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Scheme 1. Schematic of Host—Guest Characteristic

ABSTRACT: An amphiphilic polymer with cleavable side Evolutions in Response to Main- or Side- Chain Degradation
chain and main chain functional groups has been designed of Amphiphilic Polymer

and synthesized. Specific cleavage of either of its functional o

groups was found to have an effect on the morphology of Maf;egﬁznmglzgﬂzg’m

the assembly. Degradation of the main chain is shown to 3 -

cause morphology of the supramolecular assembly to e e ool

evolve with time from a micelle-like assembly to a vesicular
assembly. On the other hand, stimulus-induced cleavage of
the side chains causes these nanoassemblies to dis-
assemble. These temporal (main chain) and triggered
(side chain) degradation processes have implications in the
design of degradable polymers as supramolecular scaffolds
for biological applications.

of considerable interest due to their potential utility in a i o @
variety of applications." Over the years, research in amphiphilic
assemblies has evolved from designing molecules to obtain
well-defined morphologies to incorporating stimuli-sensitive
characteristics in these assemblies to develop them as smart

S upramolecular assembly of amphiphilic molecules has been /, Y / No container \ &
Iy

in the polyurethane backbone are known to hydrolytically

degrade slowly in aqueous phase,” and thus it satisfies the first

nanomaterials.” Polymeric amphiphiles have garnered attention requirement. Most of the reported amphiphilic polyurethanes
due to the enhanced kinetic and thermodynamic stabilities of are based on difference in the hydrophilicities of the
the nanoassemblies. Block copolymers have gained particular comonomers in the backbone.® The design requirements here
attention here, because of the conveniently derivable structure— however dictate that the monomer building block itself be
property correlations in terms of the two blocks.” On the other amphiphilic so that the degradation of the polymer would lead
hand, the possibility of preprogramming self-assembly charac- to shorter oligomers with the overall amphiphilicity retained in
teristics in the monomer stage itself has attracted interest in the system (Scheme 1). Moreover, the polymer and the
amphiphilic homopolymer systems.® Since these amphiphiles monomer should also fulfill the triggerable disassembly
are simply the polymerized versions of the corresponding small requirement mentioned above. The targeted monomer
molecules, there exists a structural continuum between these containing p-thioester moieties provides this opportunity, as
two molecular classes in the form of oligomers. In this context, these have been shown to undergo faster hydrolysis at lower
we study the host—guest characteristics and morphological pH.’

evolution of assemblies made from low molecular weight The molecular design that could satisfy all these design
polymeric amphiphiles in response to their depolymerization requirements is shown as polymer P1 (Figure la). The
toward monomeric amphiphile (Scheme 1). We disclose our polyurethane P1 constitutes an amphiphilic monomer M1
preliminary findings here. (Scheme 2), derived from dithiothreitol (DTT). The molecular

For this study, we designed a short amphiphilic polymer that weight (M,) of the polymer was found to be 7.5 kDa and quite
has two disparate degradable features. First, the polymer has polydispserse. The short polymer provides an ideal scaffold for

been designed such that the depolymerization process is slow observing morphological evolutions upon subtle changes in the
to allow for the evaluation of morphological changes. structure. Synthetic and characterization details are provided in
Complementary to the depolymerization event, the second the Supporting Information (SI).

mechanism involves a triggered change in the amphiphilicity of To study the amphiphilicity-based self-assembly of P1, the
the polymer to potentially cause complete disassembly. We use polymer was dispersed in water at different concentrations in
both these processes to interrogate the system over time.

Polyurethanes, containing p-thioester linkages, have been Received: April 21, 2016

designed to satisfy these requirements. The carbamate linkers Published: June 3, 2016
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Figure 1. (a) Structure of P1. (b) DLS of aqueous solution of P1. (c)
TEM image indicating micellar aggregates (Inset: micelle-like assembly
of same size captured at higher magnification).

Scheme 2. Products of fi-Thioester and Urethane Hydrolysis
at pH 5.3 and 7.4, Respectively
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the presence of a spectroscopic probe, Nile red (NR). NR is
insoluble in aqueous phase by itself, but is apparently soluble in
the presence of P1. This suggests that the polymer is capable of
providing hydrophobic pockets for guest encapsulation. To
investigate whether this solubilization is due to aggregation of
the polymer to form a hydrophobic pocket, NR fluorescence
was monitored at different concentrations of the polymer. The
sharp increase in the fluorescence at a specific concentration
indicates the onset of the polymer aggregation at ~0.06 mg/
mL, which is considered to be the critical aggregate
concentration (CAC) of P1 (see SI). To investigate the size
and morphology of such an assembly, the polymer was studied
by dynamic light scattering (DLS) (Figure 1b) and trans-
mission electron microscopy (TEM) (Figure Ic). TEM images
show that the observed aggregates are spherical with a solid
core, with a size of a little over 100 nm. Considering the
hydrophobicity of the interior from the guest encapsulation
study, these aggregates were considered to be complex micelle-
like aggregates, which has been typical of amphiphilic
homopolymer assemblies.® TEM images are obtained from
dry samples, whereas the system is being studied in solution.
The close correlation in the sizes of the aggregates obtained
from TEM and those from DLS in solution (~130 nm, Figure
1b), along with the dye incorporation studies, suggests that P1
indeed exhibits these micelle-like assemblies in aqueous phase.

Since the polymer P1 was designed to be sensitive to change
in pH, change in the container property of the amphiphilic
assembly at lower pH was evaluated. Release of the
encapsulated NR in 0.1 mg/mL P1 in pH 5.3 TRIS buffer
was monitored over several hours. Dye release started soon
after the pH buffer was lowered, resulting in 32% release in the
first 10 h and ultimately reaching ~95% release in 6 days. This
can be attributed to the hydrolysis of fS-thioester bonds at pH

OH
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5.3, disrupting the amphiphilic character of the polymer and its
propensity to form the nanoassembly. The control study at pH
7.4, where <15% dye release in 7 days, supports the hypothesis
that the guest release is due to the pH-induced disruption of f-
thioesters (Figure 2a—c).
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Figure 2. Time-dependent fluorescence emission of Nile red
encapsulated P1 treated to (a) pH S and (b) pH 7.4. (c) % Release
of Nile red at pH 5.3 and 7.4 from P1 micelles, plotted against time.

An interesting observation was made when a further
validation of the observed guest molecule release was attempted
using DLS. Although the assemblies disappeared as anticipated
at pH 5.3, the result from the control experiment at pH 7.4 was
surprising. At pH 5.3, the 130 nm assembly disappeared over
time to afford micron-sized aggregates (Figure 3a), which are
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Figure 3. DLS plots of P1 before and after (a) treatment to acidic pH
5.3 and (b) treatment with tris buffer pH 7.4. (c) TEM images of P1,

after 8 days at pH 7.4, revealing vesicles of various sizes (Inset: vesicles
of same size captured at higher magnification).

attributed to the hydrophobic byproducts of the pH-induced
cleavage (Scheme 2). Interestingly, the control solution at pH
7.4 showed a variety of size distributions after day 7, including
at 50 and 100 nm in addition to some larger aggregates (Figure
3b). The presence of smaller assemblies was especially baffling.
To further investigate this, the aged samples were analyzed by
TEM, which indicated the presence of vesicular aggregates with
an aqueous lumen (Figure 3c). Sizes of these assemblies were
mostly between 40 and 100 nm, though some larger (~500
nm) vesicles were also observed (Figure 3c). Considering the
sample at pH 5.3 did not exhibit similar changes, we
hypothesized that the urethane backbone has hydrolyzed
slowly over 8 days, forming smaller oligomers, which prefer
the formation of vesicles. Note that the urethane hydrolysis
retains the amphiphilicity in the resultant oligomers, while the
hydrolysis of f-thioester moiety disrupts it (Scheme 2). To test
this possibility, we characterized the assemblies formed by the
monomer M1, as this represents the final product of the
degradation of carbamate moieties in the polyurethane
backbone. Indeed, the morphology of the assembly formed
by M1 was found to be vesicular with ~100 nm size (Figure
4a), similar to those observed with P1 after 7 days.

To further test the hypothesis of depolymerization-induced
morphological change, we tested the molecular weight
evolution of the polymer by lyophilizing the sample on days
1, 4, and 8 and by testing them in GPC. If our degradation
hypothesis is correct, we would see new peaks corresponding to

DOI: 10.1021/jacs.6b04099
J. Am. Chem. Soc. 2016, 138, 7508—7511


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04099/suppl_file/ja6b04099_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b04099

Journal of the American Chemical Society

Communication

3
S

——R6G in water
PH7.4,0

= REG in vesicle
pH5.3,9h

— R6G in vesicle
pH 5.3, 0h

JEmission Intensity

a

00 550

600 650 700
Wavelength (nm)

Figure 4. TEM images of (a) M1 indicating vesicles (Inset: vesicles of
same size captured at higher magnification) and (b) P1 on day 4
sample revealing both micelles and vesicles (Inset: zoomed-in to show
the morphological mixtures). (c) R6G release from aged P1 vesicles at
pH 5.3.

oligomers and a longer retention time (see SI). Indeed, the
GPC showed new peaks at longer retention times over the
course of 8 days, the molecular weights of which correspond to
tetramers, trimers, and dimers. Observable extent of shorter
oligomer formation was found from day 4, and the peak
corresponding to P1 disappeared completely by day 8. Next, we
investigated whether this depolymerization-induced change
occurred via any intermediate morphologies. On day 4, the
GPC peaks for polymer P1 and shorter oligomers were
concurrently observed. TEM images of this sample showed a
distinct mixture of vesicles and micelles (Figure 4b).

Finally, we were interested in investigating this depolyme-
rization-induced morphological change using the host—guest
characteristics differences between micellar and vesicular
aggregates. While both these assemblies would be able to
sequester hydrophobic guests, because of the hydrophobicity of
the micellar interior and the vesicular membranes, only the
latter would be able to sequester hydrophilic guests. Indeed, we
were unsuccessful in our attempts to incorporate hydrophilic
rhodamine 6G (R6G) within the polymer assembly PI.
Interestingly, however, R6G was comfortably incorporated
within the vesicular assembly formed by M1, which was
ascertained by comparing the absorbance-matched solutions of
R6G in water (see SI). The observed fluorescence self-
quenching, due to local concentration effects imposed by
encapsulation, suggests that the hydrophilic dye has been
incorporated within the lumen of the vesicular assemblies. If P1
indeed depolymerizes to smaller oligomers, which have the
propensity to form vesicular assemblies, the ability to sequester
hydrophilic molecules must evolve with time. Indeed, we found
that the hydrophilic dye can be encapsulated in aged P1 on day
8. Note that our hypothesis here is that the urethane bond
hydrolyzes, but the B -thioester bonds are intact during the
aging process. If this was correct, then lowering the pH of the
solution containing the assembly based on monomer M1 or the
aged P1 should cause disassembly, because the amphiphilic
character of the constituent molecules would disappear due to
the pH-induced hydrolysis of the f -thioester. The observed
decrease in self-quenching of R6G with time at pH 5.3 in both
these solutions (Figure 4c and SI) supports this hypothesis.

In summary, by designing an amphiphilic homopolymer that
can degrade both at the side and the main chains, we have
shown that the morphology of the assembly and its host—guest
characteristics can be predictably evolved. The amphiphilic
polymer itself forms a micelle-like assembly in aqueous phase,
where it is capable of acting as a nanocontainer for hydrophobic
guest molecules. Subjecting this assembly to a pH change
causes it to lose this container property, because of the
degradation of the side chain functionalities. On the other hand,
aging this assembly in aqueous solution results in slow
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depolymerization through degradation of the main chain,
where the morphology of the assembly changes from micelle-
like structures to vesicular ones. This morphological change
accompanies an evolution in host—guest characteristics, where
the assembly changes from a nanocontainer for hydrophobic
guest molecules to one that can be a concurrent container for
both hydrophobic and hydrophilic guest molecules. Lowering
the solution pH causes the assembly to lose its ability to
encapsulate both types of guest molecules. The evolution of
these assemblies in response to depolymerization might be
reminiscent of the polymerization-induced self-assembly
process,” which has recently gained much attention. Note
however that the process is sharply distinct, because the
hydrophilic—lipophilic balance in the amphiphilic polymer does
not evolve with the depolymerization process noted here.
Therefore, the morphological changes observed here are
dictated by the molecular architecture rather than by the
relative volumes of the amphiphilic constituents. The variations
in the molecular architecture between these oligomers and the
monomer likely arise from the fact that the amphiphilic
building blocks in the oligomers are more conformationally
restricted with respect to each other, compared to the
monomers. The observations here raise several interesting
questions. From a fundamental perspective, it is interesting to
ask whether the mixture of two morphologies after 4 days is an
indicator of self-selection among oligomeric amphiphiles,
driven by their preferred morphologies. Addressing these
questions, along with exploring the potential utility of these
assemblies in meaningful applications, will be part of our future
efforts in this area. From an applications perspective,
degradable amphiphiles have drawn significant attention due
to their potential use in biological applications such as delivery
and diagnostics. The fact that both polymer and monomer were
found to be non-cytotoxic to cells (see SI) suggests the
potential for utilizing these assemblies in such applications.
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