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ABSTRACT 

Research to develop active dendrimers by themselves or as nanocarriers represents a 

promising approach to discover new biologically active entities that can be used to tackle 

unmet medical needs including difficult diseases. These developments are possible due to 

the exceptional physicochemical properties of dendrimers, including their biocompatibility, 

as well as their therapeutic activity as nanocarriers and drugs themselves. Despite a large 

number of academic studies, very few dendrimers have crossed the ‘valley of death’ 

between. Only a few number of pharmaceutical companies have succeeded in this way. In 

fact, only Starpharma (Australia) and Orpheris, Inc. (USA), an Ashvattha Therapeutics 

subsidiary, can fill all the clinic requirements to have in the market dendrimers based 

drugs/nancocarriers. After evaluating the main physicochemical properties related to the 

respective biological activity of dendrimers classified as first-in-class or best-in-class in 

nanomedicine, this original review analyzes the advantages and disavantages of these two 

strategies as well the concerns to step in clinical phases. Various solutions are proposed to 

advance the use of dendrimers in human health.  

 

1. Introduction 

From a cursory glance, over the last decade, nanomedicine uses various powerful 

nanotechnologies and specific nano-objects to develop innovative applications in the health 
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field, by exploiting the intrinsic physical, chemical and biological properties of these versatile 

nanoscale materials.[1,2] With this transversal character of nanomedicine, one enters into 

the world of the infinitely small, with a scale of less than 200 nanometers. Therefore, the 

idea is to act on the same scale as human tissues, molecules, cells, DNA (microRNA and 

SiRNA), proteins, viruses, and bacteria. The main goal is the development of new medical 

techniques for diagnosis, therapy and patient monitoring. Thereby, the use of nonviral 

nanovectors capable of transporting and then releasing the active drug into the specific 

target cells, encompassing cancer or inflammatory pathologies and nano-objects, capable of 

amplifying the effect of radiotherapy by preserving healthy tissue and improving 

diagnosis.[3] Within the huge chemical space, approved nanoformulations, including 

PEGylated and non-PEGylated liposomes, nanocrystals, nanoparticles (NPs) and dendrimers, 

have been realized for the application of nanotechnology in medicine. The other NPs used in 

nanomedicine are polymer-drug conjugates, polymer-protein conjugates, polyplexes, 

micelles and degradable nanogels.[4]  

This review seeks to summarize and analyze challenges and limitations during active 

research development, including clinical translation factors, as well as to challenge current 

dogmas of carefully-assembled dendrimers as first-in-class and best-in-class NPs. Potential 

solutions to improve the rate of success are, in the end, proposed. 

 

2. First-in-class versus best-in-class approaches in drug discovery strategy: Concise 

general aspects  

Any pharmaceutical organization is broken down into two classes of program strategy: first-

in-class[5] and best-in-class. The choice is not trivial, due to limited resources and the 

balance between risks and benefits.[6,7] The first-in-class program is based on new science 

(e.g., mechanism of action), with the aim to produce the first types of molecular entities and 

new therapies, giving unprecedented patient outcomes with superiority over existing 

treatments. However, novelty does not necessarily lead to success! An interesting analysis 

by Eder et al. showed that phenotypic screening strategies have been more productive than 

target-based approaches in the discovery of first-in-class small-molecule drugs.[8] Another  

interesting analysis was performed by Schulze and Ringel regarding the value of first-in-class 

versus best-in-class. First-in-class is slightly better than best-in-class (2nd), and much better 

than best-in-class (3rd).[9] In the best-in-class program, there are competitor(s), who are 

already in the clinic or on the market, showing efficacy in patients. The proposed drug must 

possess an improvement over its competitor(s). The advantage of the best-in-class strategy 

is to be able to use studies from competitors for information alongside the clinical trials. As 

highlighted by Swinney,[10] the distribution of new drugs (NMEs) found between 1999 and 

2008 is as follows: the most successful first-in-class drugs were found using phenotypic 

screening and then target-based screening, whereas the follower drugs come from target-

based screening with a successful rate strongly higher than phenotypic screening. 

Consequently, we can flip-flop these strategies of development in the field of nanomedicine. 

Thus, a nanoparticle encapsulating or conjugating a biologically active molecule that is used 

clinically (as drug) can be considered to be best-in-class because it improves the 
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physicochemical properties as well as the biological activity of the considered drug, while a 

new nanoparticle (NP) that is active by itself is considered to be first-in-class. 

 

3. In vivo biocompatibility of nanomedicine: a concise overview 

Nano-drugs improve the benefit/risk ratio of drugs by increasing their efficacy and 

bioavailability in the target tissue or organ while reducing administered doses and toxicity 

risk For instance, conventional drugs, recombinant proteins, vaccines, aptamers, siRNA, 

nucleotides and genes have been carried by NPs.[11,12] Targeted[13] and non-targeted 

approaches have been developed. These have improved the benefit/risk ratio of 

encapsulated/conjugated or complexed drugs, by increasing their efficacy and bioavailability 

in the target tissue or organ, while reducing the doses to be administered and the risk of 

toxicity. To this end, as shown in Figure 1, an outstanding analysis of the in vivo 

biocompatibility of NPs has been performed by Khandare and Haag et al.[14] 

 

 

Figure 1. Parameters determining in vivo biocompatibility in nanomedicine. Reproduced with 

permission from ref. 14, The Royal Society of Chemistry. 

 

Designed versatile lipid-based NPs, liposomes and natural (e.g., chitosan, collagen) and 

synthetic (e.g. poly(lactide-coglycolide) (PLGA)) polymeric NPs[15], dendrimers and quantum 

dots are the main types of NPs used in nanomedicine, for a variety of biomedical 

uses.[16,17] In the clinic, as best-in-class NPs, different formulations of polymer micelles, 

emulsions and solid particles have been used to incorporate drugs.[18] As examples, 

Caelyx®, Doxil®, Transdrug® [19] and Abraxane® (ABI-007) are currently on the market for 

tackling cancer, including metastatic breast and pancreatic cancer, advanced melanoma 

(Abraxane), and to treat one form of hereditary amyloidosis (Onpattro®).[20] Caelyx®  and 

Doxil® are PEGylated liposomes for iv administration, as is encapsulated hydrophobic 

doxorubicin (DOX, Adriamycin).[21] PEGylated liposomal doxorubicin (Caelyx®), 

administered alone or in combination with tamoxifen, is safe and moderately effective in 

patients with recurrent high-grade III glioma.[22] Doxil®  was the first NP approved by the 

FDA in 1995, and, recently, a generic version named Lipodox® started to be produced by Sun 

Pharmaceutical Industries Ltd in India. Other liposomal formulations of DOX are D-99, 
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Myocet®, the thermosensitive liposome ThermoDox®, and polymeric NPs (Livatag®), 

whereas the liposomal form of daunorubicin is named DaunoXome®. The second NP of high 

interest is Abraxane®, developed by Abraxis BioScience and AstraZeneca.[23] This NP 

represents the first albumin-bound drug commercially available to treat tumors, formed by 

the complexation of Taxol with albumin, and shows an original cremophore-free NP. 

4. Why are dendrimers of interest to develop in the nanomedicine domain? 

4.1. General aspects of dendrimers at a glance 

From a cursory glance, the dendrite structure is a very common pattern in nature; above 

ground, trees use dendritic growth to improve the exposure of their leaves to sunlight. This 

process, known as photosynthesis, is crucial for trees to maintain life and growth. In the field 

of organic synthesis, the design of dendritic molecules is a relatively new field; for instance, 

in drug delivery, pioneered in 1978 by Vögtle and colleagues.[24] Then, Tomalia et al. named 

this new class of versatile NPs "dendrimers", formed from the two Greek words "dendros", 

meaning "tree" or "branch", and "meros", meaning "part".[25] As shown in Figure 2, well-

defined synthetic polymers (dendrimers) have a well-defined structure, compared to the 

hyperbranched polymers of which they are a subset. 

 

Figure 2. General 2D chemical representation of linear, branched and hyperbranched 

polymers including dendrimers. 

Dendrimers have a symmetric repetition of branches (termed generation) starting from a 

core, having a three-dimensional morphology of nanometer-scale size and precise molecular 

weight. Dendrimers can be classified thus far by their generation number (G0, G1, G2, G3, 

and G4, etc.) and have a ‘spherical’ shape (Figure 3). The central core as a focal point, 

branches and multiple terminal groups, which increase exponentially with each generation, 

are the main construction elements of the dendrimers, acting as a scaffolding from its base 

to its top. Both the engineered nature of the dendrimer surface and its surface density are 

crucial and dictate its biological interactions with living systems in terms of biological activity 

and physicochemical properties.[26,27,28] The release of drugs into the cells by positively-

charged dendrimers is achieved by the interactions of these dendrimers with negatively-

charged biological and cell membranes, for penetration purposes.[29] 
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Figure 3. 2D general representation of dendrimers including core, internal cavities, interior 

branching and generations, and G4 PAMAM dendrimer as an example of dendrimer. 

The number of articles about describing dendrimers in the Scopus database by year is shown 

in Figure 4. 

 

Figure 4. Number of articles about dendrimers in Scopus database (blue bars: all fields; 

green bars : biomedical field (biochemistry, genetics, molecular biology, pharmacology, 

toxicology and pharmaceutics ; red bars : ratio (all fields/biomedical field)x100) 

 

Tunable dendrimers can be synthesized by step-wise chemical synthesis approaches, by both 

divergent and convergent[30] methods. Nevertheless, step-wise synthesis limits their ease of 

preparation for large generations (above generation 3), despite the fact that single-step 
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methods from AB2 or AB5 monomers have been developed.[31] Recently, a highly 

interesting approach has been demonstrated by Lu et al., which consists of using a monomer 

with hierarchical reactivity.[32] To date, there are over 100 families of dendrimers consisting 

of a panoply of atoms, including C, H, S, P, O, Si and metals, such as Au.[33] The most 

commonly used type of dendrimers families are the poly(amidoamine) (PAMAM)[25] and 

poly(propyleneimine) (PPI)[24] dendrimers, as they are commercialized. Other types of 

dendrimers include phosphorous,[34] carbosilane,[35] poly(L-lysine) (PLL),[36] poly(ester-

amide),[37] peptide[38] polyurea and bioinspired tryptophan-rich peptide (TRPD) 

dendrimers.[39] Multiple routes of administration can be used.[40] 

4.2 Possibilities of modifying dendrimer architectures for use in nanomedicine  

Interestingly, based on quantized hard and soft nanoscale building blocks (having defined 

size, shape, surface chemistry, flexibility/rigidity, elemental composition and architecture), 

the concept of a nano-periodic road map has been highlighted by Tomalia and 

colleagues.[41] As a general trend, higher-generation cationic dendrimers have shown 

cytotoxicity and hemolysis effects,[42] whereas anionic dendrimers, including sulfonated, 

carboxylated and phosphonated dendrimers, and neutral dendrimers, bearing poly(ethylene 

oxide), PEG chains and acetyl, carboxyl, mannose and galactose end groups, exhibited less 

toxicity vs. positively-charged dendrimers. The two main challenges for the use of 

dendrimers in nanomedicine are achieving low polydispersity and biocompatibility.[43] In 

agreement with Frechet and Szoka et al., the success of dendrimers in nanomedicine as 

nanocarriers and as drugs (active per se) depends largely on their biocompatibility.[44] An 

interesting analysis was performed by Ciolkowski and colleagues regarding the cytotoxicity 

of PAMAM dendrimers, relating cytotoxicity to physical properties such as surface 

polarity.[45] Several reviews highlight the in vitro and in vivo biocompatibility profiles of 

dendrimers, represented in Figure 5.[26,27, 46] 

 

Figure 5. Schematic depiction of In vitro and in vivo biocompatibility profiles of dendrimers. 
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4.3. Pharmacokinetics and biodistribution of dendrimers in the oncology realm: general 

aspects 

During the development of drugs, in general, and of NPs, particularly dendrimers, the 

control of their pharmacokinetics and biodistribution plays an important role in their in vivo 

therapeutic applications, as well as in their clinical translation. To this end, in a tutorial 

review, Frechet, Szoka and colleagues studied the role of molecular weight and architecture 

on the in vivo behavior of dendrimers in oncology.[44] Chemical control of the dendrimer 

architecture influences two very important parameters, which are: the high drug elimination 

half-life, linked to the long blood circulation half-life, which is the major requirement for the 

enhanced permeation-and-retention (EPR) effect; and the appropriate rate of release of the 

drug within the cancer cell target. Indeed, a too-rapid release of drugs from dendrimers may 

result in a loss of the drug before it enters the tumor, and, ergo, not enough drug 

concentration in the tumor to induce the desired antiproliferative effect. As shown in Figure 

6, four kinetic parameters were introduced in a model depicted by the authors: rate-

controllable elimination constant (Kelimination), which is a function of renal, liver and splenic 

clearance, related to the physicochemical properties of the dendrimers, Kextravasation which 

depends on tumor characteristics such as size, vascular permeability and convective flow, as 

well as on physicochemical properties of dendrimers, including size, shape and surface 

characteristics.[47] The first order release parameter, Krelease depends on the nature of the 

linker between the drugs and the dendrimers (conjugation approach), or on the nature of 

the dendrimers (encapsulation and complexation approaches). The Kwashout parameter is a 

function of the drug characteristics, and is related to the rate of the half-life drug 

elimination. 

 

Figure 6. Representation of Kinetic parameters for the drug penetration in tumors: Kelimination, 

Kextravasation, Krelease and Kwashout. 

Frechet, Szoka et al. proposed a simple mathematical model, using pharmacokinetic data, of 

the concentration of free drug versus time after iv injection, related to the half-life of the 

drug release. [44] A decrease of the half-life drug elimination (rapid release rate, 1 h) 
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induced the release of the drug prior to entering the tumor. Between 10 and 50 h, peaks in 

release were observed, whereas for a higher half-life of drug release (500 h), very low 

release was observed. As indicated by the authors, the selection of most appropriate linker 

by chemists is crucial to control the concentration of the free drug in the tumor, and the 

chemistry also has a high impact in the evaluation of Krelease and Kwashout parameters. 

An additional important analysis was performed by Wijagkanalan et al., regarding the 

relationship between physicochemical properties (Mw and charge) and pharmacokinetic 

parameters (area under the curve [AUC], hepatic [hepatic plasma flow rate] and renal 

[glomerular filtration rate] clearance) of proteins and dendrimers, following iv 

administration in mice (Figure 7).[48] This study is in full agreement with those of Haag et al. 

(vide supra) regarding the biocompatibility of NPs.[14] The lysine dendrimers (generation 4–

6) were mainly eliminated through renal clearance, for PAMAM dendrimers higher than G6. 

The amphiphilic PEGylated G6 lysine and PAMAM dendrimers were eliminated through 

hepatic clearance, and, importantly, demonstrated a higher AUC than the corresponding 

non-PEGylated dendrimers. These PEGylated dendrimers escape uptake by the non-specific 

reticuloendothelial system (RES). The bovine immunoglobin (IgG) and bovine serum albumin 

(BSA) were eliminated through hepatic clearance, and showed a higher AUC than the 

PEGylated G6 PAMAM dendrimer. Anionic and cationic BSA (Su-BSA and Cat-BSA) were 

cleared mainly via the hepatic pathway. Cationic and anionic superoxide dismutases SOD 

(Cat-SOD and Suc-SOD) were eliminated through both renal and hepatic clearance, whereas 

SOD was eliminated mainly via renal clearance. Interestingly, the therapeutic availability 

(TA), which is the ratio of total drug amount or drug activity of dendrimer–drug to free drug 

in the target tissue, was 1–38, 0.7–3 and >300 (few cases analyzed) for drugs conjugated, 

encapsulated and complexed with dendrimers, respectively. An important survey was 

published relating dendrimer pharmacokinetics profiles to the absorption, distribution, 

metabolism and elimination (ADME) properties of dendrimers, including size, structure and 

surface functionality.[49]  
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Figure 7. Pharmacokinetic parameter (AUC, renal and hepatic clearance) related to 

dendrimer characteristics. Adapted from ref. 48 

 

As highlighted by Cheng and colleagues, conjugation of drugs allowed better control over 

drug release than did encapsulation and electrostatic complexation of drugs, using 

dendrimers as nanocarriers based on best-in-class strategy.[50] 

 

4.4. Near-infinite possibilities for the use of dendrimers for delivery of drug products in 

vitro and in vivo based on best-in-class drug development strategy for known drugs 

For biomedical applications, the valorization of dendrimers has been demonstrated by their 

useful nano-carrier developments, using their host-guest properties, a concept introduced 

by Maciejewski in 1982,[51] for the delivery of targeted drugs[52,53,54, 55] and genes[56] 

(in the majority of studies); however, importantly, several studies have shown that some 

have their own therapeutic properties for specific medicinal uses, although few of such 

studies are reported to date.[57]  

Numerous publications and reviews present the use of dendrimers as nano-carriers via 

encapsulation (drug loading) and electrostatic complexation, which preserves the chemical 

integrity and pharmacological properties of the drugs, or conjugation, such as with anti-

cancer agents for targeted and non-targeted antineoplastic therapy (e.g., cisplatin, 

paclitaxel, 5-fluorouracil, camptothecin [CPT], methotrexate, doxorubicin),[46,58] as well 

natural products, [46,59,60] antisenses,[61], aptamers,[62] and siRNAs.[63] Figure 8 depicts 

several dendrimer types used in therapeutic domains with conjugated or complexed 

(siRNAs) drugs. The other therapeutic realms for drug delivery using dendrimers are: 1) anti-

inflammatory therapy, by delivery of non-steroidal anti-inflammatory drugs (NSAIDs) which 

include ibuprofen;[64]  2) antibacterial therapy, against Gram positive and Gram negative 

bacterial strains and parasites (e.g., Leishmania), by delivery of several types of drugs (e.g., 

nadifloxacin, prulifloxacin, erythromycin, azythromicin, vancomycin, amoxicillin, ceftazidime, 

amphotericin B, tobramycin, and fusidic acid);[46,65] 3) antiviral therapy, by delivery of both 

small compounds (e.g., zidovudine, efarvenz, mariviroc, tenofovir, oseltamivir, and acyclovir) 

and siRNAs (glycoprotein H, heparin sulfate);[66] 4) cardiovascular therapy, by delivery of 

siRNAs and a ramipril-hydrochlorothiazide mixture.[67]  
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Figure 8. Dendrimers used in therapeutic domains with conjugated or complexed (siRNAs) 

drugs. See text for references 

In an unusual and interesting study regarding the development of dendrimers for the release 

of DOX (best-in-class drug development strategy), Fréchet et al. pointed out that the PK/PD 

profile of the asymmetrical G1–G3 bow-tie dendrimers was related to their molecular weight 

and to architectural effects (length of the PEG chains). Several pharmacological properties 

can be outlined: 1) no significant cytotoxicity; 2) significant in vitro biodegradability 

(hydrolysis reaction); 3) strong chemical stability in buffer solutions at both mildly acidic pH 

(5.0) and a normal physiological pH (7.4) at 37 °C; 4) for generation 3 dendrimers, long 

circulation times with high elimination half-lives of 31–50 h (mice, iv administration); 5) an 

increase in generation (G2 over G3) decreased the renal clearance, and polymers of 

generation 3 were excreted more slowly into the urine versus generation 2 polymers. 

Interestingly, iv administration in mice with B16F10 melanoma of 40 mg/kg of G3 bow-tie 

dendrimers showed similar biodistribution behaviors, regardless of the length of the PEG 

chains. The highest concentrations of polymers in both the tumor and blood were observed 

at 48 h. Cheng et al. [68] highlighted the influence of the nature of the linker between the 

conjugated drug and the surface of dendrimers on the PK/PD profile of the delivery of the 

drug using PEGylated poly(L-lysine) dendrimer-CPT conjugates. Two different linkers 

between the lysine dendrimer and CPT were used: glycine linker and b-alanine linker. 

Interestingly, the glycine linker displayed a half-life approximately 10-fold lower than the b-

alanine linker. This type of construction showed in vivo improvements in mice vs. CPT alone, 

as follows: 1) improvement of the solubility of CPT; 2) increase in the circulation half-life of 

CPT, inducing an increase in its blood circulation time; 3) strong enhancement in tumor 

uptake (approximately 10-fold over CPT alone); 4) improvement of antitumor efficacy in 
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subcutaneous (sc) C26 murine and HT-29 human colon carcinoma tumor models vs. CPT 

alone. Remarkably, a single injection of PEGylated poly(L-lysine) dendrimer-CPT conjugate 

into C26-tumored mice significantly prolonged survival and delayed tumor growth, 

compared to the control group or to treatment with CPT alone. 

These studies clearly demonstrate the usefulness of dendrimers that conjugate or 

encapsulate drugs in the treatment of cancers, for example, by improving their intrinsic 

biological activity. The use of these NPs, as pointed out by other authors, is a potentially 

significant advance in the treatment of cancer by drugs such as Doxil® and Abraxane® (vide 

supra). Therefore, this strategy, makes it possible to improve the overall efficacy of these 

drugs, and for NPs such as dendrimers to eventually become known as 'best-in-class' 

compounds. 

The optimization of dendrimer architecture via the introduction of a PEG chain[69] 

encompasses: 1) an increase in the circulation time of the dendrimer in the blood; 2) an 

increase in the concentration of the dendrimer and the loaded drug in the tumor via the 

passive EPR effect, which is a challenge at present.[70] Importantly, less than 2% of the drug 

reaches the tumor site.[71,72] The importance of patient selection for nanodevice 

development has been highlighted.[73] An additional pathway to deliver to tumors was 

recently proposed, known as the active transcytosis effect.[74]  

 

The introduction of a chain between the loaded drug and the surface of the dendrimer 

allows: 1) gradual hydrolytic drug release; 2) increase in the drug elimination half-life, the 

major requirement for the EPR process; 3) increase of the PK/PD profile of the loaded drugs. 

The formation of leaky vasculatures in tumors may explain the EPR effect, based on poorly-

aligned endothelial cells and large fenestrations. Nevertheless, the EPR effect as a universal 

process in nanomedicine has been recently questioned. As discussed by Cabrala and 

Kataoka[75] and by Ngoune and colleagues,[76] the heterogenicity of the vasculature and 

the permeability of tumors modify the perfusion and distribution of NPs within the tumor 

mass, and this effect may be rendered uneven. A harsh verdict was reached, namely that the 

EPR effect exhibited more in rodents than in humans. [71]  

 

4.5. Near-infinite possibilities, but few examples, for the use of dendrimers as drugs 

themselves based on first-in-class drug development strategy 

The other direction in nanomedicine is to develop dendrimers as drugs alone, i.e., as active 

drugs per se. Figure 9 depicts several examples of therapeutic usage of dendrimers as drugs. 

It is important to note that several biocompatible dendrimer types showed good in vivo 

activities as anticancer agents, including PAMAM dendrimers[58] and some types were 

demonstrated as anti-inflammatory agents, including phosphorus dendrimers[34] and 

carbosilane dendrimers. [77,78]  
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Figure 9. Dendrimers used in therapeutic domains as drugs. For representative examples : 

a[79], b[80], c[81], d[82], e[83], f[84], g[85], h[86], i[87], j[88], k[89], l[90], m[91], n[92], 

o[93], p[77], q[94], r[95, 96], s[97], t[98], u[99],v[100], w[101], x[102]  

5. Marketed and clinical dendrimers in nanomedicine 

To the best of our knowledge, two activated amino dendrimers were developed for cell 

transfection application, by compacting negatively-charged DNA/siRNA and increasing its 

uptake into cells encompassing fibroblast and epithelial cells. Superfect (Qiagen, USA) and 

Priostar (EMD/Merck Biosciences/Starpharma) were commercialized, as were VivaGel 

condoms (Strapharma, Australia) as contraceptive agent (vide infra). 

5.1. Dendrimers in the clinical realm: very few examples to date! 

For a medicinal chemist, the holy grail is to design and introduce a compound in the clinical 

phase and then market it as a drug to treat patients. In spite of the large amount of research 

carried out over decades, few dendrimers have crossed the milestone of entering the clinic. 

In the dendrimer field, the pharmaceutical company Starpharma Holdings Ltd (Melbourne, 

Australia) succeeded in introducing dendrimers, as first-in-class NPs, in clinical trials. This 

development started from the preparation of G4 PAMAM dendrimer-based polyanions 

SPL2923 and SPL6195 (Figure 10), showing in vitro antiviral activity of against a range of HIV-

1 strains, with EC50 ranging between 0.08 and 0.7 µg/m: in MT-4 and PBMC cells. SPL2923 

and SPL6195 were shown to act on virus attachment and fusion similarly to the sulfated 

carbohydrate dextran sulfate (DS).[101]  
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Figure 10. Chemical structure of SPL2923 and SPL6195 

One of the first decisions of Starpharma was to focus on HIV prevention vs. treatment, based 

on 2002 HIV epidemic statistics. Their lead optimization strategy allowed the preparation of 

three original dendrimer types of generation 3, L-lysine, PAMAM and PPI, bearing 32 sodium 

1-(carboxymethoxy)naphthalene-3,6-disulfonate surface groups. Stabilization analysis, 

formulation studies and scale-up chemical analysis were conducted to produce SPL7013 for 

preclinical development, under the brand name Vivagel (Figure 11).[103,104] Around 100 kg 

of SPL7013 was produced, and a water-based Carbopol gel formulation was selected for 

clinical trials. In pivotal nonhuman primate (macaques) efficacy studies, a single intravaginal 

dose of Vivagel showed good protection against simian-human immunodeficiency virus 

(SHIV).[105] Phase I trials (36 healthy women) displayed good safety[106] and acceptability 

profile, as well as retention and duration of the activity.[107] In addition, SPL7013 was not 

absorbed into the systemic circulation following intravaginal dosing.  

 

Figure 11. Chemical structure of SPL7013 

Phase II double-blind trials demonstrated retention and duration of activity (against HIV and 

HSV-2), as well as prevention of bacterial vaginosis. VivaGel demonstrated statistically 

significant efficacy in pivotal Phase III trials (1,223 women, multi centers to treat bacterial 

vaginosis. VivaGel is being applied to a range of sexual/women’s health products by 

Starpharma and its partners, including in antiviral condoms (Vivagel in lubricant), for the 

treatment and prevention of bacterial vaginosis (BV) and for the prevention of sexually 

transmitted infections (STIs). In 2018, Starpharma announced the development of SPL7013 
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for the treatment and the prevention of microbial infections of the eye, such as, for instance, 

adenoviral conjunctivitis and bacterial conjunctivitis.[108] Recently, similar to any dynamic 

pharmaceutical company, Starpharma has increased the range of therapeutic applications of 

its drugs based on in-house knowledge. Thereby, as indicated before, dendrimers can be 

used as nanocarriers (best-in-class development strategy) and as drugs (first-in-class 

development strategy). Starpharma is developing their DEP portfolio combined with anti-

cancer agents, including DEP docetaxel, which is a conjugated form of the anti-cancer agent 

docetaxel (Taxotere) with po-L-lysine dendrimers. Importantly, pre-clinical studies showed 

that water-soluble DEP docetaxel (chemical structure not disclosed) displayed substantially 

better efficacy and lower toxicity than Taxotere alone against breast, prostate, lung and 

ovarian tumor types, with the absence of neutropenia, the major dose-limiting toxicity for 

Taxotere, which also requires surfactants such as polysorbate 80 for dissolution. 

DEP docetaxel is cGMP scalable, and is currently in Phase II clinical trials for treating lung 

cancer and prostate cancer. Starphama have also investigated the combination of 

DEP docetaxel with other anticancer agents, such as nintedanib (Vargatef). In addition, 

Starpharma is developing other DEP products, such as DEP cabazitaxel (Phase II trials, 

chemical structure not disclosed) and DEP irinotecan (Phase I/II trials, chemical structure not 

disclosed). In collaboration with AstraZeneca, Starpharma is developing AZ DEP AZD0466, a 

lysine dendrimer nanoplatform conjugating the Astra Zeneca cancer drug AZD4320, which 

targeting both Bcl2 and Bcl/xL proteins.[108] Very recently, Starpharma announced the 

development of SPL7013 as a potent antiviral agent against the respiratory syncytial virus 

(RSV) before and/or after exposure to the virus, using nasal spray technology (VIRALEZE). 

Expanding studies to other respiratory viruses, including SARS-CoV-2 (the coronavirus 

causing COVID-19) and influenza, are ongoing.[108]  

Along the same lines, Orpheris, Inc. (USA) is developing (double-blind Phase II) the 

dendrimer N-acetylcysteine OP-101 (chemical structure not disclosed) in patients with 

severe COVID-19, where OP-101 reduced the inflammatory cytokine storm.[109] 

5.2. What are the biggest challenges in dendrimer development for dendrimer translation 

into the clinic? 

As a general trend, during drug development, the crucial step is to successfully jump the 

valley between preclinical studies and the clinic – the so-called ‘Valley of Death’. In the first 

step, we can analyze the situation in nanomedicine and then transpose this to the field of 

dendrimers, highlighting similarities and differences. Several authors have discussed the 

challenges and drawbacks associated with nanomedicine, such as Lagarce, [110] Guidolin 

and Zheng,[111] Cheng et al.,[112] Wu et al.[113] and Huynh and Zheng.[114] A highly 

interesting roadmap report on dendrimers from the European Commission was published, 

highlighting that dendrimer research is very much application-oriented.[115] 

In nanomedicine, in the dendrimer space[116], despite 40 years of research, why there is a 

plethora of work in preclinical studies compared to very few reports of dendrimer 

application in the clinical realm? First, we examine the situation in the wider space of 

nanomedicine. This question also arises in the field of so-called classical medicines. The 
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challenges to find and develop drugs may be, on occasion, the same as for nanomedicine 

and dendrimer development. 

The first analysis to sound the alarm was published in 2013 by Vendito and Szoka, describing 

the development of nanomedicines vs. small molecules and monoclonal antibodies in the 

oncology realm.[117] Two series of analysis were performed, involving chronologically 

analyzing publications and published papers about clinical trials, 1) a. invention phase, b. 

innovation phase, and c. imitation phase; and looking at times for the following different 

phases, 2) a. last invention to drug innovation phase, b. development phase from innovation 

to clinical trials, and c. clinical trials to the FDA decision phase. 

In order to increase the success rate and to bring more drugs into the clinic, the authors 

suggested, as solutions, that the inventors and innovators obtain funds based on science and 

drug development, respectively, and specific funds be allocated for imitators. The obtaining 

of ‘lottery grants’ based on poor ideas must be avoided, and less focus placed on publication 

records and more on scientific progress that translates into patient treatment. In addition, 

the authors analyzed the times of innovation phase, development phase and clinical trial 

phase for seven nanomedicines, including Doxil®, Abraxane®, Rituximab® (monoclonal anti-

CD20 antibody), Mylotarg® (Gemtuzumab ozogamicin, antibody-drug conjugate against 

CD33 antigen, withdrawn 2010), CRXL101 (cyclodextrin polymer containing camptothecin), 

MM398 (nanoliposomal Irinotecan), and EZN 2208 (polyethylene glycol drug conjugate of 

SN38). The amount of time taken for each of these nanomedicines from invention to clinical 

trials and approval is related to several factors, including the level of innovation and the time 

to concretely develop the innovation, the difficulties in its development, and, finally, the 

clinical trials. Doxil® and Abraxane® showed shorter innovation time periods over 

monoclonal antibodies and over the other nanomedicines, which include CRXL101, MM398 

and EZN 2208. The drug carriers have a more difficult pathway through the clinic vs. 

monoclonal antibodies, including Doxil® and Abraxane®, and also versus the parent 

molecules. The authors argued that for ‘most currently approved drugs, reformulating them 

in a nanocarrier provides a small increase in performance that large pharmaceutical 

companies do not consider being worth the time, effort and expense of development’. We 

completely share this point of view, which is also true in the field of dendrimers. Only two 

companies have introduced dendrimers in the field of nanomedicine in the clinic and 

commercialized several of them: Starpharma/AstraZeneca. 

Based on several reviews, including Swenson[118], Guidolinin and Zheng,[111] Sanhai and 

colleagues,[119] Mignani, Shi, Rodrigues, and Majoral,[120] in Table 1 we present several 

tailored propositions to solve major identified challenges to be overcome in the 

development of dendrimers, for their translation into the clinic.  

Table 1. Inherent problems to be solved during the development of dendrimers and 

corresponding tailored solutions. 

 Challenges Tailored propositions 

1. Complex, slow and costly synthesis of the majority of 

tailored dendrimer types for specific medical 

applications – the greater the generation, the greater 

the difficulties in synthesis, purification, as well as 

Synthesis of low-generation and chemically 

stable dendrimers 

Use of orthogonal chemistry 

approaches[121] 
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chemical instability. 

 Monodispersity and chemical and biological (e.g., in 

the blood, renal and hepatic clearances) stabilities of 

dendrimers 

Consider important criteria for clinical 

development as well as chemical stability 

Analyze and characterize dendrimers that are 

crucial for the development 

 Fundamental researches Develop fundamental research[41] on 

dendrimers to better understand their 

potential in nanomedicine for translation into 

the clinic 

Conduct more systemic investigations and 

collect more data on the PD and PK behaviors 

of dendrimers 

Address non-standard formulation issues to 

improve the biodistribution of dendrimers 

Motivation from the scientists to develop 

new backbones, morphologies, hybridation 

of dendrimers with other complex structures 

 Unmet medical need Focus initial research on specific medical 

needs/indications (e.g., rare diseases, 

difficult-to-treat diseases) 

Focus research on personalized 

nanomedicine, based on patient-specific 

factors, to become a standard of care 

Use diagonal translation strategy for several 

therapeutic applications (vide infra)[111] 

 Attractiveness vs. other nanocarriers, such as 

liposomes and polymeric NPs 

Promote a better ‘quality/druggability’ 

profile as nanocarriers and active drugs per 

se with lower development cost over other 

NPs used in the clinic.  

Avoid a cul-de-sac situation – do not embark 

on too difficult a project to be fully 

completed in due time (e.g., too-complex 

multifunctional dendrimers). Keep it simple 

as much as possible and think out of the box. 

 Reproductible scale-up synthesis under GMP grade 

and manufacturing 

 

 

Develop reproducible scale-up synthesis of 

dendrimers under GMP grade is mandatory 

for clinical use. The simpler the chemical 

structure of the dendrimer is, the higher the 

probability of success 

Enact GMP scale-up, not simple production 

processes, for large batch production of 

dendrimers to be analyzed in an  early stage 

based on the success of lipid 

nanocapsules.[122] 

Address manufacturing problems  

 Translational nanomedicine Learn from translational experience with 

recently-approved NPs, such as antibody-
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drug conjugates (ADC)[123] 

Develop precision theranostic field with 

dendrimers[124] 

 Convincing regulatory agencies (Food Drug 

Administration (FDA) and European Medicines Agency 

(EMA)) to develop dendrimers in nanomedicine 

Have strong advantages versus current 

treatments with biocompatible dendrimers 

 Convincing academic dendrimer researchers to be 

more like ‘medicinal chemists’, and to develop 

dendrimers as nanomedicines 

 

 

Enact successful cooperation (collective 

efforts) between experts in biology, 

chemistry, nanotechnology, medical and 

pharmacological communities and clinical 

research, as well with pharmaceutical 

companies which that are experts in drug 

development 

Capitalize on the strengths of each partner 

Collect and share information from academia 

and industry, and set up a standard process 

based on practical checkpoints[11] 

 Convince the pharmaceutical companies (small[125] 

and large) to develop dendrimers in nanomedicines 

and change over their tactical de-risking policy  

Develop biocompatible dendrimers showing 

an advantage vs. other internal ‘competitors’ 

in the pipeline of pharmaceutical companies. 

Prioritize development of first-in-class 

dendrimers (e.g., as active drugs per se) over 

best-in-class (nanocarriers) 

Boost clinical translation based on strong 

cooperation 

For early-stage development, improve 

connection with investors 

 

 

 

6. Conclusion and prospects 

From the vastness of the dendrimer space in nanomedicine, and in line with our different 

research projects, in this original review, we survey the recent analysis of attributes and 

challenges of dendrimers to move forward into the clinic. We are convinced that the tailored 

and rational design of dendrimers as nanocarriers to control the delivery of drugs and as 

active drugs per se for therapeutic and diagnostic purposes (theranostic realm) should be 

achieved by a better understanding of the basic aspects of dendritic systems, as well as of 

their pharmacokinetics profiles for elongating their effective therapy. 

 

At this point, what is the next dendrimer type to be coined? 

As discussed and analyzed previously, and based on the principle of clinical 

multifunctionality profile proposed by Guidolinin and Zheng,[111] Table 2 presents a 

selection of nanoparticles used in the oncology domain and as microbicides, classified based 

on their best-in-class and first-in-class profiles and their respective multiplicity design and 
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clinical multifunctionality profiles. The first marketed microbicide dendrimer VivaGel® is also 

included in this table. Multiplicity design refers to the multifunctional design of NPs, whereas 

the clinical multiplicity profile is the use of NPs for multiple clinical applications or benefits. 

For example, Abraxane® is a simple albumin-bound paclitaxel (no multifunctionality, No), but 

it has been applied to solve many clinical problems (Yes), such as breast and lung and 

pancreatic cancers. On the other hand, Vyxeos® (liposomal daunorubicin and cytarabine) is 

multifunctional (Yes) on the nanoscale. However, it solves a single clinical problem (AML), so 

its clinical multifunctionality is No. FeraMAX® (a polysaccharide iron complex supplement) 

has no multifunctional profile. However, because it is used both as a diagnostic agent for 

imaging and as a therapeutic for treating iron-deficiency anaemia, its clinical 

multifunctionality is Yes. It is interesting to note that the clinical multiplicity profile for one 

specific NP could change during its development in the clinic from one therapeutic 

application (No) to several therapeutic applications (Yes). This process has been also defined 

and named diagonal translation by Guidolinin and Zheng,[111]. 

We are strongly convinced, as Starpharma, the development of first-in-class dendrimers 

active per se represents the future in the treatment of difficult diseases such pancreatic, 

stomac, brain and skin cancer, and to end the decrease in drug discovery productivity 

observed in recent years. Let us not forget that our unique objective is to design NPs in 

general and dendrimers in particular to fight diseases in humans. Working on the frontiers of 

dendrimer science in the nanomedicine, scientists in nanomedicine weigh in on the future of 

the drug pipeline, as mentioned by Triggle like astronauts to explore the enormous 

chemistry potential to find new drugs in the universe. [126] 

Arguably, we are also convinced that ‘only one leg’ dendrimer development may not be the 

future in nanomedicine. The salient future will be the development of biologically active 

dendrimers as bridges to other biocompatible polymeric architectures to tackle difficult 

disease. 

Table 2. Selection of NPs based on best-in-class and first-in-class properties and their 

respective multifunctionality design and clinical multifunctionality profiles. 

First-mover 

(pioneer) and 

second mover 

(follower) 

 

Multifunctionality 

design 

Clinical 

multifunctionality 

profile 

Relevant examples of NPs in clinic to tackle cancers 

and as microbicides 

 

Best-in-class 

No No Eligard®, Marquibo®, Onivyde®, Doxil® 

No Yes Abraxame®, FeraMax®, Megace ES®, DEP docetaxel® 

(dendrimer as nanocarrier), DEP cabazitaxel® 

(dendrimer as nano carrier)* 

Yes No Vyxeos® 

Yes Yes No example 

First-in-class No No  Oncaspar® 

No Yes Mylotarg® (ADC), VivaGel® 

* Based on Phase II clinical trials[108] 
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We are also convinced that the development of dendrimers as active drugs per se opens a 

new route strategy to find an original molecular mechanism of action of these NPs based on 

the principle of ligandability space, related to the nature of ligands target types and 

ligandability. This principle has been highlighted by the company Arvinas[127] and by Ottl et 

al.[128] (Figure 12). In line with our research, this principle has been observed by us 

regarding the development of the first-in-class metallodendrimers, particularly in the case of 

metallo-conjugated phosphorus dendrimers (1G3-Cu), bearing Cu(II) on their surface that 

shows noteworthy antiproliferative activities through the apoptotic process. We found these 

series of original metallodendrimers using phenotypic screening of a library of G1-G3 

phosphorus dendrimers against a panel of tumor cell lines. An original molecular mechanism 

of action has been observed (in vitro and in vivo experiments): 1G3-Cu strongly translocates 

the pro-apoptotic Bax protein, inducing apoptosis.[129, 130] This strategy provide grist to 

the mills for the development of first-in-class dendrimers based on phenotypic screening. 

Importantly, in precision theranostic field, as demonstrated by Shi et al.[131] the 1G3-Cu 

copper(II)-conjugate phosphorus dendrimers were highly taken down in vivo cancers 

through non-invasive UTMD (ultrasound-targeted microbubble destruction) technique to 

promote the magnetic resonance (MR) imaging and chemotherapy of the pancreatic tumor 

(SW1990 cells). 

 

 
Figure 12. Chemical space available versus target types and ligandability 
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