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Abstract: Drug delivery systems are molecular platforms in which an active compound is packed
into or loaded on a biocompatible nanoparticle. Such a solution improves the activity of the applied
drug or decreases its side effects. Dendrimers are promising molecular platforms for drug delivery
due to their unique properties. These macromolecules are known for their defined size, shape,
and molecular weight, as well as their monodispersity, the presence of the void space, tailorable
structure, internalization by cells, selectivity toward cells and intracellular components, protection of
guest molecules, and controllable release of the cargo. Dendrimers were tested as carriers of various
molecules and, simultaneously, their toxicity was examined using different cell lines. It was discovered
that, in general, dendrimer cytotoxicity depended on the generation, the number of surface groups,
and the nature of terminal moieties (anionic, neutral, or cationic). Higher cytotoxicity occurred for
higher-generation dendrimers and for dendrimers with positive charges on the surface. In order to
decrease the cytotoxicity of dendrimers, scientists started to introduce different chemical modifications
on the periphery of the nanomolecule. Dendrimers grafted with polyethylene glycol (PEG), acetyl
groups, carbohydrates, and other moieties did not affect cell viability, or did so only slightly, while
still maintaining other advantageous properties. Dendrimers clearly have great potential for wide
utilization as drug and gene carriers. Moreover, some dendrimers have biological properties per se,
being anti-fungal, anti-bacterial, or toxic to cancer cells without affecting normal cells. Therefore,
intrinsic cytotoxicity is a comprehensive problem and should be considered individually depending
on the potential destination of the nanoparticle.
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1. Introduction

Dendrimers, also known as starburst polymers [1], cascade molecules, or arborols [2], were
developed in 1980s. Since the pioneering work of Tomalia [1], Newkome [2], and Vögtle [3], numerous
research groups contributed to both the development of new dendrimer types, as well as their biomedical
applications. Figure 1 illustrates the increasing number of biological and chemical publications on
dendrimers in the last two decades. In the past five years, an average of 1000 publications per year
appeared in the dendrimer field. This raises the question as to what makes dendrimers so interesting.
There are many logical answers.
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Figure 1. Number of articles about dendrimers in Scopus (blue bars—all fields; red bars—biomedical field).

Firstly, dendrimers are characterized by a compact structure and a strictly predictable molecular
weight (MW). They are monodisperse, polyvalent, usually globular macromolecules with a regular and
highly branched three-dimensional architecture. They consist of a central core molecule surrounded
by branches called dendrons, and are terminated with functional surface groups. The essential feature
of these nanomolecules is their generation, defined as the number of layers attached to the core and
denoted as Gn, where n can range from 0 to 12. Figure 2 illustrates the general structure of a dendrimer
molecule. Secondly, it is possible to precisely design the structure of the dendrimer. During synthesis,
one can control branching (topology) and introduce modifications at terminal end groups. Thirdly,
most dendrimers are soluble in aqueous solutions, which is fundamental for drug candidates because
it determines good absorption and bioavailability. Last but not least, many dendrimers easily penetrate
cell membranes and increase cellular uptake of whatever is complexed by or conjugated with them [4].

Figure 2. Structure of a dendrimer.

Figure 3 shows three possible uses of dendrimers as nanocarriers. Thanks to their specific structure
and the presence of controllable internal cavities, these nanomolecules are perfect for the encapsulation
of guest drugs (Figure 3A). Moreover, bioactive compounds can be attached to reactive groups at
the periphery of the dendrimer (Figure 3B). The same dendritic molecule can serve as a carrier of
both encapsulated and surface-conjugated compounds (Figure 3C). Additionally, the periphery of the
dendrimer can be easily modified to improve properties such as solubility or cytotoxicity [5].
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Figure 3. Three ways of complexation or conjugation of guest molecules with a dendrimer
molecule: encapsulation in the internal cavities (A), attachment to the periphery (B), or both methods
simultaneously (C).

All these properties make dendrimers excellent candidates for nanomedical applications. As
compounds that are so intensively studied for their potential use in biomedicine, dendrimers should
meet several criteria. Specifically, they should be non-toxic, non-immunogenic, biopermeable (possess
the ability to cross biobarriers), able to stay in blood circulation until the desired effects occur, and able
to target specific biological structures. Many groups of dendrimers fulfill most of these requirements;
however, their utilization in biomedicine is often limited due to their high cytotoxicity [6]. This review
initially presents the most researched potential applications of dendrimers in nanomedicine. Then, it
discusses important aspects of dendrimer cytotoxicity. Next, we provide insight into the problem of
cytotoxicity of cascade molecules in the aspect of their clinical application. Finally, we discuss whether
the toxicity of dendrimers limits their biomedical applications, and what the main strategies to improve
their biocompatibility are.

2. Biomedical Potential and Applications of Dendrimers

Poly(amido amine) (PAMAM) and poly(propylene imine) (PPI) dendrimers are the two
most commonly studied dendrimers, probably due to their broad commercial availability [7].
However, phosphorous dendrimers (P-dendrimers) [8], carbosilane dendrimers (CBS), poly(L-lysine)
dendrimers (PLL), polyesters (PGLSA-OH) [9], poly(2,2-bis (hydroxymethyl)propionic acid dendrimers
(bis-MPA) [10], and peptide dendrimers are also extensively explored. Figure 4 shows structures of
selected types of dendrimers [1,3,11–15]. All these different groups of dendrimers were investigated for
their use in biomedical applications as nanodrugs, drug delivery systems, contrast agents for magnetic
resonance imaging (MRI), genetic material carriers, nanoscale containers, artificial proteins, synthetic
vaccinations, antiviral and antibacterial agents, or therapeutic factors in neurodegenerative disorders.
Several examples are presented below.

Boas et al. showed that thiourea-functionalized PPI dendrimers can be used as a drug delivery
system. The encapsulation properties of these dendrimers are based on the formation of dense,
hydrogen-bonded surface shells with solid-state characteristics. Small guest molecules captured in
the interiors of the dendrimers were unable to escape even after extensive dialysis. The number of
encapsulated guest molecules was directly proportional to their size and shape. Such a dendrimer box
could be opened controllably by partial or total hydrolysis to release either some or all of the entrapped
guest molecules [16]. In addition, PAMAM dendrimers of generations 3 and 4 were used as nanoscale
containers for the anti-inflammatory drug ibuprofen. Up to 78 ibuprofen molecules were incorporated
into one molecule of a PAMAM-G4-NH2 dendrimer through electrostatic interactions between the
dendrimer amines and the carboxyl group of the drug. The complexed drug entered A549 cells
much more rapidly than the pure drug, suggesting that dendrimers were able to carry the complexed
drug inside cells efficiently [17]. Another drug, cisplatin, commonly used in cancer treatment, was
encapsulated in PAMAM dendrimers [18]. Interestingly, in comparison to free medicament, the
complex showed slower drug release, higher accumulation in solid tumors, and lower cytotoxicity,
and could be effective even on cisplatin-resistant cells [19,20]. Khandare et al. presented the current
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status and perspective of dendritic polymer nanoconjugate platforms (e.g., PAMAM dendrimers
and dendritic polyglycerols) for cellular localization and targeting of specific tissues [21], while
Gupta et al. highlighted in their review the synthetic progression and biomedical applications of
non-ionic polyether-based amphiphilic architectures as delivery systems of active components [22].
Photodynamic therapy (PDT) is a promising light-based treatment method, utilizing compounds called
photosensitizers for selective damage of diseased cells and tissues. The photosensitizer molecule,
when activated by light, induces the formation of reactive oxygen species (ROS), which are toxic to
target cells. However, common problems limiting the application of photosensitizers regardless of
their excellent ROS generation capability are their intrinsic cytotoxicity and insufficient lipophilicity.
Therefore, dendrimers can be employed to improve the efficacy of these compounds. For example,
PAMAM dendrimers were used for the delivery of the photosensitizer rose bengal (RB) to Dalton’s
lymphoma ascite (DLA) cells—a cancer cell line model. The dendrimer–RB formulation showed high
phototoxic efficiency toward the tested cell line and the dendrimer-based delivery system reduced the
dark toxicity of RB [23].

Figure 4. Chemical structures of selected types of dendrimers.
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Dendrimers can be used as therapeutic factors in neurodegenerative disorders. In vitro studies
showed that dendrimers were capable of interfering with the formation of amyloid fibrillar structures
typical to the onset and development of neurodegenerative disorders, such as Alzheimer’s, Parkinson’s,
and prion diseases. Wasiak et al. demonstrated that cationic phosphorus dendrimers of generations
3 and 4 (CPD G3, CPD G4) were able to affect β-amyloid and MAP-Tau protein aggregation
processes. Assessment of the cytotoxicity of formed fibrils and intermediate products during Aβ 1–28
aggregation was performed using a neuroblastoma cell line (N2a). The results indicated that CPDs
were able to reduce the toxicity of aggregated forms of Aβ 1–28 [24]. Similarly, the GATG (gallic
acid–triethylene glycol) dendrimer decorated with 27 terminal morpholine groups ([G3]-Mor) [25]
and glycodendrimers, such as maltose-decorated PPI dendrimers [26], were able to interfere with the
aggregation process of Alzheimer’s Aβ peptides. Moreover, dendrimers seem to be a useful tool for
therapy of synucleinopathies. This group of neurodegenerative pathologies, including Parkinson’s
disease and dementia with Levy bodies, is caused by the intracellular aggregation of insoluble
protein α-synuclein in neural tissue. On this note, α-synuclein clearance in vitro was reported for
viologen–phosphorus dendrimers [27], urea- and thiourea-modified PPI [28], and CPDs [29]. CPDs
also exhibited activity against fibrillation and aggregation of prion peptides [30].

Dendrimers and dendrimer complexes proved to be effective antipathogenic agents in vitro.
Unmodified and maltose-modified PPI dendrimers were tested for their potential against a set of
pathogenic bacteria and yeast—Candida albicans. It was shown that maltose-modified PPI dendrimers
displayed the highest antibacterial activity and a striking selectivity toward a Gram-positive bacterium,
Staphylococcus aureus. Simultaneously, these nanomolecules exhibited insignificant toxicity toward
eukaryotic cells [31]. Moreover, the encapsulation of silver salts in PAMAM dendrimers increased
antimicrobial activity against various Gram-positive bacteria in comparison to unconjugated silver
salts [32]. These conjugates were shown to be effective for antimicrobial preservation and the protection
of textiles [33,34]. PAMAM dendrimers were also demonstrated to have potential as topical microbicides
against herpes simplex virus (HSV) infections. All of the tested PAMAM compounds were active
against both virus types (types 1 and 2) in the cytopathic effect (CPE) inhibition assay, in which the
drug was added to cells prior to the addition of the virus [35]. One of the most advanced studies
on dendritic nanomolecules as antiviral agents concerns PLL dendrimers modified with sulfonated
naphthyl groups. They were extensively studied as a topical microbiocide for sexually transmitted
infections (STIs). The nanodrug exhibited activity against human immunodeficiency virus (HIV),
HSV, and bacterial vaginosis [36]. The PLL-based product, called VivaGel®, was developed by
Starpharma (Melbourne, Australia). Preclinical development studies demonstrated that VivaGel®

was 100% effective at preventing infections of primates exposed to a humanized strain of simian
immunodeficiency virus (SHIV). In 2012, the company started crucial phase III clinical trials for the
treatment of bacterial vaginosis. First, VivaGel®-containing condoms were approved on the Australian
market. Then, the product was approved for the treatment and prevention of bacterial vaginosis (BV)
and the prevention of sexually transmitted infections [37].

Many researchers aimed to use dendrimers for vaccine and immunization purposes. A multiple
antigenic peptide (MAP) system, based on PLL dendrimers, was pioneered by Tam et al. in the late
1980s [38,39]. It can be synthesized with defined mixtures of B- and T-cell epitopes. A MAP construct,
modified with Plasmodium falciparum T- and B-cell stimulatory peptides, is a good example of such
a system [40]. Furthermore, it was demonstrated using cancer-related peptides that MAPs were
processed in antigen-presenting cells in the same way as antigens derived from intracellular pathogens
(e.g., viruses), thereby providing a powerful immune response, including cytotoxic T-cells [41].

Since the pioneering work of Lauterbur, Wiener, and Tomalia et al. [42], numerous research groups
contributed to the development of dendrimer-based MRI contrast agents. Longmire et al. in their
reviews presented a broad insight into physicochemical properties, clinical applications, and in vivo
results of nanosized MRI contrast agents with dendrimer cores. Generally, these contrast agents are
considered to have enhanced r1 relaxivity compared to traditionally used low-molecular-weight metal
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chelates [43]. Moreover, due to multivalency, dendrimers have tunable pharmacokinetics which can be
adapted specifically to imaged organs.

Many studies focused on the utilization of amino-terminated PAMAM or PPI dendrimers as
non-viral gene transfer agents, increasing the transfection efficiency [44,45]. Dendrimers are able to
bind and protect DNA, and they can be also used as a targeting factor in gene therapy. For example,
Wong et al. constructed PAMAM dendrimer polyplexes conjugated with DNA and ligands such
as folate or riboflavin obtaining multivalent vectors for targeted gene delivery [46]. Also, dendritic
poly(L-lysines) (DGLs) deliver the small interfering RNA (siRNA) oligonucleotide with the same
efficiency as Lipofectamine 2000. Furthermore, DGL had very high binding affinity to DNA, protecting
it against DNAse I attack and simultaneously internalizing it into cells [47].

Interestingly, dendrimers were also investigated for their use in biomedical applications as artificial
proteins. Owing to their nanoscale dimensions, globular shape, and other properties, they can mimic
many important proteins. For example, the size of insulin (3 nm) is comparable to the size of a PAMAM
G3 dendrimer. Similarly, cytochrome C (diameter = 4 nm) and hemoglobin (diameter = 5.5 nm)
correspond to the sizes of PAMAM G4 and G5, respectively. A comprehensive strategy for designing
dendritic nanostructures to mimic globular proteins was described by Tomalia et. al. [48]. They
synthesized PAMAM dendrimers with a disulfide moiety in their core. Therefore, their shape and size
can be precisely controlled with the application of traditional redox chemistry, allowing the synthesis
of structures similar to naturally occurring peptides. Moreover, the dimensions of dendrimers can be
compared to other biological structures. For instance, generations 5 and 6 of PAMAM dendrimers
possess diameters approximately equivalent to the thickness of lipid bilayer membranes of biological
cells, while generation 2 PAMAM dendrimers correspond to the width of DNA duplexes [44].

Dendrimers possess great biomedical potential and, as presented in Figure 1, new kinds of
dendrimers and modifications of already existing ones are constantly being developed. Knowledge
of the cytotoxicity of dendrimers is highly significant in the context of developing effective and safe
dendrimer-based nanoparticles for biomedicine. The following sections provide a compact summary
of the information on the cytotoxicity of several groups of dendrimers. The comparison of dendrimers
and their behavior toward various cell lines will help to indicate the direction of further improvements
of dendrimers and to distinguish the most promising candidates for future nanomedical applications.

3. Cytotoxicity of Dendrimers

3.1. General Aspects

The cytotoxicity of dendrimers depends strongly on the number and nature of functional surface
groups. Cationic dendrimers often exhibit high toxicity, whereas anionic and neutral dendrimers
show slight or no toxic effects. For example, poly(amido amine) (PAMAM) and poly(propylene
imine) (PPI) dendrimers possessing terminal primary amines are characterized by concentration- and
generation-dependent toxicity [49,50], whereas grafted carbosilane–poly(ethylene oxide) (CSi–PEO)
dendrimers and other dendrimers terminated with neutral or anionic groups seem to be much less
toxic [51]. Thus, modification of the surface of the cationic dendrimer with negatively charged or
neutral moieties decreases its cytotoxicity [50]. Surface functionalization with polyethylene glycol
(PEG), pyrrolidone, or another biocompatible compound can significantly reduce cytotoxicity to levels
far better than those of currently available products [51]. The cytotoxicity of cationic dendrimers can
be explained by the interaction between negatively charged cell membranes and the positively charged
dendrimer surface. This interaction leads to the formation of nanopores in the cell membrane, its
damage, subsequent leakage of cellular content, and eventually cell death. Figure 5 illustrates how
the surface charge affects the bioavailability, immunogenicity, and the in vitro and in vivo toxicity
of dendrimers.
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Figure 5. Influence of the surface charge of dendrimers on their bioavailability, immunogenicity, and
their in vitro and in vivo toxicity. “+” indicates that there is an effect; “−” indicates no effect.

Mukherjee et al. published an interesting paper, disclosing an indirect impact of PAMAM
dendrimers on cell viability. The authors observed generation-dependent toxicity of PAMAM G4, G5,
and G6 to human keratinocytes (HaCaT) and primary colon adenocarcinoma cells (SW480). Based on
spectroscopic methods, and the measurements of the zeta size and potential of dendrimers in fetal
bovine serum (FBS)-supplemented medium, it was found that dendrimers absorbed proteins from the
culture media. These data suggested the indirect mechanism of PAMAM cytotoxicity resulting from
the depletion of medium components [52]. In the next paper, a direct influence of PAMAM G4–G6
on both cell lines was revealed. Specifically, the generation-dependent cytotoxicity correlated with
the formation of ROS, increased lysosomal activity, induction of apoptosis, and DNA damage. These
effects were consistent with a pathway of localization of PAMAM dendrimers in the mitochondria.
ROS production was co-located in the mitochondria, and both generated levels and timescales were
systematically generation dependent (G4 < G5 < G6) [53]. Mukherjee and Byrne also showed that
early-stage HaCaT cell responses to PAMAM G4–G6 were associated with endosomal encapsulation,
while later-stage responses were associated with mitochondrial attack. In all cases, the magnitude and
evolution of responses depended on the dendrimer generation and dose [54]. Generation-dependent
cytotoxicity was also observed for photosynthetic microorganisms, i.e., green algae and cyanobacteria.
Expectedly, PAMAM-G4 dendrimers inhibited the growth of the microbes significantly more than
G3 and G2. However, ROS formation was found only for OH-terminated PAMAM dendrimers.
It was strictly mitochondria-related, and neither chloroplasts nor photosynthetic membranes were
affected [55]. PAMAM dendrimers of generations G4, G5, and G6 were also evaluated for their aquatic
toxicity using the test models Vibrio fischeri, Daphnia magna, Thamnocephalus platyurus, and two fish cell
lines. The toxicological response correlated well with the dendrimer generation and, therefore, with
the particle surface area; an increase in surface area led to an increased toxic response. Daphnia magna
was found to be the most sensitive model, and the RTG-2 fish cell line was the least sensitive [56].
Interestingly, in vivo research utilizing an embryonic zebrafish model showed that the dendrimer
surface is a more significant indicator of dendrimer cytotoxicity than generation and class [57].

Several types of dendrimers (PAMAM, PPI with either a diaminobutane (DAB) or diaminoethane
(DAE) core, poly(ethylene oxide) (PEO)–grafted carbosilane (CSi–PEO), and polyether dendrimers)
were compared regarding the influence of generation (G1–G4, G1.5–9.5), and surface functionality
(–NH2, COONa, COOH, PEO) on their in vitro behavior. Dendrimers with amino terminal groups
displayed concentration- and generation-dependent hemolysis, while anionic and CSi–PEO dendrimers
were neither hemolytic nor cytotoxic toward a panel of cell lines in vitro. Polyether dendrimers with
carboxylate and malonate surfaces were not hemolytic at 1 h; however, after 24 h, unlike anionic
PAMAM dendrimers, they were lytic [50]. Kuo et al. analyzed cell death processes (apoptosis and
necrosis) after the treatment of RAW 264.7 murine macrophage-like cells with PAMAM and PPI–DAB
dendrimers. Exposure of cells to both types of cationic dendrimers led to a typical dose-dependent
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cytotoxicity. Assessment of cell morphology, the presence of a DNA ladder in gel electrophoresis, and
cell-cycle studies indicated the induction of apoptosis. The authors also compared the sensitivity of
different cell lines and found that tested dendrimers did not induce apoptosis in mouse fibroblast
(NIH/3T3) cells and mouse liver (BNL CL.2) cells, in contrast to RAW 264.7 cells [58].

Since PAMAM and PPI are the most extensively researched among dendrimers, a very broad
range of applications were proposed for these systems. A comprehensive review of studies aiming to
reduce PAMAM and PPI cytotoxicity is presented below along with studies of arborols.

3.2. Reduction of PAMAM and PPI Dendrimer Cytotoxicity

As mentioned above, surface modification is a common way to increase the biocompatibility
of dendrimers. For example, modified PAMAM dendrimers of generation G4 with
4-carbomethoxypyrrolidone surface groups (PAMAM–pyrrolidone dendrimer) showed only minor
toxicity and no ability to induce apoptosis. The most important finding was the lack of
influence of the PAMAM–pyrrolidone dendrimer on intracellular ROS level and mitochondrial
membrane potential even at the highest tested concentration (200 µM) [59,60]. PAMAM
cytotoxicity can also be reduced by more comprehensive structural modifications. The toxicity
of carboxymethylchitosan/poly(amidoamine) (CMCht/PAMAM) dendrimers toward the glioblastoma
GBM cell line (U87MG) and human immortalized astrocytes (hTERT/E6/E7) was investigated.
Short-term (1, 6, 12, 24, and 48 h) exposures to doses of 200 and 400 µg/mL did not cause a decrease
in the cell viability, and long-term exposures (seven days) to CMCht/PAMAM induced only slight
cytotoxicity in both cell lines (20% decrease in metabolic activity). Moreover, after a 48-h treatment,
both cell lines presented 100% dendrimer internalization efficiency for the tested concentrations. These
results suggest that CMCht/PAMAM nanoparticles may be an attractive drug delivery system for brain
tumor treatment [61]. An interesting group of dendrimer-based compounds are tecto-dendrimers.
They can be defined as polymers of higher architectural order, which are composed of a central
dendrimer molecule and many dendrimers attached to its periphery. They are synthesized by a
controlled introduction of covalent linkages between dendrimer building blocks. Schilrreff et al.
synthesized saturated shell core–shell tecto-dendrimers using amine-terminated PAMAM G5 as a
core and carboxyl-terminated PAMAM G2.5 as a shell (G5G2.5 tecto-dendrimers). The toxicity of this
construct was then examined on epithelial cells. Preliminary results suggested that concentrations of
G5G2.5 that did not damage healthy keratinocytes (HaCaT cell line) and showed antimelanoma activity
(SK-Mel-28 cell line) [62]. Another surface modification of PAMAM dendrimers (G3 and G4) was
based on the attachment of N-(2-hydroxydodecyl) groups. Dose–response effects of both modified and
unmodified PAMAM were examined on two cell lines—a fish cell line (RTG-2) and a rat hepatoma cell
line (H4IIE). No toxic effects of amino-terminated PAMAM dendrimers were observed for both H4IIE
and RTG-2 cells lines when the concentration was below 500 µg/mL. For surface-modified PAMAM
dendrimers, higher cytotoxicity was found for the H4IIE cell line [63]. Wen et al. revealed that the
cytotoxicity of unmodified PAMAM (PG4) and histidylated PAMAM (HPG4) was a function of the
polymer concentration and polymer/DNA ratio. It increased with an increased N/P ratio, but the cell
viability after HPG4 treatment was significantly higher compared to that of PG4 at all investigated
levels. The introduced histidine moieties might be one of the factors that reduced the toxicity of
PAMAM, as protonated imidazole rings are regarded to be less cytotoxic than protonated amine
groups. Moreover, HPG4/pDNA compared to PG4/pDNA showed improvements on cellular uptake,
serum tolerance, cytotoxicity profile, and endosomal escape [64]. In another work, Ciolkowski et al.
demonstrated how the reaction of PAMAM G4 with dimethyl itaconate resulted in the transformation
of surface amine groups into pyrrolidone derivatives and, at the same time, reduced dendrimer toxicity.
Modified PAMAM G4 did not affect mouse neuroblastoma cell line viability and showed no hemolytic
activity [51]. The work of Jevprasesphant et al. confirmed that properties of PAMAM dendrimers can
be significantly changed by surface engineering. Their permeation properties and toxicity to the colon
adenocarcinoma cell line (Caco-2) increased with both concentration and generation and they were



Biomolecules 2019, 9, 330 9 of 23

greater for cationic dendrimers (G2, G3, G4) than for anionic ones (G2.5, G3.5). The cytotoxicity of
positively charged nanomolecules was reduced by conjugation with lauroyl chloride; the least cytotoxic
conjugates were those with six attached lauroyl chains. Moreover, such a modification of cationic
PAMAM dendrimers also increased their permeation through Caco-2 cell monolayers. Both PAMAM
dendrimers and lauroyl–PAMAM dendrimer conjugates were able to cross epithelial monolayers
via paracellular and transcellular pathways [65]. In their next work, Jevprasesphant et al. showed
the cytotoxicity of PAMAM (G2, G3, G4) conjugated either with lauroyl chains or PEG 2000. The
toxicity of both PEGylated and lauroyl-modified dendrimers toward Caco-2 cells was appreciably
lower than that of the cationic counterparts (whole generations); four PEGs or six lauroyl chains
were particularly effective in decreasing cytotoxicity [49]. Janaszewska et al. tested acid-terminated
PAMAM G3.5 and amino-terminated PAMAM G4 in comparison to unmodified amino-terminated
PPI-G4 and maltotriose-modified PPI-G4 dendrimers. Cationic PPI-G4 and PAMAM G4 were the most
harmful for both Chinese hamster ovary (CHO) and human ovarian carcinoma (SKOV3) cell lines,
especially in high doses. A maltotriose modification significantly reduced toxicity for the series of
PPI-G4 dendrimers. A SKOV3 cell line, moderately resistant to doxorubicin and cisplatin, was more
vulnerable to modified PPI dendrimers than the CHO cell line, which did not show resistance to the
majority of anticancer agents. These findings imply that maltotriose-modified PPI-G4 dendrimers
might be potentially interesting for anticancer therapy [66]. In another work, PPI G5 dendrimers
were functionalized using protected glycine and phenylalanine, mannose, and lactose. Again, these
dendrimers demonstrated a positive charge-based time- and concentration-dependent toxicity to
tested cell lines (transformed African green monkey kidney cell line (COS-7) and HepG2 cell line).
Surface-modified nanomolecules exhibited an improved toxicity profile in comparison to the parent
dendrimer [67]. It seems that the conjugation of amino acids and saccharides is an effective way
of reducing PPI cytotoxicity, whereas the reduction of PAMAM cytotoxicity is based mostly on the
neutralization of their positive charge on the surface.

The ability of dendrimers to cross cell membranes is of much interest for their application in drug
and gene delivery. Indeed, a safe alternative to the viral system used in gene therapy is a nonviral
carrier, and dendrimers seem to be excellent for this role. Albertazzi et al. revealed that PAMAM
dendrimers G2, G4, G6, and lipidated G4 possess similar properties to widely used cell-penetrating
peptides (the arginine-rich motif derived from the HIV protein TAT). Furthermore, they are not toxic
toward the HeLa cell line (1.5 µM concentration for 1 h) and, thanks to their chemical tunability,
they represent an attractive option for drug and gene delivery [68]. Also, Choy et al. indicated that
dendrimers, namely, PAMAM and polyethylenimine (PEI), are among the most promising gene-carrier
candidates for efficient nonviral gene delivery. Unfortunately, these dendrimers induced both a low
level of apoptosis and a high level of necrosis, as well as a moderate genotoxic effect [69]. However,
Jafari et al. partially overcame the problem of toxicity using PAMAM G5 conjugated with PEG 3500,
which turned out to be less toxic and to have a higher transfection rate in vitro than the original
dendrimer [70]. Proper surface engineering can also be applied to control the internalization pathway
of dendrimers. Vidal et al. used four PAMAM-G4 dendrimers with different surface compositions
with a hippocampal cell line: unmodified, conjugated with PEG on 30% and 50% of the surface, and
conjugated with folic acid (FA) on 25% of the surface. The clathrin-dependent pathway proved to be a
basic one for PAMAM internalization. However, the dendrimer modified with FA was internalized
with clathrin- and caveolae-mediated endocytosis [71].

Navath et al. demonstrated the development of biocompatible PAMAM G4 dendrimers, enabling
the attachment of drugs (indomethacin and dexamethasone) and imaging agents (dexamethasone and
FITC) without using any specific linkers. This could be achieved thanks to multiple amino-acid-based
orthogonal surface groups at the dendrimer periphery. Furthermore, one of the two functional handles
at the periphery was used to develop in situ forming hydrogels, whereas the other handle could
be used for conjugating drugs. An in vitro cytotoxicity test and a hemolysis assay showed that
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the heterobifunctional dendrimers were non-cytotoxic in the 100 ng/mL to 1 mg/mL concentration
range [72].

Krishna et al. reported the synthesis of several PPI dendrons and dendrimers, which were
constructed by involving an ether as the linker component and an imine as a branching component.
The adopted synthetic sequence allowed an alcohol, an amine, or a carboxylic acid to be installed
at the peripheries. The carboxylic-acid-terminated dendrons and dendrimers were evaluated for
their cytotoxic properties, and, while most dendrons and dendrimers did not exhibit any measurable
cytotoxicity, even up to 100 µg/mL, the second-generation dendrimer with the benzenoid core exhibited
mild toxicity at concentrations above 30 µg/mL [73]. It was reported that preventing electrostatic
interactions of dendrimers with cellular membranes was a necessary step toward minimizing the
toxicity of dendrimer-based delivery vehicles to the endothelium. This conclusion was based on the
studies with PPI dendrimer conjugates showing cytotoxicity and time-dependent membrane disruption
in cultured human umbilical vein endothelial cells (HUVEC). Chemical modification of the surface
amines of the parental dendrimer to neutral acetamide or PEG functionalities eliminated their acute
cytotoxicity. Cationic primary-amine-containing dendrimers demonstrated drastic, time-dependent
changes in plasma membrane permeability and prominent cytotoxicity, while complete removal of the
primary amines or masking of the cationic surface via PEGylation decreased the toxic effects [74].

3.3. Cytotoxicity of Other Kinds of Dendrimers

Wang et al. proposed the synthesis of a star polymer composed of amphiphilic block copolymer
arms. The core of the star polymer was a PAMAM dendrimer, the inner block of the arm was lipophilic
poly(ε-caprolactone) (PCL), and the outer block of the arm was hydrophilic PEG. The star-PCL polymer
was synthesized first via ring-opening polymerization of ε-caprolactone with a PAMAM-OH dendrimer
as an initiator. The PEG polymer was then attached to the PCL terminus via an ester-forming reaction.
It is known that hydrophobic dyes and drugs can be encapsulated in the micelles. A similar effect was
observed for the star polymer. A loading capacity of up to 22% (w/w) was achieved with etoposide, a
hydrophobic anticancer drug. A cytotoxicity assay demonstrated that the star-PCL–PEG copolymer
was non-toxic for cells, indicating that this type of block copolymer could be used as a drug delivery
carrier [75].

Lazniewska et al. studied toxic responses of two low generations of cationic phosphorus
dendrimers (CPDs) of generation 2 and generation 3 toward murine embryonic hippocampal cells
(mHippoE-18) and N2a cells. The obtained results showed that CPDs G3 were highly cytotoxic at
concentrations above 1 µM and at 0.7 µM for mHippoE-18 cells. A significant decrease in cell viability
corresponded to severe changes in cellular processes, such as massive ROS generation. Unlike other
cytotoxic dendrimers, which activated the apoptotic pathway in cells, CPDs caused a breakdown
of cellular processes followed by a necrotic cell death [76]. The cytotoxicity and genotoxicity of
CPDs G3 and G4 were also studied in human mononuclear blood cells, A549 human cancer cells,
and human gingival fibroblasts (HGFs). These dendrimers at concentrations up to 10 µM induced a
concentration-dependent decrease in cell viability. An apoptosis/necrosis assay revealed two main
fractions of cells—viable and necrotic. Moreover, neither compound induced breaks in isolated DNA,
and both could form complexes with this nucleic acid and condense it. Additionally, CPDs induced DNA
cross-links in cells, as examined by a comet assay. Overall, the results suggest that CPDs G3 and G4 were
cytotoxic and genotoxic for chosen human cells [77]. The cytotoxicity of fluorescently-labeled CPD G2,
possessing a fluorophore (maleimide-type) linked to the core, was studied by Kazmierczak-Baranska et
al., who showed that cytotoxicity of this compound was relatively low toward HeLa cell (up to 20µg/mL)
and A549 (up to 1 µg/mL), and even less toxic after 48 h than after 24 h, which, in comparison with the
results of previous authors, confirms the generation dependency of the cytotoxicity of CPDs [78]. Novel
multivalent copper(II)-conjugated P-dendrimers and their corresponding mononuclear copper(II)
complexes were synthesized, characterized, and screened for antiproliferative activity against human
cancer cell lines: human colon cancer (HCT116), hormone-responsive breast cancer (MCF7), ovarian
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carcinoma (OVCAR8), and human glioblastoma–astrocytoma, epithelial-like (U87), and two non-cancer
cell lines, namely, proliferative human lung fibroblasts (MCR5) and quiescent endothelial progenitor
cells, Cyprinus carpio (EPC) [78]. It was also shown that copper(II)-conjugated P-dendrimer cytotoxicity
increased with the number of terminal moieties available and was boosted by the presence of complexed
Cu atoms. Two dendrimers (1G3 and 1G3-Cu) were selected for antiproliferative studies against a
panel of tumor cell lines and were demonstrated to have potent antiproliferative activities with IC50

values ranging from 0.3 to 1.6 µM. Interestingly, the complexation of the terminal ligands of 1G3
dendrimers by copper(II) metal strongly increased IC50 values in non-cancer cell lines [79].

Zeng et al. presented hyperbranched polyester Boltorn decorated with PEG groups, which
showed potential as an efficient and specific delivery platform for drugs and imaging agents. The
cytotoxicity, cellular uptake profiles, and intracellular trafficking of polymer micelles were tested
in MDA-MB468 breast cancer cells. The uptake of these nanoparticles was positively correlated
with time and concentration and was energy dependent. These nanoparticles were shown to be
internalized into cells via clathrin- and macropinocytosis-mediated endocytosis. Moreover, they did
not significantly affect the viability of the cells [80]. Hydroxylated polyester dendrimers from first to
fifth generation were also used as stabilizing agents of silver particles. The antibacterial properties of
the dendrimer-stabilized silver particles were tested against Escherichia coli, and the toxicity against
human cells was evaluated with the human epithelial cell line A549. The silver particles, especially
those prepared from dendrimers of higher generations, demonstrated a significant antibacterial effect
against E. coli. No toxicity against human cells was observed for the silver particles even in case of
the highest investigated silver concentration. Therefore, such a construct could offer great potential
for application as an antibacterial agent with low human toxicity [81]. Feliu et al. also showed that
bis-MPA aliphatic polyester dendrimers were degradable and non-cytotoxic to human cell lines and
primary cells. Two different chemical surfaces (neutral with a hydroxyl end group and anionic with
a carboxylic end group) and dendrons corresponding to the structural fragments of the dendrimers
were examined. Cell viability studies were conducted in human cervical cancer (HeLa) and acute
monocytic leukemia cells (THP.1) differentiated into macrophage-like cells, as well as in primary
human monocyte-derived macrophages. The authors observed excellent biocompatibility for the entire
hydroxyl functional bis-MPA dendrimer library [82]. The biological evaluation of a library of eight
polyester dendrimer–poly(ethylene oxide) (PEO) bow-tie hybrids was also performed. The library
included polymers characterized by MWs from 20,000 to 160,000 and architectures with the number of
PEO arms ranging from two to eight. In vitro experiments revealed that the polymers were non-toxic
to cells and were degraded to lower MW species at pH 7.4 and pH 5.0 [83].

One more architecture characterized by improved biological properties is dendritic polyglycerol
(dPG). Various dPG derivatives possessing neutral, cationic, and anionic charges were compared with
amine- and hydroxyl-terminated PAMAM dendrimers. In the U-937 cell line, dPG with terminal
hydroxyl groups, dPG sodium sulfate, dextran, and linear PEG caused no toxic effect compared to
dexamethasone used as a reference standard. Similarly, amine terminal dPGs (7% and 18% amines)
were also almost non-toxic (cell viability equal to 90%). On the other hand, three polymers, namely,
dPG with higher amine functionality (45% and 100%), PAMAM G4 hydroxyl and amine dendrimer,
and PEI, caused higher cell toxicity than the uncharged hydroxyl dPGs, dextran, and PEG. The cell
compatibility results showed that the dendritic polyglycerols were as safe as linear PEG polymer or
dextran, which indicates the suitability of dPG derivatives in delivering therapeutic agents [84].

Fuchs et al. developed a new series of dendrimers G1 and G2 possessing various surface
functionalities. Terminal amine groups of these dendrimers were decorated with protons,
tert-butoxycarbonyl (Boc) or benzyloxycarbonyl (Cbz) protecting groups, Boc-protected or unprotected
natural amino acid residues, ethylene-diamine ligands, and/or dansyl fluorescence labels. The
cytotoxicity was determined in vitro in concentration-dependent assays using the MCF-7 cell line. The
internal structure of the presented dendrimers did not seem to play a profound role in cytotoxicity,
despite the common view that the interior of low-generation dendrimers is accessible. The surface
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decoration, however, was crucial for toxic effects. Most of the examined non-charged dendrimers
(e.g., the protected and dansylated ones) were non-toxic, although they were clearly bioavailable as
proven by cell uptake experiments, and all completely diaminopropionic-acid-decorated dendrimers
(positively charged) were also non-toxic. These results, especially the latter case, indicated that positive
charges on a dendrimer surface did not always lead to cell toxicity and that another structure/toxicity
correlation might also play a role [85].

Huang et al. also described synthesis of two non-peptidic fluorescently labeled Newkome-type
dendrimers, differentiated over a varied alkyl spacer with guanidine end moieties. These novel
nanomolecules were designed as biocompatible carriers of bioactive cargo able to cross the cell
membrane and localize in targeted cell compartments. The behavior of dendrimers was comparable in
two tested cell lines: NIH-3T3 fibroblasts and human microvascular endothelial cells (HMEC). The
differential localization patterns of the two molecular transporters could be controlled through the
variation of alkyl spacer length at the terminal generation of the dendrimer. Intracellular delivery of
bioactive entities into specific subcellular locations utilizing this practical approach might overcome
limitations in drug delivery [86].

4. Cytotoxicity of Dendrimers in the Aspect of Potential Clinical Applications

Although cytotoxicity is usually the limiting factor for dendrimer application, it plays a more
comprehensive role in clinical practice. Dendritic polymers chosen for the potential treatment of
infectious diseases should be able to kill a pathogen while remaining harmless for a patient. Similarly,
in anti-cancer therapy, dendrimers should affect abnormal cells only. This effect can be achieved with
proper dose selection and by utilizing specific ligands or effects such as “enhanced permeability or
retention”. This section reviews recent research on the cytotoxicity of dendrimers in the context of
their potential clinical applications.

PPI dendrimers were investigated for their cytotoxic and antibacterial activities by Felczak et al.;
original PPI G4 dendrimers and PPI G4 with a surface modified by 25% and 100% maltose (PPI-25%mG4
and PPI-100%mG4, respectively) were evaluated for their antibacterial activity against Gram-positive
bacteria, Staphylococcus aureus and Staphylococcus epidermidis, Gram-negative bacteria, Escherichia coli
and Pseudomonas aeruginosa, and yeast, Candida albicans. Cytotoxicity of all tested dendrimers was
checked on B14, human liver hepatocellular carcinoma (HepG2), N2a, and rat liver cell lines (BRL-3A).
The obtained results indicated that unmodified PPI dendrimers and PPI dendrimers modified by 25%
maltose displayed antibacterial activity and a striking selectivity toward S. aureus, at the concentration
of 1 µM, which, at the same time, was harmless for the eukaryotic cell lines [31]. Klajnert et al.
showed the properties of a series of new, low-molecular-mass, lysine-based peptide dendrimers
with a varying distribution of cationic and aromatic groups in the structure. Lysine-based peptide
dendrimers expressed antimicrobial activity against Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria, as well as against a fungal pathogen (C. albicans). However, contrary to the PPI
dendrimers, lysine-based peptide ones exhibited some level of toxicity, although most of them caused
only a slight (ca. 20%) decrease in B-14 cell viability for minimum inhibitory concentrations. The study
also showed that the degree of branching, steric distribution, and types of hydrophobic (aromatic)
groups and cationic centers are important components of dendrimeric structure and influence both
antimicrobial potency and toxicity [15].

Metallodendrimers (metal complexes of dendrimers) are another group of dendritic compounds.
It was revealed that polyamide metallodendrimers possess anti-bacterial activity against Bacillus
subtilis and S. aureus (Gram-positive), as well as E. coli and Salmonella typhi (Gram-negative).
Metallodendrimers also showed anti-tumor activity against the MFC-cell line. Pt(II)-containing
metallodendrimers were found to be more efficient in the induction of MFC-7 death than
Pd(II)-containing metallodendrimers, and both showed lower cytotoxicity than cisplatin (standard
drug) [87]. Pitto-Barry et al. showed that the entrapment of water-soluble dendrimer guests within
metallaprism hosts led to apparent enhancements in cytotoxicity and preferential accumulation
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in tumors, making them interesting candidates for anticancer studies. Three generations of
pyrenylbis-MPA dendrimers with two different end-groups, acetonide (pyrGn) or alcohol (pyrGn-OH)
(n = 1–3), were synthesized, and the pyrenyl group of the dendritic molecules was encapsulated in the
arene ruthenium metallacages. The host–guest systems inhibited the growth of both cisplatin-sensitive
and -resistant cancer cells (A2780 and A2780cisR). Moreover, these water-soluble host–guest systems
showed cytotoxicity toward the cisplatin-resistant cell line that was comparable to free cisplatin in
non-resistant human ovarian cancer cells [88].

Thiagarajan et al. characterized the activity of a PAMAM dendrimer conjugated with an anticancer
drug camptothecin (PAMAM–CPT) on human colorectal carcinoma cells (HCT-116). The conjugate
was stable under physiological pH (7.4) in phosphate-buffered saline (PBS) and in growth media (with
10% FBS) with minimal release of 4% and 6% drug, respectively, at 48 h. PAMAM–CPT inhibited the
proliferation of HCT-116 cells and induced cell-cycle arrest with up to 68% of cells blocked in the gap
2 (G2) phase. Thus, the PAMAM–CPT conjugate was active against colorectal cancer cells in vitro,
inhibiting their growth and inducing nuclear fragmentation. However, it would be useful to test the
cytotoxicity of this conjugate against normal cells [89].

Surface modifications of dendrimers were shown to be a factor enhancing the cell-penetrating
ability of the drug–dendrimer complex, thus contributing to the inhibitory effect on cancer cell growth.
Jia et al. modified PAMAM dendrimers G5 with acryloyloxyethyl phosphorylcholine (APC), a molecule
possessing biomimetic properties. The hydrophobic interior of the modified dendrimer (G5-PC) was
used to incorporate the anti-cancer drug adriamycin (ADR) and the G5-PC showed sustained release
behavior for ADR. Cell viability and morphology analyses on the cancerous HepG2 cell line revealed
that G5-PC was characterized by much lower toxicity in comparison to the unmodified PAMAM
dendrimer. Furthermore, the drug-loaded G5-PC was shown to be internalized into cancer cells and
could effectively decrease their viability [90]. Teow et al. also applied PAMAM G3 dendrimer as a drug
carrier, increasing the permeability of paclitaxel (PTX), a poorly soluble anticancer drug. G3 dendrimers
were surface-modified with lauryl chains and conjugated with PTX via a glutaric anhydride linker.
Toxicity of the dendrimer and conjugates was tested using the human Caco-2 cell line and primary
cultured porcine brain endothelial cells (PBECs). Cytotoxicity studies showed that the conjugation of
lauryl chains and PTX on the G3 dendrimer significantly (p < 0.05) increased the cytotoxicity against
both cell types. The conjugate had approximately 12-fold greater permeability across both apical
and basolateral cell monolayers than that of PTX alone [91]. Paclitaxel was also conjugated with
hydroxyl-terminated PAMAM G4 dendrimer and bis(PEG) polymer for the enhancement of drug
solubility and cytotoxicity. Cytotoxicity of a PAMAM dendrimer–succinic acid–PTX conjugate toward
A2780 human ovarian carcinoma cells was increased 10-fold as compared to free nonconjugated
drug [92].

In another study, PEGylated PAMAM dendrimer of generation 3 was loaded with fluorouracil
(5-FU) and tested in vitro on the MCF-7 cell line. The results indicated that the PAMAM dendrimer
presented higher toxicity as compared to its PEGylated counterpart. However, PEG-modified PAMAM
dendrimer loaded with 5-FU exhibited antiproliferative activity against the cancer cell line. An
additional benefit from the encapsulation of fluorouracil in the PEGylated dendrimer was a slow
release profile of the drug. Moreover, in vivo studies revealed that the tested complex exhibited a
significant decrease in the volume of the tumors, which were generated by the MCF-7 cancer cells [93].

Despite their cytotoxicity, PPI dendrimers were also widely used as effective delivery vehicles
for drugs. Wang et al. decreased the cytotoxicity of PPI dendrimers by acetylation and then used
them to encapsulate anticancer drugs, including methotrexate sodium, sodium deoxycholate, and
doxorubicin. The results indicated that the degree of acetylation determined the level of cytotoxicity
and drug-loading capacity of the dendrimer. The drug-loading capacity of acetylated PPI dendrimers
increased proportionally with the degree of acetylation on the dendrimer surface. PPI dendrimers with
greater than 80% acetylation did not affect the viability of MCF-7 and A549 cells. The cytotoxicities of
methotrexate sodium and doxorubicin were also significantly reduced when they were complexed
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with acetylated PPI dendrimers with high degrees of acetylation (>80%) owing to sustained drug
release from the dendrimers. The results suggested that surface acetylation can reduce the cytotoxicity
and improve the anticancer drug-loading capacity of cationic dendrimers [94]. Kesharwani et al.
developed and compared the cancer-targeting potential of ligand-anchored folate-, dextran-, and
galactose-anchored PPI dendrimers. Hemolytic studies demonstrated that free PTX was found to be
maximally cytotoxic as compared with ligand-conjugated PPI dendrimers. The MTT assay showed that
folate–PPI systems had maximum anticancer activity in all concentrations as compared with dextran-
and galactose-based formulations. Kesharwani et al. determined the order of targeting efficiency of the
three targeting ligands under investigation to be folate > dextran > galactose. These results confirmed
that folate is the most efficient targeting ligand for targeting cancer cells when compared with dextran
and galactose [95]. In order to increase delivery of paclitaxel across the blood–brain barrier (BBB), Patel
et al. used thiamine-conjugated PPI dendrimers as drug carriers. PTX-loaded thiamine-conjugated
PPI dendrimers (PTX–Tm-PPI) showed increased drug loading and reduced hemolytic toxicity with
suitability for prolonged delivery of PTX during in vitro release. Ex vivo cytotoxicity studies of free
PTX, PTX–PPI, and PTX–Tm-PPI dendrimers over the IMR-32 human neuroblastoma cell line revealed
the higher potential of the PTX–Tm-PPI nanoconjugate to retard tumor cell viability as compared to
plain PTX or PTX–PPI [96].

The use of vector molecules for the targeted delivery of antitumor drugs provides selectivity
for cancer cells. Yabbarov et al. used a recombinant receptor-binding fragment of alpha-fetoprotein
(rAFP3D) as a vector molecule. The receptor of alpha-fetoprotein, a tumor marker, is expressed on the
surface of many tumor cells, but not in normal human tissues. The vector rAFP3D was conjugated with
a PAMAM G2 dendrimer and an anticancer drug, doxorubicin (Dox). The conjugate demonstrated a
high cytotoxicity against human ovarian adenocarcinoma cell lines (Dox-sensitive SKOV3 cells and
Dox-resistant SKVLB cells), while having low toxicity against human peripheral blood lymphocytes [97].
Another possible strategy to improve targeting of anticancer drugs is to conjugate the dendrimer with
biotin, which is considered as the most promising targeting molecule among vitamins [98,99].

Zhang et al. synthesized a saccharide-terminated PAMAM G3 dendrimer, which was then
conjugated with the drug methotrexate (MTX). This construct was shown to have potential as an
anticancer nanodevice for the specific targeting and killing of folate receptor (FR)-expressing tumor
cells. Their results showed that G3–MTX presented enhancement in binding avidity to folate-binding
protein (FBP) that was three orders of magnitude higher than a free folic acid (FA), and internalized
into FR-expressing KB cells (a subline of the cervical carcinoma HeLa cells) in a dose-dependent
and receptor-mediated fashion [100]. Han et al. found that major vault protein (MVP), similarly to
P-glycoprotein (Pgp), might be involved in the drug resistance of human breast cancer MCF-7/ADR
cells by transporting doxorubicin from the action target (i.e., nucleus) to the cytoplasm. In order to
prevent this process, PAMAM dendrimers were functionalized with a polysaccharide hyaluronic acid
(HA) to effectively deliver Dox, as well as MVP-targeted small interfering RNA (MVP-siRNA), to
downregulate MVP expression and improve DOX chemotherapy in MCF-7/ADR cells. It was shown
that DOX PAMAM–HA exhibited stronger cytotoxicity than Dox, and was characterized by better
targetability, intracellular accumulation, increased blood circulating time, and less in vivo toxicity.
Furthermore, co-delivery of siRNA and DOX by PAMAM–HA exhibited a satisfactory gene-silencing
effect, as well as enhanced stability and efficient intracellular delivery of siRNA, which allowed Dox
access to the nucleus and induced much stronger cytotoxicity than the siRNA-absent case as a result
of MVP knockdown [101]. In another example, Han et al. conjugated a PEG-modified PAMAM
dendrimer with the HAIYPRH (T7) peptide, a ligand specific for the transferrin receptor that is
often overexpressed on cancer cells. The PAMAM–PEG–T7 construct was successfully loaded with
Dox, formulating PAMAM–PEG–T7/DOX nanoparticles (NPs). The results indicated a significant
enhancement of the cellular uptake of Dox. In vivo studies with T7-modified NPs also showed an
increased accumulation of Dox in the tumor by approximately 1.7-fold compared to that of unmodified
nanoparticles, and by approximately 5.3-fold compared to that of free Dox [102].
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Gupta et al. added DOX (approximately 26 and 65%) to the PPI dendrimers, as well as
folate-conjugated PPI (PPI–FA) dendrimers. PPI–FA–DOX exhibited the highest percentage cell-growth
inhibition compared to other formulations and to the drug itself. All three formulations showed a
dose-dependent inhibition of MCF-7 cells. The higher uptake in the case of PPI–FA–DOX was possibly
due to the ligand-specific targeting of dendrimers due to surface conjugation of the folic acid [103].

The published toxicity levels of all dendrimers mentioned in this paper are summarized in Table 1.

Table 1. Levels of cytotoxicity of chosen dendrimers. The most promising are lysine-based dendrimers,
polyester dendrimers, and poly(amido amine) (PAMAM) dendrimers due to their non-toxicity or
extremely high half maximal inhibitory concentration (IC50) levels. The table also illustrates the
generation (G) dependency of cytotoxicity of dendrimers and the positive effects of a few particles on
the cytotoxicity when they are conjugated to dendrimers (i.e., maltose, maltotriose on poly(propylene
imine) (PPI); pyrrolidone, lauroyl on PAMAM).

Dendrimer Cell Line Level of Cytotoxicity IC50 Reference
lysine-based peptide dendrimers

R 121
R 131
R 132
R 124
R 155
R 169

B14 (Chinese hamster
fibroblasts)

1590 µM
1070 µM
630 µM
580 µM
490 µM
280 µM

Klajnert et al. [15]

PPI-G4
PPI-G4–25% maltose
PPI-G4–100% maltose

B14 (Chinese hamster
fibroblasts)

N2a (mouse neuroblastoma)
BRL-3A (rat liver derived cells)

HepG2 (human liver
hepatocellular carcinoma)

PPI G4
3.18 µM
3.34 µM
5.93 µM
6.91 µM

PPI-m25%/PPI-m100%
IC50 > 100 µM

Felczak et al. [31]

PAMAM dendrimers
G4PEG2
G4PEG4

Caco-2 (colon adenocarcinoma) PEG2/PEG4 (µM)
120/790 Jevprasesphant et al. [49]

PAMAM generations 1.5–3.5)
DAB (generations 1.5–3.5)
PAMAM (generations 1–2)
PAMAM (generations 3–4)

DAB (generations 2/3/4)
PEA (generations 1–2)

PEA (generations 3)
CSi-PEO (generations 1–2)

B16F10 (murine melanoma cells)

IC50 >155 µM
IC50 >570 µM
IC50 > 614 µM

35 µM
178/14.5/7.2 µM

IC50 > 60 µM
14.3 µM

IC50 > 16.2 µM

Malik et al. [50]

PAMAM–pyrrolidone dendrimer N2a (mouse neuroblastoma) <200 µM non-toxic Ciolkowski et al. [51]

PAMAM dendrimers
generation 4 (G4)
generation 5 (G5)
generation 6 (G6)

HaCaT (human epidermal
keratinocytes)

SW480 (primary
adenocarcinoma of colon)

G4/G5/G6 (µM)
3.21/1.07/1.02 �

16.35/1.89/1.30 ♣
23.16/5.75/3.17
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NH2 
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Navath et al. 
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CPD-G3 

mHippoE-18 (mouse embryonic hippocampal 
cells) 

N2a (mouse neuroblastoma) 

mHippoE-18/N2a 
2.33 µM/1.84 µM 
1.31 µM/1.74 µM 

Lazniewska et 
al. [76] 

CPD G3 
CPD G4 

human lymphocytes 
G3/G4 (15 µM) 

5.15/4.00 
Gomulak et al. 

[77] 
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HCT116 (human colon cancer)  
MCF7 (hormone-responsive breast cancer) 

OVCAR8 (ovarian carcinoma)  
U87 (human glioblastoma–astrocytoma, 

epithelial-like)  
MCR5 (proliferative human lung fibroblasts)  

EPC (endothelial progenitor cells) 

Increased with the number of 
terminal moieties 

El Brahmi et. 
al. [79] 

polyester-based nanocarriers 

MDAMB468, MDA-MB23, MCF7 (human 
breast carcinoma) 

A498 (human kidney carcinoma) 
Raw 264.7 (mouse macrophage) 

<300 µg/mL Non-toxic Zeng et al. [80] 

hydroxylated polyester 
dendrimers G1–G5 used as 
stabilizing agent of silver 

particles 

A549 (human lung adenocarcinoma) Non-toxic 
Mahltig et al. 

[81] 

bis-MPA polyester dendrimers 
HeLa (human cervical cancer) 

THP.1 (acute monocytic leukemia) 
primary human monocyte 

Non-toxic Feliu et al. [82] 

metallodendrimers 
PtG1 
PdG1 

free cisplatin 

MFC-7 (human breast adenocarcinoma) 
 

 
30.0 µM 
50.0 µM 
2.33 µM 

 

Ahamad et al. 
[87] 

Pyrenyl-containing dendrimers 
pyrG1-OH 
pyrG2-OH 
pyrG3-OH 

host–guest systems 
[pyrG1-OH⊂2][CF3SO3]6 
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[pyrG3-OH⊂2][CF3SO3]6 

free cisplatin 

A2780 (human ovarian cancer) 
A2780cisR (human ovarian cancer 

cisplatin resistant); 

A2780/A2780cisR 
n.d./n.d. 

5.9 µM/7.4 µM 
8.7 µM/8.7 µM 
0.8 µM/2.2 µM 
4.1 µM/1.9 µM 
1.5 µM/1.5 µM 
1.6 µM/8.6 µM 

Pitto-Barry et 
al. [88] 

—MTT assay; ♣—alamarBlue assay; —Neutral Red assay; *—ecotoxicological assay; n.d.—no data. 
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Mukherjee et al. [53]

PAMAM dendrimers
generation 4 (G4)
generation 5 (G5)
generation 6 (G6)

PLHC-1 (fish hepatoma cel line)
RTG-2 (rainbow trout gonad

tissue)
vs.

Daphnia magna

G4/G5/G6 (µM)
2.08/12.93/0.68 *
0.56/6.07/0.27 *
0.21/2.51/0.13 *

Naha et al. [56]

PAMAM–pyrrolidone dendrimer

B14 (Chinese hamster
fibroblasts)

mHippoE-18 (mouse embryonic
hippocampal cells)

BRL-3A (rat liver derived cells)

Non-toxic Janaszewska et al. [59]

carboxymethylchitosan/poly(amidoamine)
(CMCht/PAMAM)

dendrimer

U87MG (glioblastoma GBM)
hTERT/E6/E7 (human

immortalized astrocytes)
Non-toxic Pojo et al. [61]

PAMAM G5 core–PAMAM G2.5 shell
tecto-dendrimers

HaCaT (human epidermal
keratinocytes)

Caco-2 (colon adenocarcinoma)
SK-Mel-28 (human melanoma)

up to 50 µM non-toxic
up to 50 µM non-toxic

IC50 = 7.5 µM
Schilrreff et al. [62]

Amino-terminated PAMAM dendrimers G3
and G4

Amino-terminated PAMAM dendrimers G3
and G4

with N-(2-hydroxydodecyl) groups

H4IIE (rat hepatoma)
G3/G4 (µg/mL)
<500 non-toxic

12.96/38.3
Hernando et al. [63]

Histidine-activated PAMAM generation 4
(HPG4)

PAMAM G4
HPG4/pDNA

MDA-MB-231 (breast cancer)
0.15 mg/mL
0.06 mg/mL

cell viability > 80%
Wen et al. [64]
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Table 1. Cont.

Dendrimer Cell Line Level of Cytotoxicity IC50 Reference
PAMAM dendrimers (L for lauroyl)

G2
G2L6
G2L9

G3
G3L6
G3L9

G3L13
G4

G4L3
G4L6
G4L9

G4L15
G2.5
G3.5

Caco-2 (colon adenocarcinoma)

IC50 >1000µM
IC50 >15000 µM

1060 µM
1400 µM

IC50 > 1000 µM
310 µM
220 µM
130 µM
360 µM

IC50 > 1000 µM
100 µM
40 µM

IC50 > 1000 µM
IC50 > 1000 µM

Jevprasesphant et al. [65]

PAMAM dendrimer G3.5
PAMAM dendrimer G4

PPI-G4
PPI-G4–25% maltotriose

PPI-G4–100% maltotriose

SKOV3 (human ovarian
carcinoma)

CHO (Chinese hamster ovary)

SKOV3/CHO
IC50 > 300 µM/IC50 > 300 µM

5.56 µM/46.49 µM
7.79 µM/14.70 µM

IC50 > 300 µM/100 µM
IC50 > 300 µM/144.60 µM

Janaszewska et al. [66]

PPI-5.0G
DBG t-BOC (protected glycine, t-butyl)
DBPA t-BOC (protected phenylalanine,

t-butyl)
M-PPI (mannose)

L-PPI (lactose)

HepG2 (human liver
hepatocellular carcinoma)

COS-7 (African green monkey
kidney)

HepG2/COS-7
0.58 mg/mL/0.62 mg/mL
5.53 mg/mL/5.74 mg/mL
6.15 mg/mL/7.21 mg/mL
2.35 mg/mL/2.46 mg/mL
6.19 mg/mL/5.89 mg/mL

Agashe et al. [67]

PAMAM dendrimers
generation 2 (G2)
generation 4 (G4)
generation 6 (G6)

lipidated generation 4 (G4C12)

HeLa (human cervical cancer)
PC-12 (neuronal-like)

HepG2 (human
hepatocarcinoma)

MRC5 (human lung fibroblast)
primary astrocytes

Non-toxic
1.5 µM for 1 h Albertazzi et al. [68]

heterobifunctional G4-PAMAM
G4-PAMAM-NH2
G4-PAMAM-OH

G4-PAMAM-NH-Ser(OH)-NH2
G4-PAMAM-NH-Cys(SH)-NH2
G4-PAMAM-OH-Cys(SH)-NH2

A549 (human lung
adenocarcinoma) n.d. Navath et al. [72]

CPD-G2
CPD-G3

mHippoE-18 (mouse embryonic
hippocampal cells)

N2a (mouse neuroblastoma)

mHippoE-18/N2a
2.33 µM/1.84 µM
1.31 µM/1.74 µM

Lazniewska et al. [76]

CPD G3
CPD G4 human lymphocytes G3/G4 (15 µM)

5.15/4.00 Gomulak et al. [77]

copper(II)-conjugated phosphorus
dendrimers

HCT116 (human colon cancer)
MCF7 (hormone-responsive

breast cancer)
OVCAR8 (ovarian carcinoma)

U87 (human
glioblastoma–astrocytoma,

epithelial-like)
MCR5 (proliferative human

lung fibroblasts)
EPC (endothelial progenitor

cells)

Increased with the number of
terminal moieties El Brahmi et. al. [79]

polyester-based nanocarriers

MDAMB468, MDA-MB23,
MCF7 (human breast carcinoma)
A498 (human kidney carcinoma)
Raw 264.7 (mouse macrophage)

<300 µg/mL Non-toxic Zeng et al. [80]

hydroxylated polyester dendrimers G1–G5
used as stabilizing agent of silver particles

A549 (human lung
adenocarcinoma) Non-toxic Mahltig et al. [81]

bis-MPA polyester dendrimers

HeLa (human cervical cancer)
THP.1 (acute monocytic

leukemia)
primary human monocyte

Non-toxic Feliu et al. [82]

metallodendrimers
PtG1
PdG1

free cisplatin

MFC-7 (human breast
adenocarcinoma)

30.0 µM
50.0 µM
2.33 µM

Ahamad et al. [87]

Pyrenyl-containing dendrimers
pyrG1-OH
pyrG2-OH
pyrG3-OH

host–guest systems
[pyrG1-OH⊂2][CF3SO3]6
[pyrG2-OH⊂2][CF3SO3]6
[pyrG3-OH⊂2][CF3SO3]6

free cisplatin

A2780 (human ovarian cancer)
A2780cisR (human ovarian

cancer
cisplatin resistant);

A2780/A2780cisR
n.d./n.d.

5.9 µM/7.4 µM
8.7 µM/8.7 µM
0.8 µM/2.2 µM
4.1 µM/1.9 µM
1.5 µM/1.5 µM
1.6 µM/8.6 µM

Pitto-Barry et al. [88]

u—MTT assay; ♣—alamarBlue assay;
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5. Conclusions

Although there are active compounds that are able to inhibit or cure particular diseases, they are
often not effective due to weak solubility, lack of ability to cross biological barriers, poor targetability,
and sensitivity to the cell environment (pH) and its molecular machinery (enzymes, intracellular
processing). A solution to this problem could be “packing” the active compound into or loading
it onto a biocompatible delivery platform. One of the most promising options here is represented
by dendrimers.

Dendrimers, which were synthesized in the 1980s, quickly attracted attention of researchers from
the biomedical field, and, in the 1990s, first works concerning their biocompatibility, cytotoxicity,
and potential applications appeared. Dendrimers were tested as carriers of various molecules and,
simultaneously, their toxicity was examined using different cell lines. It was discovered that, in
general, toxic effects caused by dendrimers were dependent on the generation, the number of surface
groups, and the nature of terminal moieties (anionic, neutral, or cationic). A higher generation and
an increased number of positive charges on the surface resulted in higher cytotoxicity. In order to
decrease the cytotoxicity of dendrimers, scientists started to introduce different chemical modifications
on the periphery of the nanomolecule. Dendrimers grafted with PEG, acetyl groups, carbohydrates,
and other moieties did not affect cell viability, or did so only slightly, while still maintaining other
advantageous properties. These properties include defined size, shape, and molecular weight, as well as
monodispersity, the presence of the void space, tailorable structure, internalization by cells, selectivity
toward cells and intracellular components, protection of guest molecules, and controllable release of the
cargo. Intensive studies on dendrimers and their constant improvement resulted in their current status
as systems of great potential in the biomedical field. In particular, they are developed as nanocarriers
of drugs (anti-cancer, anti-infectious, anti-inflammatory, ophthalmic, and other), nucleic acids in
gene therapy (DNA, anti-cancer, or anti-HIV siRNA), and imaging agents for MRI (e.g., gadomer,
Gd-DTPA). Furthermore, some dendrimers also exhibit intrinsic biological activity, with anti-bacterial,
anti-fungal, and anti-viral properties of dendritic nanomolecules previously demonstrated. Moreover,
other dendrimers were reported to inhibit processes involved in neurodegenerative disorders, i.e.,
fibrillation and aggregation of specific proteins. Lastly, in several cases, it was demonstrated that
dendrimers can be toxic to cancerous cells, while exhibiting no or low toxic effects toward normal cells.
A synergistic effect of the combination of the active dendrimer and its cargo molecules (drugs) can
result in a very potent therapy.

The unique structure of dendrimers enables modifying the surface groups, which are largely
responsible for properties of dendrimers, including cytotoxicity. However, it should be taken into
account that diminishing cationic charge on the surface often reduces the therapeutic activity of
dendrimers, e.g., the ability to create complexes with DNA or RNA. Therefore, partial modification is
sometimes applied in order to achieve a balance between reduced toxicity and retained activity; this is
frequently done via partial modification of PPI dendrimers by maltose or maltotriose [104].

Depending on the specific medical application, a higher or lower dose of the dendrimer is
needed. It allows finding the right dendrimer for a specific purpose from the large library of available
dendrimers. Therefore, the toxicity of the dendrimers is not the main issue that slows down the process
of commercializing dendrimers. However, this field certainly needs better consistency when testing
the long-existing and new compounds. Table 1 clearly demonstrates that it is difficult to compare the
toxicity of different types of dendrimers, since the experimental approaches applied in cytotoxicity
studies differ substantially.

Overall, the intrinsic cytotoxicity of dendrimers can be overcome by precise chemical modifications.
Their complexation with various bioactive molecules can be perfectly optimized, while being
delivery-specific and safe for both the cell and the cargo. At present, dendrimers are an outstanding
alternative to other drug carrier platforms by increasing the bioavailability and efficiency of transported
compounds, thereby enhancing their therapeutic effects.



Biomolecules 2019, 9, 330 18 of 23

Author Contributions: All authors contributed to writing, reviewing and editing the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tomalia, D.A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S.; Smith, P. New Class of Polymers:
Starburst-Dendritic Macromolecules. Polym. J. 1985, 17, 117–132. [CrossRef]

2. Newkome, G.R.; Yao, Z.; Baker, G.R.; Gupta, V.K. Cascade molecules: A new approach to micelles. A
[27]-arborol. J. Org. Chem 1985, 50, 2003–2004. [CrossRef]

3. Buhleier, E.; Wehner, W.; Vögtle, F. “Cascade”- and “Nonskid-Chain-like” Syntheses of Molecular Cavity
Topologies. Synthesis 1978, 2, 155–158. [CrossRef]

4. Abbasi, E.; Aval, S.F.; Akbarzadeh, A.; Milani, M.; Nasrabadi, H.T.; Joo, S.W.; Pashaei-Asl, R. Dendrimers:
Synthesis, applications, and properties. Nanoscale Res. Let. 2014, 9, 247. [CrossRef] [PubMed]

5. Klajnert, B.; Bryszewska, M. Dendrimers: Properties and applications. Acta Biochim. Pol. 2001, 48, 199–208.
[PubMed]

6. Madaan, K.; Kumar, S.; Poonia, N.; Lather, V.; Pandita, D. Dendrimers in drug delivery and targeting:
Drug-dendrimer interactions and toxicity issues. J. Pharm. Bioallied Sci. 2014, 6, 139–150. [PubMed]

7. Shao, N.; Su, Y.; Hu, J.; Zhang, J.; Zhang, H.; Cheng, Y. Comparison of generation 3 polyamidoamine
dendrimer and generation 4 polypropylenimine dendrimer on drug loading, complex structure, release
behavior, and cytotoxicity. Int. J. Nanomed. 2011, 6, 3361–3372.

8. Caminade, A.M.; Maraval, V.; Laurent, R.; Turrin, C.O.; Sutra, P.; Leclaire, J.; Majoral, J.P. Phosphorus
dendrimers: From synthesis to applications. C. R. Chim. 2005, 6, 791–801. [CrossRef]

9. Kesharwani, P.; Banerjee, S.; Gupta, U.; Amin MC, I.M.; Padhye, S.; Sarkar, F.H.; Iyer, A.K. PAMAM
dendrimers as promising nanocarriers for RNAi therapeutics. Mater. Today 2015, 18, 565–572. [CrossRef]

10. Inoue, K. Functional dendrimers, hyperbranched and star polymers. Prog. Polym. Sci. 2000, 25, 453–571.
[CrossRef]

11. Denkewalter, R.G.; Kolc, J.; Lukasavage, W.J. Macromolecular Highly Branched Homogeneous Compound
Based on Lysine Units. U.S. Patent 4,289,872, 15 September 1981.

12. Launay, N.; Caminade, A.M.; Majoral, J.P. Synthesis and reactivity of unusual phosphorus dendrimers. A
useful divergent growth approach up to the seventh generation. J. Am. Chem Soc. 1995, 117, 3282–3283.

13. Ihre, H.; Padilla De Jesus, O.; Frechet, J.M.J. Fast and convenient divergent synthesis of aliphatic ester
dendrimers by anhydride coupling. J. Am. Chem Soc. 2001, 123, 5908–5917. [CrossRef] [PubMed]

14. Schlenk, C.; Frey, H. Carbosilane dendrimers—Synthesis, functionalization, application. Monatsh Chem. 1999,
130, 3–14.

15. Klajnert, B.; Janiszewska, J.; Urbanczyk-Lipkowska, Z.; Bryszewska, M.; Shcharbin, D.; Labieniec, M.
Biological properties of low molecular mass peptide dendrimers. Int. J. Pharm. 2006, 309, 208–217. [CrossRef]
[PubMed]

16. Boas, U.; Karlsson, A.J.; de Waal, B.F.; Meijer, E.W. Synthesis and properties of new thiourea-functionalized
poly(propylene imine) dendrimers and their role as hosts for urea functionalized guests. J. Org. Chem. 2001,
66, 2136–2145. [CrossRef] [PubMed]

17. Kolhe, P.; Misra, E.; Kannan, R.M.; Kannan, S.; Lieh-Lai, M. Drug complexation, in vitro release and cellular
entry of dendrimers and hyperbranched polymers. Int. J. Pharm. 2003, 259, 143–160. [CrossRef]

18. Abderrezak, A.; Bourassa, P.; Mandeville, J.-S.; Sedaghat-Herati, R.; Tajmir-Riahi, H.-A. Dendrimers Bind
Antioxidant Polyphenols and cisPlatin Drug. PLoS ONE 2012, 7, e33102. [CrossRef]

19. Malik, N.; Evagorou, E.G.; Duncan, R. Dendrimer-platinate: A novel approach to cancer chemotherapy.
Anticancer Drugs 1999, 10, 767–776. [CrossRef]

20. Yellepeddi, V.K.; Vangara, K.K.; Palakurthi, S.J. Poly(amido)amine (PAMAM) dendrimer–cisplatin complexes
for chemotherapy of cisplatin-resistant ovarian cancer cells. Nanopart Res. 2013, 15, 1987. [CrossRef]

21. Khandare, J.; Calderón, M.; Dagia, N.M.; Haag, R. Multifunctional dendritic polymers in nanomedicine:
Opportunities and challenges. Chem. Soc. Rev. 2012, 41, 2824–2848. [CrossRef]

22. Gupta, S.; Tyagi, R.; Parmar, V.S.; Sharma, A.K.; Haag, R. Polyether based amphiphiles for delivery of active
components. Polymer 2012, 53, 3053–3078. [CrossRef]

http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1055/s-1978-24702
http://dx.doi.org/10.1186/1556-276X-9-247
http://www.ncbi.nlm.nih.gov/pubmed/24994950
http://www.ncbi.nlm.nih.gov/pubmed/11440170
http://www.ncbi.nlm.nih.gov/pubmed/25035633
http://dx.doi.org/10.1016/j.crci.2003.04.009
http://dx.doi.org/10.1016/j.mattod.2015.06.003
http://dx.doi.org/10.1016/S0079-6700(00)00011-3
http://dx.doi.org/10.1021/ja010524e
http://www.ncbi.nlm.nih.gov/pubmed/11414823
http://dx.doi.org/10.1016/j.ijpharm.2005.10.039
http://www.ncbi.nlm.nih.gov/pubmed/16386860
http://dx.doi.org/10.1021/jo001573x
http://www.ncbi.nlm.nih.gov/pubmed/11300912
http://dx.doi.org/10.1016/S0378-5173(03)00225-4
http://dx.doi.org/10.1371/journal.pone.0033102
http://dx.doi.org/10.1097/00001813-199909000-00010
http://dx.doi.org/10.1007/s11051-013-1897-6
http://dx.doi.org/10.1039/C1CS15242D
http://dx.doi.org/10.1016/j.polymer.2012.04.047


Biomolecules 2019, 9, 330 19 of 23

23. Krishnamoorthy, K.; Babu, A.; Kim, S.; Murugesan, R.; Jeyasubramanian, K. Enhanced photodynamic
efficacy and efficient delivery of rose bengal using nanostructured poly(amidoamine) dendrimers: Potential
application in photodynamic therapy of cancer. Cancer Nanotechnol. 2011, 2, 95–103.

24. Wasiak, T.; Ionov, M.; Nieznanski, K.; Nieznanska, H.; Klementieva, O.; Granell, M.; Cladera, J.; Majoral, J.P.;
Caminade, A.M.; Klajnert, B. Phosphorus dendrimers affect Alzheimer’s (Aβ1-28) peptide and MAP-Tau
protein aggregation. Mol. Pharm. 2012, 9, 458–469. [CrossRef] [PubMed]

25. Klajnert, B.; Wasiak, T.; Ionov, M.; Fernandez-Villamarin, M.; Sousa-Herves, A.; Correa, J.; Fernandez-Megia, E.
Dendrimers reduce toxicity of Aß 1-28 peptide during aggregation and accelerate fibril formation. Nanomed.
NBM 2012, 8, 1372–1378. [CrossRef] [PubMed]

26. Klementieva, O.; Benseny-Cases, N.; Gella, A.; Appelhans, D.; Voit, B.; Cladera, J. Dense shell glycodendrimers
as potential nontoxic anti-amyloidogenic agents in alzheimer’s disease. Amyloid-dendrimer aggregates
morphology and cell toxicity. Biomacromolecules 2011, 12, 3903–3909. [CrossRef] [PubMed]

27. Milowska, K.; Grochowina, J.; Katir, N.; El Kadib, A.; Majoral, J.P.; Bryszewska, M.; Gabryelak, T.
Viologen-Phosphorus Dendrimers Inhibit α-Synuclein Fibrillation. Mol. Pharm. 2013, 10, 1131–1137.
[CrossRef]

28. Laumann, K.; Boas, U.; Larsen, H.M.; Heegaard, P.M.H.; Bergström, A. Urea and Thiourea Modified
Polypropyleneimine Dendrimers Clear Intracellular α-Synuclein Aggregates in a Human Cell Line.
Biomacromolecules 2015, 16, 116–124. [CrossRef] [PubMed]

29. Milowska, K.; Gabryelak, T.; Bryszewska, M.; Caminade, A.-M.; Majoral, J.-P. Phosphorus-containing
dendrimers against α-synuclein fibril formation. Int. J. Biol. Macromol. 2012, 50, 1138–1143. [CrossRef]
[PubMed]

30. Ottaviani, M.F.; Mazzeo, R.; Cangiotti, M.; Fiorani, L.; Majoral, J.P.; Caminade, A.M.; Klajnert, B. Time
Evolution of the Aggregation Process of Peptides Involved in Neurodegenerative Diseases and Preventing
Aggregation Effect of Phosphorus Dendrimers Studied by EPR. Biomacromolecules 2010, 11, 3014–3021.
[CrossRef] [PubMed]

31. Felczak, A.; Wronska, N.; Janaszewska, A.; Klajnert, B.; Bryszewska, M.; Appelhans, D.; Voit, B.; Rozalska, S.;
Lisowska, K. Antimicrobial activity of poly(propylene imine) dendrimers. New J. Chem. 2012, 36, 2215–2222.
[CrossRef]

32. Balogh, L.; Swanson, D.R.; Tomalia, D.A.; Hagnauer, G.L.; McManus, A.T. Dendrimer-Silver Complexes and
Nanocomposites as Antimicrobial Agents. Nano Lett. 2001, 1, 18–21. [CrossRef]

33. Tang, J.; Chen, W.; Su, W.; Li, W.; Deng, J. Dendrimer-encapsulated silver nanoparticles and antibacterial
activity on cotton fabric. J. Nanosci. Nanotechnol. 2013, 13, 2128–2135. [CrossRef] [PubMed]

34. Mahltig, B.; Tatlises, B.; Fahmi, A.; Hasse, H. Dendrimer stabilized silver particles for the antimicrobial
finishing of textiles. J. Text I 2013, 104, 1042–1048. [CrossRef]

35. Bourne, N.; Stanberry, L.R.; Kern, E.R.; Holan, G.; Matthews, B.; Bernstein, D.I. Dendrimers, a new class
of candidate topical microbicides with activity against herpes simplex virus infection. Antimicrob Agents
Chemother. 2000, 44, 2471–2474. [CrossRef] [PubMed]

36. Tyssen, D.; Henderson, S.A.; Johnson, A.; Sterjovski, J.; Moore, K.; La, J.; Krippner, G. Structure Activity
Relationship of Dendrimer Microbicides with Dual Action Antiviral Activity. PLoS ONE 2010, 5, e12309.
[CrossRef] [PubMed]

37. Starpharma. Available online: https://starpharma.com/vivagel (accessed on 20 July 2019).
38. Defoort, J.P.; Nardelli, B.; Huang, W.; Tam, J.P. A rational design of synthetic peptide vaccine with a built-in

adjuvant. A modular approach for unambiguity. Int. J. Pept. Protein Res. 1992, 40, 214–221. [CrossRef]
[PubMed]

39. Tam, J.P. Recent advances in multiple antigen peptides. Proc. Natl. Acad. Sci. USA 1988, 85, 5409–5413.
[CrossRef] [PubMed]

40. Moreno, R.; Jiang, L.; Moehle, K.; Zurbriggen, R.; Glück, R.; Robinson, J.A.; Pluschke, G. Exploiting
conformationally constrained peptidomimetics and an efficient human-compatible delivery system in
synthetic vaccine design. ChemBioChem 2001, 2, 838–843. [CrossRef]

41. Ota, S.; Ono, T.; Morita, A.; Uenaka, A.; Harada, M.; Nakayama, E. Cellular processing of a multibranched
lysine core with tumor antigen peptides and presentation of peptide epitopes recognized by cytotoxic T
lymphocytes on antigen-presenting cells. Cancer Res. 2002, 62, 1471–1476. [PubMed]

http://dx.doi.org/10.1021/mp2005627
http://www.ncbi.nlm.nih.gov/pubmed/22206488
http://dx.doi.org/10.1016/j.nano.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22465497
http://dx.doi.org/10.1021/bm2008636
http://www.ncbi.nlm.nih.gov/pubmed/21936579
http://dx.doi.org/10.1021/mp300636h
http://dx.doi.org/10.1021/bm501244m
http://www.ncbi.nlm.nih.gov/pubmed/25418683
http://dx.doi.org/10.1016/j.ijbiomac.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22353396
http://dx.doi.org/10.1021/bm100824z
http://www.ncbi.nlm.nih.gov/pubmed/20958001
http://dx.doi.org/10.1039/c2nj40421d
http://dx.doi.org/10.1021/nl005502p
http://dx.doi.org/10.1166/jnn.2013.6883
http://www.ncbi.nlm.nih.gov/pubmed/23755656
http://dx.doi.org/10.1080/00405000.2013.772695
http://dx.doi.org/10.1128/AAC.44.9.2471-2474.2000
http://www.ncbi.nlm.nih.gov/pubmed/10952597
http://dx.doi.org/10.1371/journal.pone.0012309
http://www.ncbi.nlm.nih.gov/pubmed/20808791
https://starpharma.com/vivagel
http://dx.doi.org/10.1111/j.1399-3011.1992.tb00294.x
http://www.ncbi.nlm.nih.gov/pubmed/1478779
http://dx.doi.org/10.1073/pnas.85.15.5409
http://www.ncbi.nlm.nih.gov/pubmed/3399498
http://dx.doi.org/10.1002/1439-7633(20011105)2:11&lt;838::AID-CBIC838&gt;3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/11888922


Biomolecules 2019, 9, 330 20 of 23

42. Wiener, E.C.; Brechbiel, M.W.; Brothers, H.; Magin, R.L.; Gansow, O.A.; Tomalia, D.A.; Lauterbur, P.C.
Dendrimer-based metal chelates: A new class of magnetic resonance imaging contrast agents. Magn. Reason.
Med. 1994, 31, 1–8. [CrossRef]

43. Longmire, M.R.; Ogawa, M.; Choyke, P.L.; Kobayashi, H. Dendrimers as high relaxivity MR contrast agents.
Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2014, 6, 155–162. [CrossRef]

44. Eichman, J.D.; Bielinska, A.U.; Kukowska-Latallo, J.F.; Baker, J.R., Jr. The use of PAMAM dendrimers in the
efficient transfer of genetic material into cells. Pharm. Sci. Technol. Today 2000, 3, 232–245. [CrossRef]

45. Tack, F.; Bakker, A.; Maes, S.; Dekeyser, N.; Bruining, M.; Elissen-Roman, C.; Fransen, P.M. Modified
poly(propylene imine) dendrimers as effective transfection agents for catalytic DNA enzymes (DNAzymes).
J. Drug Target 2006, 14, 69–86. [CrossRef]

46. Wong, P.T.; Tang, K.; Coulter, A.; Tang, S.; Baker, J.R., Jr.; Choi, S.K. Multivalent dendrimer vectors with DNA
intercalation motifs for gene delivery. Biomacromolecules 2014, 15, 4134–4145. [CrossRef]

47. Hofman, J.; Buncek, M.; Haluza, R.; Streinz, L.; Ledvina, M.; Cigler, P. In vitro transfection mediated by
dendrigraft poly(L-lysines): The effect of structure and molecule size. Macromol. Biosci. 2013, 13, 167–176.
[CrossRef] [PubMed]

48. Tomalia, D.A.; Huang, B.; Swanson, D.R.; Klimash, J.W. Structure Control within Poly(amidoamine)
Dendrimers: Size, Shape and Regio-Chemical Mimicry of Globular Proteins. Cheminform 2003, 59, 3799–3813.

49. Jevprasesphant, R.F.J.; Jalal, R.; Attwood, D.; McKeown, N.B.; D’Emanuele, A. The influence of surface
modification on the cytotoxicity of PAMAM dendrimers. Int. J. Pharm. 2003, 252, 263–266. [CrossRef]

50. Malik, N.; Wiwattanapatapee, R.; Klopsch, R.; Lorenz, K.; Frey, H.; Weener, J.W.; Duncan, R. Dendrimers:
Relationship between structure and biocompatibility in vitro, and preliminary studies on the biodistribution
of 125I-labelled polyamidoamine dendrimers in vivo. J. Control. Release 2000, 65, 133–148. [CrossRef]

51. Ciolkowski, M.; Petersen, J.F.; Ficker, M.; Janaszewska, A.; Christensen, J.B.; Klajnert, B.; Bryszewska, M.
Surface modification of PAMAM dendrimer improves its biocompatibility. Nanomedicine 2012, 8, 815–817.
[CrossRef]

52. Mukherjee, S.P.; Davoren, M.; Byrne, H.J. In vitro mammalian cytotoxicological study of PAMAM
dendrimers—Towards quantitative structure activity relationships. Toxicol. In Vitro 2010, 24, 169–177.
[CrossRef]

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

54. Mukherjee, S.P.; Byrne, H.J. Polyamidoamine dendrimer nanoparticle cytotoxicity, oxidative stress, caspase
activation and inflammatory response: Experimental observation and numerical simulation. Nanomed. NBM
2013, 9, 202–211. [CrossRef] [PubMed]

55. Gonzalo, S.; Rodea-Palomares, I.; Leganés, F.; García-Calvo, E.; Rosal, R.; Fernández-Piñas, F. First evidences
of PAMAM dendrimer internalization in microorganisms of environmental relevance: A linkage with toxicity
and oxidative stress. Nanotoxicology 2015, 9, 706–718. [CrossRef] [PubMed]

56. Naha, P.C.; Davoren, M.; Casey, A.; Byrne, H.J. An ecotoxicological study of poly(amidoamine)
dendrimers-toward quantitative structure activity relationships. Environ. Sci. Technol. 2009, 43, 6864–6869.
[CrossRef] [PubMed]

57. Pryor, J.B.; Harper, B.J.; Harper, S.L. Comparative toxicological assessment of PAMAM and thiophosphoryl
dendrimers using embryonic zebrafish. Int. J. Nanomed. 2014, 9, 1947–1956.

58. Kuo, J.-S.; Jan, M.-; Chiu, H.W. Mechanism of cell death induced by cationic dendrimers in RAW 264.1
myrine macrophage-like cells. J. Pharm. Pharmacol. 2005, 57, 489–495. [CrossRef]

59. Janaszewska, A.; Ciolkowski, M.; Wróbel, D.; Petersen, J.F.; Ficker, M.; Christensen, J.B.; Klajnert, B. Modified
PAMAM dendrimer with 4-carbomethoxypyrrolidone surface groups reveals negligible toxicity against
three rodent cell-lines. Nanomed. NBM 2013, 9, 461–464. [CrossRef]

60. Janaszewska, A.; Studzian, M.; Petersen, J.F.; Ficker, M.; Christensen, J.B.; Klajnert-Maculewicz, B. PAMAM
dendrimer with 4-carbomethoxypyrrolidone—In vitro assessment of neurotoxicity. Nanomed. NBM 2015, 11,
409–411. [CrossRef]

61. Pojo, M.; Cerqueira, S.R.; Mota, T.; Xavier-Magalhães, A.; Ribeiro-Samy, S.; Mano, J.F.; Salgado, A.J.
In vitro evaluation of the cytotoxicity and cellular uptake of CMCht/PAMAM dendrimer nanoparticles by
glioblastoma cell models. J. Nanopart Res. 2013, 15, 1621. [CrossRef]

http://dx.doi.org/10.1002/mrm.1910310102
http://dx.doi.org/10.1002/wnan.1250
http://dx.doi.org/10.1016/S1461-5347(00)00273-X
http://dx.doi.org/10.1080/10611860600635665
http://dx.doi.org/10.1021/bm501169s
http://dx.doi.org/10.1002/mabi.201200303
http://www.ncbi.nlm.nih.gov/pubmed/23233456
http://dx.doi.org/10.1016/S0378-5173(02)00623-3
http://dx.doi.org/10.1016/S0168-3659(99)00246-1
http://dx.doi.org/10.1016/j.nano.2012.03.009
http://dx.doi.org/10.1016/j.tiv.2009.09.014
http://dx.doi.org/10.1016/j.taap.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20736030
http://dx.doi.org/10.1016/j.nano.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22633897
http://dx.doi.org/10.3109/17435390.2014.969345
http://www.ncbi.nlm.nih.gov/pubmed/25325159
http://dx.doi.org/10.1021/es901017v
http://www.ncbi.nlm.nih.gov/pubmed/19764261
http://dx.doi.org/10.1211/0022357055803
http://dx.doi.org/10.1016/j.nano.2013.01.010
http://dx.doi.org/10.1016/j.nano.2014.09.011
http://dx.doi.org/10.1007/s11051-013-1621-6


Biomolecules 2019, 9, 330 21 of 23

62. Schilrreff, P.; Mundiña-Weilenmann, C.; Romero, E.L.; Morilla, M.J. Selective cytotoxicity of PAMAM G5
core-PAMAM G2.5 shell tecto-dendrimers on melanoma cells. Int. J. Nanomed. 2012, 7, 4121–4133.

63. Hernando, M.D.; Rosenkranz, P.; Ulaszewska, M.M.; Fernández-Cruz, M.L.; Fernández-Alba, A.R.; Navas, J.M.
In vitro dose-response effects of poly(amidoamine) dendrimers [amino-terminated and surface-modified
with N-(2-hydroxydodecyl) groups] and quantitative determination by a liquid chromatography-hybrid
quadrupole/time-of-flight mass spectrometry based method. Anal. Bioanal. Chem. 2012, 404, 2749–2763.
[CrossRef] [PubMed]

64. Wen, Y.; Guo, Z.; Du, Z.; Fang, R.; Wu, H.; Zeng, X.; Pan, S. Serum tolerance and endosomal escape capacity of
histidine-modified pDNA-loaded complexes based on polyamidoamine dendrimer derivatives. Biomaterials
2012, 33, 8111–8121. [CrossRef] [PubMed]

65. Jevprasesphant, R.; Penny, J.; Attwood, D.; McKeown, N.B.; D’Emanuele, A. Engineering of dendrimer
surfaces to enhance transepithelial transport and reduce cytotoxicity. Pharm. Res. 2003, 20, 1543–1550.
[CrossRef] [PubMed]
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