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The self-assembly behaviour both in bulk and in water of amphiphilic dendrimeric derivatives based on

bis-MPA is the central theme of this article. The designed molecules possess two parts with different

polarity; this feature is the key factor that forces their self-assembly in water into supramolecular

architectures, due to hydrophobic interactions between the lipophilic fractions of the molecules, and the

appearance of mesomorphic order in bulk in response to a variation of temperature (thermotropic liquid

crystals). The effects provoked by the hydrophilic/lipophilic balance of the molecule were studied varying

the generation of the corresponding dendrons and combining them via CuAAC click chemistry in order to

obtain symmetrical and unsymmetrical final Janus dendrimers. The ability of the aggregates formed in

water to encapsulate hydrophobic drugs has also been explored.

Introduction

Dendrimers are monodisperse or nearly monodisperse
macromolecules characterized by a regular and highly
branched three-dimensional architecture. They consist of three
main parts: the multifunctional central core, the interior
branches formed by repeating monomeric units and the
external functional groups. All the portions of the dendrimer
contribute to determine a huge range of nano-physicochemical
properties as well as the overall size, shape, reactivity and
flexibility."

The combination of conventional synthetic approaches,
divergent™> or convergent strategies,*’ and new synthetic
procedures, eg. chemoselective methods (click chemistry),®'*
allows the realization of ad-hoc tailored dendrimers possessing
specific and desired features. For instance, the possibility to
synthesize separately dendrons with different characteristics
and to couple them in the last synthetic step allows the easy
production of dendrimers with two different functionalities in
two precise areas. Such dendrimers are known as Janus
dendrimers."

When the difference between the dendrons composing the
dendrimer relies on their polarity, amphiphilic Janus
dendrimers are prepared.'®?° The different polarity between the
two blocks of the dendrimer is the key factor that favors the
spontaneous  self-assembly  in into  complex
supramolecular structures. The poor affinity of the lipophilic
block for the aqueous media provokes the appearance of
hydrophobic interactions between the lipophilic fractions of the
molecules that tend to hide from the exterior media. The
resulting structures present a hydrophilic outer layer that
surrounds and stabilizes the lipophilic interior fraction
(micelles, vesicles, multi-layered structures, etc.).21 Moreover,
the different affinity between the two blocks can favor also the

water

formation of long-range order in the absence of solvent as
response to a variation of the temperature, i.e. thermotropic
liquid crystals.”*? The structure of the molecule, the
characteristics of the blocks and the ratio between the
hydrophilic and the lipophilic parts play a crucial role in the
determination of the features of the compounds such as their
ability to form mesophases and their ability to self-assemble in
water forming different architectures.”

Furthermore, dendrimers have shown great potential for the
design of efficient vehicles for drug delivery, mainly forming
either covalent or guest-host drug-dendrimer conjugates.* The
possibility of Janus-type amphiphilic dendrimers to self-
assemble in supramolecular structures makes them excellent
candidates to implement nanoaggregates in aqueous solution,
which in turn could trap molecules. Amphiphilic dendrimers
have been described to form a variety of supramolecular
nanostructures,'®* enabling the effective internalization of
their encapsulated drugs into cells.?®

In this work, we present a series of amphiphilic Janus
dendrimers derived from 2,2-bis(hydroxymethyl)propionic acid
(bis-MPA). Bis-MPA based dendrimers exhibit excellent
aqueous solubility and are easy to fabricate via convergent or
divergent methods. They have proven to be perfectly suitable
to build drug carriers’”® thanks to their low cytotoxicity and
biodegradability. The Janus dendrimers proposed in this article
are formed by two bis-MPA dendritic blocks of different
polarity (Chart 1). The hydrophilic block consists on a bis-
MPA dendron with free terminal —OH groups,'”"? while, for
the lipophilic block, the bis-MPA dendron is functionalized
with aliphatic chains derived from stearic acid. The
composition of the final Janus dendrimers relies on the
combination of equal or different generations of both types of
so dendron, which are readily linked together with Cu(I)-
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Chart 1 Structure of the amphiphilic Janus dendrimers

s Experimental

Materials

6-chlorohexanol, sodium azide, 2,2-
Bis(hydroxymethyl)propionic acid (bis-MPA), Stearic acid,
Pd/C, CuSOy,, sodium ascorbate, N,N’-

10 dicyclohexylcarbodiimide (DCC) were purchased from Aldrich
and used without further purification. Anhydrous CH,Cl, was
purchased from Scharlab and dried using a solvent purification
system. Plitidepsin was supplied by Pharma Mar and used
without further purification. Ultrapure Milli-Q water (p= 18.2

1s MQ-em™) was used to favor the formation of aggregates.

Synthesis

In order to perform the CuAAC reaction in the final step of the
dendrimer synthesis, both types of dendron were synthesized

separately and functionalized on the focal point with the

20 necessary groups: an alkyne group for the lipophilic block and
an azide group with a hexamethylenic spacer for the
hydrophilic block. The synthesis of the dendrons followed the
divergent method, adapting reactions published in the
literature,®® and the generation was grown following the

»s Steglich method,”' which employs dicyclohexylcarbodiimide
(DCC) and 4-(dimethylamino)pyridinium p-toluenesulfonate
(DPTYS) as activating agents.

Aggregates formation, TEM and encapsulation studies

The formation of aggregates was carried out employing the oil-

30 in-water method. Each amphiphlic compound was dissolved in

a volatile, non-water-soluble solvent, then milli-Q water was

added and the mixture stirred rapidly until complete
evaporation of the organic fraction (see the ESI).*?

The morphology of the aggregates formed after the self-
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assembly of the Janus dendrimers in water was studied with the
aid of Transmission Electron Microscopy (TEM) using uranyl
acetate 0.1 N as negative stain.
The encapsulation procedure was performed employing the
s oil-in-water method explained before and adapted for this
specific procedure. The amphiphilic compound was dissolved
in dichloromethane at 0.5umol/mL. In order to exploit the
complete payload capacity of the aggregates, a concentration of
Plitidepsin of 1 pmol/mL, was chosen to perform the
10 encapsulation (see the ESI).

Results and discussion
Synthesis and characterization

The synthesis of the dendrons started with the selective
protection of the hydroxyl groups of the bis-MPA as acetals. In
is the following step, the focal point of this compound was
functionalized with an alkyne group in the case of the
lipophilic dendrons and with an azide group through an
hexamethylenic spacer in the case of the hydrophilic dendrons.
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The first three generations of both dendrons were obtained
20 employing the divergent approach, alternating steps of growth
of the generation via the Steglich esterification with N,N’-
dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)
pyridinium  4-toluenesulfonate (DPTS) and steps of
deprotection of the hydroxyl groups with Dowex (Scheme 1).
»s In the case of the lipophilic dendrons, the functionalization of
the periphery of the dendrons with stearic acid chains was
performed via Steglich esterification in the final step.
The characterization of all the compounds was performed
via 'H-NMR, "“C-NMR, FTIR, GPC and MS (see the ESI).
30 The characterization by FTIR spectroscopy of the hydrophilic
dendrons revealed the presence of the azide group through an
intense sharp peak at 2092 cm’ that corresponds to the
stretching vibration of the -N=N"=N- bonds. A proof of the
presence of free hydroxyl groups on the periphery of the
35 dendron was the wide band recorded at approximately 3200
em’! associated to the stretching vibration of the O-H bond
(Fig S3-1 in the ESI).
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Scheme 1 Divergent approach employed to synthesize the dendrons til the second generation

The FTIR characterization of the lipophilic dendrons
confirmed the presence of the alkyne group through the
observation of a small sharp peak at ca. 3300 cm™, related to
the stretching vibration of the =C-H bond. The presence of the
aliphatic chains produces a noticeable increase in the intensity
of the band relative to the symmetric and asymmetric
stretching vibration of the -C-H bonds (2950-2850 cm’™"). The
presence of unique species with precise molecular weight was
confirmed by gel permeation chromatography (GPC), which
showed a single sharp symmetric peak, and by mass
spectrometry (MS), which detected only the [M+Na]" peak. No
so peaks, relative to incomplete products or starting reagents,

were present (ESI).

I
S

-~
iy

The final Janus dendrimers (Chart 1) were obtained by
coupling of two dendrons of opposite polarity via CuAAC
click chemistry. The catalytic system chosen to run the CuAAC

ss reaction was CuSO,4 5H,O as source of Cu(ll) and sodium
ascorbate as reducing agent for the production of the Cu(l)
species; the solvent was a mixture of dichloromethane,
dimethylformamide and water in a ratio 8:1:1, respectively.
The reaction mixture was stirred for 48 hours and the
0 temperature was varied depending on the cases (the specific
conditions used for each product are reported in the ESI, S3).
The purification of the products was performed by washing the
reaction mixture with a water solution of KCN that, being able
to form a stable complex with Cu(I), allowed the elimination of
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copper traces from the solution. The elimination of remaining
starting material was achieved, in general, by recrystallization
of the product from hexanes and/or by precipitation of the
product dissolved in dichloromethane with cold methanol.

The successful formation of the triazole ring and the
disappearance of the starting materials were deduced from
FTIR spectra (Fig. S3-1 in the ESI) by the absence of the two
main characteristic signals of the starting dendrons: the peak
relative to the stretching vibration of the -N=N'=N- bonds of
the azide group (2092 cm™), and the peak of the H-C stretching
vibration of the alkyne group of the lipophilic dendron (3200
em™).

'H NMR helped to confirm the formation of the Janus
dendrimer. Compound G»(C17)4-G3(OH)g is used to explain
the '"H NMR study (Fig. 1). The formation of the Janus
dendrimer is confirmed by three main signals due to the
hydrogens a, b and c. The peak recorded at 8;=7.59 ppm (s,
1H; a) corresponds to the formation of the heterocycle as a
linker between the two dendrons. The formation of the triazole
ring also provokes the downfield shift of the peaks due to b
hydrogens (from 06y=4.72 ppm to &y=5.23 ppm) and C
hydrogens (from 8y=1.62 ppm to dy=1.95 ppm.) with respect
to the starting dendrons. Also the signals related to d and e
protons suffer small downfield shifts to dy=1.66 ppm and
S6y=1.58 ppm, respectively.

1
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Fig. 1 "TH-NMR spectrum of G,(C17)4-G3(OH)s,
representation of the molecular structure and assignation of the signals
to their corresponding hydrogens.

22 20 18 16 14 12 10 08

The GPC of the final amphiphilic Janus dendrimers present
a unique monomodal and symmetric peak confirming the
presence of a single species with a precise molecular weight.
The peaks corresponding to the starting materials were not
detected and the one relative to the Janus dendrimer appeared,
as expected, at lower retention time (Fig. S3-2 in the ESI). In
the MS spectra, the presence of a single peak corresponding to
[M+Na]" (Figure S3-3), confirmed the correct formation of the
final product and the absence of starting materials. Compound
G1(C17),-G3(OH)g represents an exception since its MS
spectrum presents a distribution of peaks due the high power
required for the ionization of the compound that provokes
fractures on the molecule resulting in a distribution of peaks
(Fig. S3-4 in the ESI).

Thermal and Mesomorphic Properties

45 The microsegregation between units of different nature present
in the structure of the dendrimeric molecule is the driving force
that can promote mesomorphic behavior. The study of the
thermal behavior of the Janus dendrimers started with the
evaluation of the thermal stability of both starting reagents and

so final compounds by thermogravimetric analysis (TGA). All the

compounds presented good thermal stability, with weight loss
of 5% at temperatures superior to 200°C (Fig S4-1 and Table

S4-1 in the ESI). Then, the thermal behavior of the Janus

dendrimers was studied by polarized optical microscopy

(POM), equipped with heating stage, and differential scanning

calorimetry (DSC), and the structure of the mesophases was

studied by X-ray diffraction. The thermal and structural data
are gathered in Table 1. Since several reports in bibliography
show the ability of dendritic wedges to form liquid crystal
mesophases,™>* also the thermal behavior of the starting
lipophilic and hydrophilic dendron was studied; none of them
shows liquid crystalline behavior (see Table S4-2 in the ESI).
POM observation of the final Janus dendrimers indicated
mesomorphic behavior for G3(C17),-G3(OH)s, G,(C17),-

G,(OH)4, G»(C17)4,-G3(OH)g (Fig. 2). The observed focal-

conic textures were all consistent with smectic A phases.

Furthermore, the appearance of black zones, help to this

assignation since they are related to homeotropic alignment,

usual in SmA mesophases.
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70 Table 1. Thermal and mesomorphic properties and layer spacing in the
SmA mesophase.

Dendrimer

G1(C17),-G1(OH),
G1(C17),-G>(OH),
G1(C17),-Gs(OH)g
G2(C17)4-G2(OH),4
Go(C17),-G5(OH)g
G(C17)5-Ga(OH)

Thermal transitions (°C) [kJ/mol]
C 40.6 [70.5]1
C143.3[57.9]1C,60.3 [5.1]1
C43.6[51.1] SmA 170° I 56
C127.4*[11.3] C,42.0 [11.4] SmA 55.4[0.6]1 50
C,25.7*[15.5] C, 43.7[93.1] SmA 132.7[0.6]1 56
C,28.3%[23.9] C, 42.7 [153.8] C; 77.4°[16.4] 1

d(A)

The temperatures were taken at the onset of the peak and correspond to
the second heating cycle, which was recorded at 10°C/min. C:
crystalline solid; SmA: smectic A mesophase; I: isotropic liquid. ® This

75 temperature corresponds to the maximum of the peak; ® This data was
obtained by optical observation since the transition was not detected by
DSC.

Fig. 2 Microphotographs taken at 50 °C on cooling from the isotropic
80 liquid for the LC Janus dendrimers. a) G1(C17),-G3(OH)g, b)
G,(C17)4-G2(OH), (after mechanical shearing), ¢) G,(C17)s-G3(OH)s

DSC analysis yielded thermograms that confirmed the
mesomorphic behavior of the three Janus compounds,
G1(C17)2-G3(OH)s, G3(C17)4-G2(OH)4, G5(C17)4-G3(OH)g,

ss as detected by POM observations (Fig. S4-2, S4-3 in the ESI).
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All the DSC curves, during the heating process, presented a
first intense endothermic peak corresponding to the transition
between the crystalline phase and the isotropic liquid
(compounds G1(C17),-G1(OH),, G1(C17),-G,(OH),,
G3(C17)g-G3(OH)g) or the mesophase (compounds G;(C17),-
G3(OH)s, G2(C17)4-G2(OH)4, Go(C17)4-G3(OH)g). G2(C17)4-
Gy(OH)y, and Gy(C17)4-G3(OH)g presented  several
endothermic peaks before the formation of the mesophase that
corresponded to transitions between different crystalline forms.
Moreover, they showed small peaks with low enthalpy values
(0.6 kJ/mol) that correspond to the transition between the SmA
phase and the isotropic liquid. This peak was not observed for
the mesogenic compound G;(C17)g-G3(OH)s, the clearing
temperature of which was deduced from POM observations.

All the three mesomorphic compounds show similar Cr-
SmA transition temperatures (between 42 and 44 °C), whereas
their clearing temperatures are very different depending on the
generation of the hydrophilic dendron. The highest the
hydrophilic content (G1(C17),-G3(OH)g), the highest the
clearing temperature and, hence, the widest SmA temperature
interval.

The three mesomorphic compounds were studied by X-ray
diffraction in the mesophase. The diffraction patterns presented
one or two maxima in the small angle region (Fig. S4-4 in the
ESI). The relation between the distances of both maxima was
1:2 confirming that the mesophase was lamellar. The lamellar
spacings calculated from these maxima are gathered in Table 1.
These lamellar spacings were compared with calculated
molecular lengths (Chem3D Ultra 7.0 included in the
ChemOffice 2002 software pack), and good accordance was
found, being the later slightly smaller taking into account the
disordered conformations of long alkyl chains of the
hydrophobic dendrons in the mesomorphic state (Table S4-3 in
the ESI).

According to these data and provided the amphiphilic nature
of the Janus mesogens, which promotes microsegregation to
favor interactions between molecular parts of equal nature, a
model is proposed in which layers are formed by the
antiparallel assembly of the molecules (Fig. 3).
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Fig. 3 Cartoon representation of the ideal arrangement of the molecules
due to microsegregation.

In this arrangement, layers exhibit hydrophilic surfaces that
allow interactions with contiguous layers, likely reinforced by
H-bonding interactions between —OH groups. This is supported
by the stabilization of the mesomorphic state for compounds
containing the hydrophilic G3(OH)g dendron, which shows
higher clearing temperatures while having similar melting
temperatures than compound G,(C17)4-G,(OH), (ESI, S4).
Indeed, eight superficial —-OH groups per dendrimer should
reinforce H-bonding interlayer interactions in a greater extent
than four superficial —-OH groups per dendrimer, and this
accounts for the broad mesomorphic range of G3(OH)g-
containing compounds.
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Self-assembly in water

ss The preparation of aggregates in water was undertaken for all

the compounds excluding G1(C17),-G1(OH),, for which it was
not possible to get aggregations at the concentration equal to its
solubility limit (ESI, S5). For this purpose, the oil-in-water
method was performed, which employs two immiscible phases:
water and dichloromethane as the organic solvent.*

The morphology of the aggregates formed upon self-
assembly was studied by TEM. Fig. 4 represents TEM images
corresponding to all the Janus dendrimers studied, showing
their corresponding morphology, which is related with a model
of aggregation and the size balance between the hydrophilic
and lipophilic parts of the amphiphilic molecules.

For compounds G;(C17),-G,(OH)4, G,(C17)4-G3(OH)g and
G1(C17),-G3(OH)g, since the generation of the lipophilic
dendron is smaller than the generation of the hydrophilic
dendron, it is reasonable to apply a cone-like model. The
formation of elongated micelles is observed for all three
compounds, which is consistent with the theoretical model
proposed for molecules with packing parameter between 1/3
and 1/2, which arrange in cylindrical and tubular micelles.”
The morphology of the aggregates appears very similar for
G1(C17),-G(OH), and G,(C17)4-G3(OH)g, although the
thicknesses of their corresponding bilayer models are different,
being the ones formed by compound G,(C17)4-G3(OH)g
thicker compared the ones formed by compound G;(C17),-
G,(OH),. Regardless the size of the hydrophilic dendron, the
Janus dendrimers containing G;(C17), dendron show similar
micelle dimensions.

For compounds with the same generation of both dendrons,
Gz(Cl?)g'Gz(oH)g and G3(Cl7)8'G3(OH)8, a cylindrical
model in which the lipophilic part occupies a cylinder whose
base is similar to the surface of the hydrophilic part, can
explain the morphology observed in TEM images. Such
cylindrical geometry may favor the formation of flexible
bilayers in accordance with the theoretical model proposed for
molecules with packing parameter between 1/2 and 1, which
should arrange into flexible bilayer or vesicles.*> For
compound G3(C17)g-G3(OH)s (Fig. 4), bilayers with
thicknesses ranging from 9 nm to 12 nm are visible. These
distances are in agreement with a distance of 6 nm estimated
(Chem3D Ultra 7.0 included in the ChemOffice 2002 software
pack) for the molecular length of the dendrimer. As shown in
the cartoon representation in Fig. 4, the inner part of the bilayer
is formed by the interaction between the aliphatic chains (light
grey areas in TEM image), while the surface of the aggregates
is composed by the hydroxyl groups of the hydrophilic block
(dark grey areas in TEM image), in contact with the polar
environment. The different thickness can be attributed to a
different overlapping of the aliphatic chains. Compound
G,(C17)4-G,(OH), displays a very different morphology with
respect to the other compounds. Aggregates, homogeneous in
dimensions and with diameters around 50 nm are observed in
TEM images. These structures cannot be easily explained as
formed by individual bilayers. Nevertheless, considering the
structural similarity of compound G,(C17)4-G,(OH), with the

o rest of the Janus dendrimers it can be proposed that bilayer

structures are indeed present but they can bend and roll-up

This journal is © The Royal Society of Chemistry [year]
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forming nanospheres.*® It is significant that these nanospheres

are very regular in dimensions. However, the definite nature of
these aggregates is not fully clear as it is difficult to establish if

.................

the roll-up of the bilayer formed an empty vesicle or a solid
s packed structure.

INCREASING HYDROPHILIC CONTENT

G,(C 17),-G,(OH), G,(C 17),-G,(OH),

1/2<p<l 1/2<p<1

G,(C 17),-G4(OH),
L 0 <

1/3<p<i/2

G,(C17),-G,(OH), G,(C17),-G,;(OH),

1/3<p<lf2 1/3<p<1/2

Fig. 4 TEM images corresponding to all the Janus dendrimers studied. A molecular model is assigned to each compound that represents the size balance
between the hydrophilic (red) and lipophilic (blue) parts. The observed morphology is represented by an aggregation model in each case.

1o According to the formation of aggregates of different
morphologies in water, we considered of interest to undertake
preliminary studies on the possibilities of these amphiphilic
Janus dendrimers to encapsulate hydrophobic molecules, which
could set the basis for future studies of these systems as

1s potential drug carriers. The encapsulation ability of the
amphiphiles was tested employing Plitidepsin, a lipophilic
anticancer drug supplied by PharmaMar. For this purpose, the
maximum possible concentration of dendrimer and drug in
water was calculated as explained in the supporting

20 information (S6). The results of the evaluation of the
concentration in solution of both the amphiphilic Janus
dendrimers and Plitidepsin are collected in table 2.

Table 2 Concentration data corresponding to the encapsulation of
Plitidepsin.

Dendrimer  Plitidepsin P/D

mg/mL mg/mL mol

Gi(C17),-Go(OH), 0.03 0.007 0.20
G1(C17),-G3(OH)s 0.17 0.002 0.02
G(C17)s-G2(OH)4 0.05 0.030 1.05
G,(C17)4-G3(OH)s 0.07 0.010 0.30
G3(C17)5-G3(OH)s 0.16 0.014 0.31

25
The lipophilic content plays a key role in the encapsulation
of Plitidepsin. Analyzing the reported data, it is evident that the
compounds that present the highest lipophilic content show
better encapsulating ability compared to the ones composed by
3 a bigger hydrophilic fraction. Indeed, G,(C17),-G,(OH),

(column P/D in table 2) is able to encapsulate more than one
mole of drug per mole of dendrimer. This positive result is
probably due to the fact that this compound presents the best
ratio between the lipophilic and the hydrophilic blocks; being
the lipophilic part big enough to create an adequate
hydrophobic environment for the drug, and the hydrophilic
block sufficient to guarantee the solubilization of the whole
system. Besides Gy(C17)4-G,(OH),, the following two
compounds that show good ability to encapsulate Plitidepsin
are G»(C17)4-G3(OH)g and G3(C17)g-G3(OH)g, confirming the
predominant role played by the lipophilic block. Another
confirmation of this hypothesis is the poor loading capacity
showed by the two compounds composed by the first
generation lipophilic dendron (G1(C17),-G»(OH)4, G1(C17),-
G3(OH)g). Compound G;(C17),-G3(OH)g, being the
compound with the lowest lipophilic content, shows the worst
encapsulating ability solubilizing only 0.02 mole of Plitidepsin
per mole of dendrimer (50 molecules of dendrimers solubilize
1 molecule of drug). Probably, the small lipophilic part of this
so compound is not sufficient to guarantee the formation of an

adequate hydrophobic environment for the encapsulation of

Plitidepsin.
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Conclusions

Six Janus amphiphilic compounds have been studied. All the
ss Janus dendrimers present good thermal stability and three of
them (Gy(C17)-G3(OH)s, G2(C17)4-G2(OH)s, Go(C17)4-
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G3(OH)g) show liquid crystal behavior originating smectic A
mesophases. Due to their amphiphilic nature, all the
compounds, excluding G;(C17),-G;1(OH),, self-assemble in
water forming supramolecular micellar architectures or, in the
specific case of compound G,(C17)4-G,(OH),, spherical
aggregates. The aggregates have been proven successful to act
as host systems to encapsulate a hydrophobic drug, being the
most successful amphiphilic compound G»(C17)4,-G,(OH),
that presents the higher lipophilic content but, meanwhile, a
sufficient hydrophilic fraction that stabilizes the whole system
in water.
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