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Abstract
During the past two decades, tremendous progress has been made in the dendrimer-based delivery of 
therapeutic molecules including, for instance, small molecules, macromolecules, and genes. This review 
deals with recent successes in the development of promising biocompatible phosphorus dendrimers, a 
specific type of dendrimer, to deliver genes to treat cancers.

Keywords
Phosphorus dendrimers, gene delivery, cancer therapeutics

Introduction
In 2020, there were 19.3 million new cancer cases and almost 10.0 million cancer deaths. The ‘top five’ most 
prevalent cancers are breast (11.7%), lung (11.4%), colorectal (10.0%), prostate (7.3%), and stomach 
(5.6%) cancers. Lung cancer remains the leading cause of cancer death, with an estimated 1.8 million 
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deaths (18%), followed by colorectal (9.4%), liver (8.3%), stomach (7.7%), and breast (6.9%) cancers [1]. 
According to the National Cancer Institute, by 2040, the number of new cancer cases is estimated to rise to 
about 30 million per year, with about 16.4 million deaths due to cancer [2]. Old-generation antineoplastic 
drugs (e.g., cisplatin, vincristine, etoposide, and cyclophosphamide) continue to be the important first-
line ‘gold-standard’ treatment, but new-generation targeted therapies (e.g., MabThera, Iressa, Velcade, 
Glivec, Avastin, and Herceptin) are achieving blockbuster status and are displacing older drugs [3–6]. 
Control of the cell cycle, cell growth, and cell division allow scientists to narrow down the drug target 
development [7]. The growth of this new strategy is based on the delivery of selective therapeutics targeting 
cancer cells and encompassing therapeutic nucleic acids, including RNA interference (RNAi) effectors. The 
major developments have occurred with small interfering RNAs (siRNAs) and microRNAs (miRNAs) [8], 
against breast cancers for instance [9]. As therapeutics, the main limitation of their clinical development 
is their delivery and in vivo stability. When administered systemically, they are highly unstable and rapidly 
degraded in a biological environment (e.g., serum nucleases) due to their rapid metabolization by the body, 
which is armed with specific enzymes and many defense systems, including antibodies [10]. Lipid- and 
polymer-based nanoparticles as gene vectors, including siRNA and miRNA delivery systems, have been 
intensively developed for cancer therapy, to surmount these physiological barriers, e.g., to escape from 
endosomal degradation [11].

Nanomedicine is the medical application of nanotechnologies and covers all the techniques, tools, 
and processes that allow the manipulation of matter on a scale of fewer than one hundred nanometers. 
Nanomedicine involves the use of nanovectors to carry and release a drug in a very specific way into tissues 
and then into the target cells. Nanovectors are about 50–100 nm in size, that is, about 10 to 100 times smaller 
than a living cell. This nanoparticle vectorization increases the efficacy and bioavailability of drugs while 
reducing the dose and toxicity [12]. At present, a relatively large arsenal of precision nanoparticles has been 
designed and developed as vectors for drug delivery, for the application of nanotechnology in nanomedicine 
including PEGylated and non-PEGylated liposomes, polymeric nanoparticles such as dendrimers and polymer-
drug conjugates, nanocrystals encompassing iron oxide, micelles, polymer-protein conjugates, and degradable 
nanogels [13, 14]. During the past two decades, tremendous progress has been made in the dendrimer-based 
delivery of therapeutic molecules including, for instance, small molecules and macromolecules [15], and 
genes [16, 17]. In this review, we survey recent successes in the development of promising biocompatible 
phosphorus dendrimers, a specific type of dendrimers, to deliver genes to treat cancers.

Dendrimers as nanovectors in nanomedicine: a concise overview
Within the area of nanomedicine, dendrimers are well-defined and homogeneous artificial polymeric 
macromolecules, with nano-sized three-dimensional macromolecular architecture [18]. They have 
monodispersed structures. The word “dendrimer” comes from the Greek words “dendron”, meaning tree or 
branch, and “meros”, meaning part. The size and molecular weight can be fully controlled by the generation 
[e.g., generation 0 (G0)–Gn], where G0, G1, G2, and G3 refer to dendrimers with the zero, first, second, and 
third levels of branching, respectively. These nanoobjects are a few nanometers in size and are built by 
assembling stones, starting from a central point, called the “core”, and going three-dimensionally in different 
directions (radial layers) towards the outside of the macromolecule (repetitive units), implementing a 
large variety of cationic, anionic, or neutral chemical moieties on the surface to control their density and 
afford a tailored architecture, thereby enabling the fine-tuning of their physicochemical and/or biological 
properties. The connections between the different stones are made by branches that confer the cohesion 
and stability of the nanoobjects [19]. To date, there are over 100 dendrimer families. The commercially 
available poly(amidoamine) (PAMAM) dendrimers were first reported by Tomalia and Fréchet [20]. As 
shown in Figure 1, the 2D chemical structure of G4 PAMAM dendrimers and their different attributes, 
including functional core, surface functions, internal cavities, and monomer elements.
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Several other dendrimers, such as poly(propyleneimine) (PPI), poly-L-lysine (PLL) scaffold dendrimers, 
poly-L-glutamic acid polyesters (PGLSA-OH), poly(2,2-bis(hydroxymethyl)propionic) acid (bis-MPA) scaffold 
dendrimers, glycodendrimers, carbosilane (CBS) dendrimers, and phosphorus dendrimers have also been 
studied for their role in drug delivery [21]. Importantly, biocompatible phosphorus dendrimers have been 
developed as drugs themselves [22]. Some examples were emphasized, except for PAMAM and phosphorus 
dendrimers. Regarding the phosphorus dendrimer types, the main therapeutic domains developed by 
Majoral et al. are as follows: anti-inflammatory [23], anti-tuberculosis [24], anti-Alzheimer’s disease [25], 
anti-prion [26], and anti-cancer [22, 27]. The theranostic realm in oncology has also been developed using 
phosphorus dendrimers and dendrons [28]. In the drug delivery realm, the main objective of dendrimer 
application is to improve the therapeutic outcomes of the loaded drugs, such as their pharmacokinetic 
(PK)/pharmacodynamic (PD) profiles. Biologically targeted active compounds, including small molecules, 
macromolecules, peptides, and metal nanoparticles, can be encapsulated inside the void spaces of 
dendrimers, whereas small molecules, macromolecules, targeting peptides, antibodies, and nucleic acids 
can be conjugated or complexed with adequate end surface groups.

Despite developing a strategy based on the chemical modification of the siRNA molecule to overcome 
the limitation of their instability, the rapid development of nanoparticle-mediated therapeutic nucleic acid 
delivery has been intensively investigated [29, 30]. The main challenge is the lack of an adequate intracellular 
delivery system to deliver exogenous genes into cells, which remains an important challenge in medicine. 
Safe dendrimers represent a powerful system to transport and deliver therapeutic nucleic acids into the cells 
based on their tailored physicochemical properties. The objective is to specifically suppress the expression 
of single or multiple targeted genes. Importantly, gene therapeutic tools based on RNAi provide a broader 
choice of target proteins in comparison, for instance, with classical therapeutic approaches. From a general 
perspective, numerous therapeutics using the two RNAi effectors siRNAs and miRNAs, which are the two 
major therapeutic nucleic acids used, are currently in the process of preclinical and clinical trials. Cationic 
polymers have been studied extensively as potential nucleic acid carriers within the framework of the 
delivery of genetic material at a post-transcriptional level of the disease-related gene [29, 30]. Specifically, 
as non-viral vectors [31], a wide range of safe and effective delivery polycationic dendrimer systems that 
can compact and efficiently deliver RNAi effectors have emerged as promising gene delivery systems. The 
major advantages of the non-viral delivery systems compared to viral vectors can be highlighted in their 
simplicity to synthesized, strong stability, tunable modifications, and biosafety profile. The major weaknesses 
of non-viral delivery systems are the necessity to overcome obstacles including effectively breaking through 
extra- and intra-cellular barriers, and avoiding immune defense mechanisms [32, 33].

Figure 1. Chemical structure of 2D G4 PAMAM dendrimers and functional core, surface functions, internal cavities, and monomer 
elements as an example

https://doi.org/10.37349/etat.2022.00071


Explor Target Antitumor Ther. 2022;3:50–61 | https://doi.org/10.37349/etat.2022.00071 Page 53

In addition to cationic lipids [34], cationic peptides [35], and liposomes [36], the non-viral gene 
delivery dendrimer systems commonly developed include PAMAM, PPI, CBS, PLL, and phosphorus 
dendrimers. Based on the dynamic structure of histone, structurally flexible cationic amphiphilic PAMAM 
dendrimers were also developed for effective siRNA delivery and successful gene silencing [37, 38]. 
The electronegative nature of RNAi effectors such as siRNAs and miRNA allows their complexation with 
the polycationic dendrimer surface, affording a positively charged and stable siRNA/dendrimer complex 
(called a dendriplex) through electrostatic interactions, for effective cellular uptake to implement gene 
expression [39, 40]. Importantly, this construction is able to protect RNAi effectors from degradation, and 
the excess positive charges on the dendriplex promote penetration through cell membranes, generally by 
adsorption endocytosis [41]. Notably, the toxicity of cationic macromolecules in general, and polycationic 
dendrimers in particular, remains an acute problem. Nevertheless, the preparation and development of safe 
dendrimers have been highlighted, including phosphorus dendrimers for instance [42]. After being taken 
up by cells, the dendriplex is firstly located in endosomes. Then, in the late endosome or lysosome form, 
the rupture of the endosomal membrane occurs, due to the presence of the protonated dendrimers. Finally, 
during the endosomal escape, dendriplex disintegration takes place, and the dendriplex components, such as 
nucleic acids, are released into the cytosol, where the biological effects of RNAi occur [41]. A recent tutorial 
review from Tarach and Janaszewska [30] highlighted recent studies exploring the development of PAMAM 
dendrimers in anticancer gene therapies. Three different modification strategies have usually been used: 1) 
surface modification with the introduction of a functional group on the surface; 2) development of hybrid 
vectors by entrapment of gold nanoparticles; and 3) development of supramolecular self-assemblies for 
biomedical applications.

Phosphorus dendrimers as non-viral gene delivery systems
As shown in Figure 2, Chen et al. [43] designed, synthesized, and developed five original G1–G3 cationic 
phosphorus dendrimers bearing cyclic amine moieties, such as 1-(2-aminoethyl) pyrrolidine [hydrochloric 
acid (HCl); 1-G1.HCl, 1-G2.HCl, and 1-G3.HCl)], 1-(3-aminopropyl) piperidine (2-G1.HCl), or 1-(2-aminoethyl) 
piperidine (3-G1.HCl), on their surface for exogenous gene delivery toward cancer gene therapy 
applications. The gene was first complexed with the plasmid DNA (pDNA) encoding enhanced green 
fluorescent protein (EGFP) as a simple model to test the gene compaction ability of phosphorus dendrimers. 
The cytotoxicity profile of the dendrimer/pDNA polyplexes was analyzed, along with the gene delivery 
efficiency. All the prepared dendrimer/pDNA polyplexes demonstrated good cytocompatibility against the 
human cervical carcinoma cell line (HeLa cells) via the cholecystokinin-8 (CCK-8) viability assay; interestingly, 
the dendriplex with the 1-(2-aminoethyl) pyrrolidine group (1-G1.HCl) displayed the most effective gene 
delivery efficiency to HeLa cells, as confirmed by flow cytometry and fluorescence microscopic imaging 
analyses. The cell viability was at least greater than 50%, with the highest concentration of polyplexes of 
3,000 nmol/L and with a N/P ratio (molar ratio of the positive charge of the dendrimers to phosphates in the 
pDNA backbone) of 20. The cell viability decreased in a concentration-dependent manner. It is known that the 
hydrodynamic size and surface potential of the polyplexes are critical parameters for high-performance gene 
delivery. Different N/P ratios were used, such as 10–30. The DNA compaction ability followed the order: 1-G3.
HCl (N/P = 0.5 or higher) > 1-G1.HCl (N/P = 1 or higher) > 1-G2.HCl (N/P = 2 or higher).

The 1-G1.HCl dendrimers were then used to vectorize pDNA encoding both EGFP and tumor protein 
53 (p53) protein for cancer gene therapy applications, as shown in Figure 3. Interestingly, cell cycle arrest 
and western blotting studies showed the regulation of the cyclin-dependent kinase inhibitor (p21) and 
cyclin-dependent kinase 4 (Cdk-4)/Cyclin-D1 expression, causing cancer cell apoptosis. Importantly, powerful 
intracellular gene delivery was fully validated in vivo in a xenografted tumor model after intratumoral 
injection, without systemic toxicity. Based on the western blot assay of the protein expression, 1-G1.HCl/
pDNA-p53 polyplexes showed the strongest p53 and p21 protein expression inducing apparent G1/S cell cycle 
arrest checkpoint, and lower Cdk-4 and Cyclin-D1 expression compared with 1-G1.HCl and free pDNA-P53. 
These results are fully consistent with the in vitro gene delivery data (vide supra).
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Notably, in early studies, Ihnatsyeu-Kachan et al. [44] explored the multi-target cytotoxic effects of an 
original combination system of siRNA cocktails complexed with G3–4 polycationic phosphorus dendrimers in 
combination with the therapeutic anticancer agent 5-fluorouracil (5-FU) against the HeLa cells. The siRNAs, 
such as si B cell leukemia/lymphoma-2 (siBCL-2), si B-cell lymphoma-extra large (siBCL-xL), and si myeloid 
cell leukemia-1 (siMCL-1), downregulate the anti-apoptotic gene BCL-2 family, including BCL-xL, BCL-2, and 
MCL-1. These genes regulate cell death, induce the suppression of cell apoptosis, and are overexpressed 
in many types of cancer, including ovary, breast, pancreas, acute myeloid leukemia, and skin cancers. The 
objective was to analyze the enhancement of the anticancer activity of this chemotherapeutic system versus 
each component alone. As shown in Figure 4, the cationic G3 (AE2G3, AE2G3.HCl) and G4 (AE2G4.HCl) 
phosphorus dendrimers have 48 and 96 protonated piperidinium groups on their surface, respectively, to 
compact siRNAs and showed efficacy to treat HeLa cells with half-maximal inhibitory concentration (IC50) 
values of approximately 1–3 µmol/L (72 h). These polycationic phosphorus dendrimers provided a high 
ability to stabilize and to complex pro-apoptotic siRNAs and provided 80–100% siRNA uptake in HeLa cells. 
Interestingly, the viability of HeLa cells treated with the AE2G3-based pro-apoptotic siRNAs dendriplexes 
(dendrimer/siRNA charge ratio 10:1) decreased with the increasing level of pro-apoptotic AE2G3 siRNA: 
~70% with 25 nmol/L of siRNA, and almost complete cell death in low concentrations (50 nmol/L and 
100 nmol/L) of the AE2G3 siRNA cocktail. In HeLa cells, the cytotoxic effect of AE2G3-based dendriplexes 
was significantly higher (> 10 times) than that of the AE2G4-based dendriplexes (charge ratio 10:1). A 

Figure 2. Chemical structure of 1-G1.HCl, 1-G2.HCl, 1-G3.HCl, 2-G1.HCl and 3-G1.HCl dendrimers

Figure 3. (A) Formation of 1-G1.HCl/pDNA-p53 polyplexes for in vivo gene delivery experiments; (B) western blot assay 
indicating the expression of the proteins related to G0/G1 phase in xenografted HeLa tumor cells at 4 days post-treatment of 
normal saline (NS), 1-G1.HCl, free pDNA-p53, and 1-G1.HCl/pDNA-p53 polyplexes (20 μg pDNA/mouse for pDNA groups). The 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein was used as an internal control; (C) quantitative analysis of the 
G0/G1 phase-related protein expression level from the western blot data in vivo
Note. Adapted from “Revisiting cationic phosphorus dendrimers as a nonviral vector for optimized gene delivery toward 
cancer therapy applications,” by Chen L, Li J, Fan Y, Qiu J, Cao L, Laurent R, et al. Biomacromolecules. 2020;21:2502–11 
(https://pubs.acs.org/doi/10.1021/acs.biomac.0c00458). Copyright 2020, American Chemical Society.
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considerable increase of 5-FU cytotoxic effects were observed with the addition of AE2G3/siRNA cocktail 
complexes (charge ratios: 5/1 and 10:1) in low doses (25 nmol/L of pro-apoptotic siRNAs and 25 µmol/L 
of 5-FU).

Ionov et al. [45] presented an interesting and noteworthy study exploring newly engineered nanomaterials 
as non-viral carriers to deliver a cocktail of genes based on three polycationic dendrimer types, including 
G3–4 protonated PAMAM dendrimers (G3: 32 protonated amino groups on the surface; G4: 64 protonated 
amino groups on the surface, Figure 1), G3–4 protonated phosphorus dendrimers (G3: 48 NEt.HCl groups on 
the surface, G4: 96 NEt.HCl groups on the surface), and two G2 polycationic carbosilane dendrimers named 
CBD-OS bearing 8 NMe(Et)(+)-CH2-CH2-N(Me)3

(+) groups on the surface and its stable analog named CBD-CS 
bearing also 8 Me(Et)(+)-CH2-CH2-N(Me)3

(+) groups on the surface for cancer therapy [45] (Figure 5).

These three dendrimer types were compacted with a cocktail of anticancer siRNAs (siBCL-xL, siBCL-2, 
siMCL-1). The dendrimer/siRNA dendriplexes were characterized by techniques including fluorescence, 
zeta potential, dynamic light scattering, circular dichroism, gel electrophoresis, and transmission electron 
microscopy. All the dendrimers complexed with siRNAs and the oligoribonucleotides were released from 
the dendriplexes by the action of heparin. Based on gel electrophoresis assays, the dendrimers were also 
effective in protecting siRNA from RNase A activity. A schematic description of the interactions between the 
dendrimers and siRNA, as well as the protective properties of the dendrimers against RNase degradation, are 
shown in Figure 6.

Further work by the same team reported the analysis of the transfection of these dendriplexes 
bearing the cocktail of siRNAs (siBCL-xl, siBCL-2, and siMCL-1, vide supra) versus single siRNAs in HeLa 
and human leukemia HL-60 cells [46]. Cocktails were more effective compared with single siRNA, allowing 
the concentration of siRNAs to be decreased in cell treatment. The dendrimers were then compared as 
siRNA carriers, the most effective being the phosphorus-based dendrimers, although they were also the 
most cytotoxic. Taken together, the possible application of dendrimers in anticancer gene therapy can be 
highlighted as follows: 1) construction a: G4 phosphorus dendrimer plus 250 nmol/L siRNA cocktails 
showed efficient cellular uptake but a high cytotoxic effect; 2) construction b: G3 phosphorus 
dendrimer, G4 PAMAM dendrimer, or CBD-CS CBS dendrimer plus 100 nmol/L siRNA cocktails displayed 
moderate cellular uptake; and 3) construction c: G3 PAMAM dendrimer or CBD-OSi CBS dendrimer 

Figure 4. Chemical structure of AE2G3 (AE2G3.HCl) and G4 (AE2G4.HCl) phosphorus dendrimers

Figure 5. 2D chemical structures of G3 and G4 phosphorus dendrimers with -NEt2 groups on the surface and CBD-CS and CBD-OS

https://doi.org/10.37349/etat.2022.00071


Explor Target Antitumor Ther. 2022;3:50–61 | https://doi.org/10.37349/etat.2022.00071 Page 56

plus 250 nmol/L siRNA cocktails exhibited a low cytotoxic effect. Regarding the potential therapeutic 
applications, construction a should be developed for emergency treatment of the last stages of 
cancers (like chemotherapy), construction b should be developed for the treatment of the middle stages 
of cancer (safer than chemotherapy), and construction c should be developed for the long-term treatment 
of early-stage cancer (similar to the permanent insulin treatment of diabetes). Additional phosphorus 
dendrimers used for gene delivery of siRNAs were highlighted in Figure 7 and Table 1.

Table 1. Additional phosphorus dendrimers used for gene delivery of siRNAs corresponding to Figure 7

Construction R1 Studies Reference

Plasmid and 
oligonucleotides

-Et DNA delivery in HeLa and NIH 3T3 cells [47]

Anti-HIV siRNA siP24 delivery in HEK293 cells [48]

siRNA (siPLK1) Delivery in MDA-MB-231 (triple-negative breast 
cancer) and MCF-7 cells

[49]

Plasmid: green 
fluorescent protein 
(GFP) reporter gene

G4 phosphorus 
dendrimer

Transfection of human stromal/mesenchymal 
stem cells

[50]

Anti-TNFα siRNA
N better than N O

In vivo via nasal administration [51]

HIV: human immunodeficiency virus; PLK1: polo-like kinase 1; TNFα: tumor necrosis factor alpha

Figure 6. Representation of interactions between dendrimers and siRNA and protective effects against RNase degradation [45]
Note. Reprinted from “Anticancer siRNA cocktails as a novel tool to treat cancer cells. Part (A). Mechanisms of interaction,” 
by Ionov M, Lazniewska J, Dzmitruk V, Halets I, Loznikova S, Novopashina D, et al. Int J Pharm. 2015;485:261–9 (https://doi.
org/10.1016/j.ijpharm.2015.03.024). Copyright 2015, Elsevier.

Figure 7. Chemical structure of G3 and G4 phosphorus dendrimers corresponding to Table 1
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Conclusions and perspectives
During the past two decades, immense progress has been made in the dendrimer-based delivery of genetic 
materials to treat cancers. Nowadays, the siRNA cancer therapeutics field represents an effective strategy 
to reduce disease progression and to cure disorders where conventional therapeutics are non-effective, 
allowing hope due to its ability to repress the translation of any disease-causing protein via gene silencing. 
Within the nanomedicine realm, the main challenge is to develop safe and effective synthetic nanocarriers 
of genetic material encompassing siRNAs and miRNAs that are non-toxic to normal cells and deliver the 
genetic materials specifically to the tumor cells. Dendrimers are promising nanocarriers due to their 
three-dimensional highly branched nano-sized structure (1–10 nm), high structural homogeneity, and 
unique physicochemical properties. Within the 100 families of dendrimers that have been developed, 
phosphorus dendrimers were very quickly developed as drugs themselves (a less trodden therapeutic 
realm) and also for gene therapy. They can be used as nanocarriers of active principles, for example, 
small molecules, peptides, siRNAs, mRNAs, etc., or as active principles by themselves. In the first case, 
the objective is to improve the PK and PD characteristics of the transported active molecule, whereas the 
second strategy is based on the intrinsic activity of the dendrimer, which is considered as a biologically active 
macromolecule. The main advantages of phosphorus dendrimers are as follows: 1) improvement of the 
PK/PD of encapsulated/complexed/conjugated drugs; 2) several possible routes of administration [e.g., oral, 
intravenous (i.v.), intradermal, intranasal, pulmonary]; 3) decrease of the systemic toxicity of the complexed/
conjugated drugs, the ‘Trojan horse’ approach, to qualify the carried drug as best-in-class; and 4) several 
biological target types: organs, tissues, cells, and nucleus. The main biophysical attributes of phosphorus 
dendrimers are 1) their biocompatibility, without the introduction of a polyethylene glycol (PEG) chain; 
2) their easy surface functionalization for therapy and imaging purposes (theranostic aspect already 
developed); 3) their monodispersity; and 4) their precisely controllable dimensions and architectures. In this 
short review, we have advocated and analyzed the development of phosphorus dendrimers as nanocarriers 
of siRNAs alone, or in a cocktail strategy, to treat cancers. Collectively, the results clearly show the very high 
potential of phosphorus dendrimers in gene therapy. Importantly, this precision cancer therapy, using non-
viral carriers of genetic material, could strongly benefit from the combined use of cancer therapies with 
immune checkpoint blockade, as well as chimeric antigens receptor-T (CAR-T) cell strategies, allowing 
personalized medicine and the fine-tuning of a patient’s therapeutic response inducing the elimination of 
cancer cells. Importantly, based on the promising clinical trial successes by Starpharma (Australia) regarding 
the development of PEGylated poly-L-lysine dendrimer conjugating drugs such as docetaxel or irinotecan 
(phase II clinical trials) within the Dendrimer Enhanced Product (DEP®) platform, as well as the development 
of the polyanionic dendrimer named VivaGel® as a microbicide for the prevention of HIV and herpes simplex 
virus (HSV) infections, it seems possible that the regulatory authorities [Food and Drug Administration 
(FDA) and European Medicines Agency (EMA)] can be convinced about the development of biocompatible 
dendrimers. These dendrimers must be produced under Good Manufacturing Practice (GMP) grade. One of 
the important challenges is to harmonize the criteria and guidelines facilitating the translation from the pre-
clinical to the clinical phase. With this in mind, we have analyzed the guidelines in-depth and spurred the 
development of dendrimers in clinical trials [52, 53]. Strongly, we suggest developing the low generation of 
phosphorus dendrimers (G0 and G1) designed by Majoral and Mignani et al. [24] and highlighted as anti-
tubercular agents. These low generation of phosphorus dendrimers have the following advantages versus 
high generation of phosphorus dendrimers: 1) few synthesis steps leading to low generation of phosphorus 
dendrimers with high yields; 2) high solubility in the water allowing numerous routes of administration 
(e.g., i.v., oral, nasal, pulmonary) and reproducible in vitro and in vivo biological activities; 3) high chemical 
stability for more than one year without noticeable degradation; 4) perfect reproducibility of the syntheses; 
5) possibility to be prepared in large quantities under GMP conditions; 6) easy modification of the 
chemical nature and number of end groups on their surface-based on dendritic effect; and 7) inexpensive 
starting materials. These characteristics are to be added to the global profile of phosphorus dendrimers 
analyzed previously [42].

https://doi.org/10.37349/etat.2022.00071


Explor Target Antitumor Ther. 2022;3:50–61 | https://doi.org/10.37349/etat.2022.00071 Page 58

Abbreviations
5-FU: 5-fluorouracil
AE2G3: cationic G3
BCL-2: B cell leukemia/lymphoma-2
BCL-xL: B-cell lymphoma-extra large
CBS: carbosilane
Cdk-4: cyclin-dependent kinase 4
G0: generation 0
MCL-1: myeloid cell leukemia-1
miRNAs: microRNAs
N/P: molar ratio of the positive charge of the dendrimers to phosphates in the plasmid DNA backbone
p53: tumor protein 53
PAMAM: poly(amidoamine)
PD: pharmacodynamic
pDNA: plasmid DNA
PK: pharmacokinetic
RNAi: RNA interference
siRNAs: small interfering RNAs

Declarations
Author contributions
All authors have contributed as follows: SM 25% writing, XS 25% writing, MB 10% writing, DS 15% writing, 
and JPM 25% writing. SM, XS and JPM wrote the first draft of the manuscript. All authors contributed to 
manuscript revision, read and approved the submitted version.

Conflicts of interest
The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate
Not applicable.

Consent to publication
Not applicable.

Availability of data and materials
Not applicable.

Funding
Serge Mignani and Xiangyang Shi were granted by FCT-Fundação para a Ciência e a Tecnologia (Base 
Fund UIDB/00674/2020 and Programmatic Fund UIDP/00674/2020, Portuguese Government Funds) 
and ARDITI-Agência Regional para o Desenvolvimento da Investigação Tecnologia e Inovação through 
the project M1420-01-0145-FEDER-000005-CQM + (Madeira 14–20 Program). Xiangyang Shi, Serge 
Mignani and Jean-Pierre Majoral were granted by the PRC NSFC-CNRS 2019 (21911530230 for Xiangyang 

https://doi.org/10.37349/etat.2022.00071


Explor Target Antitumor Ther. 2022;3:50–61 | https://doi.org/10.37349/etat.2022.00071 Page 59

Shi and 199,675 for Serge Mignani and Jean-Pierre Majoral). Jean-Pierre Majoral was granted by the CNRS 
for financial support. Dzmitry Shcharbin was granted by the NAWA International Academic Partnership 
Programme EUROPARTNER, PPI/APM/2018/1/00007/U/001, by the State Comission of Science and 
Technology of Belarus: projects B20SLKG-002, B21TUB-001, B21KORG-001, B21ARMG-002. The funders 
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Copyright
© The Author(s) 2022.

References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer statistics 2020: 

GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J 
Clin. 2021;71:209–49.

2. Cancer statistics [Internet]. NCI’s Cancer Information Service; [cited 2022 Feb 14]. Available from: 
https://www.cancer.gov/about-cancer/understanding/statistics

3. Xu J, Mao W. Overview of research and development for anticancer drugs. J Cancer Ther. 2016;7:762–72.
4. Prudhomme M, editor. Advances in anticancer agents in medicinal chemistry. Volume 1. Sharjah: Bentham 

Science Publishers; 2013.
5. Zhong L, Li Y, Xiong L, Wang W, Wu M, Yuan T, et al. Small molecules in targeted cancer therapy: advances, 

challenges, and future perspectives. Signal Transduct Target Ther. 2021;6:201.
6. Challener CA. New drug-delivery methods: from concept to patient. BioPharm Int. 2016;29:14–8.
7. Tyson JJ, Novak B. Control of cell growth, division and death: information processing in living cells. 

Interface Focus. 2014;4:20130070.
8. Wang P, Zhou Y, Richards AM. Effective tools for RNA-derived therapeutics: siRNA interference or miRNA 

mimicry. Theranostics. 2021;11:8771–96.
9. Ahmadzada T, Reid G, McKenzie DR. Fundamentals of siRNA and miRNA therapeutics and a review of 

targeted nanoparticle delivery systems in breast cancer. Biophys Rev. 2018;10:69–86.
10. Hu B, Zhong L, Weng Y, Peng L, Huang Y, Zhao Y, et al. Therapeutic siRNA: state of the art. Signal Transduct 

Target Ther. 2020;5:101.
11. Mainini F, Eccles MR. Lipid and polymer-based nanoparticle siRNA delivery systems for cancer therapy. 

Molecules. 2020;25:2692.
12. Briolay T, Petithomme T, Fouet M, Nguyen-Pham N, Blanquart C, Boisgerault N. Delivery of cancer 

therapies by synthetic and bio-inspired nanovectors. Mol Cancer. 2021;20:55.
13. Silva J, Fernandes AR, Baptista PV. Application of nanotechnology in drug delivery. IntechOpen; 2014.
14. Seigneuric R, Markey L, Nuyten DS, Dubernet C, Evelo CT, Finot E, et al. From nanotechnology to 

nanomedicine: applications to cancer research. Curr Mol Med. 2010;10:640–52.
15. Mignani S, Majoral JP. Dendrimers as macromolecular tools to tackle from colon to brain tumor types: a 

concise overview. New J Chem. 2013;37:3337–57.
16. Dufès C, Uchegbu IF, Schätzlein AG. Dendrimers in gene delivery. Adv Drug Deliv Rev. 2005;57:2177–202.
17. Franiak-Pietryga I, Ziemba B, Messmer B, Skowronska-Krawczyk D. Dendrimers as drug nanocarriers: 

the future of gene therapy and targeted therapies in cancer. In: Simonescu CM, editor. Dendrimers: 
fundamentals and applications. IntechOpen; 2018.

18. Mignani S, El Kazzouli S, Bousmina M, Majoral JP. Dendrimer space concept for innovative nanomedicine: 
a futuristic vision for medicinal chemistry. Prog Polym Sci. 2013;38:993–1008.

19. Mignani S, Rodrigues J, Tomas H, Roy R, Shi X, Majoral JP. Bench-to-bedside translation of dendrimers: 
reality or utopia? A concise analysis. Adv Drug Deliv Rev. 2018;136–137:73–81.

https://doi.org/10.37349/etat.2022.00071
https://www.cancer.gov/about-cancer/understanding/statistics


Explor Target Antitumor Ther. 2022;3:50–61 | https://doi.org/10.37349/etat.2022.00071 Page 60

20. Tomalia DA, Fréchet JMJ. Discovery of dendrimers and dendritic polymers: a brief historical perspective. 
Inc J Polym Sci Part A: Polym Chem. 2020;40:2719–28.

21. Mignani S, Rodrigues J, Tomas H, Zablocka M, Shi X, Caminade AM, et al. Dendrimers in combination 
with natural products and analogues as anti-cancer agents. Chem Soc Rev. 2018;47:514–32.

22. Mignani S, Shi X, Ceña V, Shcharbin D, Bryszewska M, Majoral JP. In vivo therapeutic applications of 
phosphorus dendrimers: state of the art. Drug Discov Today. 2021;26:677–89.

23. Hayder M, Poupot M, Baron M, Nigon D, Turrin CO, Caminade AM, et al. A phosphorus-based dendrimer 
targets inflammation and osteoclastogenesis in experimental arthritis. Sci Transl Med. 2011;3:81ra35.

24. Mignani S, Tripathi VD, Soam D, Tripathi RP, Das S, Singh S, et al. Safe polycationic dendrimers as 
potent oral in vivo inhibitors of Mycobacterium tuberculosis: a new therapy to take down tuberculosis. 
Biomacromolecules. 2021;22:2659–75.

25. Milowska K, Grochowina J, Katir N, El Kadib A, Majoral JP, Bryszewska M, et al. Viologen-phosphorus 
dendrimers inhibit α-synuclein fibrillation. Mol Pharm. 2013;10:1131–7.

26. Solassol J, Crozet C, Perrier V, Leclaire J, Béranger F, Caminade AM, et al. Cationic phosphorus-containing 
dendrimers reduce prion replication both in cell culture and in mice infected with scrapie. J Gen Virol. 
2004;85:1791–9.

27. Mignani SM, El Brahmi N, El Kazzouli S, Laurent R, Ladeira S, Caminade AM, et al. Original multivalent 
gold(III) and dual gold(III)-copper(II) conjugated phosphorus dendrimers as potent antitumoral and 
antimicrobial agents. Mol Pharm. 2017;14:4087–97.

28. Mignani S, Rodrigues J, Tomas H, Caminade AM, Laurent R, Shi X, et al. Recent therapeutic applications of 
the theranostic principle with dendrimers in oncology. Sci China Mater. 2018;61:1367–86.

29. Biswas S, Torchilin VP. Dendrimers for siRNA delivery. Pharmaceuticals (Basel). 2013;6:161–83.
30. Tarach P, Janaszewska A. Recent advances in preclinical research using PAMAM dendrimers for cancer 

gene therapy. Int J Mol Sci. 2021;22:2912.
31. Thapa B, Narain R. Mechanism, current challenges and new approaches for non viral gene delivery. In: 

Narain R, editor. Polymers and nanomaterials for gene therapy. Woodhead Publishing; 2016. pp. 1–27.
32. Hou W, Wei P, Kong L, Guo R, Wang S, Shi X. Partially PEGylated dendrimer-entrapped gold nanoparticles: 

a promising nanoplatform for highly efficient DNA and siRNA delivery. J Mater Chem B. 2016;4:2933–43.
33. Tros de Ilarduya C, Sun Y, Düzgüneş N. Gene delivery by lipoplexes and polyplexes. Eur J Pharm Sci. 

2010;40:159–70.
34. Byk G, Dubertret C, Escriou V, Frederic M, Jaslin G, Rangara R, et al. Synthesis, activity, and structure–activity 

relationship studies of novel cationic lipids for DNA transfer. J Med Chem. 1998;41:229–35.
35. Wang K, Yan X, Cui Y, He Q, Li J. Synthesis and in vitro behavior of multivalent cationic lipopeptide for 

DNA delivery and release in HeLa cells. Bioconjug Chem. 2007;18:1735–8.
36. Ewert KK, Ahmad A, Bouxsein NF, Evans HM, Safinya CR. Non-viral gene delivery with cationic 

liposome-DNA complexes. Methods Mol Biol. 2008;433:159–75.
37. Cao Y, Liu X, Peng L. Molecular engineering of dendrimer nanovectors for siRNA delivery and gene 

silencing. Front Chem Sci Eng. 2017;11:663–75.
38. Dong Y, Yu T, Ding L, Laurini E, Huang Y, Zhang M, et al. A dual targeting dendrimer-mediated siRNA 

delivery system for effective gene silencing in cancer therapy. J Am Chem Soc. 2018;140:16264–74.
39. Imamura M, Kodama Y, Higuchi N, Kanda K, Nakagawa H, Muro T, et al. Ternary complex of plasmid DNA 

electrostatically assembled with polyamidoamine dendrimer and chondroitin sulfate for effective and 
secure gene delivery. Biol Pharm Bull. 2014;37:552–9.

40. Cooper RC, Yang H. Duplex of polyamidoamine dendrimer/custom-designed nuclear-localization 
sequence peptide for enhanced gene delivery. Bioelectricity. 2020;2:150–7.

https://doi.org/10.37349/etat.2022.00071


Explor Target Antitumor Ther. 2022;3:50–61 | https://doi.org/10.37349/etat.2022.00071 Page 61

41. Dzmitruk V, Apartsin E, Ihnatsyeu-Kachan A, Abashkin V, Shcharbin D, Bryszewska M. Dendrimers show 
promise for siRNA and microRNA therapeutics. Pharmaceutics. 2018;10:126.

42. Caminade AM, Turrin CO, Majoral JP, editors. Phosphorous dendrimers in biology and nanomedicine: 
syntheses, characterization, and properties. Singapore: Pan Stanford Publishing Pte Ltd; 2018.

43. Chen L, Li J, Fan Y, Qiu J, Cao L, Laurent R, et al. Revisiting cationic phosphorus dendrimers as a 
nonviral vector for optimized gene delivery toward cancer therapy applications. Biomacromolecules. 
2020;21:2502–11.

44. Ihnatsyeu-Kachan A, Dzmitruk V, Apartsin E, Krasheninina O, Ionov M, Loznikova S, et al. Multi-target 
inhibition of cancer cell growth by siRNA cocktails and 5-fluorouracil using effective piperidine-
terminated phosphorus dendrimers. Colloids Interfaces. 2017;1:6.

45. Ionov M, Lazniewska J, Dzmitruk V, Halets I, Loznikova S, Novopashina D, et al. Anticancer siRNA 
cocktails as a novel tool to treat cancer cells. Part (A). Mechanisms of interaction. Int J Pharm. 
2015;485:261–9.

46. Dzmitruk V, Szulc A, Shcharbin D, Janaszewska A, Shcharbina N, Lazniewska J, et al. Anticancer siRNA 
cocktails as a novel tool to treat cancer cells. Part (B). Efficiency of pharmacological action. Int J Pharm. 
2015;485:288–94.

47. Maksimenko AV, Mandrouguine V, Gottikh MB, Bertrand JR, Majoral JP, Malvy C. Optimisation of 
dendrimer-mediated gene transfer by anionic oligomers. J Gene Med. 2003;5:61–71.

48. Shcharbin D, Dzmitruk V, Shakhbazau A, Goncharova N, Seviaryn I, Kosmacheva S, et al. Fourth generation 
phosphorus-containing dendrimers: prospective drug and gene delivery carrier. Pharmaceutics. 
2011;3:458–73.

49. Jain A, Mahira S, Majoral JP, Bryszewska M, Khan W, Ionov M. Dendrimer mediated targeting of siRNA 
against polo-like kinase for the treatment of triple negative breast cancer. J Biomed Mater Res A. 
2019;107:1933–44.

50. Shakhbazau AV, Shcharbin DG, Goncharova NV, Seviaryn IN, Kosmacheva SM, Kartel NA, et al. Neurons 
and stromal stem cells as targets for polycation-mediated transfection. Bull Exp Biol Med. 2011;151:126–9.

51. Bohr A, Tsapis N, Andreana I, Chamarat A, Foged C, Delomenie C, et al. Anti-inflammatory effect of 
anti-TNF-α siRNA cationic phosphorus dendrimer nanocomplexes administered intranasally in a murine 
acute lung injury model. Biomacromolecules. 2017;18:2379–88.

52. Mignani S, Shi X, Guidolin K, Zheng G, Karpus A, Majoral JP. Clinical diagonal translation of nanoparticles: 
case studies in dendrimer nanomedicine. J Control Release. 2020;337:356–70.

53. Mignani S, Shi X, Rodrigues J, Tomas H, Karpus A, Majoral JP. First-in-class and best-in-class 
dendrimer nanoplatforms from concept to clinic: lessons learned moving forward. Eur J Med Chem. 
2021;219:113456.

https://doi.org/10.37349/etat.2022.00071

	Abstract
	Keywords
	Introduction
	Dendrimers as nanovectors in nanomedicine: a concise overview 
	Phosphorus dendrimers as non-viral gene delivery systems 

	Conclusions and perspectives 
	Abbreviations 
	Declarations 
	Author contributions 
	Conflicts of interest 
	Ethical approval 
	Consent to participate
	Consent to publication 
	Availability of data and materials 
	Funding 
	Copyright 

	References 

