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ABSTRACT: The goal of nanomedicine is to address specific

clinical problems optimally, to fight human diseases, and to find

clinical relevance to change clinical practice. Nanomedicine is pastpm—s
poised to revolutionize medicine via the development of more
precise diagnostic and therapeutic tools. The field of nanomedicine
encompasses numerous features and therapeutic disciplines. A
plethora of nanomolecular structures have been engineered and
developed for therapeutic applications based on their multitasking
abilities and the wide functionalization of their core scaffolds and
surface groups. Within nanoparticles used for nanomedicine,
dendrimers as well polymers have demonstrated strong potential as
nanocarriers, therapeutic agents, and imaging contrast agents. In
this review, we present and discuss the different criteria and parameters to be addressed to prepare and develop druggable
nanoparticles in general and dendrimers in particular. We also describe the major requirements, included in the preclinical and
clinical roadmap, for NPs/dendrimers for the preclinical stage to commercialization. Ultimately, we raise the clinical translation of
new nanomedicine issues.
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rom the beginning of human history, many attempts have

been made to improve and extend the quality of life in our
society. An important point in medical care is the improvement
of the patient’s abilit?r to fully enjoy normal life activities in both
family and work life.” Technology and medicine have gone hand
and hand, and medical technology has made remarkable
advances and supports patients in the checking and diagnosis
of their diseases, and has consequently saved millions of lives.
Nanomedicine has the potential to revolutionize medicine and
drug development. The major nanomedicine fields include
neurological, oncological, cardiovascular, anti-inflammatory,
and anti-infective therapeutic applications. On the basis of the
Grand View Research report (2020), the global nanomedicine
market size will reach US$350.8 billion in 2025 with a
compound annual growth rate (CAGR) of 11.2%.”

During the past decade, within the precision medicine realm,
medical technology advances have allowed doctors to select
medicines and therapies and predict which treatments will work
best for specific patients. In the therapeutic field, this emerging
approach for disease treatment and prevention takes into
account individual genetic profile variability, environment, and
lifestyle. For instance, in oncology, the best patient-precise
treatment attacks tumors based on the patient’s specific gene
mutations and protein expressions. In addition, precision
medicine includes diagnostics for imaging and identification
purposes.’
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In order to help overcome problems in medicine, the very
active field of nanomedicine, including nanoscience and
nanotechnology in a more broad sense, has captured widespread
attention and imagination, and it represents a vast interdiscipli-
nary research field.” These disciplines have expanded rapidly and
widely, encompassing chemistry, biology, physics, and engineer-
ing, among others. Nanomedicine has appeared to be a benefit to
humanity in a wide variety of multidisciplinary domains, such as
in the treatment of cancer,” cardiovascular disease,® and central
nervous system disorders.”

Polymer therapeutics as well polymers as drugs and protein—
conjugates have been developed as early as 2001. The use of
nanoparticles (NPs) as nanocarriers has enhanced the
bioavailability, pharmacokinetics (PK) of drugs for better
absorption, distribution, metabolism, and excretion (ADME),
as well as favorable pharmacokinetic/pharmacodynamic (PK/
PD) properties. The understanding of PK/PD parameters is
crucial in the regulatory approval process.”
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In the overwhelming active field of NPs as “intelligent”
nanocarriers, there are targeting profiles and controlled-release
profiles of loaded drugs, as well as less systemic toxicity, alone
and in combination with an approved drug, thus inducing
possible changes in the ADME of the drug.” In addition, NPs are
not only used for “classical” drug delivery but also for the
delivery of genes'® and for imaging purposes.'

NPs are now reproducibly prepared with highly monodisperse
properties and with controllable and tunable structural
parameters, such as sizes, shapes, and surface chemistries that
mimic critical biological macromolecules, including proteins,
RNA/DNA, viruses, oligonucleic acids, carbohydrates, and
other cellular components.'” It is important to note that the
nature of nanoscale characteristics of NPs suggests the
possibility of novel interactions with cells, tissues, organs, and
therapeutic disease sites.'” In addition, the personalized
nanomedicine approach and companion diagnostics to
theranostics have been developed in order to identify the best
treatment plan. This strategy links therapeutic or/and diagnostic
agents.'* The goal of the therapy is to develop the right therapy
for the right patient, given at the right time. The understanding
of the disease and the genetic sequencing allows the selection of
particular patients. Much of the progress in the field of
theranostics has been made in oncology,15 reflecting the
complexity and variability of the diseases in individuals. In
addition, this field is based on the open innovation research
partnership strategy, which reduces research costs, but the
expertise and knowledge needed to develop and market drugs
remain in the hands of the pharmaceutical industry.

B NANOTECHNOLOGICAL APPROACHES IN
NANOMEDICINE FOR CHRONIC DISEASES

In order to circumvent several challenges and drawbacks in drug
development, nanotechnological approaches have been devel-
oped for the treatment of chronic diseases,'® for example,
cancer, and recently against COVID-19."” Various NPs have
been conceived and developed as important and powerful
strategies for the targeted delivery (also named “magic bullet”
therapy) of conventional drugs,'® recombinant proteins,
vaccines, aptamers, siRNAs, nucleotides, and genes.

In particular, alongside polymeric NPs, which are the first
(1970s) NP-based nanomedicines, solid—lipid, magnetic and
metal based NPs, polymeric micelles, and linear polymers were
developed.'” Four major classes of polymer architectures
relative to polymeric NPs (linear, cross-linked, branched and
dendritic) were highlighted and discussed by Seo and Hawker.*

The clinical relevance of NP types include self-assembled
systems such as liposomes,”’ micelles, and polymeric/
micelles,”” processed NPs such as emulsions, chemically
bound NPs such as dendrimers, protein-based NPs, iron
oxide, silica, and gold NPs. The number of marketed nanodrugs
is expected to grow continuously; a total of 27 are currently
clinically approved for intravenous therapies and diagnostics,
and 81 intravenous NPs are currently under clinical trials to
increase the likelihood to treat diseases and to improve the living
conditions of patients.”***

Despite important worldwide efforts over the last three
decades, only a few NPs have been approved by the Food and
Drug Administration (FDA) and European Medicines Agency
(EMA). The FDA approved 51 nanomedicines by 2016, among
which 40% were in clinical trials between 2014 and 2016. The
first FDA approved (1990) was the Adagen/pegademase bovine
(Sigma-Tau Pharmaceuticals) and in 2015 was ADYNOVATE
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(Baxalta). In the case of EMA, 34 nanomedicines were
approved. The first approved nanotherapeutics were liposomal
drugs (encapsulation of drugs) or linear polymer (PEG type)-
drug conjugates (conjugation of drugs). Between 1995 and
2014, the FDA approved 9 nanomedicines, and 14 were in
clinical trials. In the oncology realm, two major NPs are used in
the clinic: Doxil and Caelyx (Doxorubicin HCI (Adriamycin)
pegylated liposome injection) and Abraxane. Doxil was the first
FDA-approved nanodrug in 1995, and recently a generic named
Lipodox (Sun Pharmaceutical Industries LTD) has been FDA-
approved. The other liposomal formulations of doxorubicin are
D-99, Myocet, the thermosensitive liposome ThermoDox, and
polymeric nanoparticles, Livatag, whereas the liposomal of
daunorubicin is named DaunoXome. The second interesting NP
is Abraxane. Taxanes in general and Taxol in particular represent
an important class of potent antitumor agents, for instance,
against early stage breast cancer, but the clinical advances of
taxanes have been limited by their high hydrophobicity. To
overcome its poor water solubility, new systemic formulations
have been developed. For instance, albumin-bound Taxol
(Abraxane) from Abraxis BioScience and AstraZeneca repre-
sents an original cremophore-free NP showing strong antitumor
activity when associated with radiotherapy in a supra-additive
manner. Doxil/Caelyx and Abraxane are mentioned in over 160
and 290 clinical studies, respectively.”>™>° In order to define
nanomaterials and NPs, an FDA guidance document has been
published based on two points to be considered: (1) developing
a material or a final product having at least one external
dimension, or internal or surface structure in the nanoscale range
(~1-100 nm) or (2) exhibiting properties such as physical or
chemical properties or biological effects related to its
dimension(s), even if those NPs have a nanoscale range up to
1000 nm.”’ =%’

B DENDRIMERS IN NANOMEDICINE

In recent decades, a new class of discrete polymeric materials,
i.e., dendrimer-based nanomedicine, has aroused great interest
in nanomedicine.’”*" These dendrimers, with branched layers
resembling an onionskin, have been very well described as one of
the most tunable nanomaterials for both therapeutic and
diagnostic applications. Dendrimers are used either as nano-
carriers for biologically active agents (most examples)*” or as
active drugs in themselves (few examples).**~>> Moreover, only
dendrimeric NPs are suitable for a wide variety of routes of
administration, from intravenous to intranasal, transdermal and
ocular, and can be used for active or passive drug targeting.***’

The main biophysical attributes of dendrimers, in general, are
(1) biocompatibility; (2) biodegradability; (3) ready function-
alization onto the surface for targeting, therapy and imaging
purposes; (4) monodispersity; (S) safety everywhere in the
body with a high therapeutic window; (6) nonimmunogenicity;
and (7) precisely controllable dimensions and architectures.*®
Some of dendritic NPs are commercially available, such as
poly(amidoamine) (PAMAM) and poly(propyleneimine)
(PPI). Interestingly, multifunctional dendrimers can be used
for a wide range of biomedical applications, including intra-
cellular delivery of small and large molecules, such as cyclic
peptides,” in gene delivery domain™’ includin§ for instance
nucleic acid clrugs,41 antisense oligonucleotides4 short hairpin
RNA,* small interfering RNA,** antibodies,* and aptamers.46

The use of dendrimers as nanocarriers takes particular
advantage of the water solubility of dendrimers that have been
decorated with suitable hydrophilic functions. For example, the
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introduction of polyethylene glycol (PEG) groups and
zwitterions provides water solubility and stability and prolongs
the blood circulation of multifunctional dendrimers. Recently, a
very interesting review was published by Tomalia et al. regarding
the crucial role of branch cell symmetry features in the design
parameters (e.g.,, internal packing mode, densities, refractive
indices, interior porosities) of the properties of dendrimer
encapsulation.”” Two branch cell symmetry feature were
described: symmetrical branch cell dendrimers (category I)
with interior void space, and asymmetrical branch cell
dendrimers (category II) showing no interior void space.
Table 1 shows the major advantages of multifunctional
dendrimers as nanocarriers and active per se in nano-

Table 1. Major Advantages of Multifunctional Dendrimers As
Nanocarriers and Therapeutic Agents in Nanomedicine

Reduce the dosage of drugs and surgical procedures

Modulation of PK/PD properties

Increased treatment efficacy related to unsolved medical problems
Controlled biodistribution

Decreased drug side effects and reduced mortality and morbidity
Increased drug delivery to the exact location

Easy to detect with a fluorescent probe as sensitive diagnostic tools

Improved patient compliance by reducing unmet medical need

0 ® NN AW

Multiple routes of administration (e.g., intravenous (iv), intraperitoneal
(ip), ocular, transdermal, oral (po), intranasal, and pulmonary)

High drug loading capacity (local concentration effect)
11.
12.

Easy to detect (fluorescent probe) as sensitive diagnostic tools

Enhanced permeability and retention (EPR) effect™ for the
accumulation of NPs in tumor tissues. Currently, this concept is
challenged: “the EPR effect works in rodents but not in humans!”*'

13.  Dendrimer encapsulation properties”’

medicine.***’ The main disadvantages of dendrimers can be
summarized as follows: (1) alack of knowledge about the effects
of dendrimers on biochemical pathways and processes in the
human body, (2) a lack of knowledge about toxicity character-
ization and exposure pathways, (3) cost for dendrimers of high
generations, (4) implementation issues, and (5) engineering of
multifunctional dendrimers.

The targeted dendrimer strategy is in line with the
personalized medicine approach and includes diagnostic
(imaging and identification) and therapeutic areas (delivering
drugs to the exact location, killing cancer cells, bacteria, and
viruses, among others, and repairing damaged tissues). Most
dendrimers are used as nanocarriers of small and large
molecules, genes and peptides, and can have the following
positive attributes: (1) good diffusion out of the blood vessels;
(2) good internalization into target cells, for instance, inducing
selective tumor accumulation and reducing volume of
distribution (Vd); (3) clear body safety; (4) increase in the
therapeutic potency of carried drugs by proper recognition of
the target cells, improving their stability under physiological
conditions, improving aqueous solubility, enhancing PK/PD
behavior compared to small molecule drugs which showed large
Vd, preventing their recognition by macrophages (mononuclear
phagocytic system) and elimination by the reticuloendothelial
system, increasing their circulating half-life and selective passive
diffusion through increased permeability and retention, (S)
maintain good drug stability in body fluid, (6) allow unconven-
tional routes of administration overcoming, for instance, poor
oral bioavailability that include crossing the blood barrier
(BBB), and (7) tunable surface of dendrimers for controlled-
release delivery, for instance, for tumor targeting.52 These
attributes can also be analyzed for dendrimers active per se.'”

Core:

Molecular information region:
size, 3D shape, directionally
and multiplicity of branching

Interior branching:
Connect core to surface groups

Surface groups:

- Biocompatibility

- Targets directing groups

- Cationic, anionic, neutral groups

Room for
molecular cargo

C

)

W2

Figure 1. Two-dimensional chemical structure of G4 PAMAM dendrimers with the different characteristics such as core, surface, void space, and

interior branching.
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Figure 1 presents the 2D chemical structure of G4 PAMAM
dendrimers, as an example of dendrimer showing different
characteristics that include the core, surface functionality, void
space and interior branching, whereas Figure 2 shows selected
examples of therapeutic areas using some dendrimers as drugs,
and a few example, for instance phosphorus dendrimers, were
described to date.”” It is important to note, as selected examples,
that several biocompatible phosphorus dendrimer types showed
good in vivo activities as anticancer aégents,54 anti-inflammatory
agents,” and for gene delivery.’® using several route of
administration including, iv. and inhalation. PAMAM, PP],
and bow-tie dendrimers as nanocarriers of anticancer drugs
displayed also in vivo activities in the oncology domain.>”

B DRUGGABILITY OF DENDRIMERS

It is obvious that nontoxic biomedical dendrimers are needed for
clinical developments as both drug-delivery systems and
nanodrugs. The biocompatibility of dendrimers represents an
important factor for their biomedical applications. The analyses
of the different absorption, distribution, metabolism, excretion,
and toxicity (ADMET) parameters of dendrimers, as well as
their PK/PD parameters, represent key factors for their
preclinical and clinical developments.”"”* For instance, the
determination of adequate exposure, based on PK/PD behaviors
over the clinical objectives, is a critical goal to be achieved. In this
original review, we highlighted key in vivo physicochemical
properties, based on data from biochemical, cellular, and animal
models, to provide biocompatible dendrimers.

So far, in vitro and in vivo studies have been crucial to evaluate
cell viability, hematological toxicity, immunogenicity, biocom-
patibility, and biodistribution, in order to establish risk/benefit
ratio profiles. Several reviews have analyzed in depth the in vitro
and in vivo physiolo%ical parameters to develop dendrimers in
preclinical stages.”>”" In vitro’" and in vivo’” key factor analyses
have been highlighted and evaluated by several researchers. A
very important review has been published by Kannan, Tomalia
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et al.”> The authors introduced the concept of “nanoperiodic”

about the optimization of PK/PD profile and site-specific
targeting of disease of NPs in general and dendrimers in
particular based on their nanoscale design parameters. A useful
roadmap depicting in vivo barrier and processing differences
between small molecule drugs (<1 nm) and nanoparticle
therapies (approximately 1—100 nm) has been presented and
discussed. Systemic administration of small molecule drugs (<1
nm) leads to short circulation times due to fast kidney excretion
modes and whole-body permeability, whereas larger nanoscale
therapeutics (>4 nm) exhibit (1) longer circulatory residency
times, (2) size selective excretion modes, and (3) permeability
patterns associated with their nanoscale size and surface
chemistry. In vivo dendrimer clearance is mainly dependent on
size (i.e,, generation level) and surface chemistry. Prolonged
blood retention and reduced renal excretion were observed with
increases in dendrimer size. Also, to extend the scope of the use
of dendrimers, a very interesting analysis of the opportunities
and challenges of multifunctional dendritic polymers in
nanomedicine has been emphasized by Haag and colleagues.'”
The “Holy Grail” in nanomedicine is to design and synthesize
new advanced macromolecular nanocarriers and to translate
them from the lab to the clinic. Very recently, Choi et al
recommended a simple and useful algorithm to guide the ADME
properties of nanodrugs. This algorithm provides practical
checkpoints for NPs development and assessment before clinical
evaluations.>

Taken together, physicochemical properties, such as charge,
surface properties, shapes, and sizes of dendrimers as well as the
routes of administration, strongly influence PK by controlling
absorption, distribution, and elimination processes. The final
goal is the improvement of the plasma residence times and half-
lives of dendrimers, whether as nanocarriers or not (e.g., as
drugs), as well as their tissue permeation, delivering the drug to
the target tissue and avoiding adverse effects. The two main
strategies to avoid dendrimer toxicity are based on the design
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Bioconjugate Chem. 2020, 31, 2060—2071


https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00395?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00395?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00395?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.0c00395?fig=fig2&ref=pdf
pubs.acs.org/bc?ref=pdf
https://dx.doi.org/10.1021/acs.bioconjchem.0c00395?ref=pdf

Bioconjugate Chemistry

pubs.acs.org/bc

Table 2. Major Requirements/Milestones for NPs/Dendrimers from Preclinical Stage to Commercialization

development
stage objective
Discovery Design and development of tunable and biocompatible NPs

for optimal biological application

Preclinical Selection of the NPs with good druggability

Studies under good laboratory practice (GLP)

IND Needs to be approved by the regulatory agencies (e.g., FDA,
application EMA)

Clinical trials

Phase I Assess dosing, acute toxicity, and NPs excretion in healthy
humans but in some cases with humans with the disease

Phase II Evaluation of the safety and efficacy of NPs in patients

Phase III Large, randomizedn placebo-controlled trials to demonstrate

further safety and efficacy and compare the investigational
platform to the gold standard

NDA Needs to be approved by the regulatory agencies (e.g., FDA,
application EMA)

major criteria to be analyzed and critical outcomes

.75
-Size

-Stability in biological conditions (in vitro and in vivo)
-Chemical stability of dendrimers

-Stability in manufacturing and drug storage process
-Preliminary scale-up evaluation

-Ease of manufacture based on the robust methodology for potential scale-up for
cGMP

-Encapsulation efficiency and adequate release kinetics
-Physiochemical and biological characterization
-Quality control

-Process design

-Stability studies

-Preformulation analytical studies

-Evaluation of degradation and elution for oral and iv administration. Specifically in the
gastrointestinal (GI) system for oral administration

-Evaluation of the conversion of the NPs to non-nanomedicines and remaining NPs in
the administration sites

-ADME profile

-In vitro therapeutic profile (non-good laboratory practice, GLP): cellular assays,
mechanism of cell uptake, therapeutic loading and release, and therapeutic effect
compared to platform alone (if relevant).

-In vitro demonstration of the specific mechanism of action of the encapsulated/
conjugated drug (non-GLP)

-In vivo therapeutic profile (non-GLP)

-In vivo pharmacokinetics (non-GLP) showing adequate biodistribution, PK, PK/PD
profiles, good efficacy and safety

-Toxicity studies (acute dose limiting and chronic dosing, reach off-target effects (toxic
levels) related to concentrations, genotoxicity) (non-GLP) and then toxicity studies
using GLP standardized techniques

-Toxicity of both dendrimers alone and dendrimer/drug

-Selection of the route of administration as well the procedure of administration (e.g.,
daily dose) and to be stable in the selected formulation

-Scale-up to GMP batch for clinical trials

-Complexity of the manufacturing process and industrialization standpoint

-To be performed during the clinical trials:

-In vivo toxicokinetics, in vivo safety pharmacology, and in vivo reproductive toxicology

Information from

-Preclinical toxicity (FDA/EMA)

-Formulation for the selected route of administration

-Animal pharmacology and toxicity (from preclinical studies)
-Manufacturing information related to composition and stability
For additional studies to be done, see ref 85

Nontoxic with minimal side effects, no significant drug interactions

At least as effective as current standard or best alternative

Testing for therapeutic specific side effects identified in preclinical studies

Multiple patient groups and at multiple sites
Drug safety and efficacy relative to the gold standard of care.

Information from

-NPs

-Results of animals studies

-Clinical trial outcomes

-NPs behavior in the body

-NPs manufacturing, processing, and packaging

-Phase IV strategy studies

and synthesis of core and branching units, and to mask
peripheral charges by using surface engineering approaches. The

right design of tailored dendrimers in light of future clinical
applications remains a critical objective to be achieved. Low in
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Figure 3. Overview of critical paths to clinical applications of nanoparticles. Adapted from ref 91.

vivo biocompatibility of NPs in general and dendrimers in
particular have been observed for cationic forms, having low
hydrophilicity, and having a highly rigid core size, while high in
vivo biocompatibility was observed for anionic species having
high hydrophilicity and having a less rigid core.'” These features
of nanoscale candidates, including dendrimers, required addi-
tional methods of characterization and new standards versus
small compounds.”®”?

Importantly, because NPs can interact with proteins with
either beneficial or adverse effects, these issues need to be
understood in-depth and are a major challenge of regulatory
approval.”’~* Nanodrugs in general and dendrimers, in
particular, have to go through very strict regulations and
FDA/EMA guideline approval protocols before entering clinical
trials and before marketing. Many of these translational
requirements are also included in the “core” requirements for
preclinical candidates to become clinical drug candidates.

Chemical space, outstandingly defined by Jean-Louis
Reymond et al.,”” has become a key concept in cheminformatics
to evaluate the property space covered by all possible and
meaningful chemical compounds including potential pharmaco-
logically active molecules in drug discovery. This full
examination is insuperable. On the basis of this important
concept, we recently emphasized the development of the
dendrimer space concept, which represents a key concept in
nanomedicine drug discovery to find and develop new
dendrimers in nanomedicine.”®

Presently, dendrimers have emerged as versatile nanocarriers
entrapping drugs, imaging agents, and targeting molecules. It is
well-known that drugs entrapped within the cavities of NPs as
supramolecular hosts have been found to improve the PK/PD
profile of the drugs..72’79 In addition, the drugs of interest can be
covalently conjugated with a cleavable linker, for instance, in
tumors locations due to acidic pH, or complexed on the surface
of dendrimers, for instance, in the oncology domain.®® The
design of tunable dendrimers as novel drug delivery systems,
allowed NPs that (1) are capable of enhancing the effectiveness
of the delivery of the drugs in the body by providing its gradual
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sustained release, and (2) are capable of interacting with specific
targets. These targets were related to loaded drugs such as small/
large molecules,”” DNA (DNA-assembled dendrimer con-
jugates) targeting specific receptors,’’ antibodies,”’ as well
molecules for specific recognition of tumor surfaces (e.g., folate-
conjugated dendrimers).”” Another critical point is the concept
of enhanced permeability and retention (EPR) effects allowing
the passive targeting of tumor cells in preference over healthy
cells, increasing the effectiveness and the selective action.”””"
The EPR effect is based on the leaky vasculature of tumors with
poorly aligned endothelial cells and large fenestrations. This may
reduce the side effects of the drugs, which is important to
improve in classical cancer chemotherapeutics. This effect has
been recently questioned as a universal process in targeted
therapy. As discussed by Cabrala and Kataoka®” and Ngoune et
al,* the heterogenicity of the vasculature and the permeability
of tumors modify the perfusion and distribution of NPs within
the tumor mass, and this effect could be rendered uneven. Also
the use of dendrimers has increased the therapeutic index and
decreased the drug resistance effects. An important point is that
the design of dendrimers allows long-circulating times, reduces
hemolytic toxicity, and reduces the release rate by introducing
on the surface the “magic” PEGylated chains.**

Along the drug and therapy development continuum, three
different stages can be identified: (1) early stage basic research:
the advancement of knowledge (biology, chemistry, pharmacol-
ogy, etc.) and the absence or low requirements to move to the
clinical phases; (2) translational research: this stage is based on
fundamental scientific knowledge, and the objective is to know
how to move to clinical research with the maximum chance of
success. This step includes the possible identification of
biomarkers from patients, validation of the target based on the
pharmacogenicity of the target which is related to the human
disease, drug-related compounds or nanodrugs for drug delivery
and therapeutics, adequate in vitro and in vivo activities, etc.; and
(3) clinical research in humans to approve the safety of the
treatment for patients.
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B REQUIREMENTS FROM PRECLINICAL TO MARKET

Many of the nanodrugs are reviewed by regulatory agencies
(FDA and EMA) as new features. Concerning dendrimers, the
main basic requirement for dendrimers is to move toward an
investigational new drug (IND) submission. According to the
regulatory agencies’ process, all NP submissions must
demonstrate good disease-related margins of safety and high
therapeutic efficacy to provide nanodevices that meet patient
needs. For go/no-go decision-making during the development
process, a list of the desired basic requirements to move toward
an IND submission has recently been published.****”* To this
end, here we have outlined and fully analyzed the key parameters
to be considered to secure the development of dendrimers for
testing in clinical trials and to enhance their translation into the
clinic. We recently proposed a simple set of guidelines based on
several translational requirements to move toward an IND
application, the first essential step to entering the clinical
phase.*

One of the crucial barriers to nanomedicine translation is to
overcome challenges from the FDA by the evaluation of
preclinical and clinical properties of each unknown component
of the NPs. Nanodrugs in general and dendrimers, in particular,
must go through very strict regulations and FDA/EMA
guideline approval protocols before entering Phase I clinical
trials after IND acceptance. In 2010, guidelines and reports were
published by the FDA regarding important considerations to be
taken into account about the evaluation of the nanoformulation
properties of NPs including the following assessments: (1)
pharmacokinetic profiles, (2) distribution to blood and tissues,
(3) metabolism, (4) elimination, (S) accumulation in target
tissues, and (6) toxicity.”’~>*%%¥7>7*7 Recently, an interest-
ing analysis has been highlighted by Bremer-Hoffmann et al.
about the identification of challenges of regulatory needs for
nanomedicine in nanomedicine.*®

Collectively, Table 2 outlines the key requirements/mile-
stones for NPs in general and dendrimers in particular as
nanocarriers and as drugs from preclinical to market. These
studies may or may not follow good laboratory practice (GLP)
regulations as well as current good manufacturing practice
(GMP) regulations, including the FDA and EMA residual
solvent guidelines. Other nonclinical studies that are essential in
human clinical trials should be planned, such as 3—6 months
toxicology, reproductive toxicology (male fertility and pre- and
postnatal development), chronic toxicology of at least 6 months,
and carcinogenicity trials. Several FDA guidelines on the
development of biocompatibility nanoparticles in clinical
applications were highlighted.*””° Figure 3 presents the critical
paths to clinical applications of nanoparticles including
dendrimers at a glance.”" Interestingly, very recently, an EMA
criteria of nanosimilar drug products have been presented and
analyzed by Fluhmann et al.”

As highlighted by Swenson, an important aspect is the
“quality” of the synthesis of the dendrimers allowing “pure”
macromolecules to enter in clinic.”” Two basic synthetic
approaches were described based on divergent and convergent
growth. The major drawbacks of the divergent approach are the
incomplete conversion of the surface of dendrimers and the
creation of defects, whereas the major drawback of convergent
approach is the incomplete conjugation of dendrons to the core
due to steric hindrance. The important purity aspect of
dendrimers represents a challenge, and consequently every
reaction needs to be very selective to ensure the integrity of the
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final product as noted by Bosman, Janssen, and Meijer.” In the
same review, the authors analyzed also other general aspects of
dendrimers including molecular structure of dendrimers such as
the position of end groups in dendrimers based on theoretical or
experimental studies, extended arrangement for lower gener-
ation dendrimers versus a compact and approximate globular
shape for higher generation dendrimers, and assembly profile of
dendrimers. The characterization of dendrimers, for instance,
for purity purposes, remains an important challenge due to the
size of and symmetry in these macromolecules, for instance, in
the development of dendrimers in medicinal chemistry.
Dendrimers have generated a large number of research
publications, which have grown rapidly between 1996 and 2012,
with a plateau between 2016 and 2018 (Scopus database).”* It
should be noted that to date very few dendrimers are in clinical
phase by systemic administration. An important question then
arises as to why there are so many papers and so few NPs in
general and dendrimers in particular based systemically
administered drugs that have received regulatory approval.”*
None of them are currently available on the market to treat
diseases! Nevertheless, important progress has been made.

B CLINICAL SUCCESSES OF DENDRIMERS AS
NANOCARRIERS OR DRUGS

To date, few clinical successes have been reported using
dendrimers as nanocarriers or drugs. For example, Roy and
colleagues have developed dendritic glycopeptide mimot0<pes
that are active on their own as cancer vaccine candidates.” In
2012, Starpharma Holdings Limited (Melbourne, Australia)
started two pivotal Phase III trials for the treatment of bacterial
vaginosis with VivaGel (SPL7013 Gel, astodrimer sodium). This
G4-poly(L-lysine) polyanionic dendron, which is active on its
own, has 32 naphthalene disulfonate groups on its surface, which
have shown to have potent topical vaginal microbicidal activity.
VivaGel is available for sale (Betafem Gel) in the UK, and
Starpharma has licensed the sales and marketing of VivaGel to
ITF Pharma, Mundipharma, Aspen Pharmacare for the US,
Europe/Russia/Asia/Africa/Latin America and Australia/New
Zealand, respectively. In parallel, the antiviral condom VivaGel
(VivaGel in lubricant) has also been licensed by Starpharma in
several regions of the world. Starpharma/AstraZeneca has
recently advanced from Phase I to Phase II with a poly(lysine)
dendrimer-based nanocarrier encapsulating docetaxel (DEP
docetaxel) showing superior anticancer activities against several
important solid cancer types, including breast, prostate, lung,
and ovarian tumors. Importantly, patients treated with DEP
docetaxel showed no neutropenia side effects or life-threatening
toxicity as seen in patients treated with conventional docetaxel
formulations. In addition, Starpharma has other DEP products
such as DEP cabazitaxel and DEP irinotecan in clinical
development with AstraZeneca.”

Very interestingly, polyanionic carbosilane dendrimers have
been developed by Angeles Mufioz-Fernandez et al. from the
Hospital General Universitario Gregorio (Spain) to fight HIV-
1. Researchers have been working for more than 20 years to
develop safe and effective microbicides to empower women to
better control their own sexual life and to protect themselves
against HIV-1, as well as other sexually transmitted infections.
The development of a safe and effective microbicide to prevent
the HIV-1 sexual transmission is urgently needed. G2-S16 water-
soluble anionic polyanionic carbosilane dendrimer has shown
great potential as an antiviral agent in the development of a novel
microbicide to prevent HIV-1 sexual transmission, blocking the
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gp120/CD4/CCRS interaction, acting on the virus.”” It was
demonstrated the dendrimer’s capability to inhibit cell-to-cell
HIV-1 transmission, confirming its multifactorial and non-
specific ability. It has also been shown that G2-§16 is active
against mock- and semen-exposed HIV-1 being a promising
microbicide against HIV-1 infection.”® No vaginal irritation was
detected in BALB/c mice and female rabbits after various
consecutive applications for different times with 3% G2-S16.”
Daily treatment with G2-S16 either, by vaginal topical
application or intravenous injection, does not modify the
hemogram after 7 or 14 days of treatment. Interestingly enough,
G2-S16 dendrimer does not interfere with the vaginal immune
system. We showed that topical vaginal administration of 3%
G2-S16 prevents HIV-1 transmission in humanized (h)-BLT
mice in 84% with no presence of HIV-1 RNA and vaginal
lesions.'” These findings provide a strong step forward in the
development of G2-S16-based vaginal microbicides to prevent
vaginal HIV-1 transmission in humans. These results have
clearly shown that G2-S16 has high potency against HIV-1
transmission/infection.

B TRANSLATION ISSUES FROM RESEARCH TO THE
CLINIC

The majority of dendrimers as targeted nanocarriers have been
used in cancer nanomedicine. The laboratory-to-clinic trans-
lation of NPs in general and dendrimers in particular remains a
major challenge. All scientists (chemists, biologists, biomedical
researchers, physicians, etc.) involved in nanomedicine using
dendrimers must have a simple roadmap to interrupt the
breakthrough from basic science to clinical applications named
“bench-to-bedside”. Thus, a disruptive innovation strategy
should be used for the effective development of drugs up to
the submission of an IND in the field of nanomedicine. The
successful translation from research to the clinic should be
achieved through the implementation of a simple roadmap to
successfully jump the “valley of death”.'" Collaboration with
the pharmaceutical industry allows us to cross the “valley of
death” between academic discoveries and clinical trials. This gap
between the laboratory and the bedside is due to a lack of
funding, incentives, and technical expertise. A recent interesting
analysis of the clinical success rates showed the average of the
probable success between 2010 and 2017 is Phase I to launch is
~7%, Phase II to launch is ~13.5%, Phase III to launch is ~58%,
and Phase II to Phase III is ~23%. Cardiovascular and nervous
system disorders are among the therapeutic areas showing the
lowest probability of success (2010—2017).'%

The key question is how academia and the pharmaceutical
industry can best collaborate to cross the “valley of death” and
solve clinical translation problems and what are the flagship
initiatives to overcome these obstacles. The final objective is to
develop NPs possessing a good balance between positive and
negative attributes to develop practical drugs. Several road-
maps/processes have been proposed since 2003 such as (1)
NIH (Zerhouni, 2003);'> (2) FDA Nanotechnology Task
Force (2007);'"* (3) New York Academy of Sciences and Teva
Pharmaceutical Industries (2013);'%° (4) Morigi and colleagues
(2012);'°° (5) Ehmann et al. (2013);'”” (6) Eaton and
colleagues (2015);'" and (7) Tyner et al. (2017)."”

As highlighted by Korsmeyer, another crucial point to be
analyzed is the complexity of NPs, which represents one of the
major barriers for their design and development including
manufacturing process.''* This point plays a crucial role in scale-
up manufacture reproducibility for clinical use, and con-
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sequently, the biggest barrier to adoption by the pharmaceutical
industry.

B CONCLUSIONS AND FUTURE PERSPECTIVES

In the field of nanomedicine, a wide range of innovations is
expected to affect this medical specialty and unveil new ways to
improve quality and extend life. These gains can be measured at
both the individual and population levels, for example, in
treating severe diseases such as cancer and heart diseases. At the
same time, the use of nanomedicine in public health
applications, including rapid and portable diagnostics and
more effective vaccinations, has revolutionized global health-
care.

Advances in nanomedicine will also have an impact on
healthcare delivery systems to greatly improve safety and efficacy
of therapy. Nanotechnology offers great potential for the
development of new nanomedicines and delivery systems
using nontoxic NPs, such as liposomes (also called solid lipid
NPs), polymeric NPs, dendrimers, and metallic and inorganic
NPs. Each type of NPs has specific properties and has been used
to improve the therapeutic indices of incorporated drugs in a
variety of ways, including bioavailability, retention time,
protection of the trapped agent from the body’s internal
environment, and sustained release. Importantly, screening
modalities with higher sensitivity and specificity for disease
detection significantly improve prognosis and decrease health-
care costs. As highlighted and analyzed by Bosetti,""" based on
the great potential of the nanomedical market, the cost-
effectiveness of nanomedicine combines two important aspects:
(1) bring excellent healthcare solutions, and (2) efficient
commercialization of nanotechnology-based therapeutics.

It should be noted that, in general, these new technologies are
often more expensive than traditional medical treatments, and
therefore, to be developed, they must be much more effective
than these. This challenge will be overcome with sufficient data
to clearly demonstrate the benefits of new applications of
nanomedicine in the prevention, diagnosis, and treatment of
diseases relative to standards.'’” These aspects have been
anticipated as the revolutionized treatments and diagnostics
named “nanomedicine revolution”.

On the basis of the concept of “dendrimer space”, recently
defined by us’® which opens up a new paradigm for medicinal
chemists and promising new avenues through the identification
of novel dendrimer-based drugs, the development of dendrimers
undoubtedly represents new opportunities in nanomedicine to
treat patients. The most important challenge is to select the right
(biocompatible) dendrimers. In this perspective paper, we have
analyzed the current situation and proposed guidelines for
moving from the discovery stage to commercialization through
clinical trials, both for dendrimers as nanocarriers and as drugs.
As several scientists such as Venditto and Szoka” have
mentioned, in the field of nanomedicine, there are many papers
and very few drugs. Therefore, a key question remains of how
academia and the pharmaceutical industry can best collaborate
to cross the “valley of death” to solve the problem of clinical
translation of NPs in general and dendrimers in particular. An
additional question is what the flagship initiatives are to
overcome these obstacles and to find trade-offs between several
physical and therapeutic aspects to develop new multifunctional
nanomedicines.

In this regard, an appealing and versatile approach has been
recently disclosed that may revolutionize the design of classical
dendrimers that are essentially based on using the same building
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blocks at each generation layers."'> This was nicely accom-

plished using two variables. The first one consists in using a
highly functionalized core similar to the one developed by the
Majoral’s group (ex. ABS) as opposed to the traditional AB2
cores used for PAMAM and PEL In this way, larger numbers of
surface group functionalities can be accomplished in much fewer
generations. Second, by varying the chemical entities at each
layer (ex. AB2, AB3, AB4), it becomes easier to modulate/adjust
the physico-(bio)chemical properties of the newly created
dendrimers to fit the intended applications of the nanomaterials.

We are convinced that the inclusion of public health
professionals/experts working with researchers from industry
is essential and can play a key role in addressing this issue by
developing research and development strategies to transparently
disseminate information about the risks, costs, and therapeutic
benefits of innovative NPs, including dendrimers, in order to
maximize individual and population health gains.

We are also convinced that the best way to develop
nanomedicines consist of collecting and sharing information
from academia and industry and set up a common process based
on a useful and straightforward algorithm, like that suggested by
Choi and colleagues,” providing practical checkpoints in
nanomedicine development.

It is important to note that expanding the interdisciplinary and
collaborative approach to nanomedicine research and education,
such as the training of researchers, medical care providers, and
public health professionals working in the industry, government,
and academia, will provide an excellent opportunity to develop
innovative NPs. In addition, this strategy will effectively advance
the state of nanoscience, which will also result in a better return
on public health investments. In addition, these collaborations
based on this “open innovation strategy” will help to make the
best use of funds allocated by governments and industries. The
improvement of this collaboration will allow better patient
selection for future NPs-based therapeutics. In this direction,
note that, interestingly, a DNA-based multiplexing technology
for rapid and accurate diagnosis of pathogens (respiratory
diseases, sexual diseases, for example) was developed using
phosphorus dendrimers by Majoral et al.**

In conclusion, use of dendrimers as a cargo of drugs and/or as
drugs active per se which was considered as a utopia a few years
ago, slowly but inexorably represents a real alternative and a
support force to solve many aspects of human health, thanks to
the contribution of many research groups worldwide keeping in
mind the possibility to avoid numerous side effects and poor
activity of many drugs. We are also convinced as suggested by
Guidolin and Zhen that we need to change the design
philosophy of nanomedicines in general and dendrimers in
particular.'** This strategy will help plug the gap between basic
science and clinical development of dendrimers during the
translation process. Even if we consider that the field of NPs is
very active, the scientific community must convince the
biopharmaceutical industries that NPs can become the better
medicines of the 21st century. Nevertheless, a question remains:
practically, how can ideal nanodrugs be defined in terms of
pharmaceutical industry standards? The field of nanomedicine
has made outstanding strides in the domain of therapeutic and
diagnostic development and will be further amplified through
the use of artificial intelligence to improve treatment outcomes
as highlighted recently by Ho and colleagues.'* Another
important point to be addressed in nanomedicine in general and
dendrimer in particular is the study of the interactions between
dendrimers and the immune system during the clinical phases as
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highlighted by La-Beck and Gabizon for liposome-based cancer
chemotherapy.' "
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