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Abstract: Controlled polymerizations have enabled the
production of nanostructured materials with different shapes,
each exhibiting distinct properties. Despite the importance of
shape, current morphological transformation strategies are
limited in polymer scope, alter the chemical structure, require
high temperatures, and are fairly tedious. Herein we present a
rapid and versatile morphological transformation strategy
that operates at room temperature and does not impair the
chemical structure of the constituent polymers. By simply
adding a molecular transformer to an aqueous dispersion of
polymeric nanoparticles, a rapid evolution to the next higher-
order morphology was observed, yielding a range of
morphologies from a single starting material. Significantly,
this approach can be applied to nanoparticles produced by
disparate block copolymers obtained by various synthetic
techniques including emulsion polymerization, polymeriza-
tion-induced self-assembly and traditional solution self-
assembly.

Controlled radical polymerization (CRP) has been high-
lighted as one of the top ten emerging technologies in
chemistry that could change the world, according to a recent
IUPAC report.[1] Perhaps a key feature of CRP (also of
ionic polymerizations) is that the vast majority of the
generated polymer chains possess an active end-group which
can be further exploited to form block copolymers.[2] These
block copolymers can self-assemble in solution, producing

core-shell polymeric nanoparticles.[3] Such nanostructures
are increasingly used in a range of fields, spanning from the
automotive, environment, energy, catalysis to biomedical,
pharmaceutical and polymer industries.[4] Owing to these
advantageous characteristics, numerous synthetic techniques
for these nanoparticles have emerged including the so-called
traditional self-assembly,[5] emulsion and dispersion poly-
merizations (e.g. polymerization-induced self-assembly
(PISA))[6] and crystallization-driven self-assembly.[7] A par-
ticular focus of these strategies is to control the nanoparticle
morphology from low to high order (e.g. from spheres to
worms, and vesicles), as they exhibit distinct properties and
performance.[8] For instance, worms present higher surface
area and flexibility than spheres, spheres show higher cell
uptake than worms and vesicles have the advantage of
encapsulating both hydrophobic and hydrophilic
compounds.[9] These distinct properties are typically ac-
quired by using nanoparticles composed of disparate block
copolymers or varied molecular weights and synthesized by
different techniques.[8,10] To realize a more direct compar-
ison among various morphologies (e.g. enable structure–
property relationship studies or theoretical simulations),
alternative strategies that allow the efficient transformation
between different nanoparticle shapes have also been
developed.[11] Additional benefits of these strategies include
the use of a single block copolymer to produce polymeric
nanoparticles of various shapes (i.e. rather than synthesizing
block copolymers consisting of different degrees of polymer-
ization (DPs)) and the facile identification of the conditions
for morphological transformation (i.e. instead of requiring
the optimization of multiple parameters to control the
morphology). For instance, the addition of ions in
poly(styrene-b-acrylic acid) nanoparticles, obtained through
traditional solution self-assembly, triggered the morpholog-
ical transformation into various morphologies.[11a] This trans-
formation was induced due to decreased repulsion within
the hydrophilic segments caused by the binding or bridging
of the corona forming block (e.g. poly(acrylic acid)). In
another report, poly(lauryl methacrylate-b-benzyl methacry-
late) nanoparticles produced by PISA were shown to under-
go a change in morphology by adjusting the solution
temperature.[12] Such temperature-induced morphological
transformations do not rely on thermo-responsive polymers
but on the surface solvation of the nanoparticles.[12]

In contrast, other strategies exclusively require thermo-
responsive materials to trigger such transformations.[13]

Further methods include the use of external stimuli such as
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light, pH and chemical stimuli to aid morphological
transformations.[14]

Despite these significant advances, current transforma-
tion approaches are limited in polymer scope (i.e. trans-
formation is possible through a specific diblock copolymer
rather than a range of materials), typically require a
significant temperature change which may be incompatible
with certain applications (e.g. T>50 °C may prevent drug
encapsulation), may alter the chemical structure among
different shapes through either demanding chemical mod-
ifications or the use of stimuli such as pH and light, and can
be fairly tedious and time-consuming (i.e. transformation is
completed in hours).[11c, 15]

Herein we present a simple and fast methodology that
allows for a rapid and efficient transformer-induced meta-
morphosis (TIM) of polymeric nanoparticles through the
addition of small organic molecules, referred in this work as
transformers. This methodology does not change the molec-
ular weight or chemical structure of the polymers, operates
at room temperature, and is applicable to a range of block
copolymers and synthetic techniques (Figure 1).

First, we synthesized spherical particles by aqueous
reversible addition-fragmentation chain-transfer polymeriza-
tion (RAFT) emulsion polymerization of styrene utilizing
poly(di(ethylene glycol) ethyl ether methacrylate-co-N-(2-
hydroxypropyl) methacrylamide) (P(DEGMA-co-HPMA))
(Mn =8600, Figure S1) as the macromolecular chain transfer
agent (macro-CTA). This macro-CTA was synthesized

through an adapted RAFT-mediated solution polymeriza-
tion protocol.[16] It is noted that this macro-CTA is a
thermo-responsive polymer that can form aggregates at
70 °C (Table S1). The emulsion polymerization was com-
menced at 70 °C yielding a well-defined diblock copolymer
P((DEGMA-co-HPMA)-b-styrene) (Mn =14300, Fig-
ure S2). The unreacted styrene was then evaporated and the
solution was cooled down at room temperature (Figures S3
& S4). Using transmission electron microscopy (TEM)
analysis, spherical aggregates (�1200 nm) were observed
and their spherical morphology maintained intact for several
months (Figure S5). Interestingly, when a small amount of a
molecular transformer (i.e. toluene, 5 μLmL� 1) was added,
at room temperature, a turbidity change was immediately
noticed upon mildly shaking the solution for approximately
5 seconds (Figure 2d). Subsequent TEM analysis revealed a
change from the initial spherical aggregates to wormballs
(Figure 2b). This interesting morphology suggests that
acquiring worm-like nanoparticles may also be possible.
Indeed, by further increasing the amount of the injected
transformer (additional 10 μLmL� 1), worm-like nanopar-
ticles could be obtained as confirmed by TEM, while
accompanied by a further change in turbidity (Figure 2d). It
is also noted that at room temperature, and in the presence
of added toluene, the original macro-CTA is water-soluble,
thus forming the corona while polystyrene (PS) is water-
insoluble and therefore becoming the core. Our current
hypothesis is that the transformer (i.e. toluene, which has a

Figure 1. Schematic illustration and highlights of transformer-induced metamorphosis (TIM).
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solubility parameter similar to that of the core) does not
only plasticize the PS core, thus increasing the mobility of
the rigid PS chains, but also facilitates the morphological
transformation. To confirm this hypothesis, we continued
adding the transformer in the worm-like nanoparticles
anticipating a switch to an even higher order morphology.
As expected, the formation of vesicles was evident by TEM
(additional 35 μLmL� 1) and was also supported by a change
in turbidity (Figure 2d). This data suggest that toluene plays
the role of a morphological transformer. In particular,
toluene exhibits a very similar solubility parameter with that
of the PS core (i.e. δPS =16.6–20.2, and δtoluene =18.2) and
therefore it can enter the core and increase the volume of
the core hydrophobic segment (v).[17] Such change in v
increases the critical packing parameter p (p=v/al), leading
to the transformation into different morphologies.[18] Impor-
tantly, the 1H NMR spectra of the polymers before and after
the transformation showed identical chemical structures

(Figure S6), thus confirming that the shape transformation
occurred without altering the polymer composition. In
addition, size exclusion chromatography (SEC) revealed
indistinguishable molecular weight distributions for all the
obtained nanoparticles (Figure 2c), which is in contrast to
traditional PISA whereby the change in the molecular
weight of the second block triggers the morphological
transformation. Instead, in our approach, the addition of a
small amount of transformer is solely responsible for the
rapid evolution to the next higher-order morphology. It is
noted that our strategy is different to many other techniques
based on controlling either the self-assembly process or the
interfacial interaction between the polymeric corona and the
surrounding medium.[11c]

We were then interested in exploring whether the
transformer-induced metamorphosis of polymeric nanopar-
ticles could be applied not only to different block copoly-
mers, but also to various self-assembly systems. To inves-

Figure 2. TIM of polymeric nanoparticles obtained via emulsion polymerization. a) Schematic representation of RAFT emulsion polymerization;
b) TEM images of spheres, wormballs, worms and vesicles; c) SEC traces showing identical molecular weight distributions of various
morphologies; d) Schematic representation of the morphologies and visualization of change in turbidity of P((DEGMA-co-HPMA)-b-styrene)
nanoparticles in water after sequential addition of transformer.
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tigate this, an aqueous PISA formulation was followed
utilizing poly(glycerol monomethacrylate) (PGMA) as the
hydrophilic stabilizer block and poly(glycidyl methacrylate)
(PGlyMA) as the core-forming block (Figures 3a and S7).

It is noted that this is a completely different diblock than
in the previous system, in order to highlight the versatility of
our method. In particular, in the emulsion approach the
diblock was composed of a thermo-responsive corona and a
hydrophobic PS core. Instead, in the current PISA example,
the diblock consists of a water-soluble corona and PGlyMA
as the core. By targeting a degree of polymerization (DP 35)
of GlyMA, full monomer conversion was obtained and
TEM analysis exclusively showed spherical nanoparticles
(�15 nm) (Figures 3b and S8).[19] GlyMA was then added as
the molecular transformer as this would resemble the

solubility parameter of the core. By injecting GlyMA
(60 μLmL� 1), a rapid and quantitative transformation from
spherical to worm-like nanoparticles was observed (Fig-
ure 3b).

The morphological change was also accompanied by the
formation of a gel, as can be seen in Figure 3c, further
supporting the formation of worm-like nanoparticles.
Although this PISA system produced spherical micelles
(which are different to the spherical aggregates formed by
the emulsion approach), both systems can undergo a trans-
formation from spheres to worms, thus being consistent with
TIM. Upon adding more transformer, a fluid emulsion-like
solution was generated and TEM confirmed the formation
of vesicles. The morphology assignments were confirmed by
small-angle X-ray scattering (SAXS) in solution. The

Figure 3. TIM of polymeric nanoparticles obtained via aqueous PISA. a) Schematic representation of RAFT emulsion polymerization; b) TEM
images of spheres, worms and vesicles; c) visual representation of various morphologies; d) small-angle X-ray scattering data confirming the
formation of different morphologies in bulk.
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radially integrated SAXS patterns, shown as the intensity I
as a function of the scattering vector q, are interpreted based
on the slopes of form factors for monodisperse and dilute
solutions (Figure 3d). A low-q slope of nearly 0 indicates
spherical morphologies, while a slope of � 1 indicates linear
rigid morphologies, such as worms. Slopes of � 2 are related
to the presence of flat aggregates consistent with vesicles,[19]

confirming that the morphologies assigned by TEM are in
line with SAXS characterization. Last but not least, SEC
analysis showed identical molecular weights for all the
obtained morphologies (Figure S9). As such, it is evident
that TIM of polymeric nanoparticles can operate efficiently
in various systems, without the need to change the temper-
ature or pH, which is distinct from recently reported
approaches.[11c] To further probe the potential of our
approach, an organic PISA formulation was subsequently

employed.[20] Poly(oligo(ethylene glycol)) methyl ether
methacrylate (POEGMA, average Mn 300) was used as the
hydrophilic macromolecular chain transfer agent and the
RAFT dispersion polymerization of styrene was conducted
in methanol (Figures S10 and S11). After polymerization,
the solution was dialyzed against water to remove methanol
and unreacted monomer. The resulting solution was then
analyzed by TEM and distinct worm-like nanoparticles were
observed (Figure 4b). A small amount of toluene was then
added (5 μLmL� 1) which induced the transformation from
worms to vesicles. Cryogenic TEM further confirmed the
existence of worms and vesicles in solution, thus supporting
the successful morphological transformation (Figure 4c).
This data also highlighted that the observed morphologies
are not an artifact of a “drying” effect as in the solvent
evaporation methodologies.[21] The transformation could

Figure 4. TIM of polymeric nanoparticles obtained via organic PISA. a) Schematic representation of RAFT dispersion polymerization; b) TEM
images of worms, octopi-like morphology, jellyfish and vesicles respectively; c) visual representation and cryo-EM of worms and vesicles.
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also be visualized by a clear change in turbidity. It is noted
that SEC traces of both worms and vesicles showed over-
lapping molecular weight distributions (Figure S12). Inter-
estingly, at even lower transformer concentrations
(2 μLmL� 1 and 3 μLmL� 1), several characteristic intermedi-
ate morphologies were observed. In particular, mixed phases
consisting of flat lamellar disks interlinked with worms
(octopi-like morphology) and jellyfish-like morphologies
could be clearly detected by TEM. These intermediate
morphologies not only suggest that we indeed have a
transformation from worms to vesicles, but also indicate that
the transformer is triggering a similar mechanistic pathway
to traditional PISA but without the need to increase the
molecular weight of the second block.[22] We also conducted
additional experiments in which various organic molecules
were used as potential morphological transformers. Interest-
ingly, water-miscible organic molecules, such as tetrahydro-
furan, could not alter the worm-like shape. In contrast, other
water-immiscible molecules including styrene, xylene and
mesitylene could act as efficient transformers owing to their
resemblance with the hydrophobic core. Instead,
cyclohexane and hexane, despite being water-immiscible,
did not lead to a successful morphological transformation
under the conditions studied. This may be due to their
saturated structure which is different to the PS core (Fig-
ure S13). As a final experiment, the block copolymer
obtained by organic PISA was freeze-dried and re-dissolved
in acetone. A traditional self-assembly procedure in water
was then followed and upon dialysis TEM showed the
formation of worms. TIM was then applied by the addition
of toluene and the shape was instantly changed from worms
to vesicles (Figure S14). These preliminary data suggest that
our method can also be applied in traditional self-assembly
strategies.

In summary, we have developed a transformer-induced
metamorphosis strategy that allows for the rapid trans-
formation between different morphologies by adjusting the
amount of an added organic molecule that matches the
solubility parameter of the core. The successful transforma-
tion was confirmed by TEM, cryo-EM, and SAXS while
SEC revealed identical molecular weights for all the
obtained morphologies. Importantly, our approach operates
at room temperature and without altering the chemical
structure of the obtained morphologies. We envisage that
such strategy can further enable structure-property relation-
ship studies and theoretical simulations.
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