically useful in the treatment of diabetes and its complica-
tions. Diabetes mellitus (DM) is a major debilitating disease char-
acterized by hyperglycaemia whose incidence is progressively
increasing globally; currently over 463 million adults have dia-
betes with the International Diabetes Federation predicting over
700 million sufferers by 2045 [195]. It is the complications of dia-
betes such as cardiovascular, renal, and retinal dysfunction that
leads to increased patient morbidity and mortality. Of these, car-
diovascular complications that can result in stroke and cardiomy-
opathies are 3- to 5-fold more likely in diabetes (for a recent
review see [114]. Although several anti-diabetic therapies are
available, these may not be effective in all patients and despite
therapy, many sufferers go on to develop the complications of
the disease which are often more devasting than the disease itself
[114]. So, could the innate biological properties of PAMAMs be
exploited therapeutically for the potential treatment of diabetes
and/or its complications?

Several reported biological actions of PAMAMs support their
use in diabetes management. Firstly, PAMAMs appear to have
the ability to sequester glucose and at least the lower generations
appear to be useful glucose-scavenging agents. As a result of reduc-
ing blood glucose levels, they can also reduce the nonenzymatic
modifications of macromolecules that are formed because of
hypergylcemia and are known to lead to complications associated
with diabetes [114,164,196].

Secondly, PAMAM-mediated interactions with Amylin (or
human islet amyloid polypeptide (hIAPP)) can prevent its aggrega-
tion and deposition as amyloid deposits thereby preventing beta-
cell toxicity in the islet of Langherhans [126]. Amylin is normally
released together with insulin from pancreatic beta-cells to regu-
late glucose levels, but its deposition as amyloid plaques can be
damaging to beta-cells in the pancreas. Impaired pancreatic beta-
cell function is associated with both Type 1 and Type 2 DM
[114]. Since PAMAMs are reported to preferentially accumulate
within the pancreas [78], this biological activity might represent
a viable therapeutic option through passive targeting of PAMAMs
to this important organ.



Fig. 7. The biological properties of PAMAMs beyond drug delivery. In addition to having drug delivery enhancing properties such as improving biological stability, cell
uptake and trafficking or pharmacokinetics/pharmacodynamics of drugs, PAMAMs also exert multiple biological actions even in the absence of a drug pay-load. These
intrinsic actions can occur at the genomic level (e.g. modulation of gene expression) or at the proteome level in modulation of protein interactions or cell signaling cascades.
The example given is that of PAMAM-mediated EGFR inhibition which can prevent diabetes-induced vascular dysfunction (DIVD). They also have immunomodulatory and
glucose sequestering ability. The biological actions of PAMAMs can be beneficial or detrimental; however, a key challenge for drug delivery and polymer scientists is to
engineer specificity including biased signaling towards the desired biological or clinically beneficial properties.
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Thirdly, PAMAMs can interfere with cell signaling pathways
mediated via EGFR/ErbB family of receptor tyrosine kinases that
are known to be involved in the development of cardiovascular
complications of diabetes [37,114,70–73]. PAMAMs can correct
diabetes-induced vascular dysfunction by blocking the actions of
EGFR/ErbB2 receptors in animal models of diabetes [37,118] and
might represent a new class of EGFR/ErbB receptor antagonists
[37]. Since EGFR/ErbB receptors are also known to be involved in
the development of other diabetes complications such as cardiac,
renal, ocular and neuronal dysfunction [114], PAMAM use may also
be important in preventing these other EGFR/ErbB driven compli-
cations of diabetes. The fact that negatively-charged, anionic
PAMAMs are also effective as EGFR/ErbB blockers and can prevent
diabetes-induced vascular complications [37] is appealing as they
have a better toxicity profile than cationic PAMAM dendrimers.

Fourthly, since vascular complications of diabetes can result in
poor wound healing and infections especially in diabetic foot
ulcers, the antimicrobial actions of PAMAMs along with their
intrinsic vasculoprotective actions could be combined for the
potential treatment of diabetic wounds. Potentially topical formu-
lations containing PAMAMs would be desirable to promote anti-
infective activity, recovery of vascular function and promote
wound healing in diabetes patients. The benefits of any topical for-
mulation may be further enhanced by including PAMAMs that
have been conjugated with conventional antimicrobial agents that
are known to produce synergistic antimicrobial activity.

A potentially negative impact of PAMAMs on their use in dia-
betes could be envisaged through the possibility that a G4 PAMAM
induces gene expression of dipeptidyl peptidase-4 (DPP4) [67] -
(see also Table 1)- though this biological action is very speculative
and based only on non-validated RNA seq data on gene expression
in primary bronchial epithelial cells. DPP4 is the enzyme responsi-
ble for the rapid N-terminal cleavage and inactivation of glucagon-
like peptide 1 receptor (GLP-1), a gut hormone produced by
enteroendocrine L cells that enhances insulin release in response
to ingested glucose [197–201]. Its up-regulation, if reproduced
and shown to occur in the relevant tissues/cells, would compro-
mise blood glucose lowering actions of GLP-1. Indeed, orally-
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acting DPP4 inhibitors such as Saxagliptin, and Sitagliptin that
increase endogenous GLP-1 levels through blocking its degrada-
tion are available clinically. Thus, if increased DPP4 gene expres-
sion was truly problematic with PAMAM use, one could consider
co-administration of DPP4-inhibitors to mitigate any conse-
quences of raised DDP4 levels induced by the dendrimers. Another
potentially more important concern is that chronic vivo adminis-
tration of PAMAMs can attenuate the recovery of hearts from
ischemia-reperfusion injury [139], though this adverse effect
might also be easily mitigated by the co-administration of another
agent, in this case, epidermal growth factor, an EGFR ligand that is
known to be cardioprotective in myocardial I/R injury (for review
see [114]).

From the many studies reviewed herein, it is likely that
PAMAMs will have pleiotropic biological actions in vivo that may
sometimes oppose or contradict the desired biological/clinical out-
comes. Although these actions are a mix of broad or generalised
biological effects (e.g. apoptosis) and organ- or tissue-specific (as
in the case of disruption of amylin deposits in the pancreas), it is
quite possible, due to the wide biodistribution of PAMAMs, that
multiple actions could be occurring simultaneously in vivo. Indeed,
the full range of biological properties of the different PAMAMs will
become more apparent as further research is conducted on other
potentially novel biological actions of PAMAMs in vivo.

Although the exact cellular consequences and interplay of the
many intrinsic biological activities of these delivery systems in
the body are likely to be very complex, their pharmacological
and/or toxicological consequences will need to be fully character-
ized and understood prior to considering PAMAMs for a particular
clinical application in nanomedicine. The challenge for polymer
scientists will be to better design or engineer PAMAM constructs
whose actions can be more defined or biased towards the specified
or desired clinical effect including at the level of biased cell sig-
nalling (see Fig. 7). In addition, the costs of PAMAM-based thera-
peutics will need to be weighed against currently available
standard of care therapies- though costs of manufacture will
undoubtedly decrease with increasing demand as well as with
advances in manufacturing processes.
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An emerging theme from the studies reviewed herein is that the
physicochemical properties of PAMAM dendrimer nanoparticles
including size/generation, shape/structural architecture, rigidity/
elasticity and surface charge/chemistry directly govern their inter-
actions with cell membranes and biological barriers to influence
their pharmacokinetics and bioavailability, as well as their ability
to interact with blood components and cellular and subcellular
components including gene-expression machinery and cell signal-
ing protein networks. Although studies, mostly in vitro, have
looked at each of these biological interactions independently and
correlated them back to the physiochemical properties of
PAMAMs, it remains to be elucidated as to how these interactions
will collectively interplay and cross-talk in the more complex and
dynamic in vivo situation. Where, for example, additional biologi-
cal environment-dictated modifications of the nanoparticle surface
(e.g. acquisition of a protein corona [202,203]) will likely occur and
thus, alter the baseline surface properties of PAMAM nanoparticles
further in a more dynamic fashion. Though it is reported that these
surface-protein interactions can also be reduced by making the
PAMAM surface more neutral [204], it is still likely that PAMAM
nanoparticles with differing extents of bound corona proteins will
represent an heterogenous mix in vivo in which every nanoparticle
could potentially behave as (or be seen by the cellular machinery
as) a different biological entity. The precise collective impact of
all these differing physiochemical variables for a given PAMAM
nanoparticle-mediated biological or clinical effect in intact animals
or in humans, including as a function of time and dose, requires
further study. However, in other nanoparticle systems, it has been
suggested that through a greater understanding of the relationship
between physicochemical properties and biological outcomes, and
by exquisite control of nanoparticle size, shape and architecture, as
well as through careful selection of cell or tissue-specific targeting
moieties and inclusion of biologically responsive groups, nanopar-
ticle delivery systems can now be produced with smart/intelligent
designs so as to tailor delivery to a particular application (e.g.
[1,2]). Lessons from the use of other nanoparticles as precision
medicines might provide hope for the tailored use of PAMAMs in
the clinic.

In conclusion, from the vast array of biological properties
reviewed here, and through careful design or selection of PAMAMs
with the desired physicochemical properties, there is significant
scope for the potential clinical application of PAMAMs especially
as antimicrobial agents and/or for the potential treatment of dia-
betes and its complications. However, greater research is needed
to fully understand the true implications of the biological and tox-
icological properties of PAMAMs in the potential clinical develop-
ment of these important class of dendrimers as drug delivery
systems and as pharmacologically active agents in their own right.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

The research in the laboratory of Professor Saghir Akhtar and Dr
Abdella Habib was funded by QNRF (NPRP-13S-0209-200315 and a
Rapid Response call grant RRC-2-047) and by Qatar University
grants (QUCG-CMED-19/20–3, QUCG-CMED-19/20-4). Open
Access funding was provided by the Qatar National Library. We
would also like to acknowledge Ms Sana Munaf Hawai for her
assistance with the initial literature search and retrieval of some
items.
20
References

[1] M.J. Mitchell, M.M. Billingsley, R.M. Haley, M.E. Wechsler, N.A. Peppas, R.
Langer, Engineering precision nanoparticles for drug delivery, Nat Rev Drug
Discov. 20 (2) (2021 Feb) 101–124.

[2] M.T. Manzari, Y. Shamay, H. Kiguchi, N. Rosen, M. Scaltriti, D.A. Heller,
Targeted drug delivery strategies for precision medicines, Nat. Rev. Mater. 6
(4) (2021) 351–370, https://doi.org/10.1038/s41578-020-00269-6.

[3] K.J. Lewis, W.J. Irwin, S. Akhtar, Biodegradable poly(l-lactic acid) matrices for
the sustained delivery of antisense oligonucleotides, J. Control. Release 37 (1)
(1995) 173–183. https://www.sciencedirect.com/science/article/pii/
016836599500100M.

[4] K.J. Lewis, W.J. Irwin, S. Akhtar, Development of a Sustained-Release
Biodegradable Polymer Delivery System for Site-Specific Delivery of
Oligonucleotides: Characterization of P(LA-GA) Copolymer Microspheres In
Vitro, J. Drug Target. 5 (4) (1998) 291–302, https://doi.org/10.3109/
10611869808995882.

[5] M. Hussain, M. Shchepinov, M. Sohail, I.F. Benter, A.J. Hollins, E.M. Southern,
et al., A novel anionic dendrimer for improved cellular delivery of antisense
oligonucleotides, J. Control. Release 99 (1) (2004 Sep) 139–155.

[6] Z. He, Y. Zhang, A.R. Khan, J. Ji, A. Yu, G. Zhai, A novel progress of drug delivery
system for organelle targeting in tumour cells, J. Drug Target. 29 (1) (2021
Jan) 12–28.

[7] G.F. Beck, W.J. Irwin, P.L. Nicklin, S. Akhtar, Interactions of phosphodiester and
phosphorothioate oligonucleotides with intestinal epithelial Caco-2 cells,
Pharm. Res. 13 (7) (1996 Jul) 1028–1037.

[8] K.M. Kitchens, M.E.H. El-Sayed, H. Ghandehari, Transepithelial and
endothelial transport of poly (amidoamine) dendrimers, Adv. Drug Deliv.
Rev. 57 (15) (2005 Dec) 2163–2176.

[9] S. Akhtar, Oral delivery of siRNA and antisense oligonucleotides, J. Drug
Target. 17 (7) (2009 Aug) 491–495.

[10] W.M. Pardridge, CSF, blood-brain barrier, and brain drug delivery, Expert
Opin Drug Deliv. 13 (7) (2016 Jul) 963–975.

[11] J. Wang, Q. Ni, Y. Wang, Y. Zhang, H. He, D. Gao, et al., Nanoscale drug delivery
systems for controllable drug behaviors by multi-stage barrier penetration, J.
Control. Release 331 (2021 Mar) 282–295.

[12] H. Su, Y. Wang, S. Liu, Y. Wang, Q. Liu, G. Liu, et al., Emerging transporter-
targeted nanoparticulate drug delivery systems, Acta Pharm Sin B 9 (1)
(2019) 49–58. https://www.sciencedirect.com/science/article/pii/
S2211383518304829.

[13] P. Xie, Y. Wang, D. Wei, L. Zhang, B. Zhang, H. Xiao, et al., Nanoparticle-based
drug delivery systems with platinum drugs for overcoming cancer drug
resistance, J. Mater. Chem. B 9 (26) (2021) 5173–5194, https://doi.org/
10.1039/D1TB00753J.

[14] A. Khan, W. Sommer, K. Fuxe, S. Akhtar, Site-specific administration of
antisense oligonucleotides using biodegradable polymer microspheres
provides sustained delivery and improved subcellular biodistribution in the
neostriatum of the rat brain, J. Drug Target. 8 (5) (2000) 319–334.

[15] Y. Kim, A.M. Klutz, K.A. Jacobson, Systematic investigation of
polyamidoamine dendrimers surface-modified with poly(ethylene glycol)
for drug delivery applications: synthesis, characterization, and evaluation of
cytotoxicity, Bioconjug. Chem. 19 (8) (2008 Aug) 1660–1672.

[16] L. van der Koog, T.B. Gandek, A. Nagelkerke, Liposomes and Extracellular
Vesicles as Drug Delivery Systems: A Comparison of Composition,
Pharmacokinetics, and Functionalization, Adv Healthc Mater (2021) 1,
https://doi.org/10.1002/adhm.202100639.

[17] S. Akhtar, R.L. Juliano, Cellular uptake and intracellular fate of antisense
oligonucleotides, Trends Cell Biol. 2 (5) (1992 May) 139–144.

[18] R.L. Juliano, S. Akhtar, Liposomes as a drug delivery system for antisense
oligonucleotides, Antisense Res. Dev. 2 (2) (1992) 165–176.

[19] S. Akhtar, A. Hudson, P. Fell, A. Islam, Delivery of hammerhead ribozymes to
cultured cells: binding, uptake, and modulation of sub-cellular trafficking
with self-assembling cationic liposomes, J. Liposome Res. 8 (1) (1998) 1–3,
https://doi.org/10.3109/08982109809087424.

[20] T.-T. Le, A.K. Elzhry Elyafi, A.R. Mohammed, A. Al-Khattawi, Delivery of Poorly
Soluble Drugs via Mesoporous Silica: Impact of Drug Overloading on Release
and Thermal Profiles, Pharmaceutics. 11 (6) (2019 Jun).

[21] T.C. Roberts, R. Langer, M.J.A. Wood, Advances in oligonucleotide drug
delivery, Nat Rev Drug Discov. 19 (10) (2020 Oct) 673–694.

[22] S. Akhtar, I.F. Benter, Nonviral delivery of synthetic siRNAs in vivo, J Clin
Invest 117 (12) (2007 Dec 3) 3623–3632. https://www.ncbi.nlm.nih.gov/
pubmed/18060020.

[23] S. Akhtar, I. Benter, Toxicogenomics of non-viral drug delivery systems for
RNAi: potential impact on siRNA-mediated gene silencing activity and
specificity, Adv. Drug Deliv. Rev. 59 (2–3) (2007 Mar) 164–182.

[24] K.S. Park, X. Sun, M.E. Aikins, J.J. Moon, Non-viral COVID-19 vaccine delivery
systems, Adv. Drug Deliv. Rev. 169 (2021 Feb) 137–151.

[25] S. Zhang, J. Shen, D. Li, Y. Cheng, Strategies in the delivery of Cas9
ribonucleoprotein for CRISPR/Cas9 genome editing, Theranostics. 11 (2)
(2021) 614–648.

[26] I. Dasgupta, T.R. Flotte, A.M. Keeler, CRISPR/Cas-Dependent and Nuclease-
Free In Vivo Therapeutic Gene Editing, Hum. Gene Ther. 32 (5–6) (2021 Mar)
275–293.

[27] M.P.T. Ernst, M. Broeders, P. Herrero-Hernandez, E. Oussoren, A.T. van der
Ploeg, W.W.M.P. Pijnappel, Ready for Repair? Gene Editing Enters the Clinic

http://refhub.elsevier.com/S0169-409X(21)00301-X/h0005
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0005
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0005
https://doi.org/10.1038/s41578-020-00269-6
https://www.sciencedirect.com/science/article/pii/016836599500100M
https://www.sciencedirect.com/science/article/pii/016836599500100M
https://doi.org/10.3109/10611869808995882
https://doi.org/10.3109/10611869808995882
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0025
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0025
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0025
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0030
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0030
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0030
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0035
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0035
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0035
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0040
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0040
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0040
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0045
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0045
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0050
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0050
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0055
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0055
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0055
https://www.sciencedirect.com/science/article/pii/S2211383518304829
https://www.sciencedirect.com/science/article/pii/S2211383518304829
https://doi.org/10.1039/D1TB00753J
https://doi.org/10.1039/D1TB00753J
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0070
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0070
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0070
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0070
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0075
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0075
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0075
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0075
https://doi.org/10.1002/adhm.202100639
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0085
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0085
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0090
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0090
https://doi.org/10.3109/08982109809087424
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0100
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0100
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0100
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0105
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0105
https://www.ncbi.nlm.nih.gov/pubmed/18060020
https://www.ncbi.nlm.nih.gov/pubmed/18060020
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0115
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0115
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0115
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0120
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0120
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0125
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0125
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0125
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0130
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0130
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0130


H. Kheraldine, O. Rachid, Abdella M Habib et al. Advanced Drug Delivery Reviews xxx (xxxx) xxx
for the Treatment of Human Disease, Mol Ther - Methods Clin Dev 18 (2020)
532–557. https://www.sciencedirect.com/science/article/pii/
S2329050120301467.

[28] C. Liu, T. Wan, H. Wang, S. Zhang, Y. Ping, Y. Cheng, A boronic acid-rich
dendrimer with robust and unprecedented efficiency for cytosolic protein
delivery and CRISPR-Cas9 gene editing Available from: Sci. Adv. 5 (6) (2019).
https://advances.sciencemag.org/content/5/6/eaaw8922.

[29] A.M. Reichmuth, M.A. Oberli, A. Jaklenec, R. Langer, D. Blankschtein,
mRNA vaccine delivery using lipid nanoparticles, Ther Deliv. 7 (5) (2016)
319–334.

[30] A.J. Hollins, Y. Omidi, I.F. Benter, S. Akhtar, Toxicogenomics of drug delivery
systems: Exploiting delivery system-induced changes in target gene
expression to enhance siRNA activity, J. Drug Target. 15 (1) (2007 Jan) 83–88.

[31] S. Akhtar, Cationic nanosystems for the delivery of small interfering
ribonucleic acid therapeutics: a focus on toxicogenomics, Expert Opin. Drug
Metab. Toxicol. 6 (11) (2010 Nov) 1347–1362.

[32] W.P.R. Verdurmen, R. Brock, Biological responses towards cationic peptides
and drug carriers, Trends Pharmacol. Sci. 32 (2) (2011 Feb) 116–124.

[33] Y. Taguchi, T. Turki, Novel method for the prediction of drug-drug Interaction
based on gene expression profiles, Eur. J. Pharm. Sci. 160 (2021). https://
www.sciencedirect.com/science/article/pii/S0928098721000440 105742.

[34] A.R. Mohammed, A.M. ElShaer, R.J. Jones, S. Khan, C.A. Russell, Drug
bioavailability and gene profiling: Challenges and opportunities for
pharmaceutics and personalized medicine, in: Handbook of Personalized
Medicine: Advances in Nanotechnology, Drug Delivery and Therapy, 2013,
pp. 141–190.

[35] C. Russell, A. Rahman, A.R. Mohammed, Application of genomics, proteomics
and metabolomics in drug discovery, development and clinic, Ther Deliv. 4
(3) (2013 Mar) 395–413.

[36] C. Russell, M. Hussain, D. Huen, A.S. Rahman, A.R. Mohammed, Profiling gene
expression dynamics underpinning conventional testing approaches to better
inform pre-clinical evaluation of an age appropriate spironolactone
formulation, Pharm. Dev. Technol. 26 (1) (2021 Jan) 101–109.

[37] S. Akhtar, B. Chandrasekhar, M.H. Yousif, W. Renno, I.F. Benter, A.Z. El-
Hashim, Chronic administration of nano-sized PAMAM dendrimers in vivo
inhibits EGFR-ERK1/2-ROCK signaling pathway and attenuates diabetes-
induced vascular remodeling and dysfunction, Nanomedicine. 18 (2019 Jun)
78–89.

[38] C. Lonez, M. Vandenbranden, J.-M. Ruysschaert, Cationic lipids activate
intracellular signaling pathways, Adv. Drug Deliv. Rev. 64 (15) (2012 Dec)
1749–1758.

[39] S. Akhtar, Non-viral cancer gene therapy: beyond delivery, vol. 13, Gene
therapy, England, 2006. pp. 739–740.

[40] L.L. Kiessling, L.E. Strong, Bioactive Polymers, in: A. Fürstner (Ed.), Alkene
Metathesis in Organic Synthesis, Berlin, Heidelberg, Springer, Berlin
Heidelberg, 1998, pp. 199–231, https://doi.org/10.1007/3-540-69708-X_8.

[41] W.R. Archer, B.A. Hall, T.N. Thompson, O.J. Wadsworth, M.D. Schulz, Polymer
sequestrants for biological and environmental applications, Polym. Int. 68 (7)
(2019) 1220–1237. https://onlinelibrary.wiley.com/doi/abs/10.1002/pi.
5774.

[42] S. Liu, R. Maheshwari, K.L. Kiick, Polymer-Based Therapeutics,
Macromolecules 42 (1) (2009) 3–13, https://doi.org/10.1021/ma801782q.

[43] E.F. Connor, I. Lees, D. Maclean, Polymers as drugs—Advances in therapeutic
applications of polymer binding agents, J Polym Sci Part A Polym Chem 55
(18) (2017) 3146–3157. https://onlinelibrary.wiley.com/doi/abs/10.1002/
pola.28703.

[44] P.K. Dhal, S.C. Polomoscanik, L.Z. Avila, S.R. Holmes-Farley, R.J. Miller,
Functional polymers as therapeutic agents: concept to market place, Adv.
Drug Deliv. Rev. 61 (13) (2009 Nov) 1121–1130.

[45] K. Gallegos Aragon, A.A. Elmaoued, N.-Y.-T. Pham, J.R. Conklin, G.M. Ray,
Long-Acting Basal Insulins: A Review of the More Recently Approved Agents,
Cardiol Rev. 27 (5) (2019) 260–266.

[46] S.H. Hodgson, K. Mansatta, G. Mallett, V. Harris, K.R.W. Emary, A.J. Pollard,
What defines an efficacious COVID-19 vaccine? A review of the challenges
assessing the clinical efficacy of vaccines against SARS-CoV-2, Lancet Infect.
Dis. 21 (2) (2021 Feb) e26–e35.

[47] P. Tarach, A. Janaszewska, Recent Advances in Preclinical Research Using
PAMAM Dendrimers for Cancer Gene Therapy Available from: Int. J. Mol. Sci.
22 (6) (2021). https://www.mdpi.com/1422-0067/22/6/2912.

[48] H. Arima, Twenty Years of Research on Cyclodextrin Conjugates with PAMAM
Dendrimers, Pharmaceutics. 13 (5) (2021 May).

[49] A.A. Chis, C. Dobrea, C. Morgovan, A.M. Arseniu, L.L. Rus, A. Butuca, et al.,
Applications and Limitations of Dendrimers in Biomedicine, Molecules 25
(17) (2020 Sep).

[50] R.V. Araujo, S.da S. Santos, E. Igne Ferreira, J. Giarolla, New Advances in
General Biomedical Applications of PAMAM Dendrimers, Molecules 23 (11)
(2018).

[51] D.A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S. Martin, et al., A New
Class of Polymers: Starburst-Dendritic Macromolecules, Polym. J. 17 (1985)
117, https://doi.org/10.1295/polymj.17.117.

[52] R.M. Kannan, E. Nance, S. Kannan, D.A. Tomalia, Emerging concepts in
dendrimer-based nanomedicine: from design principles to clinical
applications, J. Intern. Med. 276 (6) (2014) 579–617, https://doi.org/
10.1111/joim.12280.

[53] R. Kharwade, S. More, A. Warokar, P. Agrawal, N. Mahajan, Starburst pamam
dendrimers: Synthetic approaches, surface modifications, and biomedical
21
applications, Arab J Chem 13 (7) (2020) 6009–6039. https://
www.sciencedirect.com/science/article/pii/S1878535220301490.

[54] D.A. Tomalia, L.A. Reyna, S. Svenson, Dendrimers as multi-purpose
nanodevices for oncology drug delivery and diagnostic imaging, Biochem.
Soc. Trans. 35 (Pt 1) (2007 Feb) 61–67.

[55] R. Duncan, L. Izzo, Dendrimer biocompatibility and toxicity, Adv. Drug Deliv.
Rev. 57 (15) (2005) 2215–2237. http://www.sciencedirect.com/science/
article/pii/S0169409X0500195X.

[56] M.W. Pettit, P. Griffiths, P. Ferruti, S.C.W. Richardson, Poly(amidoamine)
polymers: soluble linear amphiphilic drug-delivery systems for genes,
proteins and oligonucleotides, Ther Deliv. 2 (7) (2011 Jul) 907–917.

[57] M.X. Tang, F.C. Szoka, The influence of polymer structure on the interactions
of cationic polymers with DNA and morphology of the resulting complexes,
Gene Ther. 4 (8) (1997 Aug) 823–832.

[58] M.X. Tang, C.T. Redemann, F.C.J. Szoka, In vitro gene delivery by degraded
polyamidoamine dendrimers, Bioconjug. Chem. 7 (6) (1996) 703–714.

[59] L.J. Fox, R.M. Richardson, W.H. Briscoe, PAMAM dendrimer - cell membrane
interactions, Adv. Colloid Interface Sci. 257 (2018 Jul) 1–18.

[60] S. Sadekar, H. Ghandehari, Transepithelial transport and toxicity of PAMAM
dendrimers: implications for oral drug delivery, Adv. Drug Deliv. Rev. 64 (6)
(2012 May) 571–588.

[61] S. Hong, A.U. Bielinska, A. Mecke, B. Keszler, J.L. Beals, X. Shi, et al., Interaction
of poly(amidoamine) dendrimers with supported lipid bilayers and cells: hole
formation and the relation to transport, Bioconjug. Chem. 15 (4) (2004) 774–
782.

[62] K. Luo, B. He, Y. Wu, Y. Shen, Z. Gu, Functional and biodegradable dendritic
macromolecules with controlled architectures as nontoxic and efficient
nanoscale gene vectors, Biotechnol. Adv. 32 (4) (2014) 818–830.

[63] F. Abedi-Gaballu, G. Dehghan, M. Ghaffari, R. Yekta, S. Abbaspour-Ravasjani,
B. Baradaran, et al., PAMAM dendrimers as efficient drug and gene delivery
nanosystems for cancer therapy, Appl. Mater. Today 12 (2018 Sep) 177–190.

[64] Y. Omidi, A.J. Hollins, M. Benboubetra, R. Drayton, I.F. Benter, S. Akhtar,
Toxicogenomics of non-viral vectors for gene therapy: a microarray study of
lipofectin- and oligofectamine-induced gene expression changes in human
epithelial cells, J. Drug Target. 11 (6) (2003 Jul) 311–323.

[65] Y. Omidi, A.J. Hollins, R.M. Drayton, S. Akhtar, Polypropylenimine dendrimer-
induced gene expression changes: the effect of complexation with DNA,
dendrimer generation and cell type, J. Drug Target. 13 (7) (2005 Aug) 431–443.

[66] Y. Omidi, J. Barar, H.R. Heidari, S. Ahmadian, H.A. Yazdi, S. Akhtar, Microarray
analysis of the toxicogenomics and the genotoxic potential of a cationic lipid-
based gene delivery nanosystem in human alveolar epithelial a549 cells,
Toxicol. Mech. Methods 18 (4) (2008) 369–378.

[67] N. Feliu, P. Kohonen, J. Ji, Y. Zhang, H.L. Karlsson, L. Palmberg, et al., Next-
Generation Sequencing Reveals Low-Dose Effects of Cationic Dendrimers in
Primary Human Bronchial Epithelial Cells, ACS Nano 9 (1) (2015) 146–163,
https://doi.org/10.1021/nn5061783.

[68] J.S. Kuo, M. Liou, H. Chiu, Evaluating the gene-expression profiles of HeLa
cancer cells treated with activated and nonactivated poly(amidoamine)
dendrimers, and their DNA complexes, Mol. Pharm. 7 (3) (2010 Jun) 805–814.

[69] O.M. Merkel, A. Beyerle, B.M. Beckmann, M. Zheng, R.K. Hartmann, T. Stöger,
et al., Polymer-related off-target effects in non-viral siRNA delivery,
Biomaterials 32 (9) (2011 Mar) 2388–2398.

[70] S. Akhtar et al., On the nanotoxicity of PAMAM dendrimers: Superfect(R)
stimulates the EGFR-ERK1/2 signal transduction pathway via an oxidative
stress-dependent mechanism in HEK 293 cells, Int. J. Pharm. 448 (1) (2013)
239–246, https://doi.org/10.1016/j.ijpharm.2013.03.039.

[71] S. Akhtar, B. Al-Zaid, A.Z. El-Hashim, B. Chandrasekhar, S. Attur, M.H.M.
Yousif, et al., Cationic Polyamidoamine Dendrimers as Modulators of EGFR
Signaling In Vitro and In Vivo e0132215–e0132215 PLoS ONE 10 (7) (2015).
https://www.ncbi.nlm.nih.gov/pubmed/26167903.

[72] S. Akhtar, B. Al-Zaid, A.Z. El-Hashim, B. Chandrasekhar, S. Attur, I.F. Benter,
Impact of PAMAM delivery systems on signal transduction pathways in vivo:
Modulation of ERK1/2 and p38 MAP kinase signaling in the normal and
diabetic kidney, Int. J. Pharm. 514 (2) (2016 Dec) 353–363.

[73] A.V. Kabanov, Polymer genomics: an insight into pharmacology and
toxicology of nanomedicines, Adv. Drug Deliv. Rev. 58 (15) (2006 Dec)
1597–1621.

[74] A. Chauhan, C. Patil, P. Jain, H. Kulhari, 14 - Dendrimer-based marketed
formulations and miscellaneous applications in cosmetics, veterinary, and
agriculture (Micro and Nano Technologies), in: A. Chauhan, H. Kulhari (Eds.),
Pharmaceutical Applications of Dendrimers, Elsevier, 2020, pp. 325–334.
https://www.sciencedirect.com/science/article/pii/B9780128145272000147.

[75] A. Gothwal, I. Khan, P. Kumar, K. Raza, A. Kaul, A.K. Mishra, et al.,
Bendamustine-PAMAM Conjugates for Improved Apoptosis, Efficacy, and in
Vivo Pharmacokinetics: A Sustainable Delivery Tactic, Mol. Pharm. 15 (6)
(2018 Jun) 2084–2097.

[76] D. Shcharbin, A. Janaszewska, B. Klajnert-Maculewicz, B. Ziemba, V. Dzmitruk,
I. Halets, et al., How to study dendrimers and dendriplexes III. Biodistribution,
pharmacokinetics and toxicity in vivo, J. Control. Release 181 (2014 May) 40–
52.

[77] H. Dai, R.S. Navath, B. Balakrishnan, B.R. Guru, M.K. Mishra, R. Romero, et al.,
Intrinsic targeting of inflammatory cells in the brain by polyamidoamine
dendrimers upon subarachnoid administration, Nanomedicine (Lond). 5 (9)
(2010 Nov) 1317–1329.

[78] J.C. Roberts, M.K. Bhalgat, R.T. Zera, Preliminary biological evaluation of
polyamidoamine (PAMAM) StarburstTM dendrimers, J. Biomed. Mater. Res.

https://www.sciencedirect.com/science/article/pii/S2329050120301467
https://www.sciencedirect.com/science/article/pii/S2329050120301467
https://advances.sciencemag.org/content/5/6/eaaw8922
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0145
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0145
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0145
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0150
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0150
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0150
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0155
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0155
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0155
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0160
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0160
https://www.sciencedirect.com/science/article/pii/S0928098721000440
https://www.sciencedirect.com/science/article/pii/S0928098721000440
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0175
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0175
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0175
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0180
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0180
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0180
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0180
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0185
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0185
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0185
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0185
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0185
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0190
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0190
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0190
https://doi.org/10.1007/3-540-69708-X_8
https://onlinelibrary.wiley.com/doi/abs/10.1002/pi.5774
https://onlinelibrary.wiley.com/doi/abs/10.1002/pi.5774
https://doi.org/10.1021/ma801782q
https://onlinelibrary.wiley.com/doi/abs/10.1002/pola.28703
https://onlinelibrary.wiley.com/doi/abs/10.1002/pola.28703
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0220
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0220
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0220
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0225
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0230
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0230
https://www.mdpi.com/1422-0067/22/6/2912
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0240
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0240
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0245
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0245
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0245
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0250
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0250
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0250
https://doi.org/10.1295/polymj.17.117
https://doi.org/10.1111/joim.12280
https://doi.org/10.1111/joim.12280
https://www.sciencedirect.com/science/article/pii/S1878535220301490
https://www.sciencedirect.com/science/article/pii/S1878535220301490
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0270
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0270
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0270
http://www.sciencedirect.com/science/article/pii/S0169409X0500195X
http://www.sciencedirect.com/science/article/pii/S0169409X0500195X
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0280
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0280
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0280
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0285
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0285
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0285
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0290
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0290
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0295
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0295
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0300
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0305
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0310
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0315
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0320
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0325
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0330
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0330
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0330
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0330
https://doi.org/10.1021/nn5061783
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0340
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0340
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0340
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0345
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0345
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0345
https://doi.org/10.1016/j.ijpharm.2013.03.039
https://www.ncbi.nlm.nih.gov/pubmed/26167903
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0360
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0365
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0365
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0365
https://www.sciencedirect.com/science/article/pii/B9780128145272000147
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0375
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0375
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0375
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0375
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0380
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0385
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0385
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0385
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0385


H. Kheraldine, O. Rachid, Abdella M Habib et al. Advanced Drug Delivery Reviews xxx (xxxx) xxx
30 (1) (1996) 53–65, https://doi.org/10.1002/(SICI)1097-4636(199601)30:1%
3C53::AID-JBM8%3E3.0.CO.

[79] S. Sadekar, O. Linares, G.J. Noh, D. Hubbard, A. Ray, M. Janát-Amsbury, et al.,
Comparative pharmacokinetics of PAMAM-OH dendrimers and HPMA
copolymers in ovarian tumor-bearing mice, Drug Deliv Transl Res. 3 (3)
(2013 Jun) 260–271.

[80] H. Kobayashi, M.W. Brechbiel, Nano-sized MRI contrast agents with
dendrimer cores, Adv. Drug Deliv. Rev. 57 (15) (2005 Dec) 2271–2286.

[81] T. Saritas, C. Kuppe, M.J. Moeller, Progress and controversies in unraveling the
glomerular filtration mechanism, Curr. Opin. Nephrol. Hypertens. 24 (3)
(2015 May) 208–216.

[82] S. Sadekar, A. Ray, M. Janàt-Amsbury, C.M. Peterson, H. Ghandehari,
Comparative Biodistribution of PAMAM Dendrimers and HPMA Copolymers
in Ovarian-Tumor-Bearing Mice, Biomacromolecules 12 (1) (2011) 88–96,
https://doi.org/10.1021/bm101046d.

[83] N. Malik, R. Wiwattanapatapee, R. Klopsch, K. Lorenz, H. Frey, J.W. Weener,
et al., Dendrimers: Relationship between structure and biocompatibility
in vitro, and preliminary studies on the biodistribution of 125I-labelled
polyamidoamine dendrimers in vivo, J. Control. Release 65 (1–2) (2000 Mar)
133–148.

[84] L.D. Margerum, B.K. Campion, M. Koo, N. Shargill, J.-J. Lai, A. Marumoto, et al.,
Gadolinium(III) DO3A macrocycles and polyethylene glycol coupled to
dendrimers Effect of molecular weight on physical and biological properties
of macromolecular magnetic resonance imaging contrast agents, J. Alloy.
Compd. 249 (1) (1997) 185–190. https://www.sciencedirect.com/science/
article/pii/S0925838896028307.

[85] J. Milton Harris, N.E. Martin, Modi M. Pegylation, A novel process for
modifying pharmacokinetics, Clinical Pharmacokinetics. Adis International
Ltd 40 (2001) 539–551.

[86] S. Parveen, S.K. Sahoo, Nanomedicine: clinical applications of polyethylene
glycol conjugated proteins and drugs, Clin. Pharmacokinet. 45 (10) (2006)
965–988.

[87] T. Okuda, S. Kawakami, T. Maeie, T. Niidome, F. Yamashita, M. Hashida,
Biodistribution characteristics of amino acid dendrimers and their PEGylated
derivatives after intravenous administration, J. Control. Release 114 (1) (2006
Aug) 69–77.

[88] M.E. Fox, F.C. Szoka, J.M.J. Fréchet, Soluble Polymer Carriers for the Treatment
of Cancer: The Importance of Molecular Architecture, Acc. Chem. Res. 42 (8)
(2009) 1141–1151, https://doi.org/10.1021/ar900035f.

[89] W.M. Deen, M.P. Bohrer, N.B. Epstein, Effects of molecular size and
configuration on diffusion in microporous membranes, AIChE J. 27 (6)
(1981) 952–959. https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/aic.
690270611.

[90] B. Chen, K. Jerger, J.M.J. Fréchet, F.C.J. Szoka, The influence of polymer
topology on pharmacokinetics: differences between cyclic and linear
PEGylated poly(acrylic acid) comb polymers, J. Control. Release 140 (3)
(2009 Dec) 203–209.

[91] E. Pérez-Herrero, A. Fernández-Medarde, Advanced targeted therapies in
cancer: Drug nanocarriers, the future of chemotherapy, European
Journal of Pharmaceutics and Biopharmaceutics. Elsevier B.V. 93 (2015) 52–79.

[92] Y. Wang, J. Wang, D. Zhu, Y. Wang, G. Qing, Y. Zhang, et al., Effect of
physicochemical properties on in vivo fate of nanoparticle-based cancer
immunotherapies, Acta Pharm Sin B 11 (4) (2021) 886–902. https://
www.sciencedirect.com/science/article/pii/S2211383521000782.

[93] M. Zhu, G. Nie, H. Meng, T. Xia, A. Nel, Y. Zhao, Physicochemical properties
determine nanomaterial cellular uptake, transport, and fate, Acc. Chem. Res.
46 (3) (2013 Mar) 622–631.

[94] H. Sarin, A.S. Kanevsky, H. Wu, K.R. Brimacombe, S.H. Fung, A.A. Sousa, et al.,
Effective transvascular delivery of nanoparticles across the blood-
brain tumor barrier into malignant glioma cells, J Transl Med. 6 (2008 Dec)
80.

[95] H. Maeda, Toward a full understanding of the EPR effect in primary and
metastatic tumors as well as issues related to its heterogeneity, Adv. Drug
Deliv. Rev. 91 (2015 Aug) 3–6.

[96] J. Li, H. Liang, J. Liu, Z. Wang, Poly (amidoamine) (PAMAM) dendrimer
mediated delivery of drug and pDNA/siRNA for cancer therapy, Int. J. Pharm.
546 (1–2) (2018 Jul) 215–225.

[97] Y. Shi, R. van der Meel, X. Chen, T. Lammers, The EPR effect and beyond:
Strategies to improve tumor targeting and cancer nanomedicine treatment
efficacy, Theranostics, vol. 10, 2020, pp. 7921–7924.

[98] M. El-Sayed, M. Ginski, C. Rhodes, H. Ghandehari, Transepithelial transport of
poly(amidoamine) dendrimers across Caco-2 cell monolayers, J. Control.
Release 81 (3) (2002 Jun) 355–365.

[99] M. El-Sayed, M. Ginski, C.A. Rhodes, H. Ghandehari, Influence of Surface
Chemistry of Poly(Amidoamine) Dendrimers on Caco-2 Cell Monolayers, J.
Bioact. Compat. Polym. 18 (1) (2003) 7–22, https://doi.org/10.1177/
0883911503018001002.

[100] M. El-Sayed, C.A. Rhodes, M. Ginski, H. Ghandehari, Transport mechanism(s)
of poly (amidoamine) dendrimers across Caco-2 cell monolayers, Int. J.
Pharm. 265 (1–2) (2003 Oct) 151–157.

[101] R. Wiwattanapatapee, B. Carreño-Gómez, N. Malik, R. Duncan, Anionic
PAMAM dendrimers rapidly cross adult rat intestine in vitro: a potential
oral delivery system?, Pharm Res. 17 (8) (2000 Aug) 991–998.

[102] D.M. Sweet, R.B. Kolhatkar, A. Ray, P. Swaan, H. Ghandehari, Transepithelial
transport of PEGylated anionic poly(amidoamine) dendrimers: implications
for oral drug delivery, J. Control. Release 138 (1) (2009 Aug) 78–85.
22
[103] S. Sadekar, G. Thiagarajan, K. Bartlett, D. Hubbard, A. Ray, L.D. McGill, et al.,
Poly(amido amine) dendrimers as absorption enhancers for oral delivery of
camptothecin, Int. J. Pharm. 456 (1) (2013 Nov) 175–185.

[104] K.M. Kitchens, R.B. Kolhatkar, P.W. Swaan, N.D. Eddington, H. Ghandehari,
Transport of poly(amidoamine) dendrimers across Caco-2 cell monolayers:
Influence of size, charge and fluorescent labeling, Pharm. Res. 23 (12) (2006
Dec) 2818–2826.

[105] A. D’Emanuele, R. Jevprasesphant, J. Penny, D. Attwood, The use of a
dendrimer-propranolol prodrug to bypass efflux transporters and enhance
oral bioavailability, J. Control. Release 95 (3) (2004 Mar) 447–453.

[106] Q. Ma, Y. Han, C. Chen, Y. Cao, S. Wang, W. Shen, et al., Oral absorption
enhancement of probucol by PEGylated G5 PAMAM dendrimer modified
nanoliposomes, Mol. Pharm. 12 (3) (2015 Mar) 665–674.

[107] J. Zhang, D. Liu, M. Zhang, Y. Sun, X. Zhang, G. Guan, et al., The cellular uptake
mechanism, intracellular transportation, and exocytosis of polyamidoamine
dendrimers in multidrug-resistant breast cancer cells, Int J Nanomedicine. 11
(2016) 3677–3690.

[108] S. Hong, P.R. Leroueil, E.K. Janus, J.L. Peters, M.-M. Kober, M.T. Islam, et al.,
Interaction of polycationic polymers with supported lipid bilayers and cells:
nanoscale hole formation and enhanced membrane permeability, Bioconjug.
Chem. 17 (3) (2006) 728–734.

[109] S. Lu, X. Bao, W. Hai, S. Shi, Y. Chen, Q. Yu, et al., Multi-functional self-
assembled nanoparticles for pVEGF-shRNA loading and anti-tumor targeted
therapy, Int. J. Pharm. 575 (2020 Feb) 118898.

[110] M.A. Maher, H.J. Byrne, Modification of the in vitro uptake mechanism and
antioxidant levels in HaCaT cells and resultant changes to toxicity and
oxidative stress of G4 and G6 poly(amidoamine) dendrimer nanoparticles,
Anal. Bioanal. Chem. 408 (19) (2016 Jul) 5295–5307.

[111] P.C. Naha, M. Davoren, F.M. Lyng, H.J. Byrne, Reactive oxygen species (ROS)
induced cytokine production and cytotoxicity of PAMAM dendrimers in
J774A.1 cells, Toxicol. Appl. Pharmacol. 246 (1–2) (2010 Jul) 91–99.

[112] P.C. Naha, H.J. Byrne, Generation of intracellular reactive oxygen species and
genotoxicity effect to exposure of nanosized polyamidoamine (PAMAM)
dendrimers in PLHC-1 cells in vitro, Aquat. Toxicol. 132–133 (2013 May) 61–
72.

[113] C. Buccitelli, M. Selbach, mRNAs, proteins and the emerging principles of
gene expression control, Nat. Rev. Genet. 21 (10) (2020 Oct) 630–644.

[114] B. Shraim, M. Moursi, I.F. Benter, A.M. Habib, S. Akhtar, The role of EGFR/ErbB/
HER Family of Receptor Tyrosine Kinases in Mediating Diabetes-Induced
Cardiovascular Complications, Front. Pharmacol. 12 (2021), https://doi.org/
10.3389/fphar.2021.701390 701390.

[115] S. Akhtar, I.F. Benter, The role of epidermal growth factor receptor in
diabetes-induced cardiac dysfunction, Bioimpacts. 3 (1) (2013) 5–9.

[116] S. Akhtar, B. Chandrasekhar, S. Attur, G.S. Dhaunsi, M.H.M. Yousif, I.F. Benter,
Transactivation of ErbB Family of Receptor Tyrosine Kinases Is Inhibited by
Angiotensin-(1–7) via Its Mas Receptor, PLoS ONE 10 (11) (2015) 1–19,
https://doi.org/10.1371/journal.pone.0141657.

[117] S. Akhtar, M.H.M. Yousif, G.S. Dhaunsi, B. Chandrasekhar, O. Al-Farsi, I.F.
Benter, Angiotensin-(1–7) inhibits epidermal growth factor receptor
transactivation via a Mas receptor-dependent pathway, Br. J. Pharmacol.
165 (5) (2012 Mar) 1390–1400.

[118] S. Akhtar, B. Chandrasekhar, I. Benter, 455-P: Pan-ErbB Inhibition Attenuates
Diabetes-Induced Vascular Dysfunction in an Experimental Model of
Diabetes Available from: Diabetes 69 (Supplement 1) (2020).
https://diabetes.diabetesjournals.org/content/69/Supplement_1/455-P.

[119] C.M. Ferrario, S. Ahmad, J. Joyner, J. Varagic, Advances in the renin
angiotensin system focus on angiotensin-converting enzyme 2 and
angiotensin-(1–7), Adv. Pharmacol. 59 (2010) 197–233.

[120] S. Akhtar, A.Z. El-Hashim, B. Chandrasekhar, S. Attur, I.F. Benter, Naked
Polyamidoamine Polymers Intrinsically Inhibit Angiotensin II-Mediated EGFR
and ErbB2 Transactivation in a Dendrimer Generation- and Surface
Chemistry-Dependent Manner, Mol. Pharm. 13 (5) (2016) 1575–1586,
https://doi.org/10.1021/acs.molpharmaceut.6b00045.

[121] S. Akhtar, M.H.M. Yousif, G.S. Dhaunsi, F. Sarkhouh, B. Chandrasekhar, S.
Attur, et al., Activation of ErbB2 and Downstream Signalling via Rho Kinases
and ERK1/2 Contributes to Diabetes-Induced Vascular Dysfunction, PLoS ONE
8 (6) (2013) e67813.

[122] Y. Sun, F. Guo, Z. Zou, C. Li, X. Hong, Y. Zhao, et al., Cationic nanoparticles
directly bind angiotensin-converting enzyme 2 and induce acute lung injury
in mice, Part. Fibre Toxicol. 12 (2015 Mar) 4.

[123] S. Akhtar, I.F. Benter, M.I. Danjuma, S.A.R. Doi, S.S. Hasan, A.M. Habib,
Pharmacotherapy in COVID-19 patients: a review of ACE2-raising drugs and
their clinical safety, J. Drug Target. 28 (7–8) (2020) 683–699.

[124] C. Li, H. Liu, Y. Sun, H. Wang, F. Guo, S. Rao, et al., PAMAM nanoparticles
promote acute lung injury by inducing autophagic cell death through the
Akt-TSC2-mTOR signaling pathway, J. Mol. Cell. Biol. 1 (1) (2009 Oct) 37–45.

[125] M. Labieniec-Watala, C. Watala, PAMAM dendrimers: destined for success or
doomed to fail? Plain and modified PAMAM dendrimers in the context of
biomedical applications, J. Pharm. Sci. 104 (1) (2015 Jan) 2–14.

[126] E.N. Gurzov, B. Wang, E.H. Pilkington, P. Chen, A. Kakinen, W.J. Stanley, et al.,
Inhibition of hIAPP Amyloid Aggregation and Pancreatic b-Cell Toxicity by
OH-Terminated PAMAM Dendrimer, Small 12 (12) (2016) 1615–1626,
https://doi.org/10.1002/smll.201502317.

[127] B.R. Avaritt, P.W. Swaan, Intracellular Ca2+ release mediates cationic but not
anionic poly(amidoamine) (PAMAM) dendrimer-induced tight junction
modulation, Pharm. Res. 31 (9) (2014 Sep) 2429–2438.

https://doi.org/10.1002/(SICI)1097-4636(199601)30:1%3C53::AID-JBM8%3E3.0.CO
https://doi.org/10.1002/(SICI)1097-4636(199601)30:1%3C53::AID-JBM8%3E3.0.CO
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0395
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0400
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0400
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0405
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0405
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0405
https://doi.org/10.1021/bm101046d
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0415
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0415
https://www.sciencedirect.com/science/article/pii/S0925838896028307
https://www.sciencedirect.com/science/article/pii/S0925838896028307
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0425
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0425
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0425
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0430
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0435
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0435
https://doi.org/10.1021/ar900035f
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/aic.690270611
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/aic.690270611
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0450
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0450
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0450
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0450
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0455
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0455
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0455
https://www.sciencedirect.com/science/article/pii/S2211383521000782
https://www.sciencedirect.com/science/article/pii/S2211383521000782
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0465
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0465
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0465
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0470
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0470
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0470
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0470
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0475
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0475
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0475
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0480
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0480
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0480
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0490
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0490
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0490
https://doi.org/10.1177/0883911503018001002
https://doi.org/10.1177/0883911503018001002
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0500
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0505
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0505
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0505
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0510
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0510
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0510
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0515
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0520
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0525
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0525
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0525
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0530
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0535
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0535
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0535
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0535
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0540
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0545
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0550
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0555
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0555
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0555
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0560
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0560
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0560
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0560
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0565
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0565
https://doi.org/10.3389/fphar.2021.701390
https://doi.org/10.3389/fphar.2021.701390
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0575
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0575
https://doi.org/10.1371/journal.pone.0141657
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0585
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0585
https://diabetes.diabetesjournals.org/content/69/Supplement_1/455-P
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0595
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0595
https://doi.org/10.1021/acs.molpharmaceut.6b00045
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0605
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0605
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0605
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0605
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0610
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0610
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0610
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0615
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0615
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0615
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0620
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0620
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0620
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0625
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0625
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0625
https://doi.org/10.1002/smll.201502317
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0635
http://refhub.elsevier.com/S0169-409X(21)00301-X/h0635


H. Kheraldine, O. Rachid, Abdella M Habib et al. Advanced Drug Delivery Reviews xxx (xxxx) xxx
[128] P. Forstner, F. Bayer, N. Kalu, S. Felsen, C. Fortsch, A. Aloufi, et al., Cationic
PAMAM dendrimers as pore-blocking binary toxin inhibitors,
Biomacromolecules 15 (7) (2014 Jul) 2461–2474.

[129] S. Jain, G.A. Pitoc, E.K. Holl, Y. Zhang, L. Borst, K.W. Leong, et al., Nucleic acid
scavengers inhibit thrombosis without increasing bleeding, Proc Natl Acad
Sci U S A. 109 (32) (2012 Aug) 12938–12943.

[130] C.F. Jones, R.A. Campbell, A.E. Brooks, S. Assemi, S. Tadjiki, G. Thiagarajan,
et al., Cationic PAMAM dendrimers aggressively initiate blood clot formation,
ACS Nano 6 (11) (2012 Nov) 9900–9910.

[131] C.F. Jones, R.A. Campbell, Z. Franks, C.C. Gibson, G. Thiagarajan, A. Vieira-de-
Abreu, et al., Cationic PAMAM dendrimers disrupt key platelet functions, Mol.
Pharm. 9 (6) (2012 Jun) 1599–1611.

[132] M.-H. Han, J. Chen, J. Wang, S.-L. Chen, X.-T. Wang, Blood compatibility of
polyamidoamine dendrimers and erythrocyte protection, J. Biomed.
Nanotechnol. 6 (1) (2010 Feb) 82–92.

[133] D.M. Domanski, B. Klajnert, M. Bryszewska, Influence of PAMAM dendrimers
on human red blood cells, Bioelectrochemistry 63 (1–2) (2004 Jun) 189–191.

[134] W. Wang, W. Xiong, Y. Zhu, H. Xu, X. Yang, Protective effect of PEGylation
against poly(amidoamine) dendrimer-induced hemolysis of human red blood
cells, J. Biomed. Mater. Res. B Appl. Biomater. 93 (1) (2010 Apr) 59–64.

[135] M.A. Dobrovolskaia, A.K. Patri, J. Simak, J.B. Hall, J. Semberova, S.H. De Paoli
Lacerda, et al., Nanoparticle size and surface charge determine effects of
PAMAM dendrimers on human platelets in vitro, Mol. Pharm. 9 (3) (2011/11/
10. 2012 Mar,) 382–393.

[136] K. Greish, G. Thiagarajan, H. Herd, R. Price, H. Bauer, D. Hubbard, et al., Size
and surface charge significantly influence the toxicity of silica and dendritic
nanoparticles, Nanotoxicology. 6 (7) (2012 Nov) 713–723.

[137] J. Lin, W. Hua, Y. Zhang, C. Li, W. Xue, J. Yin, et al., Effect of poly(amidoamine)
dendrimers on the structure and activity of immune molecules, BBA 1850 (2)
(2015 Feb) 419–425.

[138] D.P. Otto, M.M. de Villiers, Poly(amidoamine) Dendrimers as a Pharmaceutical
Excipient. Are We There yet?, J Pharm. Sci. 107 (1) (2018) 75–83.

[139] F. Babiker, I.F. Benter, S. Akhtar, Nanotoxicology of Dendrimers in the
Mammalian Heart: ex vivo and in vivo Administration of G6 PAMAM
Nanoparticles Impairs Recovery of Cardiac Function Following Ischemia-
Reperfusion Injury, Int J Nanomedicine. 15 (2020) 4393–4405.

[140] T. Yamazaki, J.M. Bravo-San Pedro, L. Galluzzi, G. Kroemer, F. Pietrocola,
Autophagy in the cancer-immunity dialogue, Adv. Drug Deliv. Rev. 169 (2021
Feb) 40–50.

[141] N. Mizushima, B. Levine, Autophagy in Human Diseases, N. Engl. J. Med. 383
(16) (2020 Oct) 1564–1576.

[142] M.S. D’Arcy, Cell death: a review of the major forms of apoptosis, necrosis and
autophagy, Cell Biol. Int. 43 (6) (2019 Jun) 582–592.

[143] B. Levine, G. Kroemer, Biological Functions of Autophagy Genes: A Disease
Perspective, Cell 176 (1–2) (2019 Jan) 11–42.

[144] Y. Li, X. Zeng, S. Wang, Y. Sun, Z. Wang, J. Fan, et al., Inhibition of autophagy
protects against PAMAM dendrimers-induced hepatotoxicity,
Nanotoxicology. 9 (3) (2015 May) 344–355.

[145] S. Wang, Y. Li, J. Fan, Z. Wang, X. Zeng, Y. Sun, et al., The role of autophagy in
the neurotoxicity of cationic PAMAM dendrimers, Biomaterials 35 (26) (2014
Aug) 7588–7597.

[146] Y. Li, S. Wang, Z. Wang, X. Qian, J. Fan, X. Zeng, et al., Cationic poly
(amidoamine) dendrimers induced cyto-protective autophagy in
hepatocellular carcinoma cells, Nanotechnology. 25 (36) (2014 Sep) 365101.

[147] Y. Li, H. Zhu, S. Wang, X. Qian, J. Fan, Z. Wang, et al., Interplay of Oxidative
Stress and Autophagy in PAMAM Dendrimers-Induced Neuronal Cell Death,
Theranostics 5 (12) (2015 Oct 8) 1363–1377. https://www.ncbi.nlm.nih.gov/
pubmed/26516373.

[148] J.-H. Lee, K.E. Cha, M.S. Kim, H.W. Hong, D.J. Chung, G. Ryu, et al., Nanosized
polyamidoamine (PAMAM) dendrimer-induced apoptosis mediated by
mitochondrial dysfunction, Toxicol. Lett. 190 (2) (2009 Oct) 202–207.

[149] Y.J. Choi, S.J. Kang, Y.J. Kim, Y.-B. Lim, H.W. Chung, Comparative studies on the
genotoxicity and cytotoxicity of polymeric gene carriers polyethylenimine
(PEI) and polyamidoamine (PAMAM) dendrimer in Jurkat T-cells, Drug Chem.
Toxicol. 33 (4) (2010 Oct) 357–366.

[150] J.-H.S. Kuo, M.-S. Jan, H.W. Chiu, Mechanism of cell death induced by cationic
dendrimers in RAW 264.7 murine macrophage-like cells, J. Pharm.
Pharmacol. 57 (4) (2005 Apr) 489–495.

[151] T.P. Thomas, I. Majoros, A. Kotlyar, D. Mullen, M.M.B. Holl, J.R. Baker Jr,
Cationic poly(amidoamine) dendrimer induces lysosomal apoptotic pathway
at therapeutically relevant concentrations, Biomacromolecules 10 (12) (2009
Dec 14) 3207–3214. https://www.ncbi.nlm.nih.gov/pubmed/19924846.

[152] H. Kheraldine, I. Gupta, H. Alhussain, A. Jabeen, F.S. Cyprian, S. Akhtar, et al.,
Substantial cell apoptosis provoked by naked PAMAM dendrimers in HER2-
positive human breast cancer via JNK and ERK1/ERK2 signalling pathways,
Comput. Struct. Biotechnol. J. 19 (2021) 2881–2890.

[153] S.P. Mukherjee, F.M. Lyng, A. Garcia, M. Davoren, H.J. Byrne,
Mechanistic studies of in vitro cytotoxicity of poly(amidoamine)
dendrimers in mammalian cells, Toxicol. Appl. Pharmacol. 248 (3)
(2010 Nov) 259–268.

[154] M. Patel, S.H. De Paoli, O.K. Elhelu, S. Farooq, J. Simak, Cell membrane
disintegration and extracellular vesicle release in a model of different size
and charge PAMAM dendrimers effects on cultured endothelial cells,
Nanotoxicology. 1–18 (2019 Feb).

[155] B. Wang, R.S. Navath, A.R. Menjoge, B. Balakrishnan, R. Bellair, H. Dai, et al.,
Inhibition of bacterial growth and intramniotic infection in a guinea pig
23
model of chorioamnionitis using PAMAM dendrimers, Int. J. Pharm. 395 (1–2)
(2010 Aug) 298–308.

[156] A.R. Menjoge, R.S. Navath, A. Asad, S. Kannan, C.J. Kim, R. Romero, et al.,
Transport and biodistribution of dendrimers across human fetal membranes:
implications for intravaginal administration of dendrimer-drug conjugates,
Biomaterials 31 (18) (2010 Jun) 5007–5021.

[157] A.R. Menjoge, A.L. Rinderknecht, R.S. Navath, M. Faridnia, C.J. Kim, R. Romero,
et al., Transfer of PAMAM dendrimers across human placenta: prospects of its
use as drug carrier during pregnancy, J. Control. Release 150 (3) (2011 Mar)
326–338.

[158] I. Burd, F. Zhang, T. Dada, M.K. Mishra, T. Borbiev, W.G. Lesniak, et al., Fetal
uptake of intra-amniotically delivered dendrimers in a mouse model of
intrauterine inflammation and preterm birth, Nanomedicine. 10 (6) (2014
Aug) 1343–1351.

[159] J. Yu, J. Jia, X. Guo, R. Chen, L. Feng, Modulating circulating sFlt1 in an animal
model of preeclampsia using PAMAM nanoparticles for siRNA delivery,
Placenta 58 (2017 Oct) 1–8.

[160] T.C.K. Heiden, E. Dengler, W.J. Kao, W. Heideman, R.E. Peterson,
Developmental toxicity of low generation PAMAM dendrimers in zebrafish,
Toxicol. Appl. Pharmacol. 225 (1) (2007 Nov) 70–79.

[161] L. Bodewein, F. Schmelter, S. Di Fiore, H. Hollert, R. Fischer, M. Fenske,
Differences in toxicity of anionic and cationic PAMAM and PPI dendrimers in
zebrafish embryos and cancer cell lines, Toxicol. Appl. Pharmacol. 305 (2016
Aug) 83–92.

[162] H. Kheraldine, I. Gupta, H. Alhussain, A. Jabeen, S. Akhtar, A.-E. Al Moustafa,
et al., Naked Poly(amidoamine) Dendrimer Nanoparticles Exhibit Intrinsic
Embryotoxicity During the Early Stages of Normal Development, J. Biomed.
Nanotechnol. 16 (10) (2020 Oct) 1454–1462.
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