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Abstract

Aromatic interactions were found to greatly influence the temperature-dependent dynamic
behavior within supramolecular assemblies. Using an amphiphilic dendron, we systematically
changed the hydrophobic groups introducing increasing levels of aromaticity while keeping the
hydrophilic part constant. We show that the supramolecular assemblies become less sensitive to
temperature changes when aromatic interactions in the aggregate are increased. Conversely, the
absence of aromaticity in the hydrophobic moieties produces temperature-sensitive aggregates.
These results show that subtle molecular-level interactions can be utilized to control temperature-
sensitive behavior in the nanoscale. These findings open up new design strategies to rationally tune
stimuli-responsive supramolecular assemblies on multiple spatiotemporal scales.
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INTRODUCTION

Amphiphilic supramolecular assemblies have been of great interest due to their potential
utility in a variety of applications such as drug delivery, biosensing and catallysis.l‘10
Understanding the molecular design elements that control not only the final macroscopic
structural features, but also the dynamic properties of the assembly is critical in developing
versatile new supramolecular assemblies. In this context, there is a notable interest in
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temperature-sensitive systems, as these facilitate convenient extrinsic control over self-
assembly.ll‘17 Oligo- and poly-ethylene glycol (OEG and PEG) based systems have
attracted considerable attention, because of their hydrogen bonding based interactions with
water that affords temperature-dependent hydrophilicity.ls‘20 In these cases, aggregation
becomes stronger at higher temperatures,” ™~ because the loss of hydrogen bonding between
the temperature-sensitive functionalities and water reduces the amphiphilie’s
hydrophilicity.ZL23 Thus, most of these sensitivities arise directly from the temperature-
sensitive moiety itself. In this work, we show that aromatic interactions, which are tucked
within the interiors of the assembly,zﬂ"25 can also play a fundamental role in controlling the

temperature-sensitive behavior of supramolecular assemblies (Figure 1).

To evaluate the role of aromatic interactions on the temperature-sensitive self-assembly, we
designed facially amphiphilic dendrons with variable levels of aromaticity (Scheme 1).
Dendrimers and dendrons are interesting platforms for this study, as these combine the
advantages of small molecule amphiphiles in that they are structurally well-defined and
polymers in that they are characterized by high thermodynamic stabilities.ze‘35 The targeted
aromatic hydrophobic units include phenyl, naphthyl, and anthracyl moieties, having an
increasing trend in hydrophobicity as well as aromaticity. Cyclohexyl provides a useful
comparison with a non-aromatic hydrophobic unit with similar geometry and rigidity. To
ensure uniformity, the dendrons were prepared using a modular approach, where the

hydrophobic group was “clicked’ on to propargyl moieties.

EXPERIMENTAL METHODS

Preparation of dendrimer solutions

Stock solution (100 uM) of each dendrimer was prepared by dissolving the dendrimer in
milli-Q water at room temperature. Solutions were sonicated for 3 hours, and stirred at 4 °C
for one week ahead of any experiment. Dendrimer solutions were diluted to required
concentrations before each experiment.

Dynamic light scattering (DLS) measurements

The size distribution of the aggregates were determined by Malvern Zetasizer (Nano-ZS).
For each DLS experiment, 100 uM solution was diluted to 25 uM and filtered through 0.45
um filter. Hydrodynamic radius (DH) of the dendritic assembly was measured at different
temperatures with 7 minutes of equilibration time to achieve desired temperature before each
measurement and repeated in triplicate. Size distribution, correlograms and PDI for all
samples can be found in the supporting information (Figure S1, Figure S2, Figure S3 and
Table S1).

Dye encapsulation and guest exchange study

To a vial containing 1.2 mL of 25 uM dendrimer solution added 2 uL of 0.77 mg/mL pyrene
(in acetone) and perylene (in acetone) separately, followed by evaporation of acetone by
leaving the vial uncapped for 30 minutes while stirring at room temperature. After 30 min,
the vial is capped and solution was stirred for 24 hours at room temperature. FRET
experiments were performed on a JASCO (PF-6500) spectrofluorimeter and UV-Vis spectra
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were collected using a Cary-100 scan spectrophotometer. FRET measurements started as
soon as pyrene and perylene containing dendrimer solutions (25 uM) were mixed (1:1 by
volume). Pyrene was excited at 339 nm, pyrene and perylene emission were monitored at
375 and 447 nm respectively for the calculation of FRET ratio.

Time-dependent fluorescence and host exchange

Time-lapse studies were performed on a PTI Quantamaster-30 phosphorescence/
fluorescence spectrofluorimeter with a xenon flash power supply and TC125 temperature
controller. Host exchange experiment of each dendron (CHE, PHE, NAP, and ANT) with
pyrene dendrimer, Pyr, was performed at 5 °C, 10 °C, 25 °C and 40 °C. Dendrimer solutions
(25 uM) were pre-equilibrated at target temperature 1 °C for 30 min prior to mixing. 0.5 mL
of Pyr solution was added to a fluorescence cuvette in a thermoelectric cuvette holder and
allowed to equilibrate. 0.5 mL of CHE was added through syringe directly into the cuvette
and emission at 379 nm was monitored with time. Instrument parameters were adjusted at
339 nm for excitation and 379 nm for emission. Sample was being stirred at low rpm during
the measurement. Same procedure was followed for all other dendrons (PHE, NAP, and
ANT).

RESULTS AND DISCUSSION

Synthesis

We designed the dendrons such that these molecules can be synthesized using a modular
approach, providing facile access to the target molecules. To achieve this, we used the G1
dendritic scaffold with propargyl functionalities at every repeat unit of the dendron, shown
as structure 8 in Scheme 2. This functional group was used as the handle to simply vary the
hydrophobic functional groups using the Huisgen-1,3-dipolar cycloaddition reaction, the so-
called click chemistry.%‘40 Module 8 was prepared by reacting the biaryl molecule 6 with
the 3,5-dialkoxybenzyl bromide 7 in the presence of potassium carbonate and 18-crown-6,
as shown in Scheme 2. All the targeted dendrons were successfully obtained using the
copper-catalyzed click reaction between the propargyl core 8 and the azide functionalized
alkyl or aryl-substituted substrates 9-12 (see Supporting Information for synthetic details
and characterizations). The alkyl azides used in the click reaction were obtained from the
corresponding alkyl bromides by reaction with sodium azide.

Aggregation Behavior

First, we evaluated the self-assembly formation of each of these dendrons in water. Since the
critical aggregation concentrations of all these dendrons were well below 25 uM (Figure S5),
all dendrons were assembled at this concentration. The sizes of the assemblies were found to
range between 150 and 180 nm at room temperature (Figure 2a), as discerned by dynamic
light scattering (DLS) measurements with good correlation functions (>0.85) and
dispersities (0.04 and 0.18). We found that the all of the dendrons form spherical micelle-
like assemblies in water (See Sl for TEM images, Figure S4).

The sizes of these assemblies were then evaluated at different temperatures. Interestingly, a
significant size reduction from 181 nm at 25 °C to 95 nm at 5 °C was observed for the
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cyclohexyl dendron (CHE) (Figure 2b). This is reminiscent of the recently reported sub-
LCST transition.‘u'42 The results in Figure 2¢ show that the structural transition is most
significant at ~18 °C for CHE dendron. The phenyl dendron (PHE) also presents a structural
transition at ~6 °C. Interestingly, naphthyl (NAP) and anthracyl (ANT) dendrons do not
exhibit any sub-LCST transitions, even though they also contain PEG groups. These
observations provided the first indications that the nature of the hydrophobic substituents
might have a significant influence over the thermal-sensitive behavior of these
supramolecular assemblies, and that the latter cannot be simply explained by hydrophilic-
lipophilic balance (HLB) variations — the behavior of the different aggregates do not have a
direct correlation with the /og P of the substituents (Scheme 1).

Temperature-Dependent Exchange of Dendrons

We tested whether these temperature-sensitive transitions could be related to a differential
stability of the dendritic assemblies. Thanks to a recently reported time-lapse fluorescence
method, which used a pyrene-labeled dendron (Pyr) as the fluorescent probe (Figure 3a and
3b),41 we assessed the residence time of the dendrons into the aggregate, and the dynamic
exchange of dendrons with the solution. Briefly, Pyr exhibits significant excimer emission in
the assembled state, as the local concentration of the pyrene within the assembly interior is
very high. If Pyr aggregates are mixed in solution with the other assemblies (CHE, PHE,
NAP or ANT), a change in the pyrene fluorescence properties indicates that the dendrons
can exchange dynamically between the aggregates in solution (Figure 3c). We tracked the
increase in monomer emission intensity at 379 nm with time-lapse fluorescence
spectroscopy upon mixing of Pyr dendron with other dendrons (CHE, PHE, NAP and ANT),
while varying the temperature. Aqueous solutions of the dendrons (25 uM) were pre-
equilibrated at the desired temperature for 30 min and then mixed in a cuvette for immediate
fluorescence measurement. For all trials, pre-measurement of pyrene dendron solution alone
was provided for few seconds prior to the addition of the mixing dendron to ensure that there
was no monomer emission initially. This setup allowed us to study whether the monomer
exchange dynamics of these assemblies vary with the solution temperature.

First, we compared the CHE and the PHE dendrons. These are geometrically similar, but
cyclohexyl units are more hydrophobic than phenyl units (see /og Pvalues in Scheme 1),
while they lack aromaticity. The data in Figure 3d and 3e clearly show that both dendrons
exhibit faster dendron exchange at 5 °C than at 25 °C. Overall, the exchange dynamics of
CHE is faster than that of PHE. Interestingly, the effect of changing the temperature on the
assembly dynamics (temperature-sensitivity) is also stronger for the CHE than for the PHE
dendron. NAP dendron is expected to be more hydrophobic than PHE and similar to CHE
based on the /og P of the hydrophobic moieties (Scheme 1). Nevertheless, although the
hydrophobic moieties of the self-assembling dendrons possess comparable hydrophobicity,
the dynamics of NAP aggregates was found to be less sensitive to temperature changes
compared to that of CHE (Figure 3f and 3d) and similar to that of PHE (see Figure 3f and
3e). These outcomes suggest that hydrophobicity itself is not the unique factor in controlling
the assembly property and that aromatic interactions, which include w- and van der Waals
interactions, can play a major role in supramolecular structure and dynamics. Remarkably,
the most hydrophobic and aromatic dendron ANT was found to be not dynamic at any of the
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temperatures studied, and the most insensitive to temperature variations (Figure 3g).
Conversely, the assembly of non-aromatic CHE is the most sensitive one to temperature
variations, and the most dynamic one. The dynamic behavior of the aggregate seems to
become less temperature-sensitive, while the aromaticity of the dendrons is increased.

Guest Exchange Properties

Molecular

Given that the exchange properties of these dendrons vary, it is interesting to investigate
whether a similar trend, dominated by aromatic interactions, would be observed with guest
exchange in those assemblies. Note that these amphiphilic assemblies can be hosts for non-
covalently binding hydrophobic guest molecules in the aqueous phase. To test whether the
trend exists, we used a recently developed fluorescence resonance energy transfer (FRET)
based method to acquire guest exchange dynamics (Figure 4a).43 For this study, we used
pyrene and perylene as the hydrophobic FRET pair (see Sl for experimental details). We
notice that the CHE dendron exhibited the fastest guest exchange, whereas there was
essentially no FRET observed for ANT dendron, suggesting that the exchange dynamics in
aromatic dendron assemblies are in general slower than the non-aromatic CHE dendron
(Figure 4b). There was a systematic trend in guest exchange dynamics of aromatic dendrons
from PHE to NAP to ANT, which suggests that the stability of the assembly (as determined
by the guest encapsulation stability) increases with increasing size of the aromatic side chain
functionality. All these data are consistent with the host exchange properties observed
previously and highlight the importance of understanding host exchange dynamics in
amphiphilic supramolecular assemblies.

Dynamics (MD) Simulation Study

Important questions remain open on the origin of the temperature-sensitivity in the dendron
aggregates. This is probably due to the interactions between the hydrophobic moieties inside
the aggregates: the real variables in this study. However, aromatic and hydrophobic
interactions are unavoidably interconnected in the tail-tail self-assembly in the real system.
We have used all-atom molecular dynamics (MD) simulations to obtain molecular-level
details of the dendron self-assembly in solution. First, we built and pre-equilibrated the
single dendrons in water solution (see Sl for computational details). Then, according to the
same procedure used for similar facially amphiphilic dendrons and polymers in
solution,M"45 nine dendrons of each type were immerged in a periodic simulation box filled
with water molecules (Figure 5a). MD simulations were carried out at 25 and 5 °C for each
system to study aggregation at different experimental temperatures. All systems were
simulated for 200 ns in NPT conditions. During this time, the dendrons self-assembled and
all systems reached the equilibrium in the MD regime (see Sl for details). The evolution of
the radius of gyration (Rg) of the aggregates, of the PEG chains and of the hydrophobic
groups during the MD simulations (Figure 5) shows that, the aggregates tend to converge to
an equilibrated configuration where the hydrophilic PEG surrounds the hydrophobic groups
to minimize the interaction with the solvent. While full reorganization into an ideal micelle-
like aggregate is awkward for ANT and NAP structures due to the size and rigidity of the tail
groups (Figure 5), ordered stacking of hydrophobic groups appears in many regions of the
assembly (e.g., green ANT groups).
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Enthalpy H as measured from the MD simulations is a good indicator of molecular
solubility/hydrophobicity (see Sl for comparison with log P).46 According to a validated
approach,‘mv45 from the MD simulations we extracted the self-assembly enthalpy variations
(AH) for each system at 5 °C and 25 °C (Table 1). While the AH values may depend on the
flexibility of the different dendron architectures, it is not really informative to compare the
AH of the different systems, but rather it is interesting to compare the AH of the same system
at the two different T: AAH = AH (25 °C) — AH (5 °C). The AAH values in Table 1 show that
some assemblies are temperature sensitive and others are not — the more negative is the AAH
value, stronger is the interaction between the dendrons in the aggregates at high (25 °C)
rather than at low temperature (5 °C).

AAH is negligible for the more aromatic dendrons (NAP and ANT), whereas it is as high as
-16 kcal/mol for the non-aromatic dendron CHE. The PHE system seems somewhat
intermediate, with reduced, yet non-negligible, AAH (3.7 kcal/mol), and consistent with the
temperature-dependent size transition and dendron exchange dynamics seen the
experiments. In general, hydrophobic aggregation becomes stronger at higher T, which is the
case for the non-aromatic CHE. However, the MD data in Table 1 show that over a certain
level of aromaticity in the hydrophobic groups, the dendron interaction into the aggregates is
not temperature-sensitive.

We were then interested in understanding how much of the self-assembly is directly
imputable to hydrophobic tails of the dendrons: the real structural variables in this study.
The radial distribution functions, g(r), of the tail groups extracted from the MD simulations
provide information on the interaction between the hydrophobic groups in the assembly
(Figure 6). The higher and sharper the g(r) peak at short distance, the stronger the tail-tail
interaction (/.e., coordination, stacking). The related tail-tail interaction free energies (A&ail)
reported in Table 2 were obtained for all systems from the g(r) curves (see Sl for details).44
The A Eg;j) values show that the tail-tail interaction becomes stronger and temperature-
insensitive for increasing levels of aromaticity. A&y is stronger at 25 °C than at 5 °C only
for the non-aromatic system (CHE).

While the Af,; energies include both hydrophobic and aromatic interactions, it is
interesting to know how much of the tails interaction is directly imputable to the aromatic
(only short-range) rather than to hydrophobic effects. The short-range aromatic contribution
to self-assembly (AEstack) Was calculated as the number of stably stacked groups in the
assemblies multiplied by the stacking interaction energies of CHE, PHE, NAP and ANT
groups47 respectively (see Sl for details), according to the same approach adopted recently
to quantify the role of hydrogen bonding in supramolecular polymers.48 The remaining part
of the tail-tail self-assembly energy (Afy;)) was assumed to be imputable to hydrophobic
effect (A&nyq). This analysis provides qualitative insight on the type of interactions in the
self-assembly and on their modulation in response to temperature change.

The short-range tail-tail interactions (AEstack) contribute only by 27-35% to the global tail-
tail interaction in the CHE system, indicating the predominantly hydrophobic nature of the
self-assembly in this case (Table 2). The long-range hydrophobic tail-tail interaction
(DAEnyqg), 2-3 times stronger than AEg,ck in CHE, is also found to be temperature-sensitive
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(ABnyg: —25.3 vs. =32.3 keal/mol at 5 and 25 °C respectively). Conversely, in the cases
where the tail groups are aromatic (PHE, NAP and ANT), the short-range interactions
(AEgtack) dominate the tails self-assembly (Table 2: ALk is ~ 86%—-98% of the total
AFEgi), all terms are found to be substantially invariant on temperature changes. These
observations clearly suggest that the dominance of aromatic interactions in these three
dendrons substantially reduces the overall temperature sensitivity of these supramolecular
assemblies.

Conclusions

In summary, we have systematically probed the hydrophobic moiety of the facially
amphiphilic dendron while keeping the hydrophilic component unchanged in order to
understand the influence of aromatic functional groups in controlling the temperature-
responsive behavior of amphiphilic assemblies. Our combined experimental-theoretical
approach provides a multiscale picture of these self-assembled materials in solution. We
demonstrate that the inclusion of an increasing degree of aromaticity in the hydrophobic
moieties of the self-assembling dendrons produces temperature-insensitive supramolecular
assemblies, regardless of the level of the side chain hydrophobicity. On the other hand, when
the hydrophobic groups of the dendrons lack aromaticity, the self-assembly is mainly
controlled by hydrophobic interactions and the supramolecular material possesses a
temperature-sensitive behavior. This study demonstrates how subtle changes in the self-
assembling structures can produce different structural and dynamic properties on the
supramolecular material. As amphiphilic assemblies are pursued in a variety of applications
that require kinetic stability, such as in drug delivery or sensing, the design guidelines that
emanate from this study will have broad implications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic presentation of temperature dependent size transition of amphiphilic assemblies,

and role of aromaticity in this phenomenon.
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a) DLS results of the assemblies formed from all dendrons at 25 °C; b) Size change for CHE
dendron assembly at 25 °C (181 nm) and 5 °C (95 nm); ¢) Temperature dependent DLS
measurement for all dendrons from 40 °C to 5 °C; d) Temperature dependent transmittance
for all dendrons from 70 °C to 5 °C.
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a) Graphical illustration of dendron exchange experiment between Pyr and CHE. b)
Structure of dendron Pyr; c) Evolution of pyrene monomer and pyrene excimer emission of
dendron Pyr due to the dendron exchange with different concentrations of CHE Dendron;
d—g) Time-based fluorescence measurement to monitor dendron exchange property of each
dendron with fluorescent-labeled dendron Pyr by tracking pyrene monomer emission (379
nm) at 5 °C and 25 °C: d) CHE; e) PHE; f) NAP; g) ANT
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Figure 4.
a) Guest exchange experiment using pyrene and perylene; b) Normalized FRET ratio of all

dendrons at 25 °C.
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Figure 5.
Modeling dendrons self-assembly in solution. (a,c) Starting and equilibrated configuration of

nine CHE in solution (PEG: blue, dendron scaffold: black, CHE: magenta). (c,d.e)
Equilibrated configuration for the PHE (c: red), NAP (d: cyan), and ANT (d: green).
(b,f,g,h) Radius of gyration (Rq) data of different groups of the dendrons as a function of
simulation time.
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Tail-tail self-assembly interaction. (a—d) Radial distribution functions — g(r) - of the tail
groups respect to each other in the aggregates at 5°C (blue) and 25°C (red). High and sharp
peaks at short distance identify stable and strong interaction (coordination/stacking).
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Structures of the amphiphilic dendrons and the /og P values of hydrophobic functional

groups.
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Table 1

Self-assembly enthalpies (AH) of all dendrons at 5°C and 25°C, and related variations (AAH) expressed in
kcal/mol.

Dendron  Ringsld  AHEC)Pl  AHEseC)Pl  AAH = AH(25°C) - AH(BeC)[C]

CHE 1s -107.3+0.8 -123.3+0.9 -16+1.2
PHE la -91.1+0.8 -94.8+0.6 -37+11
NAP 2a -92.1+0.8 -93+1.0 -09+13
ANT 3a -95+0.7 -94.4+0.6 0.6+0.9
[a]Number of rings per-hydrophobic groups (“s”: saturated; “a”: aromatic).

oA

elf-assembly enthalpy AH is calculated as the sum of solute-solute and solute-solvent interactions and is expressed in kcal/mol.

1)

AAH provides a measurement of temperature sensitivity of the assemblies. All energies values are provided as average + standard error.
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