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The morphology transition from micelles to vesicles of a solution-state
self-assembled block copolymer, containing a fluorescent dye at
the core—shell interface, has been induced by an addition—elimination
reaction using a thiol, and has been shown to be coupled to a
simultaneous ON-to-OFF switch in particle fluorescence.

Precise control over solution-state self-assembled polymer
morphologies is currently of great interest to the research
community. Various morphologies such as spherical micelles,
cylinders, rods and vesicles can be formed by the self-assembly
of amphiphilic block copolymers in selective solvents." Block
copolymer composition and properties control the morphology
that is adopted in solution by the amphiphile. Conventional
self-assembled morphologies are based on hydrophilic-hydrophobic
repulsive interactions,” and as a result, self-assembled nano-
structures formed from stimuli-responsive polymers are able to
undergo morphology transitions induced by external stimuli
such as pH, temperature and light.>® Importantly, the responsive
behavior of self-assemblies enables these new materials to find
applications in nanotechnology and/or drug delivery.">™"> Moreover,
self-assembled nanostructures having fluorescent properties are also
of interest given the desire to track such species in applications such
as nanomedicine.'®*®

Previously, Baker et al. have shown that the conversion of
dibromomaleimide (DBM) to dithiomaleimide (DTM) is highly
efficient, and that by an excess of thiol further conversions can
occur due to retention of the double bond in the DTM motif."’
Furthermore, we previously reported that DTM’s functionalized
with alkyl thiols are highly fluorescent whilst those with aromatic
substituents show a significant decrease in fluorescence emission.>’
Recently, we demonstrated that the DTM motif can be introduced
into block copolymers as a highly emissive fluorescent self-reporting
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probe via a dual ring-opening polymerization and reversible
addition-fragmentation chain transfer polymerization (ROP/
RAFT) initiator.>® Aqueous solution-state self-assembly of these
amphiphilic block copolymers results in DTM incorporation at the
core-shell interface of spherical micelles.*! Herein, we utilize the
reactivity of the DTM group to induce a morphology transition from
spherical micelles to vesicles which occurs simultaneously with an
ON-to-OFF switch of fluorescence emission (Fig. 1). The change in
fluorescence and morphology is induced by an addition—elimination
reaction which removes the hydrophobic segment that is connected
to the DTM functional group at the block copolymer interface, and
replaces it with an aromatic substituent. This subtle change in
chemistry of the DTM group has a significant effect on the properties
of the assembly. We propose the use of this triggered change in
fluorescence and overall self-assembled structure at the DTM group
as an accessible read-out for the change in chemistries within a
block copolymer in a polymeric nanostructure. As such we propose
this approach has interesting potential scope for use in sensing and
also tracking applications.

We first synthesized an amphiphilic block-dye-block copolymer
via a combination of ROP*? and RAFT polymerization* utilizing
a dual ROP/RAFT initiator, 1 (Scheme 1). The design of this
initiator species ensures that the DTM group is located between

({—\\) SH

—)

~

PTEGA-b-PLA,

PTEGA

Fluorescent Non-fluorescent

Fig. 1 Schematic of the morphology change induced by an addition—
elimination reaction of the micelle with thiophenol.
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the hydrophobic and the hydrophilic blocks, allowing the addition-
elimination reaction to be coupled with both a morphology
transition and a fluorescence ON-to-OFF switch. The structure
and properties of the amphiphilic copolymers were carefully
chosen to enable a significant modification of the hydrophilic/
hydrophobic balance alongside a fluorescence emission decrease by
changing the nature of the hydrophobic segment. As the hydro-
phobic segments were connected to the DTM motif as the thiol
ligands, subsequent addition-elimination with a thiol following self-
assembly would allow elimination of the hydrophobic blocks.

The DTM-containing ROP/RAFT dual initiator, 1, was synthesized
from a 2,3-DBM-functionalized RAFT agent.>* Reaction with
mercaptoethanol and triethylamine gives a fluorescent DTM-
functionalized ROP/RAFT dual initiator (1) with two hydroxyl
groups allowing ROP** of rac-lactide to be performed to afford
polymer 1'. This polymer was then chain-extended to afford the
diblock copolymer [poly(triethyleneglycol monomethyl ether
methacrylate)]-b-[poly(p,.-lactide)],, 2, see Scheme 1. The well-
defined fluorescent block-dye-block copolymer, PTEGA-b-PLA,, 2,
was fully characterized using NMR spectroscopy and SEC analysis
(M,, (NMR) = 33.1 kDa, M,, (SEC, DMF) = 19.5 kDa, Py, = 1.42).

The self-assembly of copolymer, 2, into micelles, 3, was achieved
via direct dissolution of the copolymer in purified 18.2 MQ cm water
at a concentration of 1 mg mL ™. The fluorescence spectra of the
spherical micelles 3 in 18.2 MQ cm water shows an excitation
maxima at 405 nm, and an emission maxima at 510 nm, which
are similar to previously reported DTM polymer systems.>* The size
and morphology of the micelles was confirmed by light scattering
and microscopy analysis. Multi-angle laser light scattering (MA-LLS)
indicated Ry, = 26 nm (see ESIt) and dry-state transmission electron
microscopy (TEM) analysis on graphene oxide, a very thin support
that does not require staining, suggests a spherical morphology, see
Fig. 2a.%°

The micelle solution, 3, was treated with 20 equiv. of thiophenol,
and then purified by exhaustive dialysis (MWCO = 1 kDa). Further
experiments with a range of aromatic thiols indicated that the
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Fig. 2 (a) Representative unstained TEM image of micelles (scale bar =
50 nm) 3 and (b) fluorescence emission spectra before (dash line) and after
the reaction (solid line), with excitation at 405 nm.

reaction also works efficiently with a small excess of thiol. The thiol
underwent addition to the DTM group, with corresponding elimina-
tion to afford thio-terminated poly(rac-lactide), 7. Given that the thio-
PLA residue is insoluble in water, the solution was then centrifuged
to remove the thio-PLA precipitate (see ESIT for "H NMR spectrum).

To characterize the particle morphology of assembly 4a,
Multi-Angle Laser Light Scattering (MA-LLS) was performed to
determine the radius of gyration R, and hydrodynamic radius Ry, of
the assemblies, 4a. The ratio of Ry/Ry, gives an indication of the
nanostructure morphology, with 0.775 indicating a solid micelle
and 1 indicating a hollow vesicular structure.®® By interpreting the
data collected in static light scattering (SLS) mode, using CONTIN
analysis, the radius of gyration R, was determined to be 51 nm.
From the dynamic light scattering (DLS) data, Ry, was found to be
56 nm. For nanostructure 4a the Ry/R,, was calculated to be 0.91,
which suggests that nanostructures formed are hollow vesicular
particles (see ESIT). We propose that the vesicles’ hydrophobic layer
is composed of both the substituted maleimide group (containing
the —SPh ligands) and dodecyl end group (the RAFT agent Z-group).
This is consistent with previous reports which have shown that
hydrophilic polymers with hydrophobic aromatic and aliphatic

end-groups can self-assemble into nanoparticles, including
27-30

vesicles.

Scheme 1 Preparation of polymers 2 and 5 from CTA 1, preparation of micelles 3, and the addition—elimination reaction of 3 and 5 which results in a
morphology transition to afford vesicle 4. Conditions: (i) rac-lactide, thiourea, (—)-sparteine, CH,Cl,; (i) AIBN, CHCls, TEGA at 60 °C; (iii) direct dissolution

in water; (iv) thiophenol.
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Fig. 3 SAXS profiles for the in situ micelle-to-vesicle transition.

Moreover, examination of the emission spectrum of the
resultant solution of 4a indicated a drastic decrease of the
fluorescence as a consequence of the modification at the DTM
reactive center. At the same excitation wavelength, the comparison of
the emission spectra of the solution before and after the reaction
(measured at the same concentration) showed a decrease in the
intensity of the maxima (510 nm) from 730 to 30 a.u., see Fig. 2b.

Unfortunately, attempts to image the vesicles by dry-state
TEM were not possible as the nanostructures were not stable to
dehydration. However, to further probe the proposed micelle-
to-vesicle transition upon thiol addition synchrotron SAXS
experiments were performed. The transition described in
Scheme 1 part (iv) was performed in the beamline and the
in situ kinetics of the morphology transition were examined
(Fig. 3). This has the advantage that it allows for the monitoring
of the transition without the need for removal of insoluble PLA,
drying and suspension of the nanostructures (as was necessary
for MA-LLS analysis). Analysis of the SAXS curves over a 20 minute
time period indicates a change of morphology. At the beginning, a
spherical morphology was observed. An increase in the size of the
morphologies in solution happened promptly (less than 10 min) and
a form factor fit indicated the formation of vesicles as well as the
presence of random chains in solution (thio-PLA in solution) (see
ESIT for the different fittings of the SAXS curves over time).

To further probe the vesicle formation which was observed
in the transition from 3 to 4a, the addition-elimination reaction
was performed on a range of model homopolymers (data shown
for PTEGA,5, M,, (NMR) = 16.2 kDa, M,, (SEC) = 13.5 kDa, Dy, =
1.19), 5, synthesized via RAFT polymerization of TEGA utilizing 1
as a chain transfer agent (CTA). DLS analysis of aqueous solutions
of the initial homopolymer 5 (which possesses a-diol and w-dodecyl
end-groups), indicated the presence of unimers in solution. How-
ever, after the addition-elimination reaction between 5 and an
excess of thiophenol, well-defined nanostructures were observed,
4b. MA-LLS was performed, and values of R, and R;, were extracted
from the results. By interpreting the data collected in SLS mode, the
R, equals 63 nm and from the DLS data, the Ry, equals 68 nm and
hence the R,/R;, obtained was 0.93, which once again suggests that
the nanostructures formed in this reaction are vesicles. Similar to
particles 4a which result from reaction of the micelles (3) with
thiophenol, the reaction of the homopolymer 5 with thiophenol
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forms particles 4b of a similar size and morphology. This is
understandable as the addition-elimination reaction of 3 and
5 would be expected to give the same resultant homopolymer,
namely P(TEGA) homopolymer with o-SPh and w-dodecyl end-
groups, which would be expected to assemble into a similar
morphology. As observed for the addition-elimination reaction
with the micelles, the fluorescence emission of the homopolymer
solution again underwent a fast (15 min by analysis of the 535 nm
emission) ON-to-OFF switch during the reaction with thiophenol,
see ESL{

In conclusion, we have shown that an amphiphilic block-
dye-block copolymer containing a DTM group can undergo a fast
morphology transition from spherical micelles to vesicles. This
is triggered by the addition of thiophenol to the DTM group,
with corresponding elimination of the hydrophobic blocks. A
unimer-to-vesicle transition also occurs for a DTM group-
containing homopolymer. In both cases addition of thiophenol
leads to a simultaneous fluorescence ON-to-OFF switch. This
approach is extremely versatile and could be tuned for utilization
with a range of aromatic thiols and self-assembled systems
which contain the DTM functional group. We suggest that such
a simultaneous ON-OFF switch and morphological reorganiza-
tion could be readily applied as a tracking ingmechanism and
also as a mechanism for monitoring release in biological and/or
synthetic self-assembled systems.
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