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Abstract: Dendrimers are increasingly being studied in the context of encapsulation. Many potential
applications of dendrimers are based on their properties. They are used in drug delivery systems,
cosmetics, food and chemistry. This review is first devoted to different synthesis approaches for
dendrimers and to their ability to encapsulate active molecules. Their applications in different fields,
as well as their cytotoxicity, are then detailed. To conclude this review, the main works on the
interaction of dendrimers with the stratum corneum (SC) are also presented.

Keywords: dendrimers; membrane interactions; stratum corneum biomimetic membranes; cytotoxicity

1. Introduction

Dendrimers are a class of hyperbranched, nano-sized, radially symmetrical molecules
with a well-defined, homogeneous and monodisperse tree-like structure [1-3]. These
materials have many properties such as versatility, an ability to self-assemble and to involve
electrostatic interactions, chemical stability in biological media, various cytotoxicity and
increased solubility in aqueous media [4-9]. These specific properties have a great impact on
their applications [4,9,10] and on their capacity to encapsulate active ingredients, especially
in the therapeutic and cosmetic fields [4,7,9,10]. In recent years, we have developed
various dendrimers containing biobased moieties to make these compounds more eco-
or biocompatible. These have been used in catalysis, medical imaging, depollution and
cosmetic fields [11-16].

In this review, we describe the major synthetic pathways of the most commonly used
dendrimers and their applications in several fields, i.e., medical imaging, pharmaceuti-
cals, catalysis, environment, food and cosmetics. Their cytotoxicity and interactions with
membranes, especially with the stratum corneum (SC), are also described.

2. Dendrimers: Definition and Synthesis

The term dendrimer comes from “dendros”, its Greek name, meaning free or branch,
and “meros”, meaning a part of [17]. Chemically, dendrimers are nano-sized, radially
symmetric molecules with a well-defined, homogeneous and monodisperse structure
composed of tree-like arms or branches [1-3]. These hyper-branched molecules were
first discovered by Vogtle et al. in 1978 [18] and were named cascade molecules. These
branched macromolecules were later developed as starbust-dendritic or dendrimers by
Tomalia et al. [19] in 1985, and at the same time by Newkome et al. [3]. The latter called the
synthesized macromolecules “arborols”, which is Latin for “trees” or cascade molecule, but
this term is not as well known as “dendrimers” [4].

Dendrimers are composed of three parts. From the inside to the outside, the structure
of a dendrimer consists of a core with a multitude of branches grafted to its internal cavities
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and terminal groups at the periphery (Figure 1). The identical parts connected to the core
are called “dendrons” (Figure 1). Their number depends on the multivalence of the core
used as a nucleus [7].

Dendron
Core
Branching points
Interior branching
Generation numbers
Internal cavities
Peripheral groups

Figure 1. General structure of a dendrimer.

Dendrimers are synthesized by a repetitive chemical reaction in which the formation
of dendrimers takes place in a progressive manner, leading to a layer called generation [20].
They are mainly prepared using two types of approaches (Table 1), the divergent approach
or the convergent one, or a combination of both [4].

Table 1. Advantages and disadvantages of both convergent and divergent approaches.

Approaches Principles Advantages Disadvantages References
The dendrimer is built Production of large Sec'ondarfy anfi anoinplete
from a central quantities of dendrimers. reactions of peripheral groups. [4]
Divergent multifunctional molecule Use of a large excess of reagents.
toward the periphery Higher generation Difficulties to purify the
' production. final product.
Consists of building the Better CﬁntFOI of This approach does not allow the
dendrons separately and L synthesis. ¢ formation of high generations. [21,22]
Convergent attaching them in a final Arge EXCesses o Steric hindrance in the reactions

multifunctional core.

reagents avoided.
Limitation of purification
problems.

between the dendrons and the
central molecule.

step to a

Following the divergent methods, the dendrimer is built from a core, which is a multi-
functional molecule, toward the periphery (Figure 2). The core reacts with the monomer
molecules containing one reactive group and two unreactive groups, resulting in the first-
generation dendrimer. Then, the new periphery of the molecule is activated to react with
the other monomers. The process is repeated to form other higher generations [4]. The
divergent approach is effective to produce large quantities of dendrimers. However, prob-
lems can occur due to side reactions and incomplete reactions of peripheral groups, leading
to structural defects. To solve these problems, a large excess of reagents is needed, inducing
unfortunately major difficulties for the purification of the final product [19].
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Figure 2. Dendrimer synthesis using the divergent approach.

Convergent methods were developed with the aim of limiting the purification prob-
lems encountered in divergent methods. In this approach, the dendrimer is constructed in
several steps, starting from the peripheral clusters, and progressing inwards to the core,
unlike the divergent method (Figure 3). When the desired branching polymeric arms,
i.e.,, dendrons. are formed, they are attached to a central multifunctional molecule [21].
The concept of using a convergent approach for the synthesis of dendritic macromolecules
has several advantages, including the following: the small number of coupling reactions
for each growth step allows for a better control of the synthesis; the appearance of de-
fects in the final structure is minimized and large excesses of reagents are avoided, which
simplifies the purification. However, this approach does not allow the formation of high
generations because steric problems arise in the reactions between the dendrons and the
central molecule [21,22]

A= core
— —> —_— —_—
— — —

Figure 3. Synthesis of dendrimer via the convergent approach.

The two main dendrimers that are commercially available are Poly(Propylenelmine)
PPI [23,24] and Poly(AMidoAMine) PAMAM.

PAMAM was first synthesized by Tomalia et al. using a divergent approach [19]. The
synthesis is performed in two steps, a Michael-type addition between ethylene diamine
(EDA) or ammonia and methyl acrylate, followed by amidation of the resulting esters
with an excess of ethylene diamine. Seven generations have thus been synthesized. Some
properties of these dendrimers such as the symmetry and the ability to self-assemble were
then studied [25].

The synthesis of other dendrimers of the PAMAM family comprising a cyclic core has
also been performed using a divergent approach with the same reaction sequence from
4,7,10-tetraazacyclododecane, methyl acrylate and ethylene diamine [26]. Eleven genera-
tions (from G 0.5 to G 5.5) were synthesized and characterized. The surface of generations 4
and 5 of these dendrimers was then modified with 1-bromoacetyl-5-fluorouracil (5FU) to
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form the dendrimer-5FU; the latter was then hydrolyzed to control the release of 5FU. It
was shown that this type of dendrimer can be used as a promising carrier for the controlled
release of antitumor active ingredients [26].

The synthesis of PAMAM derivatives via a combination of convergent and divergent
approaches was developed by Lee et al.; the azide functionalized PAMAM dendron is
obtained via the divergent method using an azido-propylamine as a focal point. Then,
using the convergent method, the dendrons formed are linked to cores possessing alkynes
through a click reaction [27].

Poly(Propylenelmine) dendrimers, also called ‘POPAM’ [28], were developed by
de Brabander-van den Berg et al. in 1993 using a divergent approach [23]; indeed, the
repetitive double Michael addition of acrylonitrile with primary amines is followed by the
hydrogenation of the nitriles via heterogeneous catalysis. 1,4-diaminobutane DAB and
ethylene diamine EDA were used as the dendrimer core. This method of synthesis is widely
described in the literature and is used very often [29,30].

Several surface modifications of PPI and PAMAM were also proposed. In most cases,
the surface amine groups of PPIs and PAMAMs are replaced by more neutral entities in
order to increase their solubility and/or to reduce their cytotoxicity, or by bioactive entities
for specific applications [31].

In many cases, the terminal amines were functionalized by Poly (Ethylene Glycol)
(PEG) [32-36], and the resulting dendrimers were widely used in the therapeutic field.
The decoration of the dendrimers with sugars via glycosylation led to entities which
play an important role in short-range molecular recognition, such as interactions with
the extracellular matrix and neighboring cells or communication with the whole system,
since most hormone proteins are glycosylated [10]. In 2015, Youngseon et al. developed
dendrimers via the functionalization of PAMAM with bifunctional entities, fluorescein and
curfolic acid linked together by DNA oligonucleotides to target cancer cells [37].

Over the past ten years, our research team developed new families of dendrimers
derived from PAMAM and PPI by decorating the surface with hydroxyl groups, through
the reaction of terminal amine groups with glycerol carbonate; many applications were
developed (encapsulation of Gadolinium complexes for medical imaging, encapsulation
of metallic nanoparticles for catalysis, encapsulation of emerging pollutants for depollu-
tion) [16,38—40].

Recently, Luan et al. developed dendrimers also derived from PAMAM grafted
onto mesoporous silica via functionalization with isothiocyanates in order to improve
the absorption of Hg(Il) and Cd(Il) essentially for water treatment [41]. These PAMAM
dendrimers/mesoporous silica composites decorated with methyl isothiocyanate groups
were synthesized by the direct sol-gel reaction of functional PAMAM dendrimers containing
alkoxysilyle groups (Figure 4).

New families of dendrimers derived from PAMAM, called tectodendrimers, were
developed in recent years [42-45]. Tectodendrimers, also called megamers, are super-
structured dendrimers whose cores are high-generation dendrimers, and the shells are
low-generation dendrimers [43]. They have excellent properties similar to those of high-
generation single dendrimers, but they also overcome some disadvantages such as limited
encapsulation capacity and increased retention effect due to their small size [42]. Fur-
thermore, the synthesis of tectodendrimers is much simpler than the synthesis of high-
generation single dendrimers. Indeed, the number of repetitive reactions is limited; thus,
the problem of steric hindrance encountered during the synthesis of a simple dendrimer of
very high generation is avoided [43].

Furthermore, several families of dendrimers that are different than those derived
from PAMAM or PPI were developed. Indeed, we developed two families of dendrimers
from glycerol as a starting material using a divergent approach. The first family, called
GlyceroClickDendrimer, is obtained via the click reaction between alkynes and azides, both
derived from glycerol [46]. The second GlycerolADendrimer family is obtained via the
reaction of glycerol with allyl bromide, followed by the oxidation of olefins [47].
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Figure 4. Synthesis diagram of a PAMAM dendrimer grafted onto mesoporous silica decorated with
methyl isothiocyanate, reproduced according to [41] with the permission of ACS.

In 2017, a new family of dendrimers was also developed using a divergent approach
from carbosilanes functionalized with polyphenols, leading to a potential application as
antioxidants in the cosmetic and pharmaceutical industries [48].

In the biomedical field, several approaches were also carried out with dendrimers.
Nnadiekwe et al. synthesized biologically active benzamide-based Twin- and Janus-
type dendrimers using a convergent approach from a primary precursor, methyl gallate
(Figure 5); these dendrimers have peripheral groups with long octyloxy and hydroxyun-
decyloxy chains (identical functional groups for Twin and different for Janus) [49]. This
functionalization makes it possible to increase the amphiphilic character favoring the
self-assembly of the dendrimer, which, consequently, makes it possible to incorporate
various supramolecular architectures such as columnar, globular and bilayer structures.
Indeed, Janus-type dendrimers are among the most known dendrimers that exhibit self-
assembly properties [50-52]. The self-assembly behavior of this kind of dendrimer arises
from the selective interactions between the different faces. Janus dendrimers have a huge
potential application other than in the biomedical field [8,50,53-55]. They can be used as
catalysts because of their asymmetric surface properties [56-58]; the different functional
groups on each face can facilitate specific catalytic reactions or enable spatially controlled
reactions, leading to enhanced catalytic activity and selectivity. Janus dendrimers can be
also employed in surface coatings and adhesives due to their amphiphilic nature [59-61].
By controlling the distribution of hydrophilic and hydrophobic functional groups, they
can form self-assembled monolayers or coatings with tailored surface properties, such as
wettability, adhesion and anti-fouling characteristics. Finally, Janus dendrimers can act as
templates for nanoparticle synthesis [62-64]. By utilizing the different surface functionali-
ties, they can selectively bind and stabilize nanoparticles, controlling their size, shape and
surface properties. This enables the fabrication of well-defined nanoparticles for various
applications, including catalysis, sensing and nanomedicine.
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Figure 5. Structures of 3,4,5-tris(11-hydroxyundecyloxy)-N-(3,4,5-tris(octyloxy)phenyl)benzamide
(Janus) (a) and 3,4,5-tris(octyloxy)-N-(3,4,5-tris(octyloxy)phenyl)benzamide (Twin) (b) reproduced

according to [49] with the permission of the Royal Society of Chemistry.

Various families of peptide dendrimers have also been developed in recent years [65-67];
these dendrimers are branched macromolecules consisting of a peptidyl core and/or
peptide functional groups at the peripheries attached in a covalent manner [68]. They
can be symmetrical or unsymmetrical and used as diagnostic reagents, anticancer and
antiviral agents, vaccines and carriers of active principles and genes [65,69], thanks to their
properties of self-assembly [67,70].

3. Applications of Dendrimers

Some applications of dendrimers were already mentioned above; they derive from
their physico-chemical properties, such as structural versatility, self-assembly capability,
stability and ability to engage in electrostatic interactions [4-6,70-73]. Thus, their capacity
to encapsulate molecules of appropriate size in the internal cavities or the possibility of
grafting molecules covalently to their periphery allow them to be used in many fields [74].
In general, dendrimers are in the nanoparticle range; several parameters can affect nano-
encapsulation performance, including generation, type of end groups, surface charge,
core structure, pH and environmental factors [75]. Symmetry also plays a very important
role in determining the encapsulation properties [76] since this parameter directs the
internal stacking modes, which differentiate key properties of dendrimers, such as densities,
refractive indices and internal porosities. Thus, symmetrical dendrimers encapsulate more
than unsymmetrical ones.

Encapsulation consists of trapping non-stable active agents in a protective sheath
against undesirable reactions (e.g., oxidation or degradation due to light, air or pH). Two
types of encapsulations can be used, including (i) nano-encapsulation, which consists
of coating various substances in another material with a nanometric size, and (ii) micro-
encapsulation, involving larger particles of the order of a micrometer (Figure 6) [77].

Wrap

Figure 6. Encapsulation principle.
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For several years, encapsulation in dendrimers has been mainly used in the biomedical
field (imaging, pharmaceuticals) but also in food and cosmetics. Dendrimers can also be
used in the field of catalysis and the environment to purify water or soil by trapping organic
and metallic pollutants. We thus detail below the different fields in which encapsulation in
dendrimers is of interest.

3.1. Medical Imaging

Macromolecular contrast agents offer the possibility to measure local changes in
cerebral blood volume associated with brain function or tumor grade [78]. Dendrimers,
particularly dendrimers containing surface chelated ions [4], appear to be highly suitable
for use as contrast agent carriers for magnetic resonance imaging (MRI).

In 1996, Wiener et al. studied the molecular dynamics of vanadyl chelate complexes co-
valently attached to the PAMAM surface with the aim of showing the effect of the vanadyl
chelate ion on the relaxation time of PAMAM [79]. They showed that the relaxation time
of the surface chelate looks like those of the inner carbons of PAMAM and increases with
a higher molecular weight, which was not observed in the case of linear polymers. A
comparison of the isotropic and anisotropic models showed that the anisotropic model
better describes the motion-modulated line shapes than the isotropic model; thus, those
dendritic complexes with ellipsoidal, flattened or elongated shapes or with rigid side chains
are better MRI contrast agents. A study on the encapsulation of the contrast agent Gadolin-
ium ion in high generation PAMAM dendrimers conjugated with the bifunctional chelate
2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-N,N8,N" ,N""'-tetraacetate (p-
SCN-Bz-DOTA) was performed by Henry Bryant et al. [80]. They showed that generation
5 dendrimers had an average of 127 chelates encapsulating 96 Gd*3 ions. The number
of chelates and the encapsulation capacity increased with higher generations, too. They
suggested that these results are relevant to the design of high generation dendrimer-based
receptor agents. In the same spirit, the encapsulation of the gadolinium gadopentetate
dimeglumine complex (GABOPTA) in PPI dendrimers functionalized via glycerol carbon-
ate [38] showed that this dendrimer is a very good encapsulating tool for contrast agents
with a low cytotoxicity on lung fibroblasts. For imaging atherosclerotic plaques [81], the
use of dendrimers represents an innovative and advantageous method compared to other
nanoparticles, but the cost and complexity of synthesizing high generations and their
toxicity toward cells (particularly in the case of cationic dendrimers) [81] are an obstacle.

Furthermore, it has been shown that dendrimers are also powerful tools for trans-
porting fluorophores in biological systems. They can improve the optical properties and
solubility of organic dyes in water, thus reducing the negative impact on the target object
and increasing the intensity of fluorescence signals in vitro and in vivo. However, it is
important to improve autofluorescence in bioimaging without using agents that could have
effects on cell cultures or organisms [82]. Recently, a dendrimer-based signaling mechanism
in which fluorescent probes are connected in an orderly fashion to each other was proposed
to improve contrast in cell imaging, avoiding signal dispersion [83]. It was shown that
the larger structure has a lower mobility and the accumulation of fluorescence from the
connected probes has a high contrast.

3.2. Pharmaceutical

In the pharmaceutical field, the key factor in drug delivery is the release of the active
molecule at the right place, at the right time and in the right concentration. However, there
are many obstacles to this release, including the low solubility of the drug, its environmental
or enzymatic degradation, its rapid rate of elimination from the body, its non-specific
toxicity and its inability to cross biological barriers. Polymer or dendrimer-based carriers
(surface coordination or internal encapsulation) can overcome these problems [84-86].

For example, in the field of cancer control, various tumor-specific strategies are used
for targeting, imaging and therapy [10,87]. In 2013, Mollazade et al. compared the effect
of free curcumin and curcumin encapsulated in the PAMAM dendrimer on the T47D
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breast cancer cell [88]. They showed that the PAMAM dendrimers had no cytotoxicity
on the cells. However, the dendrimer enhanced the inhibitory effect of curcumin on
telomerase activity and decreased the ICs for breast cancer cell proliferation. Numerous
studies on folic acid-functionalized PAMAM dendrimers have shown their value in the
treatment of cancers (lung, breast, ovarian, brain and neck) [89] with the specific targeting
of tumor cells for the delivery of encapsulated chemotherapy compounds. The ability of
the PEG-functionalized PAMAM to encapsulate anticancer agents such as adriamycin and
methotrexate increases with the generation of the dendrimer and the length of the PEG
chain [90], but adriamycin and methotrexate are readily released in the presence of saline.
A novel amphiphilic dendrimer (HAD) (Figure 7), developed by Click chemistry from a 2-
nitroimidazole derivative with a polylysine dendron, encapsulates chlorin e6 and becomes
a light-activated immunological adjuvant (LIA) for in situ cancer vaccination [91]. Through
infrared activation, LIA induces tumor cell lysis and tumor antigen release. It effectively
inhibits primary tumor growth and abscopal effect and induces a strong antigen-specific
immune memory effect to prevent tumor metastasis and recurrence in vivo.

N
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Figure 7. First generation amphiphilic dendrimer (HAD) reproduced according to [91].

Dendrimers are also used to deliver active ingredients other than anticancer drugs,
notably, anti-inflammatory drugs. An investigation of the ability of PAMAM-3 and PPI-4
to encapsulate phenylbutazone used as a model active ingredient showed that PAMAM-3
offered higher encapsulation, slower release and lower toxicity than PPI-4 [20]. PAMAMs
of different generations are also good ophthalmic vehicles for the ocular administration of
ilocarpine nitrate and tropicamide [92]. Other tri-block citric acid-poly(ethylene glycol)-
citric acid (CPEGC) dendrimers, biocompatible compounds, have shown the ability to
bind, solubilize and polarize hydrophobic molecules such as 5-amino salicylic acid (5-
ASA), mefenamic acid and diclofenac [93]. Naproxen (anti-inflammatory) and naltrexone
(with antagonistic properties used in the treatment of opiate addiction) were successfully
encapsulated in cyclodextrin-based dendrimers by Namazi et al. (Figure 8) [94]. To finish
this section on therapeutic applications, a PEG-functionalized polyether described by
Mingjun Liu et al. [95] encapsulates cholesterol and amino acid derivatives, too.

3.3. Catalysis

Dendrimers offer a specific topology that allows fluid intradendritic coordination,
controlling the size of nanoparticles (NPs) and preventing agglomeration [96]; in catalysis,
they are templates for the preparation of a particle replica, but also stabilize nanoparticles
and allow for improved catalyst solubility and catalytic selectivity [97]. Thus, these nano-
objects have been used for a wide range of catalytic reactions, including hydrogenations,
Heck coupling and Suzuki reactions in various solvents (water, organic solvents, biphasic
organic/fluorinated solvents and supercritical CO;). In many cases, it is very simple to
recycle the catalysts encapsulated in the dendrimers [97,98].
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Figure 8. First generation cyclodextrin dendrimers, reproduced according to [94] with the permission
of Wiley.

As examples, a new family of poly(propyleneimine) dendrimers functionalized with
glycerol carbonate (GD-PPI) played the role of a recyclable basic catalyst for the ring
opening of epoxides to carboxylic acid [39]. In addition, these glycerodendrimers were
used for the preparation of stable platinum nanoparticles that showed good catalytic activity
over several rings, for the reduction of «,3-unsaturated ketones to saturated ketones [40].

In 2008, Guangnan and his team worked on the encapsulation of Pd nanoparticles
in dendrimers (PdDENSs) derived from negatively charged PAMAM. These PADENs are
very stable in ionic liquids and can be used as highly active catalysts for the hydrogenation
of styrene with an efficiency maintained after 12 recycles [99]. Other glycodendrimer-
stabilized palladium nanoparticles (PdDENSs) (Figure 9) showed good catalytic activity in
water for the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) and in the C-C
Miyaura-Suzuki coupling with substituted aryl bromide [96].

For several years, ferrocene-containing dendrimers have been used in the field of
nanocatalysis [100] to stabilize Pd and Au nanoparticles that are very active in C—C cross-
coupling, olefin hydrogenation and oxidation reactions. Ferrocene plays a crucial role in
these dendritic supports with its redox activity and three-dimensionality stabilizing the
nanoparticles. Other dendrimers grafted on the surface of a magnetic graphene oxide
nanocomposite were developed by Niakan et al. (Figure 10) [101] and successfully used
to immobilize bimetallic Pd/Ni nanoparticles active in the Suzuki-Miyaura reaction; the
combination of Pd and Ni nanoparticles with the dendritic structure of the catalyst led to
an excellent catalytic activity thanks to the presence of dendrimers with numerous cavities,
thus allowing the fast absorption of the reagents and a synergy between the two metals.



Macromol 2023, 3

352

o, ¥,
o auee S
wo o EaY ? mb
% N
Ss o= e 5 g
A R m,{j Gl
N o N
R

A o
5t o o,
ol G‘u J\n\t s&Nvo,Qﬂcu
e vo_onud on RN
(o Ra eSS IV A SN PN
o P o N Ton o 2"
"o {ron S
o
5\ ion S
9eq. K;PICl,
or o,
9 eq. K,PdCl, ”i"oQ
H;0 (6 mL), RT Pt or Pd
NaBH, (90 eq.)

L
2 on% o,
"»PAO-Q»% m@ o o
e : EinS QR SIS,
vo § on ) oS

Figure 9. Preparation of glycodendrimer-stabilized PADENS, reproduced according to [96] with the
permission of the author.
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Figure 10. Structure of nanoparticles stabilized by the dendrimer grafted on the surface of a
second-generation magnetic graphene oxide nanocomposite GOF@Dm2@PdNi, reproduced accord-
ing to [101] with the permission of Elsevier.

Finally, the cellulose/dendrimer combination, based on triacryloylhexahydrotriazine
and the third generation ethane dithiol obtained by grafting via sulfur derivatives on
the cellulose surface, was a heterogeneous catalyst [102] able to convert fructose into
5-hydroxymethylfurfural (96% conversion) and to be recycled at least five times without
losing its stability and activity.
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3.4. Environment

Water pollution caused by heavy metals represents a deleterious danger to public
health and the ecological system. In the field of water purification, nanotechnology offers
the possibility of effectively removing pollutants and germs [103]. The use of dendrimers
as absorbents of organic and metallic pollutants has aroused considerable interest in
recent years.

In 2005, Diallo et al. tested PAMAM-type dendrimers to recover Cu(ll) ions from
aqueous solutions [104]. They showed that Cu(II)-PAMAM bonds are much larger and
more sensitive to the pH of the solution than Cu(Il)-linear polymer bonds with amine
groups, which makes it easy to recover the complex via filtration, and thus, to recycle the
dendrimer. The same observation applies for soil pollution, where PAMAM dendrimers of
different generations can be used as very good reusable extracting agents for the in situ
removal of heavy metals from contaminated soils [105].

Recently, PAMAM-derived dendrimers grafted onto mesoporous silica via func-
tionalization with sulfides were also developed for water treatment [41]. These den-
drimers show better absorption properties for Hg(II) and Cd(II) compared to traditional
absorbents. In addition, they show excellent selective absorption and regeneration prop-
erties (95.2% efficiency after five cycles). Other PAMAM-based materials such as carbon
nanotubes/PAMAM (CNTs/PAMAM), graphene oxide/PAMAM (OG/PAMAM) and sil-
ica/PAMAM (5iO, /PAMAM) were developed to be used as sensors for the detection and
quantification of metal ions (Cu?*, Hg?*, Zn?*, Pb?* and Co?*) and organic pollutants (ke-
toprofen, tamoxifen and clofibric acid) [106]. In the same spirit, diclofenac salt, 3-estradiol,
atrazine and diuron were encapsulated by glycerodendrimers (GD-PAMAM and GD-PPI),
and their release was studied as a function of pH [16]. Ibuprofen and naproxen could
also be removed in water in the presence of PAMAM-halloysite (Hal-PAMAM) as an ab-
sorbent [107], with maximum absorption capacities (at pH 3-6) of 68.3 and 6.0 mg-g~! for
ibuprofen and naproxen, respectively. PAMAM G 2.5, this time grafted onto amidoximated
membranes, was also used as an absorbent for antibiotics (lasalocid A, salinomycin and
semduramicin) present in wastewater [108] with very good yields of 82 to 91%. Finally,
ionic dendrimers are also used in the environmental field; indeed, the extraction of metal
cations such as Cu?*, Ni?*, Pb%*, Cd?* and Ag* can be achieved with dendrimers derived
from PAMAM or PPI (PAMAM G3 NH;3* Tf,N—, PPI G3 NH;* Tf,N~, PPI G3NH,;Me*
BF;~ and PAMAM G3NH,;Me™" BF; ™) (Figure 11) [109]. Other imidazolium-functionalized
ionic dendrimers (HPILs) stabilize uniformly sized silver nanoparticles stable in water [110]
and can deliver biomolecules [111].

3.5. Food

Many bioactive compounds used in the food industry are hydrophobic and insol-
uble or very slightly soluble in water. These include carotenoids, essential fatty acids,
essential oils, some vitamins and phenolic compounds [112]. Their insolubility or low
water solubility prevents them from being formulated at the intended dose, resulting
in low bioavailability [112]. Therefore, delivery systems such as liposomes, nanotubes,
proteins, biopolymers and dendrimers were developed to improve their solubility and
bioavailability [113-115]. This also offers other advantages such as protection against
evaporation (the case of essential oils), chemical reactions or migration into food, controlled
delivery and preservation of the stability of bioactive compounds during processing and
storage [115,116]. Dendrimers thus offer a new approach for the solubilization of these
ingredients, providing specific delivery properties of bioactive compounds. Food applica-
tions of dendrimers are not as common as those of liposomes and micelles, but they may
have a great future in this field [114].



Macromol 2023, 3

354

NH;N ‘
NHHSNI " [ 2.NTF.
NH NH NH NH 6 2
NH
XFO o o
N oY a? (o} j /~NH,
NHbsNNNr)’/\/ NH NH § HoN
NH
S T T R G
NH NH NH oNH NH o
NH : o (K ° %1 ° (o NS
HaN">"NNCNH NH NH
0O - o g 2 9 N/H_/ °
HoN " HN oM NH NH;
M \_ o HN— o
o NH NH
NH{ N o~ NH
&ﬁ/ % d NH O g .
NH . o Q NH
W N " e
/\/N o
HoN ° HK NH;
NH" i
NH;
H3N\_\ o Q
N HN NH NH
o T VRS 0 NH
NH e OMNH N
W Her>¥ e
~ b NH o e} NH o “\NH
HyN HN N\ﬂ\ \_}NH s
i N/i"_/ NH ° \)ok NH.
i~
HaN NN oﬁj o o o N~ NN
NH  NH
NH  NH
MO o NHJ/ Z g LN“ o ° Nq
NH N?-i‘/‘ OV/NH NP\\(O H& NH;3
NH
I%Nf NHO h lfo fo} (. N\ [o} 3
. NH i
XHSNI ‘S NHaS
NH; NH, HaN H:N

Figure 11. Structure of PAMAM G3 NH3* NTf, ~ dendrimer, reproduced according to [109] with the
permission of the author.

The 2019 review by Yousefi et al. provides the main work on the synthesis of den-
drimers and their ability to encapsulate bioactive ingredients such as resveratrol, curcumin,
and vitamins C and B12 that can be used in food [112]. Four new families of glycerol-based
dendrimers recently encapsulated cinnamon and lemongrass essential oils, too [12,15]. The
encapsulation of 3-carotene (BC) by the dendrimer derived from glucan octenyl succinate
(OSA-SMDG) (corn sugar extract) was carried out to study the impact of the dendrimer
on the storage stability and antioxidant activity of emulsions loaded with (3-carotene (BC)
as well as on its bioaccessibility [117]. Thus, the encapsulation capacity of 3-carotene in
both emulsions in the presence of 3% and 5% dendrimers is significant, and the antioxidant
activity of both emulsions is higher than that of pure (3-carotene. The extension to the en-
capsulation of coenzyme Q10 (CoQ10) also confirmed the interest of this type of dendrimer
in the field of food encapsulation [118].

3.6. Cosmetics

In cosmetics, many biologically active substances are not stable and are sensitive to
temperature, pH, light and oxidation. Therefore, it is important that they are protected from
unwanted degradation to control the release of the active substance. The use of biodegrad-
able polymers such as dendrimers for the encapsulation of cosmetic active ingredients can
increase their efficacy and bioavailability, and also improve the stability and release of the
active substances [119]. Dendrimers can be used in the formulation of various cosmetic
products such as skin, hair, nail, lip and/or dental care and protection products [120]. Thus,
for several years, the use of dendrimers in cosmetics has aroused the interest of researchers.
A patent filed by L'Oréal [121] describes the use of polyester dendrimers functionalized
by hydroxyl groups in cosmetic and dermatological compositions that can be applied to
different supports (skin, nails, keratin fibers, semi-mucous membranes and/or mucous
membranes). The cohesion between the drug and the support is strengthened and, more-
over, the sensory properties are improved. We can also note the use of dendrimers in
self-tanning compositions leading to an increased color intensity and good resistance to
washing [122].

The use of PAMAM dendrimers in cosmetic and skincare applications such as creams,
shampoos and conditioners, toners, make-up, and their use for the encapsulation of salicylic
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acid in anti-acne compositions, has also been reported. Salicylic acid is encapsulated in
the cavities, but also tends to bind to amine groups on the surface of dendrimers, which
stabilizes it prior to its application to the skin, where it is released. The use of this salicylic
acid-PAMAM complex in various make-up compounds thus avoids the reaction with iron
oxide pigments [123]. PAMAM-type dendrimers are also used in deodorant compositions
and have additional odor absorption properties [124].

It has also been shown that various families of water-soluble PEG-derived dendrimers
are suitable for the transport of ascorbic acid molecules due to their controlled multiva-
lency [125]. The encapsulation of ascorbic acid can also be achieved in PAMAMs (G 2.5 to
G4) in methanol [126] with better encapsulations for the 2.5 and 3.5 half generations. In
2010, Boisselier et al. worked on the encapsulation of vitamins C, B3 and B6 in dendrimers.
The encapsulations are performed in water with two types of commercial dendrimers, PA-
MAM and PPI, with the different generations G2, G3 and G5 [127], and the encapsulation is
proven by titration of the vitamins which are complexed to the primary and tertiary amines
of the dendrimers; the highest number of encapsulated molecules is obviously observed
for the higher generations.

Recently, we further studied the ability of glycerodendrimers GD-PAMAMs and
GD-PPIs to encapsulate vitamin C and its interaction with the stratum corneum. We
showed that GD-PAMAMS-3 is the best candidate for cosmetic application due to its good
vitamin C encapsulation capacity, its low cytotoxicity and its interaction with the stratum
corneum [14].

Carbosilane dendrimers with polyphenol groups were also developed by De La
Mata et al. as antioxidants in the cosmetic and pharmaceutical industries [48]. A copolymer
with a carbosiloxane-based dendrimer was subsequently developed by limura et al. to
improve formulation stability and to provide good water and oil resistance, gloss and
a tactile feel and/or adhesive properties to hair and/or skin [128]. This dendrimer was
recently patented for cosmetic application [129]. Many attempts were made to increase the
solubility of quercetin using nano-encapsulation techniques. Indeed, Madaan et al. studied
the solubility of quercetin in PAMAM solutions of various generations (G0 to G3) and
concentrations; as a result, the solubility of quercetin could be increased, and the formation
of quercitin/PAMAM complexes is confirmed by FTIR [130].

The PAMAMS-3/ caffeic acid compound (covalent bonds) recently reported in the
literature exhibits dermo-cosmetic healing activity and a significant antioxidant capacity;
used for wound healing and tissue regeneration, it can also be used in dermo-cosmetic
compositions for skincare to reduce the appearance of wrinkles and expression lines [131].
In the same goal, ionic dendrimers derived from PAMAM or PPI and phenolic acids (ferulic
acid, caffeic acid and phloretic acid) were also prepared [13], and the dendrimers derived
from ferulic acid are the best candidates for use in cosmetics at concentrations not exceeding
100 mg/mL, due to their antioxidant activity and low cytotoxicity.

Finally, dendrimer/resveratrol formulations were also studied [132] to increase the
solubility, stability and transdermal permeation of resveratrol for anti-aging products,
shampoos, hair gels, sunscreens, sprays, lotions and anti-acne products [133].

4. Toxicity of Dendrimers

The study of toxicity, in general, is the measurement of the ability of a substance to
cause adverse health effects on any life form [134]. It depends on its interaction with living
matter, but also on the dose of the compound needed to produce an effect. This toxicity is
expressed as a lethal dose capable of killing 50% of a population—the LDsq [134]. Three
types of toxicity can be distinguished [111] as follows: (1) acute toxicity, for which the
effects resulting from the massive administration of a substance at one time are immediate;
(2) sub-acute toxicity, which is due to chronic absorption over several months (e.g., alcohol)
and (3) long-term toxicity, where the effect appears after the accumulation of absorbed
doses until the threshold dose is reached, as in the case for cumulative products (e.g., lead),
irritant substances (e.g., passive smoking) or mutagens [134].
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The cytotoxicity test is the most used to assess the toxicity of a substance or molecule.
This test consists of assessing the potential of the substance/molecule to inhibit the growth
of cells in an organism or to cause cell death. These in vitro tests can be performed
using qualitative and quantitative methods [135]. The appropriate test method is chosen
according to the nature of the sample to be evaluated, the type of cells and the culture
conditions [135,136]. The cytotoxicity of a substance can be assessed experimentally using
a variety of assay methods categorized as follows: (1) dye exclusion methods; (2) metabolic
activity-based methods with Adenosine 5'-Triphosphate (ATP), sulforhodamine B and
protease viability marker; (3) surviving clonogenic cells or (4) cell profiling via DNA
synthesis [136]. The simplest methods are the dye exclusion methods such as the trypan
blue dead cell indicator, and methods based on metabolic activity such as the MTT [137]
and WST1 methods (Water Soluble Tetrazolium) [138]. For the latter, it is the reduction of the
tetrazolium salt to formazan by mitochondrial NADH oxidoreductase enzymes in living
cells that is observed. Table 2 provides some examples of the cytotoxic effects of various
types of dendrimers evaluated using different methods on different cells.

Table 2. Cytotoxic effects of various dendrimers on different cell types.

Dendrimers Cytotoxicity Cells Methods Ref.
PAMAM-3 IC50 (mM) =0.14 + 0
PAMAM-3.5 IC50 (mM) > 1 32
(mM) > Human epithelial cells (Caco-2) MTT 321
6-Lauroyl- IC50 (mM) > 1
PAMAM-3
CPD-2 1C50 =2.33 uM Mouse embryonic hippocampal
CPD-3 IC50 =1.31 uM cells (mHippoE-18) MTT [139]
CPD-2 IC50 = 1.84 uM
CPD-3 1C50 = 1.74 uM Mouse neuroblastoma cells (N2a)
PAMAM-2 IC50 (mg/mL) > 2
DAB-2 IC50 (mg/mL) =0.3
PEA-2 1C50 (mg/mL) > 0.1 B16F10 melanocyte cells MTT [140]
CSi-PEO-2 IC50 (mg/mL) > 2
PPI-4 Cytotoxic at ¢ (10 pg/mL) -
GD-PPI4 Cytotoxic at ¢ > 100 pg/mL Human lung fibroblasts MRC5 WST1 [38]
PAMAM-3 Cytotoxic at C .
GD-PAMAM.-3 (1000 pg/mL) Human lung fibroblasts MRC5 WST1 [16]
ECsg Values (uM)
(Clonogenic test)
PAMAM-4 2.63 [1.78-3.47] Human Keratinocytes (HaCaT) Alamar Blue (AB)
PAMAM-5 0.57 [0.37-0.77] Neutral Red (NR)
PAMAM-6 0.19 [0.14-0.25] MTT [141]
EC5p Values(uM) Clonogenic
(Clonogenic test) .
PAMAM-4 1.43 [1.27-1.59] Colon adeg%zrgég‘oma cells
PAMAM-5 0.41 [0.39-0.42]
PAMAM-6 0.18 [0.15-0.2]

] . Cytotoxic at 3 uM apres Propidi Todide (PI
DAB-Ac40-FITC2 150 min Dead cells > 90% Human umbilical vein Top! lug; do ide (P1) [33]
DAB-Ac59-FITC2 No cytotoxic at 3 uM endothelial cells (HUVEC) Lactate Dehydrogenase i

DAB-Ac40-PEG-4-FITC2 No cytotoxic at 3 uM (LDH)
Chinese hamster fibroblasts
B14
PAMAM-pyrrolidone (B14) MTT [142]

dendrimere

No cytotoxic

Mouse embryonic hippocampal
cells (mHippoE-18)
Rat liver-derived cells (BRL-3A)
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The cytotoxicity of dendrimers depends strongly on the number and nature of the
surface functional groups. Cationic dendrimers often show high toxicity, while anionic
and neutral dendrimers show little or no toxic effects [140,143]. The higher cytotoxicity
of cationic dendrimers is often explained by the interaction of the positively charged
dendrimer surface with negatively charged cell membranes. This interaction leads to the
formation of nanopores in the cell membrane, with its damage and the subsequent leakage
of the cell contents leading to cell death [144].

For PPI dendrimers, their toxicity increases with the number of surface groups. It
is well demonstrated that fifth generation dendrimers (PPI-5) are more toxic than lower
generation dendrimers [145]. We observed the same result with the PAMAM family, where
higher generations show higher cytotoxicity [144], whereas carbosilane-poly(ethylene
oxide) (CSi-PEO) dendrimers and other dendrimers with neutral or anionic end groups
appear to be much less toxic [146]. It was also shown by comparing the two families
of dendrimers, PPI and PAMAM, with the same number of functions at the periphery
(32 NH;) that PAMAM G3 is less toxic than PPI G4 [20]. Therefore, it is recommended
for some dendrimers to replace the surface groups with more neutral entities to reduce
their cytotoxicity [32,143]. Thus, Stasko N.A et al. studied the cytotoxicity of PPI with
surfaces modified with PEG or acetamide entities on cultured human endothelial cells
(HUVEC). Cytotoxicity tests confirmed that the PPI functionalization effectively decreased
the cytotoxicity of dendrimers [33]. The same observation was made when the surface of
PPI was modified with maltotriose (tests performed on mouse blood cells) [147] or with
glycerol carbonate (tests performed on lung fibroblasts) [38].

Regarding the PAMAM family, D’Emanuele and his team studied the influence of sur-
face modification of PAMAMSs on cytotoxicity toward human epithelial cells (Caco-2) [32].
Unmodified cationic PAMAMs are more toxic than anionic ones, and the toxicity of both
increases with increasing generations. The same observations were made in cervical cancer
cells [148]. The functionalization with glycerol carbonate leads to the same conclusion
given above with PPI [16].

Finally, Frechet and coll. also showed that polyester dendrimers with peripheral
hydroxyl groups were slightly toxic in vivo at very high concentrations in mice [149].

5. The Interaction of Dendrimers with the SC

The interactions of the dendrimers with the SC are important to (i) understand how
these dendrimers act on the skin and (ii) optimize the design of the most efficient and least
cytotoxic dendrimer.

5.1. The Skin

The skin is an organ made up of several layers and tissues, representing the largest
organ in the human body, with approximately 2 m? of surface area (for an adult) and 10%
of the body weight [150]. Chemically, the skin consists of an average of 70% water, 27.5%
protein, 2% fat and 0.5% minerals and trace elements [151]. Its main function is to protect
the body from external physical, chemical and infectious aggressions, but also to play an
active role in many biological and biochemical processes [152]. The skin is made up of
the following three main layers (Figure 12): (i) the hypodermis or epidermal sub-layer,
i.e., the deepest layer made up of fat cells, collagen fibers and blood vessels [152]; (ii) the
dermis, i.e., the thickest, most elastic intermediate layer, made up of fibroblasts, collagen,
elastin, connective tissue, lymphatic vessels, sensory receptors and hair roots [152] and
(iii) the epidermis.

The epidermis is the outermost layer of skin, ranging in thickness from 0.06 mm in
the eyelids to 0.8 mm in the heel [153]. It plays an important role in protecting the body
from toxins, bacteria and fluid loss. It consists of five sublayers of keratinocytes [154] as
follows: (1) the basal layer (stratum basale), also called the dermal-epidermal tight junction,
which is the deepest layer where keratinocytes are produced; (2) the spinous layer (stratum
spinosum), in which keratinocytes produce keratin (protein fibers) and become fusiform;
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(3) the granular layer (stratum granulosum), where keratinization begins and the cells
produce hard granules, which develop into keratin and epidermal lipids; (4) the clear
layer (stratum lucidium), in which the cells are highly compressed and flattened and (5) the
stratum corneum, which is the outermost layer of the epidermis.
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Figure 12. A diagrammatic representation of the structure of human skin in cross section, reproduced
from [155] with the permission of Springer Nature.

5.2. The Stratum Corneum

The SC is the outermost layer of the mammalian epidermis and is responsible for
the barrier function of the skin [156,157]. It dictates the rate of absorption of exogenous
molecules by the skin and prevents water loss from the body [156]. The SC is mainly
composed of flattened, fully keratinized dead cells (corneocytes) embedded in an intercel-
lular space (multilamellar lipid matrix) consisting of stacked bilayers (Figure 13) [158]. The
“bricks and mortar” model is generally used to describe the structure of this layer, where the
bricks represent the corneocytes and the mortar represents the lipid matrix (Figure 14) [159].
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Figure 13. (a) A surface image of the skin, (b) an electron micrograph of stacked lamellar membranes
structured in an intercellular space, reproduced according to [160] with the permission of Elsevier,
and (c) a structural model of the stratum corneum.

The phospholipid-free SC mainly consists of ceramides, cholesterol and long-chain
free fatty acids in equimolar amounts (Figure 15) [161,162]. This lipid mixture is in the
crystalline phase at a physiological temperature, which prevents the free diffusion of
substances through the skin [163,164].
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Figure 14. Brick and mortar model of the stratum corneum, according to [159].
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Figure 15. Representative lipids of the main classes of lipids constituting the SC.

5.3. The Diffusion of Active Ingredients through the Skin

There are three main routes by which bioactive substances can enter the skin,
as follows:

- The intercellular route, which passes through the lipid matrix;
- The intracellular pathway, which passes through the corneocytes;
- The transpendageal route, which passes through the follicles and pores (Figure 16) [165,166].
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Figure 16. Different routes of diffusion through the skin, reproduced from [167] with the permission
of the author.
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The lipid multilayer in the intercellular matrix is considered as the main transport
barrier for active ingredients [168].

The delivery of active ingredients through the skin can be classified into two categories,
including transdermal delivery, whereby the active substances diffuse through the different
layers of the skin to reach the systemic circulation, or topical or local delivery, whereby
the active substances are applied directly to the targeted pathological sites within the
skin [169-171].

As the epidermis (or, more precisely, the stratum corneum (SC)) acts as a barrier, the
delivery of drug molecules is limited. Only low molecular weight molecules (<500 Da) with
optimal physicochemical properties (1 < log P < 3) can be passively transported through the
SC [172]. Therefore, the use of biomaterials such as proteins, peptides, cyclodextrins and
dendrimers has emerged as a new approach to increase the diffusion of active substances
through the skin [170].

5.4. Biomimetic Skin Membranes

Biological membranes, in general, are very complex in terms of composition and orga-
nization. In order to understand the mechanisms at the molecular level and, in particular,
the interactions between an external molecule and the membrane, it is necessary to simplify
the study systems. For this reason, simplified membrane models are developed [173,174].
This represents a good compromise between simplicity and faithful representation of the
native membrane.

There are three main types of biomimetic membrane models; these include lipid
monolayers, supported bilayers and liposomes (Figure 17) [173].

Figure 17. Schematic representation of membrane models; (A) lipid monolayer, (B) supported lipid
bilayer and (C) liposome, reproduced from [175] with the permission of the author.

Lipid monolayers, considered as half-layers, are the simplest models to mimic bio-
logical membranes. These models are often used to assess the ability of a substance to be
inserted into the outer leaflet of the membrane and to characterize interactions in terms of
kinetics and specificity [176]. Supported lipid bilayers are models consisting of a flat lipid
bilayer supported on a solid surface. These systems can mimic some of the properties of the
cell membrane such as lipid fluidity, domain formation and organization and protein sup-
port, but without the complexity of the real biological system [177]. Liposomes, also called
lipid vesicles, are formed by one or more lipid bilayers containing aqueous compartments
between the layers. They are classified into three groups according to their morphology
and their size, which can vary from a few tens of nanometers to a few tens of microns; these
three groups include small unilamellar vesicles (SUV), large unilamellar vesicles (LUV)
and giant unilamellar vesicles (GUV) and multilamellar vesicles (MLV) made of several
superposed bilayers [178]. These models are used to study the behavior of membrane
phases (fluidity/stiffness) and membrane processes such as membrane fusion, molecular
recognition, permeability and stability [179].
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The choice of the lipid composition and the choice of the models depend, respectively,
on the composition of the organism considered and on the property of the membrane to
study [175].

In the case of the mammalian biological skin membrane, the SC is the layer responsible
for the barrier function of the skin as discussed above [157]. The biomimetic membrane
models of the SC consist of the major classes of preponderant skin lipids, ceramides,
cholesterol and long chain free fatty acids [161,162]. Ceramides play an important role in
structuring and maintaining the barrier function of the skin [156,180]. Cholesterol is one of
the most present sterols in biological membranes and the only one in the SC [181]. Fatty
acids are responsible for protecting the body from dehydration and play an important role
through their anti-inflammatory effect [182].

Numerous studies using biomimetic lipid monolayers of the SC were typically per-
formed using Langmuir balance or atomic force microscopy (AFM) [183-185]. The SC
monolayer models exhibit an isotherm with no phase transition, characteristic of very rigid
films [166]. By varying the ratios of the lipid constituents, the role of each lipid and its
influence on the membrane properties can be determined [183].

Biomimetic liposome models of the skin are often prepared via hydration at a high
temperature above 72 °C [161,186-188]. This is within the phase transition temperature
range of the lipid composition from a lamellar gel-like phase to a cubic phase from 40-80 °C,
respectively [186]. In a phase transition study of a biomimetic SC liposome, it was observed
that the liposome had three transition points at 45 °C, 76 °C and 98 °C [189]. It was sug-
gested that the transition observed near 45 °C is attributed to movements of the cholesterol
side chains. The transition near 76 °C is attributed to the gel-to-crystalline phase change
of the fatty acid and ceramide hydrocarbon chains, and the disruption of the association
between the polar heads of the lipids. The transition at temperatures close to 100 °C is due
to the vaporization of water molecules [189,190].

Studies on the SC liposome models have shown that the lipid composition and pH
influence the liposome stability and structure [161,191,192]. For example, at a physiological
pH, liposomes are not stable [192,193]. However, at 32 °C, the pH does not influence the
membrane properties [187,193]. In addition, cholesterol fluidizes SC lipid membranes at
temperatures below the main phase transition and condenses the membranes for higher
temperatures [193]. The length of the ceramide chain influences the organization and
properties of the bilayer. The longer the chain, the greater the electron density and the
greater the bilayer thickness, which improves the barrier function [180]. In fact, an X-ray
diffraction study showed that the SC model composed of short-chain ceramides is organized
in three layers; two layers at the 50 A ends are in the crystalline state, and an intermediate
layer at 30 A is in a liquid and easily permeable state [194]. The type of ceramide used
also influences the permeability [188]. Indeed, when using dihydroceramides (dCer),
the effect of acyl chain shortening is less pronounced than in the case of ceramides. For
example, membranes composed of short-chain dCer are up to six times less permeable than
membranes composed of corresponding short-chain ceramides. In addition, the same study
showed, via infrared spectroscopy, that long dCer mixed less with fatty acids but formed
ordered domains that were more thermally stable than the corresponding ceramide [188].

5.5. Dendrimer—Stratum Corneum Interaction

Understanding the interactions between dendrimers and biological membranes is
essential for the use of dendrimers as delivery systems for active ingredients or genes [195].
In recent years, dendrimers have shown their potential to improve the cutaneous delivery of
various molecules with a low skin irritation potential and a high active substance delivery
capacity [171]. Several studies on the interaction of dendrimers with the skin membrane
were performed, generally on human skin tissue [196-198] or animals [199,200]. However,
to our knowledge, few studies of dendrimer interaction with biomimetic models of SC are
described in the literature [201].
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The nature, concentration, charge, size and hydrophobicity of the dendrimer influence
both the penetration into the skin and the delivery of the active ingredient [202-204]. In
the case of the study of the interaction of PAMAM dendrimers with porcine epidermal
cells [204], it was shown that PAMAM G2 penetrates the layer better than PAMAM G4.
Furthermore, the surface modification of PAMAM G2 by acetylation (cationic surface) or
carboxylation (neutral surface) increases skin permeability. The functionalization of G2
dendrimers with oleic acid increases the 1-octanol/PBS partition coefficient, resulting in
increased skin absorption and retention.

On the other hand, other studies on the same type of skin have shown that cationic den-
drimers penetrate deeper layers of the skin, unlike anionic or neutral dendrimers [202,203],
because their positive surface charge allows a greater interaction with the negatively
charged skin surface.

In 2008, Venuganti et al. conducted a study on the effect of PAMAM dendrimers on
porcine skin permeability of 5-fluorouracil (5FU) in the presence of phosphate buffer (PB),
mineral oil (MO) or isopropyl myristate (IPM) [205]. They found that the simultaneous
application of 5FU and dendrimer increased the flux of 5FU in the IPM and MO, whereas
there was no change in the PB. The pretreatment of cells with dendrimer increased the
permeability coefficient of 5FU in MO by 4-fold and by 2.5-fold in IPM, and this increased
with the time of the pretreatment, whereas it decreased by half in the PB. Therefore, the
pretreatment with dendrimers increased transepidermal water loss and decreased skin
resistance (skin barrier modification), explaining the improvement in 5FU skin permeation.

The PAMAM dendrimer was also used as a carrier for 8-methoxypsoralen (8-MOP)
to facilitate its penetration into the deep layer of the skin of a mouse [199]. The use of
the dendrimer significantly increases the concentration of 8-MOP that penetrates the skin.
The PAMAM G4 achieves a higher skin concentration of 8-MOP than the PAMAM G3
dendrimer. Another study also showed that PAMAM dendrimers can effectively improve
the penetration of non-steroidal anti-inflammatory drugs such as ketoprofen and diflunisal
through the skin [206].

In 2017, Volz et al. studied the interaction of fluorescein isothiocyanate (FITC)-labeled
PAMAM-derived tectodendrimers with human skin tissue. They demonstrated via fluores-
cence microscopy (FLIM) that tectodendrimers penetrate the stratum corneum of human
skin but do not cross the tight junction barrier or the stratum basale [207].

Furthermore, the effects of iontophoresis and sonophoresis on the permeation or
deposition of peptide dendrimers through or within human skin could demonstrate that the
skin permeation of dendrimers is enhanced by sonophoresis and iontophoresis, compared
to conventional passive diffusion studies [196,198]. These dendrimers are stable for 6 h
in the epidermis and dermis, and it is only after 24 h that certain small molecular weight
dendrimers penetrate the epidermis [198].

Peptide dendrimers formed from three amino acids—glycine, arginine and lysine—have
also been used for the cutaneous administration of ketoprofen covalently bound with these
dendrimers [208]. This study, performed on mouse skin in vivo and in vitro, showed that
these dendrimers improved the solubility of ketoprofen and significantly increased the
skin permeability by sonophoresis after 6 h. The permeation of 5-fluorouracil through the
human epidermis, assisted by these peptide dendrimers, is also improved [197], as well as
the transdermal administration of the antioxidants silibinin and epigallocatechin-3-gallate
(EGCG) [209].

6. Conclusions

Dendrimers are a class of macromolecules known for their architecture and their
properties, particularly for the encapsulation and delivery of active substances in differ-
ent fields. They are mainly synthesized by two approaches, divergent and convergent.
The cytotoxicity of dendrimers depends on the nature of the charge and the number
of generations.



Macromol 2023, 3 363

Their interest for the cosmetic field is undeniable. They improve the permeability
and diffusion of active ingredients in the skin. The nature, concentration, charge, size and
hydrophobicity of the dendrimers influence both their penetration into the skin and the
delivery of the active principle. The study of their interactions with the skin is essential for a
better understanding of their activity and for the development of efficient and non-cytotoxic
dendrimers. With the skin being a very complex system, the use of biomimetic models of
the skin, and more particularly, of the SC, is a promising approach to obtain information at
the molecular level.
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