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The creation of nanoparticles with controlled and uniform dimensions and
spatially defined functionality is a key challenge. The recently developed

living crystallization-driven self-assembly (CDSA) method has emerged

as apromising route to one-dimensional (1D) and 2D core-shell micellar
assemblies by seeded growth of polymeric and molecular amphiphiles.
However, the general limitation of the epitaxial growth process to asingle
core-forming chemistry is animportant obstacle to the creation of complex
nanoparticles with segmented cores of spatially varied composition that
canbe subsequently exploited in selective transformations or responses
to external stimuli. Here we report the successful use of a seeded growth
approach that operates for a variety of different crystallizable polylactone
homopolymer/block copolymer blend combinations to access 2D platelet
micelles with compositionally distinct segmented cores. To illustrate the
utility of controlling internal core chemistry, we demonstrate spatially
selective hydrolytic degradation of the 2D platelets—aresult that may

be of interest for the design of complex stimuli-responsive particles for
programmed-release and cargo-delivery applications.

Two-dimensional (2D) nanostructures with precisely controlled
compositions and dimensions based on polymeric precursors
are of widespread interest, but are challenging to access' . Living
crystallization-driven self-assembly (CDSA) of block copolymers
(BCPs) and related polymeric amphiphiles in selective solvents
using preformed seeds has been demonstrated to be a powerful,
ambient-temperature method for the formation of 2D platelet micelles
of controlled size”®. A range of well-defined and complex platelet
architectures from BCPs and a variety of particle morphologies have
been realized using this approach® . Precise control of the internal
structure of the core-shell particles to allow the creation of cores
with spatially distinct chemistries could enable advances in particle
behaviour. However, this remains an unresolved challenge due to the

general limitationthat seeded epitaxial growthleads toacorestructure
for the resulting particles that is compositionally homogeneous™ 2.
Only limited examples of heteroepitaxial growth have been reported
for 1D or 2D assemblies'**?¢, and the most extensively studied case
involves structurally similar poly(ferrocenyldimethylsilane) (PFS)
and poly(ferrocenyldimethylgermane) (PFG) as the crystallizable
core-forming blocks. These materials possess near identical physical
and chemical properties® .

Polyesters have previously been used as core-forming blocks in
the formation of well-defined 1D and 2D particles using living CDSA
methods®*. Such cores areinherently biocompatible, but also display
hydrolytic biodegradation pathways in which the rate of degradation
is controlled by their specific chemical structure®’. The creation of
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Fig.1|Uniform 2D platelets with segmented cores obtained by sequential
growth of PCL (C¢) and PHL (C,) homopolymer/block copolymer blends

(1:1, wt/wt in CHCI;) from 1D PCL,-b-PDMA,,, (C,) seeds colloidally dispersed
in EtOH. a-f, Scheme for the formation of 2D PCL-PHL (C¢-C,) block co-micelles
(a), TEMimage (b), AFM height image (c), STED image of BODIPY-dye-labelled
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platelet block co-micelles (d), height profiles of PCL-PHL block co-micelles
corresponding to the numbered linesin c (e) and TEM image and SAED patterns
fora PCL-PHL platelet block co-micelle (f). The PCL and PHL domains can be
clearly distinguished from the TEM and AFM height images.

particles with segmented cores that are derived from biocompatible
and biodegradable polymers would lead to key advances through
the generation of self-assembled nanoparticles in which the degra-
dation properties and level of functionalization can be selectively
manipulated.

In this article we demonstrate a versatile method to prepare a
broad range of 2D segmented platelets with compositionally distinct
cores. As a proof of concept, we show segmented 2D platelet micelles
inwhichthe coreregions derived from polyesters with different hydro-
phobicity exhibit selective hydrolytic degradation. Our results should
guide the future design and fabrication of spatially defined core-shell
nanoparticles with diverse core compositions containing different
functionalities.

Results and discussion

We focused on the living CDSA of polylactone-based homopolymerand
block copolymer blends to access precisely defined 2D nanostructures
in which the dimensions can be controlled via the polymer-blend to
seed-mass ratio. We first sought to demonstrate that different poly-
lactone core-forming blocks could yield compositionally homogene-
ous platelets using this approach. Homopolymers were prepared by
ring-opening polymerization of lactones of different ring size with
varying numbers of carbon atoms (C,, x=5-8 or 12), to form polylac-
tones with different C, spacers, namely poly(6-valerolactone) (PVL,
C,), poly(e-caprolactone) (PCL, Cy), poly(C-heptalactone) (PHL, C,),
poly(n-octalactone) (POL, Cg) and poly(A-dodecanolactone) (PDDL,
C,,). BCPs containing segments of these materials as crystallizable, sol-
vophobic core-formingblocks and poly(dimethylacrylamide) (PDMA)
as a solvophilic corona-forming block were prepared by reversible
addition-fragmentation chain-transfer (RAFT) polymerization (Sup-
plementary Scheme1, Supplementary Fig.1and Supplementary Table
1). Allof the BCPs, PVLg,-b-PDMA 5, PCL,-b-PDMA,o, PHL;y-b-PDMA,,

POLss-b-PDMA,¢, and PDDL,,-b-PDMA,, (the subscripts refer to the
number-average degree of polymerization), formed polydisperse
cylinders by spontaneous nucleation in ethanol at 5 mg ml™ when
heated at 70 °Cfor 3 hand subsequently cooled to room temperature
(25°C). Near-uniform 1D crystalline seeds, ~60 nm in length and with
low dispersity (L,/L, of -1.1), could be obtained for all BCP cylinders
after sonication for 20 min at O °C (Supplementary Fig. 2).

Ahomopolymer/block copolymer blend (1:1 weight ratio, wt/wt),
dissolved in chloroform, was used to grow 2D platelet particles in
the presence of 1D seeds with the same core composition, colloidally
dispersed in ethanol (Supplementary Fig. 3). With the exception of
the PVL (C;) system, we were able to achieve well-defined platelets
with controlled size for all BCP systems. Analysis of the resulting plate-
lets by transmission electron microscopy (TEM) and atomic force
microscopy (AFM) showed that, in each case, the 2D structure formed s
highly regularinshape, and that their formation follows aliving growth
mechanism characterized by the linear relationship of the platelet area
with the unimer-to-seed mass ratios (Supplementary Figs. 4-7). Both
the homopolymer and BCP play critical roles in the formation of 2D
platelets. Inthe absence of added homopolymer, growth occursin1D,
and cylinders of controlled dimensions are generated (Supplementary
Fig.8). Without the addition of the BCP, growth doesnot occurineither
1D or 2D (Supplementary Fig. 8). Inall of the subsequent work we used
amass ratio of 1:1 for homopolymer and BCP in the unimer blend to
generate 2D platelets using the living CDSA method.

Next, to create core-shell nanoparticles with spatially and com-
positionally distinct cores, we investigated the seeded growth of
different polylactone-containing polymer/block polymer blends by
addingblend unimers of the other polylactones to PCL¢,-b-PDMA,,, (C,)
seeds. Weinitially investigated the growth of unimers of the PHL blend
(C,) from a PCL,-b-PDMA,,, (C,) seed in ethanol. Interestingly, this
yielded more regular 2D platelets than those formed by spontaneous
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Fig. 2| Two-dimensional platelet block co-micelles formed from four
different polylactones. a-j, TEM images of PCL-POL (C,-Cs) (a), PCL-PDDL
(C¢—Cyy) (b), PHL-POL (C;-Cg) (c), PHL-PDDL (C,-C,,) (d), POL-PCL (C4-Cy) (e),
POL-PHL (C4-C;) (), POL-PDDL (C4~C,,) (g), PDDL-PCL (C,,~C,) (h), PDDL-PHL
(C;,-C,) (i) and PDDL-POL (C,,-Cs) (j) block co-micelles prepared by a sequential
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seeded growth approach in ethanol. The right-hand images of POL-PCL (Cs—C)
(e) and PDDL-PCL (C;,-Cy) (h) are AFM height images. The different sizes of

the block co-micelles obtained in each case are due to the different molecular
weights of the crystallizable homopolymers and block copolymers. Scale bars =
2,000 nm.

nucleation of a PHL blend (Supplementary Fig. 8). Moreover, the
growth of a PHL core domain from 2D PCL platelet micelles could also
be readily achieved with excellent control (Fig. 1). The two platelet
regions of the diblock co-micelles (PCL-PHL, representing diblock
co-micelles containing inner PCL (C,) and outer PHL (C,) composi-
tions, the same as other block co-micelles) were clearly distinguishable
from TEM and AFM height images, from which height profile analysis
indicated that the height of the PHL region was -2.5 nmlower than the
PCL region. To provide further evidence that the micelles possessed
asegmented structure, the added homopolymer was labelled with a
red (PHL) or green (PCL) BODIPY dye (Supplementary Scheme 2). To
this end, by sequential addition of these labelled blend unimers to a
PCL4,-b-PDMA,,, seed, concentric 2D platelets with compositionally
distinct cores and spatially defined fluorescent coronal regions were
obtained, as shown by stimulated emission depletion (STED) micros-
copy (Fig.1d).

To obtain insight into the mechanism for the successful creation
of 2D core-shell particles with spatially and compositionally distinct
cores, characterization of therelevant crystal lattices was performed.
Heteroepitaxial growth with crystallizable polymersis limited to cases
where the lattice mismatch does not exceed 15%*. Wide-angle X-ray
diffraction (WAXD) analysis of powder samples revealed that all of
the polylactone samples have very similar (110) crystalline peaks (Sup-
plementary Fig.9 and Supplementary Table 2). In the case of aPHL (C,)
core, however, aslight difference in the (200) crystalline peakin com-
parison with the other samples in the series is apparent, but even this
only correspondsto adifference of ~2% (d = 0.365 nm versus 0.371 nm)
(Supplementary Fig. 9 and Supplementary Table 2). These results
thereforeindicate thataheteroepitaxial growth mechanismis poten-
tially possible for the polylactones according to the lattice-matching
criterion. We then used high-resolution selected-area electron diffrac-
tion (SAED) to analyse the crystal structures of the different domains

of platelets with spatially and compositionally distinct polylactone
cores for the case involving the largest lattice-spacing difference for
the components. The SAED pattern obtained froma 2D PHL (C,) plate-
let grown from a 1D PCL,-b-PDMA,,, (C,) seed displays an identical
d-spacing of (200) to that for a compositionally homogeneous PHL
platelet (d = 0.365 nm), but differs from that for a compositionally
pure PCL platelet (d = 0.371 nm) (Supplementary Fig. 9). Moreover,
analysis of the spatially distinct regions of segmented 2D platelets
with different PCL/PHL (C,/C,) domains confirmed that the crystal-
line structure of PCL-based and PHL-based regions is also different
(d=0.371nmfor the PCL regionbut 0.365 nm for the PHL region). This
difference could be further verified from the overall SAED pattern for
the complete platelet, which revealed separation of the PCL and PHL
(200) diffraction spots (Fig. 1f), corresponding to d-spacings of 0.371
and 0.365 nm, respectively. These results indicate that, if a heteroepi-
taxial growth mechanismis operational, the crystal lattice of the newly
grown PHL segment relaxes from thatimposed by the underlying PCL
substrate. Another mechanistic possibility involves an initial step in
which secondary nucleation of crystalline PHL occurs on the PCL sur-
face atthe growth frontier. Subsequent homoepitaxial growth of PHL
from the deposited crystals would form an outer platelet region with
the characteristic PHL crystal lattice. The results from our diffraction
studies contrast with those in previously reported cases of heteroepi-
taxial growthinvolving PFS-and PFG-based BCPs, where the core lattice
structure of the underlying PFS substrate at the micelle seed termini
was imposed throughout the newly grown PFG region®®*’, However,
theresults are consistent with those for core-shell platelets formed by
heteroepitaxial growth of different collagen-mimetic peptide-based
BCPs' and the formation of dendritic micelles, where a branching
mechanism that involves secondary nucleation has been invoked®.
Toextend the use of the seeded growth approachtoapolylactone
core that has notably different hydrophobicity, we examined the living

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-023-01177-2

a NN "
ANANAA N~ NN AN~
b -y —
[l o P(VL-co-CL) PCL
blend unimer blend unimer
PCL-b-PDMA
seed

NN
. NAA A~
\_/ —
P(VL-co-CL)

blend unimer

d
20 X A L, 3
AW A / —r‘w*'
101 | el —rea— |
| A=60nm
—~ 0L LN
g 20
- PCL layer
£ 10
o 13.5 nm
T 0
T 20 MA —1
10 f P(VL-co-CL) layer
ol J _19.5nm
0 1 2 3 4
Offset (um)

Fig.3|Uniform 2D AB di- and ABA triblock segmented platelets with
spatially distinct core chemistries prepared by seeded growth of P(VL-co-
CL)-based blend unimer and PCL-based blend unimer using 1D PCL,-b-
PDMA,,,seeds. a-d, Schematic representation of the formation of triblock
co-micelles from a PCL¢,-b-PDMA,;, seed (a), TEM image (b), AFM height
image (c) and corresponding height information of the lines indicated in ¢ (d)
for the triblock co-micelle. e-g, TEM and corresponding STED images of 2D
platelets labelled with BODIPY dyes: diblock co-micelles of P(VL-co-CL)-PCL

prepared from sequential addition of P(VL-co-CL) and PCL blend unimer into

1D PCL¢,-b-PDMA,,, seeds (e), diblock co-micelle of PCL-P(VL-co-CL) prepared
from sequential addition of PCL and P(VL-co-CL) blend unimer into 1D PCL,-b-
PDMA,,, seeds (f) and triblock co-micelles of PCL-P(VL-co-CL)-PCL prepared from
sequential addition of PCL, P(VL-co-CL) and PCL blend unimer into 1D PCL seeds
(g). The PCL regionis labelled with green dye, and the P(VL-co-CL) region with
bluedye.

CDSA of polylactone blends containing longer (POL, Cg and PDDL,
C,,) or shorter carbon chains (PVL, C;) from 1D seeds and 2D platelet
micelleswitha crystalline PCL core (C,). We hypothesized that, based
on previous polylactone degradation studies, the different hydro-
phobicity would lead to different degradation rates within the same
particle®, thereby enabling access to 2D nanostructures with cores that
were capable of programmed degradation. Interestingly, successful
growthwasachieved for the cases of the longer-chain polylactones, as
evidenced by the formation of well-defined PCL-POL (C,-Cs) and PCL-
PDDL (C¢-C,,) segmented platelets with controlled dimensions upon
the addition of POL or PDDL homopolymer and BCP blend unimersto
either 2D platelets or 1D PCL,-b-PDMA,,, seed micelles (Fig. 2a,b and

Supplementary Figs. 10 and 11). However, attempts to establish the
growth of blends based on PVL (C;) from other polylactone-based 1D
seed micelles or 2D platelets only yielded poorly defined nanoparticles
(Supplementary Fig. 12). To further explore the versatility and scope
of this approach, we investigated growth of blends from 2D platelets
with crystalline polylactone cores based on C,, Cg and C,, spacers.
Impressively, this was successful for all of the polylactonesin the series,
allowing us to grow a wide range of segmented 2D platelets with spa-
tially and chemically distinct polylactone cores (Fig. 2). In addition,
controlled growth of other polylactone coresbased onC,, C,, Cgand C,,
spacersfrom1D PVL (C;) seeds also yielded well-developed segmented
platelets (SupplementaryFig.13). The exceptions were associated with
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Fig.4|Formation of 2D ABC triblock segmented platelets with distinct
core chemistries by seeded growth. a, Scheme of uniform 2D platelet block
co-micelles prepared by sequential seeded growth of P(VL-co-CL), PCL and PHL
blend unimers from 1D PCL¢,-b-PDMA,;, seeds. b-d, TEM image (b), AFM height

image (c) and corresponding height profile (d) of triblock co-micellesinc.
e, Corresponding STED images of BODIPY-dye-labelled 2D triblock co-micelles;
P(VL-co-CL)is labelled inblue, PCLin green and PHL inred.

the attempted use of PCL (C¢) blend unimer for growth fromaPHL (C,)
seed core oraPVL (C;) blend unimer from any of the polylactone seeds
(Supplementary Figs.10 and 12).

To provide further insight into the limitations of the seeded
growth approach, the unsuccessful case involving blends based on a
PCL (C,) core-forming block and seed micelles and platelets based on
PHL (C,) was examined in more detail. It is possible that, in this case,
growth was not observed at ambient temperature as a consequence
of discrepancies in core thickness between the newly deposited PCL
nucleus and PHL seed”. In our experiments, spontaneous nucleation of
the PCL components of the blend dominated atelevated temperature
(40 °C) to form large polydisperse platelets (Supplementary Fig. 14).
In contrast, at lower temperatures (=25 to 4 °C), where any thickness
discrepancy should bereduced, segmented platelets were successfully
formed, but these were not well-defined (Supplementary Fig. 14). To
overcome this limitation, we attempted to change the PCL microstruc-
turein the polymer components through copolymerization with a PHL
monomer. Wetherefore prepared two PCL/PHL (C,/C,) copolymers, one
a BCP obtained by sequential monomer addition, P(CL,,-b-HL;;), and
oneastatistical copolymer through copolymerization, P(CL;,-co-HL,g).
Wetheninvestigated their potential growth from 1D PHL;,-b-PMDA,,,
(C,) seeds when used in homopolymer/block copolymer blends.
Notably, blended unimers of P(CL;,-b-HL,;)/P(CL;,-b-HL;)-b-PDMA, 5,

which possessed a block PCL/PHL (C,/C,) microstructure, grew from
PHL (C,) seed micelles and platelets (Supplementary Fig. 15) to form
well-defined platelet block co-micelles. This is probably the result of
theincreased similarity between the chemistries of the unimer compo-
nentsand seeds, improving their compatibility for sequential growth.
In contrast, unimers of a P(CL3,-co-HL,g)/P(CL,-co-HL,5)-b-PDMA,¢¢
blend containing the statistical copolymer P(CL,-co-HL,s) (C./C,)
core did not allow effective 2D living growth. This is most likely as a
consequence of reduced crystallizability and enhanced solubility of
the statistical random copolymer structure (Supplementary Fig. 15).
To address the limitation that the PVL (C;) blend could not
be grown from any other polylactone-based seeds, we attempted
to copolymerize VL (C;) with the CL (C;) monomer. In this case,
the statistical copolymerization of VL and CL monomers yielded
a blocky PVL/PCL copolymer, P(VL,,-co-CLs;), as evidenced by *C
NMR spectroscopic analysis (Supplementary Fig. 16). Differential
scanning calorimetry (DSC) and WAXD results confirmed the iso-
morphic crystallization of P(VL,,-co-CL;;) (Supplementary Fig. 16)
arising from the co-crystallization of VL and CL units®®. This copoly-
mer was then used to generate P(VL;,-co-CL;;)-b-PDMA,; by RAFT
polymerization. To confirm that this BCP underwent living CDSA,
P(VL;y-co-CL;;)-b-PDMAg, was used to prepare 1D seed micelles by the
previously described method (Supplementary Fig. 17). Addition of
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Fig. 5| Time-resolved degradation for the 2D ABC triblock segmented
platelets with a P(VL-co-CL)-PCL-PHL coreinan aqueous1 MKOH solution.
a-d, Schematicillustration of the degradation process, where wavy grey lines
represents the corona block of PDMA, and the blue, green and red colours

correspond to P(VL-co-CL), PCL and PHL core components, respectively (a),
the TEM morphologies (b) and corresponding AFM height images (c), and the
height profiles of the lines indicated in ¢ (labelled 1, 2, 3 and 4) (d) of the triblock
co-micelles at different degradation times.

P(VL;4-c0-CL;5)/P(VL;5-c0-CL;5)-b-PDMA, ¢ blend unimer to the seed
micelles formed from P(VL;y-co-CL;5)-b-PDMAg, yielded 2D plate-
lets; however, the morphologies were not as well developed as those
described for the other polylactone-based systems (Supplementary
Fig.18). The 2D platelets of P(VL;y-co-CL;5)/P(VL;y-co-CL;5)-b-PDMA,¢5
formed by seeded growth appear to possess aless-ordered core based
ontherelative breadth of the WAXD peaks (Supplementary Fig.18) and
thereduced crystallization/melting temperatures for P(VL;,-co-CL;;)
compared to PCL from DSC analysis (Supplementary Fig.16) and spon-
taneous nucleation experiments (Supplementary Fig.17).
Interestingly, the P(VL;y-co-CL55)-b-PDMAg, (C5/C;) seed micelles
could be used for the subsequent growth of other homopolymer/
BCPblends based on PCL (C), PHL(C,), POL (Cg) and PDDL (C,,) as the
core-forming block. Well-defined platelets were obtained in all cases
(Supplementary Fig. 19). Furthermore, addition of P(VL;,-co-CL;5)/
P(VL;y-co-CL;5)-b-PDMA s (C5/C,) blend unimer to PCL¢,-b-PDMA,,,
(C,) seeds led to the formation of 2D platelets with well-defined
morphology and tunable dimensions that were dependent on the
unimer-to-seed ratio (Fig. 3 and Supplementary Fig. 20). The result-
ing 2D platelets were then used as seed precursors for the subsequent
growth of a second PCL-based platelet region and then a third region
based on P(VL-co-CL) by the sequential addition of unimers of the
corresponding blends. This yielded 2D platelet AB diblock and ABA
triblock co-micelles in which the different concentric regions were eas-
ilydistinguishable by TEM and AFM imaging (Fig. 3b-d). Thisapproach
could be further extended to afford well-defined ABABAB hexablock
co-micelles with uniform size by the further sequential addition of
unimers of PCL-, P(VL-co-CL)- and PCL-based blend unimers (Supple-
mentary Fig. 21). To provide further evidence for the multiblock nature
ofthe platelet micelles, in one case the different spatially defined seg-
ments were labelled with BODIPY fluorescent dyes (P(VL-co-CL) blue,
PCL green) followed by analysis by STED microscopy. This enabled clear

visualizationofthedistinct concentricregionsofthe segmented platelets
(Fig.3e-g).

To further demonstrate the scope and expand the complex-
ity of the 2D platelets with segmented cores formed through this
seeded growth process, an ABC triblock co-micelle platelet that con-
tained P(VL-co-CL) (Cs/Cq), PCL (C4) and PHL (C,) cores was prepared
by sequential addition of the three different blend unimers to 1D
PCL¢,-b-PDMA,,, (C,) seeds. This afforded triblock co-micelle platelets
with uniformsizes, as confirmed by TEM and AFM analysis (Fig.4). The
AFM height profile of the platelets showed that the three different lay-
ersallhad different heights (Fig. 4d), consistent with triblock co-micelle
formation. This was further confirmed using dye-labelled P(VL-co-CL),
PCL and PHL copolymers, as evidenced by the fluorescent concentric
platelet multiblock co-micelles with readily distinguishable regions
imaged by STED (Fig. 4e).

To exploit the different degradation profiles of the core-forming
polylactones within the multiblock co-micelle platelets, we investi-
gated their selective degradation in an aqueous basic environment
(Fig. 5). First, ABC 2D platelet triblock co-micelles with P(VL-co-CL)
(A, inner), PCL (B, central) and PHL (C, outer) core domains were
transferred into water (from EtOH) by dialysis, with no change in size
or morphology (Supplementary Fig. 22). However, after degrada-
tion for one day, the platelet surface appeared to become smooth
(Fig. 5b,c,1day), most likely as a consequence of the corona block on
the platelet surface being removed by hydrolysis of the ester bond at
the exposed interface between core and corona. Thiswas evidenced by
areductioninthe AFM height profile from an average of -15 nmto~9 nm
(Fig.5d,1and 2). After two days, the inner core domain, P(VL-co-CL) (A,
whichis the least hydrophobic), was observed to degrade, appearing
to completely disappear after four days (Fig. 5b,c,4 days and Fig. 5d, 3).
During this time, AFM and TEM analysis strongly suggested that the
central and outer core domainlayers of PCL (B) and PHL (C) remained
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intact. However, after 10-13 days under these conditions, the core void
was greatly enlarged, which was also consistent with PCL degradation
(Fig. 5b,c,13 days and Fig. 5d, 4). Through the careful choice of degra-
dation conditions, the selective removal of the central (rather than
inner) core domains of ABA triblock co-micelles with PCL (A, inner and
outer) and P(VL-co-CL) (B, central) core regions could also be achieved
(Supplementary Fig. 23). Unlike the previous fabrication of hollow
platelet structures, which requires several synthetic steps, including
crosslinking of the peripheral section and dissolution of the central
crosslink-free region’**, this approach, involving selective degrada-
tion, represents a more efficient route that avoids time-consuming
post-modification steps.

Conclusions

We have demonstrated that a seeded growth approach can be applied
to arange of different crystallizable polymer blends based on differ-
ent polylactone-based core-forming homopolymer/block copolymer
combinations. This allows access to 2D platelet micelles with segmented
anddistinct core chemistries and with precise control over dimensions.
This approach is robust and versatile, and represents a key advance in
the development of anisotropic and chemically complex polymer nano-
structures. The degradation-rate differences between the polylactone
cores canbeexploited to create particlesinwhich selective degradation
canoccurinaspatiotemporally controlled manner, which could enable
arange of applications, especially in controlled release and cargo deliv-
ery. The distinct responsive behaviour in particles that can be ‘turned
on’ under programmed conditions may offer opportunities to create
micrometre-scale carriers that are capable of long-term programmed
drugrelease as therapeutic delivery vehicles of the future. Moreover,
we have demonstrated that three key factors—crystallization kinetics,
crystallizability and core compatibility—are of major importance with
respecttoregulation of the heteroepitaxial growth behaviour of crystal-
lizable homopolymer/block copolymer blends. The growth method we
describe offers a potentially general approach to 2D platelet micelles with
distinct programmable core chemistries. For example, an extension of
the methodto crystallizable r-conjugated polymers with distinct band-
gaps as core-forming blocks would allow access to 2D assemblies with
potential applications in the field of nanoelectronic heterojunctions.
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Methods

Materials

We distilled CL, VL and DDL under vacuum over calcium hydride
before being introduced into a glovebox and used. Diphenyl phos-
phate (DPP) wasrecrystallized from dried CHCl;/hexane (3:1) and dried
over P,0;.1,4-Dioxane and DMA were purified by passing through basic
alumina before use. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was
recrystallized twice from methanol and stored inthe dark at4 °C. The
dual-functional chain transfer agent (CTA), 4-cyano-4-(((ethylthio)
carbonothioyl)thio)pentanoic acid (CEPA) and PCL-b-PDMA were
prepared according to our previous literature®. The catalyst mag-
nesium 2,6-di-tert-butyl-4-methylphenoxide (Mg(BHT),(THF),) was
synthesized according to a previous paper*’. The BODIPY dyes were
purchased from Lumiprobe and used as received.

Characterizations

'H NMR and *C NMR spectra were recorded at 400 MHz on a Bruker
DPX-400 spectrometer in CDCl; solvent. Gel permeation chromatog-
raphy (GPC) measurements were performed ona Varian 390-LC-Multi
detector suite system fitted with refractive index (RI) and ultraviolet
(UV) detectors (1=309 nm) equipped witha PLGel 3-pum (50 x 7.5 mm)
guard column and two PLGel 5-pm (300 x 7.5 mm) mixed-D columns
using dimethyl formamide or CHCI; with 5 mM NH,BF, at 50 °C as the
eluent at a flow rate of 1.0 ml min™. GPC data were calibrated against
poly(methyl methacrylate) (PMMA) standards and analysed using
Cirrus v3.3 software. Samples for TEM analysis were prepared by
drop-casting 5 pl of micellar solution onto a carbon-coated copper
grid placed onfilter paper. Cylinder samples were stained with 1wt%
uranylacetate aqueous solution. Imaging for samples was performed
onaJEOL 1400 transmission electron microscope operating at 80 kV.
Samples for AFM analysis were prepared by drop-casting 10 pl of micel-
lar solution onto the silicon wafer. Imaging and analysis were per-
formed on an Asylum Research MFP3D-SA atomic force microscope
in QI mode. Dye-labelled platelet images were obtained using digital
detectors with observation windows of 605-700 nm (R), 500-570 nm
(G) and 415-470 (B). STED microscopy was carried out on a Leica TCS
SP8 STED 3x microscope running LAS X acquisition software using a
x100 HC PL APO CS2 oil immersion objective (NA 1.4). Fluorescence
depletion was accomplished using a continuous-wave 590-nm STED
laser (1.5-W nominal power, 60%). All images were acquired at a scan
speed of 200 Hz in monodirectional scan mode with resolution of
1024*1024 pixeks and a pixel size of ca. 80 nm? The fluorescence signal
was detected by ahybrid detector (HyD, Standard mode) after passing
through an acousto-optical beamsplitter. For imaging of the multi-
block co-micelles, the output power of each laser was varied until the
fluorescence of all blocks could be observed at approximately equal
brightness. WAXD patterns were obtained with an X'Pert PRO instru-
ment (PANalytical BV) at room temperature using Ni-filtered Cu Ka
radiation with awavelength of 1.54 A as the X-ray source.

Synthesis of {-heptalactone and n-octalactone monomers

C-heptalactone (HL) and n-octalactone (OL) monomers were prepared
from Baeyer-Villiger oxidations of corresponding cycloheptanone
and cyclooctanone, respectively, as reported elsewhere*’. Typically,
the appropriate cycloheptanone (223 mmol) and m-chloroperbenzoic
acid (275 mmol) were mixed in CH,CI, (250 ml). The suspension was
heated under reflux for three days. The reaction mixture was cooled
inanicebath, and the solids were filtered over Celite and washed with
CH,Cl, (2 x 50 ml). The filtrate was then washed with10% Na,S,0, solu-
tion (2 x 200 ml), saturated Na,CO; solution (2 x 200 ml) and saturated
NaCl solution (1 x 200 ml). The organic layer was dried with MgSO,,
filtered, and evaporated in vacuo. The resulting liquid was distilled
for purification to yield HL monomer (20.0 g, 156 mmol, in yield of
70%)."HNMR (CDCl,): 6/ppm 4.28 (t,2H, CH,0), 2.48 (t,2H, CH,C = 0),
1.75(m, 4H, CH,),1.52 (m, 4H, CH,). The synthesis of OL was the same

as that of HL (19.6 g, 138.3 mmol, in yield of 62%).'H NMR (400 MHz,
CDCL,): 6/ppm 4.25 (t, 2H, CH,0), 2.25 (t, 2H, CH,C = 0), 1.70 (m, 6H,
CH,),1.40 (m, 4H, CH,).

Synthesis of PHL, POL and PDDL viaring-opening
polymerization

The ring-opening polymerization method used to prepare
longer-carbon-chain polylactones (PHL, POL and PDDL) is described
in our reported paper*’. The synthetic routine is shown in Supple-
mentary Scheme 1. Typically, in an inert nitrogen glovebox, catalyst
Mg(BHT),(THF), (8.0 mg, 13 pmol), CTA (6.5 mg, 26 umol), HL (0.2 g,
1.56 mmol) and dry toluene (1.0 ml) were charged into an ampoule.
The ampoule was sealed for 1 h. The reaction was quenched by the
addition of acidified (5% HCI) methanol. Chloroform was added to
dissolve solids, and the polymer was precipitated in excess methanol
three times. The synthesis method for POL and PDDL homopolymer
was the same as that for PHL.

PHLs,: 'H NMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0), 3.65
(2H, CH,0C0), 2.30 (t, OCOCH,), 1.73-1.33 (m, CH,CH,CH,CH,);
GPC (CHCl;, PMMA standard): Number average molecular weight,
M, =8.3 kg mol™,dispersity, By, =1.17.

POLss: 'H NMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0), 3.65 (2H,
CH,0CO0), 2.30 (t, OCOCH,), 1.73-1.33 (m, CH,CH,CH,CH, CH.,); GPC
(CHCI,;, PMMA standard): M, =11.5 kg mol ™, Dy, =1.34.

PDDL,,.'HNMR (400 MHz, CDCl,) 6/ppm: 4.06 (t, CH,0),3.65 (2H,
CH,0CO0),2.30 (t, 0COCH,),1.73-1.33 (m, CH,CH,CH,CH,CH,CH,CH,
CH,CH,); GPC (CHCl,;, PMMA standard): M, =12.8 kg mol ™, D, =2.21.

Synthesis of PVL and PCL via ring-opening polymerization
Typically, the synthetic process for the PCL homopolymer was as fol-
lows. Inanitrogen-filled glovebox, solutions of DPP (42 mg, 0.18 mmol)
and CTA (45 mg, 0.18 mmol) in dry toluene (10 ml) were added to CL
(1.44 g, 12.6 mmol). After stirring for 8 h at room temperature, the
solution was removed from the glovebox, precipitated three times
intoice-cold methanol, and collected by centrifugation. The synthetic
process for PVL was the same as for PCL. The DSC cooling and heating
scans of all the homopolymers are shown in Supplementary Fig. 26.

PCLg,: 'HNMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0), 3.65 (2H,
CH,0CO0), 2.30 (t, OCOCH,), 1.73-1.33 (m, CH,CH,CH,); GPC (CHCl,,
PMMA standard): M, =12.3 kg mol™, By, = 1.10.

PVLg,:'HNMR (400 MHz, CDCl,) 6/ppm: 4.06 (t, CH,0), 3.65 (2H,
CH,0C0),2.30 (t, OCOCH,),1.69-1.66 (m, CH,CH,); GPC (CHCl,, PMMA
standard): M, =9.8 kg mol™, P, =1.22.

Synthesis of P(VL-co-CL) and P(CL-co-HL) viaring-opening
polymerization
Typically, in an inert nitrogen glovebox, catalyst Mg(BHT),(THF),
(8.0 mg, 13 pmol), CTA (6.5 mg, 26 pmol), HL (0.116 g, 0.91 mmol), CL
(0.104 g, 0.91 mmol) and dry toluene (1.0 ml) were charged into an
ampoule. Theampoule was sealed for1 h. The reaction was quenched by
the addition of acidified (5% HCI) methanol. Chloroform was added to
dissolve solids and the copolymer was precipitated in excess methanol
three times, yielding the P(CL-co-HL) copolymer core. The synthesis
process for P(VL-co-CL) core was completed in a similar way by using
DPP as a catalyst instead of Mg(BHT),(THF),.

P(VL,y-c0-CL,5):'HNMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0),
3.65 (2H, CH,0CO0), 2.30 (t, OCOCH,), 1.73-1.33 (m, CH,CH,CH, from
CL; CH,CH, from VL); *C NMR (100 MHz, CDCl;) §/ppm:173.5 (CL,
OCOCH,), 173.2 (VL, OCOCH,), 64.2 (CL*-VL, OCH,), 64.1 (CL*-CL,
OCH,), 63.9 (VL*-VL, OCH,), 63.8 (VL*-CL, OCH,), 34.1 (CL, OCOCH,),
33.7 (VL, OCOCH,), 28.3 (CL, OCH,CH,), 28.0 (VL, OCH,CH,), 25.5 (CL,
OCOCH,CH,), 24.5(CL, OCOCH,CH,CH,), 21.4 (VL, OCOCH,CH,); GPC
(CHCIl,;, PMMA standard): M, =11.8 kg mol™, B, = 1.17.

P(CL,,-co-HL,5):'H NMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0),
3.65 (2H, CH,0CO0), 2.30 (t, OCOCH,), 1.73-1.33 (m, CH,CH,CH, from
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CL; CH,CH,CH,CH,fromHL);173.77 (HL*-HL, OCOCH,),173,73 (HL*-CL,
OCOCH,), 173.59 (CL*-HL, OCOCH,), 173.56 (CL*-CL, OCOCH,), 64.32
(HL*-CL, OCH,), 64.28 (HL*-HL, OCH,), 64.16(CL*-CL, OCH,), 64.12
(CL*-CL, OCH,), 34.21 (HL*-HL, OCOCH,), 34.19 (HL*-CL, OCOCH,), 34.15
(CL*-HL, OCOCH,), 34.14 (CL*-CL, OCOCH,), 28.78 (HL, OCH,CH,), 28.49
(CL*-HL, OCH,CH,), 28.37 (CL*-CL, OCH,CH,), 25.64 (HL, OCOCH,CH,),
24.83 (CL, OCOCH,CH,), 24.59 (CL, OCOCH,CH,CH,); GPC (CHCL,,
PMMA standard): M, =10.8 kg mol™, B, =1.16.

Synthesis of P(CL-b-HL) via ring-opening polymerization
In an inert nitrogen glovebox, catalyst Mg(BHT),(THF), (8.0 mg,
13 pumol), PCL,, (100 mg, 27 pmol), HL (121 mg, 94.5 pmol) and dry
toluene (1.0 ml) were charged into an ampoule. The ampoule was
sealed for 1 h. The reaction was quenched by the addition of acidified
(5% HCI) methanol. Chloroform was added to dissolve solids and the
copolymer was precipitated in excess methanol three times, yielding
the P(CL,,-b-HL,;) block core.

P(CL;,-b-HL;;): '"H NMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0),
3.65 (2H, CH,0CO0), 2.30 (t, OCOCH,), 1.73-1.33 (m, CH,CH,CH, from
CL; CH,CH,CH,CH,fromHL);173.77 (HL*-HL, OCOCH,),173.56 (CL*-CL,
OCOCH,), 64.28 (HL*-HL, OCH,), 64.12 (CL*-CL, OCH,), 34.21 (HL*-HL,
OCOCH,), 34.14 (CL*-CL, OCOCH,), 28.78 (HL*-HL, OCH,CH,), 28.37
(CL*-CL, OCH,CH,), 25.64 (HL, OCOCH,CH,), 24.83 (CL, OCOCH,CH,),
24.59 (CL, OCOCH,CH,CH,); GPC (CHCI;, PMMA standard):
M, =12.4 kg mol™, B,,=1.18.

Chain extension of crystalline core-forming blocks through
RAFT polymerization
The syntheticroute for the block copolymers used in this work is shown
inSupplementary Scheme 1. Typically, PHLs, (100 mg, 0.0154 mmol),
DMA (381 mg, 3.85 mmol) and AIBN (0.48 mg, 0.0031 mmol) were dis-
solvedin1,4-dioxane (2 ml) and placed inan ampoule. The solution was
then freeze-pump-thawed threetimesand heated for2 hat70 °C.The
reaction was quenched by immersion of the ampouleinliquid nitrogen,
andthe block polymer was precipitated inice-cold diethyl ether three
times before being dried under vacuum, yielding PHL,-b-PDMA,,,.

PHL,,-b-PDMA,,;: '"H NMR (400 MHz, CDCl,) 6/ppm: 4.03
(t, CH,0 (PHL)), 3.47-2.43 (m, N(CH,),, CHCH, from PDMA), 2.28-
1.23 (m, OCOCH, (PHL), CH,CH,CH,CH, (PHL), CHCH, (PDMA));
M,=28.6 kgmol™, b, =1.24.

The chain extension RAFT polymerizations of other crystalline
cores were completed by asimilar method. Compositions were calcu-
lated from'H NMR spectra, as shown in Supplementary Figs. 24 and 25.

Synthesis of BODIPY-dye-functionalized homopolymers

Three different carboxylic-functionalized BODIPY dyes (BODIPY
630/650, BOPIPY R6G and BODIPY FL) were selected to modify
three different core domains of PHL, PCL and P(VL-co-CL), respec-
tively (Supplementary Scheme 2). Typically, with BODIPY 630/650
and PHL as an example, PHL,, (50 mg, 9.3 umol), BODIPY 630/650
(3.3 mg, 9.3 pmol), 4-dimethylaminopyridine (0.56 mg, 4.6 umol)
and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(17.9 mg, 93 pmol) were dissolved in 2 ml of dichloromethane and
stirred for 24 h. The reaction mixture was precipitated in cold ethanol
three timestoyield the pure end-functionalized fluorescently labelled
polymer, PHL,o-R.

PHL,o-R: 'H NMR (400 MHz, CDCl,) §/ppm: 4.06 (t, CH,0 (PHL)),
2.30(t, OCOCH,(PHL)),1.73-1.33 (m, CH,CH,CH,CH,(PHL)), 7.65-5.67
(m, 15H, aromatic (BODIPY)), 4.96 (s, 2H, OCOCH,0 (BODIPY)).

Similarly, BOPIPY R6G-modified PCL was prepared (PCL-G), as well
as BODIPY FL-modified P(VL-co-CL) (P(VL;,-co-CL5;)-B).

Preparation of 1D short crystalline seed micelles
Typically, with PCLg,-b-PDMA,, as an example, PCL¢,-b-PDMA,;,
(20 mg) was added to 4 ml of ethanol (5.0 mg ml™) in a 7-ml vial. The

samples were heated at 70 °C without stirring for 3 h, before cooling
to room temperature (25 °C). The sample was then aged for five days
atroomtemperatureto yield micrometre-long polydisperse cylinders.
Finally, the cylinders were sonicated using a Bandelin Sonopuls soni-
cation probeinanicebath for 20 min to yield short crystalline seeds.

Living CDSA of homopolymer/BCP blends

Typically, with PHL,,/PHL;,-b-PDMA,;, as an example, to five sepa-
rate 7-ml screw cap vials was added 1 ml of a 0.01 mg ml™ ethanol
solution of PHL;,-b-PDMA,;; seed micelles. Varying amounts of
PHL,,/PHL,-b-PDMA,;, blend unimer (1:1, wt/wt) dissolved in CHCI,
(10 mg mI™) (50 pg, 100 pg, 150 pg, 200 pg and 250 pg, respectively)
were then added. After shaking the vials for 10 s, the solutions were
annealed at room temperature for one day before TEM imaging. Mul-
tiple TEM images were captured, and the contour areas were measured
from ~-100 micelles. Living CDSA of other cores was performed using
the same method.

Epitaxial growth

Typically, homopolymer and corresponding block copolymer (1:1,
wt/wt) dissolved in CHCI, (10 mg mI™) was added to an ethanol dis-
persion of 1D seed micelles (0.01 mg ml™) or 2D platelet micelles
(0.02 mg mI™) and aged for one day at ambient temperature (unless
otherwise specified) before TEM and AFM analysis.

Statistics of the area of 2D platelets or length of 1D seeds

The number-average area (A4,) and weight-average area (4, of plate-
lets were calculated from more than 100 platelets using the software
Image]J. Values of A, and A, were calculated using the equations

i=n
4 = 2= Al
n— i=n
Qi1 M
i=n .o
A = 25:1 Ai n;
W i=n
2[21 Aini

where n;is the number of platelets, A;is the area of the platelets, and n
is the total number of platelets examined for each sample. The distri-
bution of platelet areais characterized by A,/A,. The statistics for the
length analysis of the 1D seed micelles was achieved using the same
method.

Selective degradation of the multiblock co-micelles

The as-prepared multiblock co-micelles in ethanol were first dialysed
against water, then KOH was added to achieve a final concentration
of KOH of 1 M. At certain time intervals, 1 ml of multiblock co-micelle
solutionwas removed and dialysed against water to completely remove
the KOH. The dialysate was then analysed by TEM and AFM imaging.

Data availability

Thedatasupporting the findings of this study are available within this
paper and its Supplementary Information. Source data are available
from https://doi.org/10.6084/m9.figshare.21603813.
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