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ABSTRACT: Dendrimersomes are stable, monodisperse uni-
lamellar vesicles self-assembled in water from amphiphilic Janus
dendrimers. Their size, stability, and membrane structure are
determined by the chemical structure of Janus dendrimer and
the method of self-assembly. Comparative analysis of the

periodic arrays in bulk and dendrimersomes assembled by

ethanol injection in water of 11 libraries containing 108 Janus
dendrimers is reported. Analysis in bulk and in water was
performed by differential scanning calorimetry, X-ray diffrac-
tion, dynamic light scattering, and cryo-TEM. An inverse pro-
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portionality between size, stability, mechanical properties of dendrimersomes, and thickness of their membrane was discovered.
This dependence was explained by the tendency of alkyl chains forming the hydrophobic part of the dendrimersome to produce the
same local packing density regardless of the branching pattern from the hydrophobic part of the dendrimer. For the same
hydrophobic alkyl chain length, the largest, toughest, and most stable dendrimersomes are those with the thinnest membrane that
results from the interdigitation of the alkyl groups of the Janus dendrimer. A simplified spherical-shell model of the dendrimersome
was used to demonstrate the direct correlation between the concentration of Janus dendrimer in water, ¢, and the size of self-
assembled dendrimersome. This concentration-size dependence demonstrates that the mass of the vesicle membrane is
proportional with c¢. A methodology to predict the size of the dendrimersome based on this correlation was developed. This
methodology explains the inverse proportionality between the size of dendrimersome and its membrane thickness, and provides a
good agreement between the experimental and predicted size of dendrimersome.

B INTRODUCTION

Unilamellar vesicles self-assembled in water from natural and
synthetic phospholipids (liposomes)," amphiphilic block copo-
lymers (polymersomes),” and more recently amphiphilic Janus
dendrimers (dendrimersomes)® can mimic primitive and con-
temporary biological membranes,” probe cell machinery,”* and
can be configured into biomimetic nanocapsules with techno-
logical applications ranging from nanomedicine® such as gene,
proteins, and drug delivery7 and theranostics,® to cosmetics,%’b
food, and agriculture.” All these technological applications
require stable and monodisperse vesicles of very specific dimen-
sions, stability in various media, impermeability, and good mech-
anical properties.”'® Even liposomes assembled from natural
phospholipids in the absence of cholesterol produce polydis-
perse, permeable, unstable, and poor mechanical properties lipo-
somes. Therefore, all methods for the preparation of vesicles'!
require multiple fractionations most conveniently by extrusion' '8
in order to generate vesicles of specific size and polydispersity.
Amphiphilic Janus dendrimers have been discovered to produce
monodisperse, stable in time up to one year, and impermeable
dendrimersomes with excellent mechanical properties by simple
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injection of their ethanol solution in water or in a buffer.® The
ethanol injection represents the simplest method to produce
vesicles from phospholipids. This procedure eliminates the oxi-
dation and degradation of phospholipids produced by high energy
sonication.''* However, liposomes prepared by this method re-
quire stabilization and fractionation by one of the classic methods.""

The mechanism of formation of vesicles is not completely
elucidated, although sporadically both examples of monodisperse
and stable vesicles were reported.'> Therefore, any methodology
that can predict the size of monodisperse, polydispersity, and
physical properties of vesicles from the primary structure of their
precursors or even by using empirical rules would endow pro-
gress in this field. This publication reports the first attempt to
correlate the size and physical properties of monodisperse and
stable dendrimersomes self-assembled by the ethanol injection
method with the primary structure of the amphiphilic Janus
dendrimer and with the morphology of their periodic arrays self-
organized in bulk state. Eleven libraries containing 108 amphiphilic
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Figure 1. Summary of selected strategies to stable vesicles. Stealth liposomes co-assembled from phospholipids with phospholipids conjugated with
water-soluble poly(ethylene glycole) and cholesterol (left). Polymersomes assembled from block-copolymers (middle). Dendrimersomes assembled
from amphiphilic Janus dendrimers (right). The color code used is: green for the hydrophobic parts and blue for the hydrophilic parts.

Janus dendrimers were analyzed in bulk state by a combination of
differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) experiments, and in water by dynamic light scattering
(DLS) and cryo-transmission electron microscopy (cryo-TEM).
A remarkable correlation of the primary structure with the struc-
ture generated in bulk and in water, both at room temperature,
was discovered. On the basis of this correlation, a methodology
to predict the size and some properties of the monodisperse dendri-
mersomes was elaborated.

B RESULTS AND DISCUSSION

A Brief Discussion of the Methods To Stabilize Vesicles. As
briefly mentioned in the Introduction, the stability in time, in a
variety of media, and as a function of temperature of the lipo-
somes generated from natural and synthetic phospholipids de-
creases in the absence of cholesterol, especially in serum.'® Early
successful attempts to stabilized liposomes involved polymeriza-
tion of a 2D network in the hydrophobic part of the unilamellar
structure of their membrane'*'* and interactions of the liposome
with charged synthetic polymers.'> The most recent and most
successful attempts to stabilized liposomes and vesicles are
summarized in Figure 1.

Co-assembly of phospholipids with phospholipids conjugated
to a water-soluble polymer such as poly (ethylene glycol) (PEG)
and cholesterole leads to a class of liposomes known as sterically
stabilized liposomes or Stealth liposomes.' Sterically stabilized
liposomes (left side of Figure 1) require the co-assembly with
cholesterol in their hydrophobic part in order to mediate good
mechanical properties and decrease the membrane permeability.
Stealth liposomes are already used commercially for the intrave-
nous delivery of cancer d1'ugs.7a’e’16 Additional examples of lipo-
somes with improved membrane properties involve phospholipids
based on cholesterol as their hydrophobic part.'” Polymersomes
(middle part of Figure 1) are assembled from amphiphilic block
copolymers.” They are very stable in time, exhibit good mechanical
properties but are polydisperse. In addition, due to the limited
solubility of most block copolymers in ethanol, their polymer-
somes cannot be prepared by the ethanol injection method. They
are also polydisperse both as building blocks and as vesicles and
their wall thickness is wider than that of liposomes. Dendrimer-
somes (right side of Figure 1) were recently reported from our
laboratory.® They are assembled from monodisperse low gen-
eration (one or two) amphiphilic Janus dendrimers of lower

molar mass than block copolymers. They self-assemble by etha-
nol injection producing monodisperse vesicles that are stable up
to one year in water and in buffers at room temperature and above.
Dendrimersomes exhibit also mechanical properties as good as
those of polymersomes or of liposomes containing cholesterol.
Other examples of vesicles assembled from dendrimer and den-
drons based building blocks were reviewed.'® All vesicles assem-
bled from dendritic architectures including dendrimersomes are
complementary to other drug delivery systems elaborated from
dendritic building blocks."

Self-Assembly of Amphiphilic Janus Dendrimers in Bulk.
The synthesis of all amphiphilic Janus dendrimers discussed in
this publication was reported previously.’ The morphologies self-
assembled in bulk by 108 amphiphilic Janus dendrimers were
analyzed by a combination of differential scanning calorimetry
(DSC) and X-ray diffraction (XRD) experiments. Details of their
analysis as a function of temperature are available in the Support-
ing Information and are summarized in Supporting Tables ST1—STS5.
DSC data revealed that 34 out of 46 amphiphilic Janus dendri-
mers functionalized with methoxylated oligoethylene glycol
hydrophilic groups are liquid at 25 °C (74%). Their analysis by
small-angle XRD confirmed that at 25 °C these 34 compounds
are isotropic melts.

Figures 2—4 present the chemical structure of four libraries
of Janus dendrimers and summarize the structural information
of their self-assembled morphologies in water at 25 °C and in
bulk at 25 °C or as close to it as accessible. It must be mentioned
that the thickness of the lamellae shows a small change in this
temperature range (Supporting Tables ST1—STS). This change
does not affect the trend observed and the conclusion of this
report. Supporting Figure SF1 details a similar summary for the
libraries 5—11. Supporting Tables ST1—STS summarize the
detailed results of the structural characterization by XRD of 72
compounds exhibiting lamellar (47 structures), columnar hexa-
gonal (17), columnar hexagonal superlattice®® (1), columnar rect-
angular (22), cubic (1 Pm3n”" and § 1a3d*°%*'*?% cubic), P4,/
mnm tetragonal® (1), and 12-fold quasi-periodic* (1) phases.
Considering that the molecular structure of the amphiphilic
Janus dendrimers investigated (Figures 2—4) can be approxi-
mated by a sheet-like shape, upon self-assembly, they are expec-
ted to generate predominantly lamellar structures.”® The experi-
mental results determined by XRD demonstrated that at 25 °C
the lamellar phase is formed at low temperature by more than
65% of the Janus dendrimers.
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Figure 2. Structures of the amphiphilic Janus dendrimers from library 1, their short notations, and the summary of their self-assembly in water at 25 °C
and in bulk state in the order of their increasing temperature. The size (in nm), polydispersity (in between parentheses), the morphologies self-
assembled in water and in bulk, and the thickness of the lamellae from bulk (in nm) are indicated. When more than one structure is reported in water, it
was obtained by a different method (ref 3). The black arrows illustrate the increase of the size of the structures assembled in water. The gray arrows
indicate the increase of the lattice parameter of the lamellar phases formed in bulk as close as accessible to or at 25 °C. The light blue and yellow shades
mark the correlations between structures in bulk and in water. Additional details are in Supporting Tables ST1—STS.

The detailed analysis and structural characterization of the
columnar, cubic, quasi-periodic, and tetragonal phases discov-
ered in these 11 libraries of Janus-dendrimers will be reported
elsewhere. In this report, our analysis is concentrated primarily
on the lamellar structures self-organized from Janus-dendrimers
at about 25 °C, as their structural characterization is relevant to
our goal of characterizing, understanding, and predicting the for-
mation of unilamellar dendrimersomes in water at the same
temperature.

An inspection of the XRD data of the lamellar phase reported
in Figures 2—4 at 25 °C or as close to it as accessible and in
Supporting Tables ST1—STS also at other temperatures reveals
an important trend between the molecular structure of the Janus
dendrimers and the thickness of the lamellae at 25 °C. With no
exception, the lattice parameter dyg, of the lamellar phase formed
by Janus dendrimers, which corresponds also to the layer thick-
ness, follows the trend given by eqs 1 and 2. Because of their
denser packing, the difference between the layer thickness of
(3,4)nG1-X and (3,4,5)nG1-X is much less affected by the
architecture of their hydrophobic branching point, although the
3,4,5-pattern shows in most cases lower thickness values than the
3,4-branching pattern. However, in very few examples, particu-
larly, at higher generations of the hydrophilic part of the Janus
dendrimer, these two hydrophobic patterns show equal or even

reversed lamellae thickness. This difference is so small that it
could be at the limit of the method and it is also from too small
number of experimental data in order to be conclusive (compare
Figures 2 and 4). Therefore, more research is required to clarify
the difference between the 3,4 and 3,4,5-hydrophobic branching
patterns.

layer thickness<3y #nG1 —x > layer thickness<3y SIGI —X (1)

layer thickness; , 5,6, _x > layer thickness3 §.c, x  (2)

In eqs 1 and 2, X denotes the structure of the hydrophilic part of
the Janus dendrimer, as illustrated in the left side of Figures 2—4.
For a specific hydrophilic structure of the Janus dendrimer, these
correlations demonstrate that the lattice parameter of the lame-
llar phase is controlled by the branching pattern of the hydro-
phobic part. Furthermore, this dependence demonstrates that
the (3,5)nG1- branching pattern of the alkyl chains generates
layers with smaller thickness than the (3,4)nG1- and (3,4,5)nG1-.
This suggests a more interdigitated packing of the layers forming
the lamellar phase self-organized from (3,5)nG1-X Janus den-
drimers. Therefore, the structural characterization of 108 Janus
dendrimers was organized in Figures 2—4 in order to follow the
structure of their hydrophobic and hydrophilic part. In addition
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Figure 3. Structures of the amphiphilic Janus dendrimers from library 2, their short notations, and the summary of their self-assembly in water at 25 °C
and in bulk state in the order of their increasing temperature. The size (in nm), polydispersity (in between parentheses), the morphologies self-
assembled in water and in bulk, and the thickness of the lamellae from bulk (in nm) are indicated. When more than one structure is reported in water, it
was obtained by a different method (ref 3). The black arrows illustrate the increase of the size of the structures assembled in water. The gray arrows
indicate the increase of the lattice parameter of the lamellar phases formed in bulk as close as accessible to or at 25 °C. The light blue and yellow shades
mark the correlations between structures in bulk and in water. Additional details are in Supporting Tables ST1—STS.

to the molecular structures, Figures 2—4 detail the structural
parameters determined in water at 25 °C, listed in the order: size
by DLS, polydispersity, and type of morphology defined in
Supporting Tables ST1— STS and also in Figures 2—4, as well
as the structural parameters determined by XRD in solid state at
25 °C, listed in the order: dyo; and phases in the order of in-
creasing temperature as defined in Supporting Tables ST1—STS.

The gray arrows shown in Figures 2—4 indicate the increase of
the lattice parameter dyo; of the lamellar phase, observed for all

20510

the sublibraries of Janus dendrimers. In this report, a sublibrary
of Janus dendrimers is defined by the three structures that
correspond to three branching patterns for the hydrophobic part,
(3,4)-, (3,5)-, and (3,4,5)-, respectively, while the structure of the
hydrophilic part is identical. For example, the top of Figures 2—4
show the structure and branching pattern of the hydrophobic part
of the amphiphile (green color). In the left side of Figures 2—4,
for each sublibrary of Janus dendrimers, the structure of their
hydrophilic part is detailed (blue color).
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Figure 4. Structures of the amphiphilic Janus dendrimers from libraries 3 and 4, their short notations, and the summary of their self-assembly in water at
25 °C and in bulk state in the order of their increasing temperature. The size (in nm), polydispersity (in between parentheses), the morphologies self-
assembled in water and in bulk, and the thickness of the lamellae from bulk (in nm) are indicated. The black arrows illustrate the increase of the size of the
structures assembled in water. The gray arrows indicate the increase of the lattice parameter of the lamellar phases formed in bulk as close as accessible to
or at 25 °C. The light blue and yellow shades mark the correlations between structures in bulk and in water. Additional details are in Supporting Tables

ST1-STS.

Figure 5 shows typical powder XRD data observed for a sub-
library of Janus dendrimers forming lamellar phases. The lattice
parameter dgo; of (3,4)12G1-PE-TP-G2-(OH)g and (3,4,5)12G1-
PE-TP-G2-(OH)g Janus-dendrimers are relatively close, 69.7
and 67.3 A, respectively (Figure Sa). However, these two values
are, by 34% and 32%, respectively, larger than the 45.9 A lattice
parameter of the lamellar phase formed by (3,5)12G1-PE-TP-
G2-(OH)g Janus dendrimer. The reconstructed relative electron
density distributions shown in Figure Sb illustrate the significant
reduction of the thickness of the low electron density region,
marked in green, which corresponds to the aliphatic part of the
Janus dendrimer (3,5)12G1-PE-TP-G2-(OH)g. The molecular
models of the sublibrary 15 of Janus dendrimers Y-PE-TP-G2-
(OH)g, shown in Figure Sc, demonstrates the more interdigi-
tated packing of the aliphatic chains®® in the lamellar structure of
(3,5)12G1-PE-TP-G2-(OH); in comparison with (3,4,5)12G1-
PE-TP-G2-(OH)g and (3,4)12G1-PE-TP-G2-(OH)g. The 3,4,
S-branching pattern gives only slightly better packing than the
3,4-based architecture. The clarification of this small difference
requires additional research.

A similar trend that correlates the lattice parameter of the
lamellar phases and the branching pattern of the hydrophilic part
of the Janus-dendrimers can be established from the XRD data
summarized in Supporting Tables ST1—STS and Figures 2—4.

Nevertheless, the systematic change of thickness between the
three branching patterns of the hydrophilic part, -(3,4)nEO-,
-(3,5)nEO, and -(3,4,5)nEO-, respectively, seems to be less sig-
nificant (Figure 6). This effect is diminished most probably due
to the increased conformational freedom of the oligoethylene
glycol chains in comparison with the alkyl chains, within the same
temperature range. The difference between the length of the hydro-
phobic and hydrophilic chains can also account for the diminish-
ing effect of the branching pattern of the oligoethylene glycol
chains to the thickness of bilayer but to a lesser extent. This is
supported by the observation that the thickness of the layers can
be increased by a roughly 3 or 4 times larger percentage via
changes of the branching pattern of the alkyl chains. For example,
in Figure 6a, the thickness of the layers were increased only by
7.5—13.5% due to the change of the branching pattern of the
hydrophilic chains versus 41.4—48.8% due to the branching
pattern of the hydrophobic chains. On the other hand, the dif-
ference in the length of a C12 alkyl chain and of a 3EO hydro-
philic chain in an all-trans conformation of approximately 25%
cannot provide by itself such significant differences. For example,
the thickness of the layers formed by (3,4,5)12G1-PE-(3,4)-
3EO-G1-(OH),4, 6.99 nm, and (3,4,5)12G1-PE-(3,4,5)-3EO-
G1-(OH)g, 7.25 nm, is larger than the 6.39 nm layer thickness for
(3,4,5)12G1-PE-(3,5)-3E0-G1-(OH),, but just by only 9.4%
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Figure S. Structures (a) and the corresponding powder XRD data collected in the lamellar phases of the indicated amphiphilic Janus dendrimers (b).
Reconstructed relative electron density maps (c) illustrating the change of the thickness of the layer from the less interdigitated (3,4)12G1-X and
(3/4,5)12G1-X to the more interdigitated (3,5)12G1-X amphiphilic Janus dendrimers (d).

and 13.5%, respectively. Figure 6 summarizes this general trend
that the thickness of the layers forming lamellar phases is tem-
plated by the branching pattern of both hydrophobic and hydro-
philic part of the Janus-dendrimers.

Correlations between the Supramolecular Structures
Formed by Self-Assembling Amphiphilic Janus-Dendrimers
in Bulk and in Water. The combined analysis of the structures
assembled in water and in solid state, summarized in Figures 2—4
and Supporting Tables ST1—STS5, revealed some similarities
between the two self-assembly processes. The large majority of
Janus-dendrimers forming lamellar phases in bulk also formed
vesicles in water (83.3%, Table 1). Only 13.8% of the structures
forming lamellar phases in bulk formed nonvesicular morphol-
ogies in water. On the other hand, more than half of the Janus-
dendrimers exhibiting columnar or cubic phases in bulk also for-
med micellar structures in water (52.2%, Table 1). These results
demonstrate that at the same temperature there is a direct corre-
lation between the structures formed by Janus-dendrimers in
bulk and in water. This correlation is affected by the hydration
and swelling of the hydrophilic part of the Janus dendrimer
and by the hydrophobic effect that are expected to compress
the thickness of the hydrophobic part of the membrane in the

dendrimersome. However, in spite of this effect, the experimental
correlation is remarkable.

The formation of lamellar phases in bulk implies that these
amphiphilic Janus dendrimers are favoring the formation of bi-
layer structures with small surface curvature.”® This implies that
in the case of self-assembly in water, these Janus-dendrimers
should favor the formation of vesicles and disfavor the formation
of micelles. The self-assembly into micelles in water is disfavored
because their formation require a large penalty to their free
energy minimum generated by the large surface curvature of the
assembly.**?” On the other hand, Janus-dendrimers forming
columnar or cubic phases in bulk are expected to predominantly
form micellar structures in water, as in both columnar and cubic
phases, the primary structure of the amphiphilic Janus dendrimer
favors the formation of structures with large surface curvature.

The self-assembly process in water is dominated by the
hydrophilic—hydrophobic interactions acting between the Janus-
dendrimer and the polar medium. These interactions are
absent in the case of the self-assembly of Janus-dendrimers in
bulk. Therefore, this additional layer of interactions to the self-
assembly process can favor the formation of dendrimersomes in
water for a larger fraction of structures exhibiting columnar or
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Figure 6. Powder XRD data collected in the lamellar phases of the indicated amphiphilic Janus dendrimers (a) and corresponding molecular models
shown at scale (b). In (a), the dotted arrows indicate the systematic increase of the thickness of the supramolecular layers which follow the branching
pattern of the hydrophobic (green) and hydrophilic (blue) part of the amphiphilic Janus dendrimers.

Table 1. Correlation between the Structure Self-Assembled in Bulk and in Water Established from the Analysis of 50 Amphiphilic
Janus Dendrimers”

structure assembled structure assembled correlation between structure assembled percentage from the total number

in bulk [number of dendrimers ] in water [number of dendrimers] in bulk and in water of structures assembled in water”

lamellar [36] dendrimersomes [30] 30/36 = 83.3% 53.6%
columnar/cubic [23] dendrimersomes [9] 9/23 =39.1% 16.0%
lamellar [36] micelles [S] 5/36 =13.8% 8.9%

columnar/cubic [23] micelles [12] 12/23 = 52.2% 21.4%

? Data calculated from 50 structures analyzed by all methods (XRD and CRE, GUD, CryoTEM). b Percentage calculated from the number of dendrimers
forming the structure in water divided by 30 + 9 + 5 + 12 = 56; from the total of SO Janus dendrimers, 8 exhibit both dendrimersome and micellar-like
structures in water.

in Figures 2—4). Similarly, a very small percentage of Janus-
dendrimers exhibiting lamellar phases in bulk are forming micellar
structures in water (13.8%, Table 1), because only in few cases the in-
teraction with water is sufficiently strong to compensate for the change
from surfaces with small curvature, which are favored in solid state, to

cubic phases in solid state (39.1%, Table 1). This process is gen-
erated by the interaction with the water medium that provides
the additional energy needed to compensate for the formation of
surfaces with smaller curvature, which are disfavored in solid state.
For example, the interaction with the polar medium reduces the

mean curvature” (¢m) from ~0.2nm ™~ (in bulk ¢,;, = 1/Dgjumn ™~
1/(5.0 nm) = 0.2 nm ™ %; the column diameter Dy, listed in
Supporting Tables ST1—ST5) to ~0.02 nm™ " (in water ¢, =
2/Desicte ~ 1/(50.0 nm) = 0.02 nm ™~ '; the vesicle diameter listed

surfaces with large curvature characteristic for the rod, tubular, and
micellar structures formed in water. For example, in this case, the inter-
action with the polar medium must compensate for a larger change of
the mean curvature from cm(lameua') =0nm 'to ~02nm .
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Table 2. Correlation between the Substitution Pattern of the Hydrophobic Part, Y= (3,4)12G1-, (3,5)12G1-, and (3,4,5)12G1-,
Containing Dodecyl Alkyl Groups from 16 Constant Generation Number of the Hydrophilic Part (X) of the Amphiphilic Janus

Dendrimer and the Radius of the Dendrimersomes Self-Assembled in Water”

correlation of the radius of the dendrimersome with their

(3,4)12G1-, (3,5)12Gl-, and (3,4,5)12G1- substitution pattern

Rprs{(3,4)12G1-X} < Rprs{(3,5)12G1-X}
Rprs{(3,5)12G1-X} > Rprs{(3,4,5)12G1-X}

Rprs{(3,4)12G1-X} < Rps{(3,5)12G1-X} and Rp1s{(3,5)12G1-X} > Rp1s{(3,4,5)12G1-X} 8

number of sublibraries following

the correlation percentage
12 12/16 = 75%
12 12/16 = 75%

8/16 = 50%

“Data calculated from the DLS analysis of the 16 sublibraries reported in Figures 2—4.

S
1

N (3,4,5112G1-X

=140 nm (std, dev, = 50 nm)
1 TH, I

i I e e e
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
D (nm)

average

Nr. of Dendrimers
L]
1

Gy n (3,5012G1-X
6 D = 180 nm (std. dev. = 65 nm)

average

ol B 5

1 " T ¥ I b T " T -, T T T y U . I -4 T
00 300 400 500 600 700 800 900 1000 1100 1200
D (nm)

LT
100

i (3,4)12G1-X

4 Dw_‘gu = 149 nm (std. dev. = 56 nm)

2

oJmlllmn__n ] .

. R T T To N

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Statistical analysis: D (nm)

Daverage{(3,5)12G1-X} > Dayeragel(3,4,5)12G1-X} (97.5% confidence interval)
Daveragef(3,5)12G 1-X} > Dayerage{(3,4)12G 1-X} (95.0% confidence interval)

Nr. of Dendrimers
.
L

Nr. of Dendrimers

Figure 7. Histograms of the size of dendrimersomes determined by
DLS for the libraries 1—4 from Figures 2—4, separated as a function of
the structure of the hydrophobic part of the amphiphilic Janus dendri-
mer. In all cases, the average size and standard deviation are indicated.

Knowing that in solid state we established a direct proportion-
ality between the branching pattern of the hydrophobic or hydro-
philic part of the Janus-dendrimer and the thickness of the layers
self-organized into lamellar structures, we now focus on estab-
lishing if this trend is preserved by their self-assembly in water
and, if it is preserved, what are its consequences. The thickness of
the vesicle wall, determined previously by cryo-TEM, confirmed
that the eqs 1 and 2 are also valid for the dendrimersome
structures self-assembled in water.

The size of the dendrimersomes calculated from the DLS data
reported in Figures 2—4 follows a trend that demonstrates an
inverse proportionality between the thickness of the vesicle wall
and the diameter of the vesicle. These correlations are indicated
in Figures 2—4 by the gray arrows that follow the increase of the
bilayer thickness (doo; listed in the figures and also in Supporting
Tables ST1—STS), and by the black arrows that follow the
increase of the diameter of the vesicles. In 75% of the 16 sub-
libraries of Janus-dendrimers summarized in Table 2, the size of
the dendrimersomes formed by structures with (3,4)12G1- and
(3,4,5)12G1- branching pattern for the hydrophobic part is
smaller than the size of those based on the (3,5)12G1- hydro-
phobic substitution pattern. The fact that the trends established
for the self-assembly of Janus dendrimers in bulk, eqs 1 and 2, are

preserved by their self-assembly in water is somewhat expected
considering that their additional interaction with the polar
medium should not have a significant effect to the packing of the
hydrophobic region. Once the dendrimersome structure forms,
the inner hydrophobic region of the vesicle wall is shielded from
the interaction with the water medium by the hydrophilic groups
of Janus dendrimers.

The combined statistical analysis of the size of the dendrimer-
somes reported in Figure 7 for all the amphiphilic Janus dendri-
mers from the libraries 1—4, illustrates that the average size of the
vesicles formed from the (3,5)12G1-X type of Janus structures is
larger than those formed by the (3,4,5)12G1-X and (3,4)12G1-X
type of structures. These differences were shown to be statisti-
cally significant. The statistical confidence interval is indicated in
Figure 7. Furthermore, the mechanical properties reported pre-
viously for dendrimersomes demonstrated that the their elastic
area expansion modulus, lysis tension, and energy stored at fail-
ure increase significantly upon the change from (3,4,5)12G1-X
to (3,4)12G1-X, in some cases by a factor of 20, and also increase
upon the change from (3,4)12G1-X to (3,5)12G1-X, in some
cases by a factor of 2.> Moreover, although the dendrimersomes
formed in water are very stable (their structures was shown to be
unchanged for more than 12 months), consistently the only
dendrimersomes exhibiting a significant time variation of their
size were those formed by (3,4,5)12G1-X.?

The results presented in Figures 2—7 demonstrate that the
molecular structure of amphiphilic Janus dendrimers, specifically
the branching pattern of their hydrophobic part, templates the
size, stability, and mechanical properties of the dendrimersome
structure formed in water. Therefore, the increased stability, mem-
brane tension, elastic area expansion modulus, and energy stored
at failure of the vesicles formed by (3,5)12G1-X and (3,4)12G1-
X Janus-dendrimers® are determined by their increased degree of
interdigitation within the hydrophobic part of the membrane in
comparison with the (3,4,5)12G1-X structures (Figures S and 6).
This trend is expected considering that a more interdigitated
structure of the vesicle wall is most probably more stable and
significantly harder to bend or to fracture than a less interdigi-
tated structure.

The elastic bending module and lysis tension of liposomes
was shown previously to increase progortionally with the decrease
of unsaturation of the alkyl chains.” 2% For polymersomes, the
membrane lysis tension was shown to increase with the molec-
ular weight and thickness.*® These results show a variety of
structural parameters that can be tuned to improve membrane
stability. In the case of dendrimersomes, a remarkable stability
and membrane strength was achieved by varying the substitution
pattern of the hydrophobic part of the amphiphile, while keeping
the membrane thickness in a narrow range of ~3—5 nm.? These
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Figure 8. The dependence of the diameter determined by DLS, Dpys,
of the monodisperse dendrimersomes and the concentration, ¢, of the
(3,5)12G1-PE-BMPA-G2-(OH)g amphiphilic Janus dendrimer in water
(a). Schematic of the simplified vesicle model used to fit the experi-
mental data (b). The inset from (a) shows an enlargement of the depen-
dence at low concentrations. Dendrimersomes were prepared by the
injection of amphiphilic Janus dendrimer from ethanol solution in water.

two structural features are of great interest for biomimetic mem-
brane applications.>**

The fact that statistically (Figure 7) the largest vesicles are
those formed by the (3,5)12G1-X branching pattern of the
amphiphilic Janus dendrimers can be attributed to the increased
mechanical strength of a more interdigitated bilayer structure,
that favors the formation of surfaces with smaller curvature (e.g.,
larger dendrimersomes). As it will be shown in the next subsec-
tion, the dependence established between the primary structure
of the amphiphilic Janus dendrimer and their structure formed
either in solid state or in water medium will be used to predict the
size of the vesicle.

Predicting the Size of the Monodisperse Dendrimer-
somes Formed in Water by Self-Assembling Amphiphilic
Janus Dendrimers. The diameter of the dendrimersomes
(Dp1s) formed by the injection of the ethanol solution of
(3,5)12G1-PE-BMPA-G2-(OH); increases with their concen-
tration, ¢ (Figure 8a). Since Dp is calculated from the hydro-
dynamic radius, the actual diameter of the dendrimersome will
be slightly overestimated. However, this effect is expected to
be small and have no effect on the overall trend discussed here.
The formation of dendrimersomes by the injection method is a
fast self-assembling process. On the other hand, the (3,5)12G1-
PE-BMPA-G2-(OH); Janus-dendrimer was shown to form giant

unilamellar dendrimersomes via the film hydration method.?
Therefore, depending on the preparation method, the size of the
dendrimersomes formed by (3,5)12G1-PE-BMPA-G2-(OH);
Janus-dendrimer can be varied through a remarkable range of 2
orders of magnitude, from ~100—300 nm (Figure 8) to 20 um.>
This large range of sizes suggests that under the preparation con-
ditions reported in Figure 8, the dendrimersomes self-assembled
from (3,5)12G1-PE-BMPA-G2-(OH); Janus dendrimers did not
yet reach the curvature limit and that their size dependence is
determined by the local concentration. This curvature limit?*%8% i
an intrinsic property of the system, (Janus dendrimer) + (con-
centration) + (polar medium), that depending on these three
parameters might restrict any subsequent decrease or increase of
the size of the dendrimersomes. Clearly, in the range of concen-
trations reported in Figure 8, the self-assembly process has not
yet reach the regime corresponding to either the smallest or
largest dendrimersome. This size-concentration dependence of
the self-assembled dendrimersomes follows similar proportion-
alities observed in other natural and synthetic-based vesicles.*®
Assuming that the dendrimersomes are perfect spheres (Figure 8b)
with uniform thickness of their shell equal to that of their lamellae
from bulk state that is dyo; (Figures 2—4 and Supporting Tables
ST1—STS), the mass of the vesicle shell can be calculated by
using eq 3. The small difference between the real membrane thick-
ness produced by hydration, solvation, and the hydrophobic effect
and that of the lamellae in bulk state does not affect this trend.

Massveside shell ¢ VOlumevesicle shell

= 4?7[ [(D§1Cd>3 o (Dca]cd ; 24‘1001)3‘| (3)

In eq 3, Dyicq is the calculated diameter of the vesicle. Assuming
a direct proportionality between the concentration of Janus-
dendrimers, ¢, and the mass of the vesicle shell (eq 4), the
diameter of the dendrimersome is given by eq 5. Equation S was
deduced by solving the system of eqs 3 and 4.

[ Massvesicle shell (4)

Deied = door + V 12doo10¢ — 3door*/ (3door) (5)

In eq S, the fitting parameter O is the concentration proportion-
ality factor. Figure 8a details the agreement between the experi-
mental diameter of the dendrimersomes determined by DLS
and the calculated diameter based on eq S with 0 = 3.045 x
10° nm® mL/mg. This result confirms that the assumption from
eq 4 is valid. Under the conditions that the dendrimersomes self-
assembled in water from various amphiphilic Janus dendrimers
prepared using the same concentration, eq 4 provides eq 6.

fs

ref str caled
Massveside shell = Massvesicle shell (6)

Equation 6 is used to predict the size of the dendrimersome,
Reicay based on the size of a reference structure determined
experimentally, Rprs™ . From eqs 3 and 6, the predicted size of
the dendrimersome is given by eq 7, with A given by eq 8.

Reged = doo1/2 + V/12doo1 A — 3door* / (6door) (7)

D = [(RDLSref str)3 _ (RDLSref str d001ref str)3](MWtref str/MWt)

(8)
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Figure 9. Calculation of the size of dendrimersomes using the combined XRD and DLS experimental data.

Table 3. Calculation of the Predicted Radius of the Dendrimersome

Janus-dendrimer dooy (nm)” Mo/ M, 50 Rprs (nm)° Regea® (nm) correlation”
(3,4)12G1-PE-TP-G2-(OH)j reference structure 6.97 1 79.5 - -
3,5)12G1-PE-TP-G2-(OH)4 4.59 1 102 96.0 es
¥
(3,4,5)12G1-PE-TP-G2-(OH); 673 118 63.5 74.6 es
¥
3,4)12G1-PE-TP-G3-(OH), 4 reference structure 5.65 1 60.5 - -
(34) (OH); 6 ref
3,5)12G1-PE-TP-G3-(OH) 4 5.02 1 86.5 63.7 es
(35) y
3,4,5)12G1-PE-TP-G3-(OH) ¢ 5.84 1.11 51.0 56.8 es
y
(3,4)12G1-PE-TP-G3-(OH) ¢ reference structure 5.65 1 83.0/ - -
3,5)12G1-PE-TP-G3-(OH) 14 5.02 1 97.0/ 90 es
¥
3,4,5)12G1-PE-TP-G3-(OH) 4 5.84 L11 67.0/ 77.0 es
¥
(3,4)12G1-PE-BMPA-G2-(OH); reference structure 4.78 1 50.5 - -
(3,5)12G1-PE-BMPA-G2-(OH) 404 1 615 544 yes
(3,4)12G1-PE-BMPA-G2-(OH)j reference structure 4.78 1 80.0/ - -
3,5)12G1-PE-BMPA-G2-(OH); 404 1 95.0/ 86.5 es
¥
3,4)12G1-PE-BMPA-G3-(OH) ¢ reference structure 5.54 1 87.5 - -
(34)
(3,5)12G1-PE-BMPA-G3-(OH) 16 45 1 1285 96.3 yes
3,4,5)12G1-PE-BMPA-G3-(OH) 4 521 113 52.5 84.6 es
y
(3,4)12G1-PE-(3,4)-3EO-G1-(OH), reference structure 7.00 1 62.5 - -
3,5)12G1-PE-(3,4)-3EO-G1-(OH), 486 1 80’ 733 es
¥
(3,4)12G1-PE-(3,5)-3EO-G1-(OH), reference structure 6.83 1 82.5 -
3,5)12G1-PE-(3,5)-3EO-G1-(OH), 4.52 1 96.5 99.5 es
¥
(3,4,5)12G1-PE-(3,5)-3EO-G1-(OH), 639 119 80.5' 78.0 yes
(3,4)12G1-PE-(3,4,5)-3EO-G1-(OH); reference structure 6.81 1 27.5 - -
(3,5)12G1-PE-(3,4,5)-3E0-G1-(OH); 458 1 112 317 yes
3,4,5)12G1-PE-(3,4,5)-3E0-G1-(OH), 54 L18 495 277 es
¥
(3,4)12G1-PE-G-G1-(OH),, reference structure 6.33 1 67.5 - -
3,5)12G1-PE-G-G1-(OH) 486 1 80.0° 76.0 es
y

“ d-spacing of the lamellar phase reforted in Figures 2—4 and Supporting Tables ST1—STS. ¥ Molecular weight ratio used in the prediction of the radius

of the dendrimersome; the M., * is the molecular weight of the indicated reference structure. ° Experimental radius of the dendrimersome; data

reported in ref 3 for the experiments based on injection from ethanol. 4 Radius of the dendrimersome calculated from the combined analysis of the self-

assembly process in solid state and in water: Royeq = dooi/2 + [12dooi A — 3(door)*1"/6door (eq 7), where A = [(Rprs™ ™) — (Rprs™ " —

door™ %Y%) M, /M, (eq 8). * Correlation betwefen calculated radius of the dendrimersome and experimental radius defined as “yes” if R ;.4 and
ret str

Rpys are either both larger, or both smaller than Rpy s ™, and defined as “no” otherwise.” DLS data collected by injection from tetrahydrofuran (c=0.25
mg/mL = concentration of Janus-dendrimer in water).

In eqs 7 and 8: doo™ ** and M,,"" " are, respectively, the while doy; and M, are, respectively, the thickness of the vesicle
thickness of the vesicle wall (Figures 2—4), and the molecular wall (Figures 2—4) and the molecular weight of the Janus-
weight of the Janus dendrimer chosen as reference structure, dendrimer for which the size of the dendrimersome is predicted.
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Figure 10. The plots of DLS intensity vs diameter (D) collected from the sublibrary of Janus-dendrimers Y-PE-TP-G2-(OH)g by injection from ethanol
into water (a) and Y-PE-TP-G3-(OH) 4 by injection from tetrahydrofuran into water (b). The increase and decrease of the size of the vesicles as a
function of the branching pattern of the dendrimer aliphatic region are illustrated by the vertical dashed red line. In all cases, the calculated D of the
dendrimersome and its percentage deviation from the experimental value are indicated.
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Figure 11. The plots of DLS intensity vs diameter (D) collected from
the sublibrary of Janus-dendrimers Y-PE-(3,5)-3EO-G1-(OH), by in-
jection from tetrahydrofuran in water. The increase and decrease of the
size of the vesicles as a function of the branching pattern of the
dendrimer aliphatic region are illustrated by the vertical dashed red line.
In all cases, the calculated D of the dendrimersome and its percentage
deviation from the experimental value are indicated.

In eq 8, the ratio M, "% /M, is a correction factor that accounts

for the possibility that the molecular weight of Janus dendrimer
for which the size of the self-assembled dendrimersome is pre-
dicted can differ from the molecular weight of the Janus dendri-
mer chosen as reference structure. The reference structure pro-
vides a mechanism to keep 9, A, and c¢ values the same across
sublibraries.

In the previous sections, it was established that there is a direct
dependence between the branching pattern of the hydrophobic
part of the amphiphilic Janus dendrimer and the size of the
dendrimersome formed in water (Figures 2—4 and Table 2), as
well as the layer thickness forming the lamellar phases in bulk

20517

(egs 1 and 2, Supporting Tables ST1—STS, and Figure 9).
Therefore, eq 7 was applied to predict the size of all the dendri-
mersomes formed by Janus dendrimers that exhibited a lamellar
phase upon their self-organization in bulk. Table 3 details the
predicted size of the dendrimersome self-assembled in water
from 21 Janus dendrimers. To minimize the effect of a different
structure of the hydrophilic part of the Janus dendrimer to the
size of the dendrimersomes formed in water, the calculations
reported in Table 3 were performed by choosing one of the three
Janus dendrimers (3,4)12G1-X, (3,5)12G1-X, and (3,4,5)12G1-X
from each sublibrary as reference structure. Dendrimersomes
were prepared by injection both from ethanol and THF solu-
tions. However, the current solvent of choice for applications is
ethanol. Therefore, although the size of the dendrimersomes
obtained from the two solvents is to certain extent different, most
probably due to the different conformations of the Janus dendri-
mers in the two solvents, the agreement between their experi-
mental and calculated values is excellent in both solvents. These
results supports the accuracy of this methodology.

For example, from the sublibrary 1S5, Y-PE-TP-G2-(OH)g
with Y = {(3,4)12G1-, (3,5)12G1-, and (3,4,5)12G1-}, the
(3,4)12G1-PE-TP-G2-(OH)g was chosen as reference structure.
Note that the calculations of predicting the size of dendrimer-
somes are performed similarly if any of the other two Janus
dendrimers from the sublibrary is selected as reference structure.
The thickness of the wall of the dendrimersome self-assembled
by intjection in water from (3,4)12G1-PE-TP-G2-(OH); is
doo1™ *" = 6.97 nm (Table 3, Figure 9). The radii of dendrimer-
somes, determined experimentally by DLS, is Rpps™ =
79.5 nm. As mentioned before, Rpy s may slightly overestimate
the real size since Rpy g is calculated from the hydrodynamic radius.
The thickness of the wall of dendrimersomes self-assembled by
injection in water from (3,5)12G1-PE-TP-G2-(OH)s is dgo; =
4.59 nm (Table 3, Figure 9). Using these three parameters, eq 7
gives the predicted radius of the dendrimersome self-assembled
in water from (3,5)12G1-PE-TP-G2-(OH)g, Reeq = 4.59/2 +
(12 X 4.59 X A — 3 x 4.59*)"/2/(6 x 4.59) = 96.0 nm, where
A=79.5®— (79.5 — 6.97)* = 120908.5 nm" (eq 8). The predicted
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Figure 12. Schematic of the self-assembly of Janus-dendrimers into dendrimersomes. The alkyl substitution pattern controls the size and mechanical
properties of the vesicle via the degree of interdigitation of the vesicle wall. The different degree of interdigitation of the hydrophobic part of the vesicle
wall is generated by the tendency of the alkyl chains to achieve the same local packing density. For clarity, the alkyl chains of the inner and outer layer of
Janus-dendrimers forming the vesicle shell are colored in yellow and green, respectively.

size of the dendrimersome self-assembled from (3,5)12G1-PE-
TP-G2-(OH)g of 96.0 nm is remarkably close to the experi-
mental value Rppg = 102 nm. The deviation between the pre-
dicted and experimental values is only 6%.

The agreement between the experimental and predicted size
of the dendrimersomes is illustrated in Figures 10 and 11, to-
gether with their corresponding DLS intensity versus D data. The
representative DLS data shown in Figures 10 and 11 were
collected from the indicated sublibraries of Janus dendrimers
by injection from ethanol or from tetrahydrofuran. In all cases
shown in Figures 10 and 11, the predicted size of the dendrimer-
somes is close to the experimental value, with a typical deviation
of about 3—15%. Moreover, all the predicted values presented in
Table 3 follow the expected correlation showing that R ;.4 and
Rpy s are either both larger, or both smaller than the radius of the
dendrimersome chosen as reference structure, Rpps™ *".

The approximation that the thickness of the vesicle membrane
is equal to the thickness of the layers forming the lamellar phases
in bulk reported in Figures 2—4, dg;, excludes the hydration,
solvation, and the hydrophobic effects and the possible tilted
organization of the Janus-dendrimers in the lamellar phase. In
situ X-ray diffraction preliminary experiments that monitored the
hydration and dehydration of the lamellar phase formed by
(3,4,5)12G1-PE-BMPA-G2-(OH); revealed a typical change of
dgo; of at most 5%. Furthermore, it was shown that in bulk the
hydrophilic part of the Janus-dendrimers forming lamellar phases
can be interdigitated (Figures S and 6), whereas in water, the
hydrophilic part of the vesicle wall is hydrated but not inter-
digitated. Therefore, the thickness of the vesicle membrane is
expected to be comparable or larger than the dyg; extracted from
the XRD analysis. Nevertheless, in eqs 7 and 8 used to predict the
size of the vesicles, in a first order of approximation the relative

ratio of the vesicle wall thickness is more important. This explains
why, even though this approximation might be considered too
coarse, there is good agreement between the predicted and
experimental vesicle size (Table 3, and Figures 9—11).

Figure 12 summarizes the inverse proportionality between the
thickness of the vesicle wall, that is controlled by the molecular
structure of the Janus-dendrimer, and the size and mechanical
properties of the dendrimersomes.

B CONCLUSIONS

The combined analysis of the self-assembly process of amphi-
philic Janus dendrimers in bulk and in water demonstrated that
the molecular structure of the dendrimer determines the mor-
phology of the supramolecular assemblies. The results demon-
strated that the self-assembly process in water follows pathways
that preserve the surface curvature of the assemblies formed in
bulk. A direct correlation between the branching pattern of the
hydrophobic part of the Janus dendrimer and the thickness of the
layers forming lamellar phases in bulk and of the vesicle wall was
demonstrated.

Somewhat surprisingly, the statistical analysis of the size of the
dendrimersomes prepared under identical conditions, formed
by injection from alcohol into water, demonstrated that the
vesicles with a thinner wall, self-assembled from amphiphilic
Janus dendrimers with 3,5-bis(dodecyloxy)benzene hydrophobic
groups, are larger than those with 3,4-bis(dodecyloxy)benzene
and 3,4,5-tris(dodecyloxy)benzene. The theoretical fit of the
experimental dependence between the size of the dendrimer-
some and concentration of Janus-dendrimers in water, ¢, provided
a direct proportionality between the mass of the vesicle wall and c.
This proportionality was exploited to develop a methodology to

20518 dx.doi.org/10.1021/ja208762u |J. Am. Chem. Soc. 2011, 133, 20507-20520



Journal of the American Chemical Society

predict the size of the vesicle. This methodology provided the
size of dendrimersomes formed by 21 amphiphilic Janus den-
drimers in good agreement with their experimental size deter-
mined from DLS data obtained for dendrimersomes generated
by injection in water from a particular water miscible solvent.
This analysis demonstrated that the dendrimersomes with
thinner membrane are larger, tougher, and more stable due to
the increased degree of interdigitation of the alkyl chains forming
the hydrophobic part of the vesicle membrane. The clarification
of the smaller difference between the 3,4- and 3,4,5-hydrophobic
branching patterns requires additional experiments. The main
weakness of this approach is that one still needs to fully char-
acterize a reference structure for any given Janus dendrimer in
order to predict the size of the dendrimersome.
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