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The precise fabrication of nanostructured materials on surfaces is paramount for advancing next-
generation technologies in catalysis, electronics, biomedicine, etc. Recently, surface-initiated living
crystallization-driven self-assembly (SIL-CDSA) has enabled unprecedented control over the archi-
tecture, orientation, and functionality of solid-state nanostructures on desired substrates. This review
outlines key principles of SIL-CDSA, including seed immobilization, confined epitaxial growth and
micellar brush formation, together with practical methods for dimension control and spatial ordering.
Intrinsic core/corona chemistry and the incorporation of exogenous species allowing targeted
functionalization are also discussed, covering catalytic, electronic and bioactive features. Case studies
are introduced to demonstrate SIL-CDSA as a versatile platform for hierarchically ordered
Received 9th January 2026 nanostructures, delivering exceptional control over size, periodicity, and composition. By directly
DOI: 10.1039/d6¢s00030d translating precision self-assembly to surfaces, SIL-CDSA opens powerful routes to multifunctional,
high-performance materials for catalysis, energy systems, sensing, and device fabrication, positioning it
rsc.li/chem-soc-rev as a transformative tool for advanced nanomanufacturing.

1. Introduction

The quest for bottom-up fabrication of materials with molecular-
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Shanghai 200240, China. E-mail: jiawei.tao@sjtu.edu.cn, hbqiu@sjtu.edu.cn biological systems. Such precision is essential for unlocking
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quantum electronics to targeted therapeutics.*” Conventional
self-assembly processes, while powerful, often yield structures
with broad size distributions and limited morphological com-
plexity due to stochastic nucleation and growth events.*™° This
limitation spurred the development of “living” self-assembly
methodologies, analogous to living polymerization, where the
growth of nanostructures proceeds from a fixed number of active
seed sites in the absence of termination and chain transfer."*>
This paradigm shift enables the fabrication of nanostructures
with precisely controlled dimensions, low dispersity, and complex,
segmented architectures.*">'*

Among these living methods, crystallization-driven self-
assembly (CDSA) has proven particularly versatile and power-
ful.”"® CDSA leverages the crystallization of a core-forming
block within a block copolymer (BCP) to drive the assembly
process.””*' The epitaxial crystallization of subsequently
added unimers (soluble BCPs) at the termini of existing seed
nanocrystals further leads to the growth of low-curvature
nanostructures,””*® such as one-dimensional (1D) cylindrical
micelles,">**° two-dimensional (2D) platelets®® and hier-
archical micelles with anisotropic shapes.’*** The “living”
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nature of this process allows the precise tuning of nanostructure
length or area by simply adjusting the unimer-to-seed ratio.>**®
This approach was pioneered in the studies of poly(ferro-
cenylsilane) (PFS)-based block copolymers, where epitaxial
growth enabled the fabrication of monodisperse nanofibers
with tunable lengths.”” However, a key challenge appears
during the translation of this solution-phase precision to solid
substrates.”®> While solution-based CDSA yields remarkable
materials, their random deposition onto surfaces forfeits con-
trol over orientation and spatial organization, hindering their
integration into functional devices.

Such limitation has recently been directly addressed by the
advent of surface-initiated living CDSA (SIL-CDSA), a strategy
that tethers the assembly process to a substrate.*® By immobi-
lizing seed nanocrystals onto a surface, the subsequent epitax-
ial growth is spatially confined, enabling the fabrication of
densely packed, vertically aligned nanostructure arrays, often
termed “micellar brushes”.***® This approach bridges the
molecular precision of living self-assembly with the macro-
scopic order required for device integration (Fig. 1). Core
scientific objectives in this burgeoning field revolve around:
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Fig. 1 Schematic overview of SIL-CDSA, including molecular design, preparation and modulation of micellar brushes, construction of functional
interfaces, and their integration into devices. PF: poly(di-nhexylfluorene); P3EHT: poly(3-ethylhexylthiophene); P2VP: poly(2-vinylpyridine); PDMS:
polydimethylsiloxane; PEM: proton exchange membrane; AEM: anion exchange membrane.

(1) achieving robust and versatile control over seed immobili-
zation on diverse substrates; (2) elucidating fundamental
mechanisms governing growth kinetics and morphology at
solid-liquid interfaces; (3) tailoring the dimensions, shape,
and hierarchical complexity of surface-grafted nanostructures;
(4) developing strategies for functionalization toward specific
applications; (5) probing the performance limits and techno-
logical potential of SIL-CDSA-based devices. This review posi-
tions SIL-CDSA as a cornerstone of nanotechnology, offering
viable insights for researchers pursuing multifunctional, scalable
nanomaterials.

This journal is © The Royal Society of Chemistry 2026

2. Overview of living CDSA

Traditional approaches relying on solvent compatibility [e.g.,
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) in water/tetra-
hydrofuran (THF)], typically form spherical micelles or vesicles
through entropy-driven separation.’*®” In contrast, living
CDSA fundamentally differs by employing anisotropic crystal-
lization of core-forming blocks to precisely yield low-curvature
architectures. The watershed study in 2007 by Manners and
co-workers demonstrated this by the self-assembly of PFS-b-
polyisoprene (PFS-b-PI) in hexane, where epitaxial growth of
PFS cores produced monodisperse nanocylinders with lengths

Chem. Soc. Rev,, 2026, 55, 4031-4053 | 4033
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tunable from 200 nm to 2 um.*® Subsequent work extended
living CDSA to diverse crystallizable polymers: e.g., poly(e-
caprolactone) (PCL) formed 2D platelets in THF/water,®®
poly(3-hexylthiophene) (P3HT) generated semiconducting
fibers.®® Unlike solvophobic systems limited by equilibrium
thermodynamics, living CDSA operates under kinetic control
governed by chain folding energetics and crystal lattice match-
ing, and revolutionizes the fabrication of nanostructures by
mimicking the temporal control of chain growth polymeriza-
tion. Introducing pre-formed micelle seeds to unimer solutions
initiates epitaxial crystallization at termini, with growth rates
following first-order kinetics.***>>%”® Polymerization-induced
CDSA further integrates synthesis and assembly. Ring-opening
polymerization of e-caprolactone directly generated crystalline
cores templating uniform 2D platelets.”" Sequential addition of
different unimers enables architectural complexity: segmented
PDMS/P2VP nanofibers exhibit diverse, multidimensional
assemblies in different solvents.*’

Two complementary strategies are widely used to control
nucleation and growth in living CDSA. Self-seeding leverages
the inherent crystallinity of the core-forming block: thermal
or solvent-induced partial dissolution removes less ordered
regions while preserving well-defined crystalline nuclei that
govern uniform regrowth upon cooling.”>”* This three-step
protocol—fragmentation of initial micelles (often by sonication),
annealing above a partial dissolution temperature to eliminate
defective crystallites, and controlled cooling to allow epitaxial
growth—effectively decouples nucleation and growth and yields
size control beyond what is possible in equilibrium-driven
solvophobic assembly.”*”> Seeded growth, by contrast, employs
stable, preformed micelle seeds added to unimer solutions
at ambient conditions.”® Pioneered for PFS-based BCPs, this
approach has expanded to diverse crystalline-coil systems,
including n-conjugated polymers*’””? and biodegradable
polyesters,®#! favoring unprecedentedly high monodispersity
in solution assembly.

3. Surface-initiated living CDSA:
principles and fabrication

Both self-seeding and seeded-growth methods were developed
and optimized in free solution, but translating these concepts
to interfaces is essential for practical applications such as
surface patterning and device integration. The growth behavior
of SIL-CDSA differs fundamentally from that in solution
because the micelle seeds are tethered to an immobilized
substrate.'”*®%? In this configuration, the elongation of crystal-
line domains is no longer governed solely by unimer and self-
nucleation in free solution, but instead results from the com-
bined influence of restricted unimer diffusion through the
surrounding medium and site-specific attachment at the
surface-bound seed layer.?®°”-®? The finite mobility of unimers,
dictated by their concentration, solvent quality, and diffusional
path length, directly influences the rate and uniformity of
crystallite extension.**® At the same time, the chemistry and
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topology of the underlying substrate modulate the polymer-
substrate interactions (e.g., hydrogen bonding, n-n stacking,
electrostatic attraction). Additionally, surface coverage of initi-
ating sites determines the lateral packing density of nanostruc-
tures. Variations in these parameters collectively regulate the
attainable dimensions (height, density), spatial arrangement,
and orientational order of the assembled nanostructures.®?’
By deliberately tuning unimer supply, initiation density, and
interfacial chemistry, SIL-CDSA can achieve a structural preci-
sion in terms of uniformity, alignment, and pattern complexity,
which is rarely accessible with conventional solution-based
CDSA,>*®>%¢ thereby establishing a robust platform for the
versatile fabrication strategies detailed in the sections that
follow.®”"%

3.1. Fabrication strategies

The fabrication of SIL-CDSA architectures is a multi-step pro-
cess, beginning with the preparation of well-defined micelle
seeds, followed by their immobilization on a substrate, and
culminating in controlled directional growth. The precision
and reproducibility at each stage are crucial for achieving
uniform nanostructure arrays.

3.1.1. Seed preparation. The foundation of any living self-
assembly process is the seed, which acts as the nucleation for
subsequent growth. In CDSA, seeds are typically short, low-
dispersity fragments of the desired nanostructure and their
quality (length dispersity, crystallinity and surface structure)
strongly influences growth kinetics and finial morphology.

3.1.1.1. Fragmentation. The most widely used method relies
on first forming the desired micellar aggregate and then
fragmenting it into smaller, uniform pieces, often through
sonication (Fig. 2a).>’® This route is broadly applicable
because it does not require specialized equipment or polymer
designs, and it is compatible with many semicrystalline core-
forming blocks. Importantly, seed length and dispersity can be
tuned by controlling the parent micelle morphology and the
fragmentation conditions (e.g., sonication power/time, tem-
perature, and polymer concentration). Despite being relatively
time-consuming, its robustness and reproducibility make it the
default choice in most studies (Table 1).

3.1.1.2. Flow supersaturation seeding. Recent innovations
have focused on accelerating and simplifying seed production.
For instance, Xiao et al. demonstrated a rapid seed preparation
method using a flow system where supersaturation of a poly-
mer solution drives uniform seed micelle formation in min-
utes, a significant reduction from the week-long processes
previously reported (Fig. 2b-d).> Mechanistically, rapid mixing
under flow enables precise control over the nucleation window,
helping suppress secondary nucleation and broad size distribu-
tions. Beyond speed, this strategy is attractive for scale-up
because it improves throughput by orders of magnitude and
is amenable to continuous, end-to-end production, enabling
direct conversion from polymer feedstock to seeded nanostruc-
ture growth.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Schematic illustration of the conventional fragmentation

method used to prepare micelle seeds. Reproduced from ref. 51 with
permission from American Chemical Society, copyright 2021. (b) Scheme
for preparation of micelle seeds generated in-flow using diblock copoly-
mers. (c) Transmission electron microscope (TEM) image of the resulting
seeds. (d) Dynamic light scattering size distributions of flow-prepared
seeds obtained at various flow rates. Reproduced from ref. 5 with permis-
sion from Springer Nature, copyright 2025. (e) Comparison of methods for
producing uniform seeds: conventional CDSA (dashed arrow) versus
polymerization-induced direct seeding (solid arrow) in a single step.
Reproduced from ref. 68 with permission from American Chemical
Society, copyright 2024.

Table 1 Comparison of three seed preparation methods
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3.1.1.3. Polymerization induced direct seeding. Another strat-
egy involves leveraging the polymer synthesis itself. Kim et al.
showed that polymerization-induced CDSA (PI-CDSA) of fully
conjugated block copolymers could produce nanoribbons, and
simple purification by precipitation yielded short, uniform
seed structures directly, bypassing the conventional aging and
fragmentation steps entirely (Fig. 2e).®° However, PI-CDSA
seed generation is currently more system-dependent, requiring
compatibility between polymerization conditions, solubility
evolution, and crystallization/assembly kinetics.

Collectively, these approaches substantially shorten seed
preparation time and broaden the toolkit for living CDSA.
Nevertheless, the conventional “self-assembly + fragmentation”
route remains most commonly adopted because of its general-
ity across polymer chemistries and morphologies, whereas
newer methods (flow-based supersaturation and PI-CDSA-
derived seeds) offer compelling advantages in speed, integra-
tion, and scalability but may require more stringent control
of solution thermodynamics or polymerization/assembly cou-
pling (Table 1).

3.1.2. Seed immobilization. The immobilization of seeds
onto the substrate is the defining step that distinguishes SIL-
CDSA from its solution-phase counterpart. This process is
strongly influenced by substrate topography, surface chemistry,
and the functional groups present in the micelle corona. A wide
variety of substrates—such as silicon wafers, glass, graphene
nanosheets, metals, carbon cloth, nickel foam, or silica—
can be functionalized with, or directly loaded with micelle
seeds.*®*"**379 Different immobilization methods are chosen
based on substrate morphology and processing goals:

3.1.2.1. Drop casting

A simple and versatile approach in which a micelle seed
solution is dispensed directly onto the substrate surface, followed
by solvent evaporation (Fig. 3a). This method is applicable to both
smooth and rough surfaces, including silicon wafers, glass slides,
and metal foils, and is particularly useful for rapid prototyping or
small-area patterning.

3.1.2.2. Spin coating

Best suited for smooth, planar substrates. By applying
centrifugal force, seeds are evenly distributed over the surface,
enabling the formation of highly uniform and densely packed
seed layers (Fig. 3b and c). This uniformity is critical for
producing vertically aligned micellar brushes with controlled
density.*®

Time

Method Principle required Typical applicability
Fragmentation®"7® Induce self-assembly to form large aggregates, then break Days to  Default choice in most CDSA studies; general seed

into short, uniform seeds aweek  preparation for various block copolymers.
Flow-supersaturation ~ Use a flow system to rapidly reach supersaturation, Minutes High-throughput or industrial CDSA processes;
seeding’ leading to uniform micelle nucleation in minutes. rapid prototyping.
Polymerization- Generate seeds directly during PI-CDSA of block Hours When polymer synthesis and seed preparation can
induced8 6direct copolymers, followed by simple purification. be integrated; tailored nanostructures.
seeding

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of drop-casting used for micelle seed immobilization. (b) and (c) Schematic of spin-coating (b) and corresponding AFM image (c).

(c) is reproduced from ref. 49 with permission from AAAS, copyright 2019. (d—g) Schematics of the soaking method, with corresponding SEM images
shown in (e) and (g). (e) is reproduced from ref. 54 with permission from Spring Nature, copyright 2025. (g) is reproduced from ref. 51 with permission

from Wiley, copyright 2021.

3.1.2.3. Soaking

Ideal for porous or nanostructured substrates such as carbon
cloth, nickel foam, or graphene nanosheets (Fig. 3d and e). In this
approach, micelle seeds readily diffuse into and adsorb through-
out the micro- and nano-scale pores, enabling high surface
coverage even on complex, irregular geometries. The method
can also be applied to tubular materials, such as glass capil-
laries, by simply immersing one end of the tube into the seed
solution, allowing capillary action to draw the solution inward
(Fig. 3f and ).

Seed-substrate adhesion in SIL-CDSA is typically achieved
through either non-covalent or covalent interactions. Non-
covalent approaches, including hydrogen bonding, electrostatic
attraction, and coordination, offer simple and versatile immo-
bilization routes that do not require chemical surface modifica-
tion. For example, pyridine groups in a P2VP corona can
hydrogen-bond with surface silanol groups on silica, or directly
coordinate to gold through pyridine-Au interactions. Although
these methods enable rapid and straightforward attachment

4036 | Chem. Soc. Rev,, 2026, 55, 4031-4053

across a variety of substrates, the binding strength is generally
lower than that of covalent linkages. Such interactions are
also sensitive to environmental conditions. For instance, under
acidic conditions, protonation of the pyridine nitrogen
diminishes its ability to hydrogen-bond or coordinate with
metal surfaces, which may lead to seed detachment.

By contrast, covalent bonding provides the most robust form
of immobilization, ensuring stability even under demanding
processing conditions. This strategy typically involves pre-
functionalizing the substrate with reactive moieties capable of
forming covalent linkages with corona chain functional groups.
For instance, micelle seeds bearing a P2VP corona can be
anchored to otherwise inert interfaces via reaction with 3-iodo-
propyltrimethoxysilane (Fig. 4).*° The enhanced durability of
such attachment was demonstrated by subjecting the immobi-
lized seeds to quaternization with methyl iodide (Mel), a
treatment known to disrupt hydrogen-bond-based immobiliza-
tion. No detectable detachment was observed for covalently
bound seeds. Covalent strategies are particularly advantageous

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of H-bond-based immobilization of PFS-b-P2VP seeds on silicon. (b) and (c) AFM height images of PFSsze-b-P2VPsq, seeds

(0.5 mg mL~t in isopropanol) immobilized via H-bonding before (b) and after (c) Mel treatment. Significant seed detachment was observed. (d) Schematic
of covalent immobilization using 3-iodopropyltrimethoxysilane. (e) and (f) AFM height images of PFSzg-b-P2VPso, seeds immobilized covalently before
(e) and after (f) Mel treatment. Covalent bonding prevented noticeable detachment. Reproduced from ref. 49 with permission from AAAS, copyright 2019.

for stabilizing seeds on chemically inert substrates such as
polymers or elastomers.

3.1.3. Micellar brush growth. Once the micelle seeds are
firmly immobilized, epitaxial extension from their active ter-
mini yields micellar brushes (dense arrays of cylindrical
micelles oriented perpendicularly to the substrate surface).
Growth proceeds through a unimer-addition mechanism:
solvated unimers diffuse from the bulk solution to the seed-
solution interface, infiltrate the crystalline core, and elongate
the micelle while preserving the cross-sectional dimensions
and crystalline lattice of the seed. The growth characteristics
are governed primarily by:

3.1.4. Unimer-to-seed ratio. Determining the ultimate
micelle length (Fig. 5); excessively high ratios can trigger
secondary nucleation or structural defects, whereas insufficient
ratios yield shorter brush architectures.*’

3.1.5. Density of seeds. Controlling the areal density of
micellar brushes, adjustable via the feed concentration of
seeds.

By tuning both factors in concert, SIL-CDSA enables pre-
dictable and reproducible brush growth with controlled length,
alignment, and uniformity across the surface. Such precision is
critical for engineering surface-bound nanostructures with
tailored mechanical stability, optical anisotropy, or interfacial
properties that match specific application needs. Notably,
micellar brush growth via SIL-CDSA has been validated on a
wide range of chemically and structurally diverse substrates—
including carbon cloth, carbon paper,’* nickel foam,>® metal-
organic-framework (MOF) particles,> PDMS membranes®” and
others (Fig. 6), demonstrating the adaptability and universality
of this methodology. This broad substrate compatibility greatly

This journal is © The Royal Society of Chemistry 2026

facilitates integration of micellar brushes into complex archi-
tectures, such as catalytic electrodes, flexible coatings, or
porous scaffolds, and opens opportunities for hybrid material
systems that combine organic precision with inorganic
robustness.

3.2. Mechanistic insights

Manners et al. employed atomic force microscopy (AFM) to
conduct detailed, real-time investigations of the SIL-CDSA of
individual micelle seed immobilized on silicon substrates.”®
Their findings revealed that fiber-like micelle growth from
single, surface-bound seed proceeds through four distinct
kinetic regimes, evolving from an initial surface-confined mode
to a surface-limited regime. This progression was reflected in
changes in the growth rate with increasing length of the
epitaxially grown segments extending from each seed terminus
(Fig. 7a).

To illustrate, ex situ data were obtained from micelles grown
by interfacial seeded growth of a PFS-b-P2VP unimer solution in
THF from PFS-b-P2VP surface-bound seeds. The growth curves
were fitted to mathematical models capturing the four kinetic
stages:

- Initial regime - very rapid elongation (Fig. 7a(i)).

- First decay - exponential decrease in rate up to a turning
point (Fig. 7a(ii)), attributed to depletion of unimer near the
surface.

- Surface-dissociation acceleration - exponential rate
increase (Fig. 7a(iii)) as the micelle termini lift away from the
substrate, enhancing unimer access.

- Final steady state - Boltzmann-type rate decay (Fig. 7a(iv))
as bulk unimer depletion limits further growth.

Chem. Soc. Rev,, 2026, 55, 4031-4053 | 4037
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Fig. 5 Top: schematic illustrating brush elongation and height increase with added unimers. Bottom: AFM height images and distributions of PFS,q-b-
P2VP140 brushes grown from seeds (L, = 58 nm). Adding 2—-5 pL unimer transformed lying micelles (~20 nm height) into stacked (~ 25 nm) and coral-like
structures (10—60 nm height, average 35-40 nm). At 10 pL, brushes collapsed into a uniform layer (~ 35 nm), with heights possibly underestimated due to

probe inaccessibility. Reproduced from ref. 49 with permission from AAAS, copyright 2019.

Planar surface Curved surface
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graphene, SiO, NPs, MOFs NPs,

Fig. 6 Micellar brushes grown on different kinds of substrates, including
planar surface, curved surface, porous materials and nanostructured
materials.

When a high density of seeds is immobilized to form
micellar brushes, the growth geometry changes markedly
(Fig. 7b). Steric crowding between adjacent seeds and their
expanding coronas limits lateral growth, forcing nascent
micelles to extend predominantly away from the surface. This

4038 | Chem. Soc. Rev, 2026, 55, 4031-4053

vertical or tilted orientation bypasses the prolonged surface-
parallel regime seen for isolated seeds, leading to earlier onset
of surface dissociation and a more uniform, upright brush-like
architecture. In such densely packed systems, unimer delivery
to growth fronts is further constrained by diffusion through the
interstitial corona matrix, potentially generating heterogeneous
growth rates among fibers.

4. Advanced structural control and
modulation

4.1. Dimension control of micellar brush arrays

The axial dimensions of cylindrical micellar brushes generated
by SIL-CDSA are governed primarily by the kinetic parameters
of living crystallization, as outlined previously. In essence,
systematic variation of the seed-to-unimer ratio enables precise
regulation of brush height. This principle forms the basis for
predictable one-dimensional growth, yet SIL-CDSA can also
be adapted to create complex 2D micellar architectures by
deliberately perturbing the lateral symmetry of the growth
environment.

A representative strategy for achieving such lateral growth
anisotropy relies on the tilted immobilization of cylindrical
micelle seeds, exemplified by PFS,,-b-P2VP;54, on silicon sub-
strates (Fig. 8a).** Hydrogen bonding between the pyridine
moieties of the P2VP corona and surface silanol groups induces

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a) Mathematical fit of the interfacial growth rate of PFS-b-P2VP micelles versus segment length formed by epitaxial growth, obtained by adding
PFS-b-P2VP in THF (2.5 pL, 10 mg mL™Y) to PFS-b-P2VP surface-bound seeds (SBSs) (5 uL, 0.01 mg mL™%, L, = 31 nm) immobilized on Si wafers in 0.5 mL
iPrOH. Dotted lines and arrows indicate four distinct regimes (i—iv). Schematic representations of these regimes: (i) SBSs show a high initial growth rate
due to unimer near the surface. (i) Growth rate declines exponentially as local unimer is rapidly consumed; growth remains diffusion-limited under
strong surface influence. (iii) A slower exponential rate increase occurs as longer micelle segments extend further into solution, improving unimer access.
(iv) Local unimer depletion leads to a decline similar to seeded growth in bulk solution. The peak and drop-off are fitted with a Boltzmann curve, reflecting
steady-state, diffusion-limited growth. Reproduced from ref. 58 with permission from American Chemical Society, copyright 2022. (b) Schematic

illustrating steric crowding between adjacent seeds, causing them to extend predominantly away from the surface.

asymmetric conformations, in which one side of the seed is
sterically shielded by collapsed P2VP chains, while the opposite
side remains exposed and available for epitaxial extension.
Subsequent introduction of a blended unimer feed comprising
PFS-b-P2VP block copolymers together with PFS homopolymer,
drives site-selective crystallization exclusively on the un-
shielded flank, producing unilateral platelet growth from the
immobilized seeds. The extent of unilateral platelet formation
is tunable: increasing the initial seed length from 129 to
535 nm enhances the yield from approximately 44% to 92%
(Fig. 8b and c). Elevated growth temperatures (e.g., 30 °C)
typically favor unilateral propagation with efficiencies of
70-90% (Fig. 8d and e). Manipulation of the corona chain
length provides another control lever—shorter P2VP coronas
(degree of polymerization 139) significantly reduce the yield
relative to longer coronas (degree of polymerization 371), with
values falling from ca. 90% to 47%.

Ordered 2D micellar brush arrays can be fabricated through
distinct approaches tailored to the desired surface architecture
(Fig. 9). In one route, discrete slope-like platelet arrays are
obtained by introducing spherical micelles (e.g., PS-b-P2VP) as
inert spacers incapable of initiating CDSA. Co-immobilisation
of such spheres with cylindrical seeds via static vertical deposi-
tion followed by exposure to blended unimers results in

This journal is © The Royal Society of Chemistry 2026

unilateral off-surface platelet growth from the cylinders, with
the spheres dictating an ~30° inclination in the platelet
orientation. Alternatively, dense blade-like arrays can be rea-
lized by directionally depositing pure PFS cylindrical seeds in a
compact side-by-side configuration, yielding ordered domains
with a periodicity of ~40 nm. Blended unimer addition in this
case drives vertical unilateral platelet formation to heights of
~90 nm, generating uniform, large-area arrays with a high
degree of order. Beyond these single-corona structures, sequen-
tial addition of distinct blended unimers facilitates segmented
unilateral platelets comprising, for example, P2VP and PDMS
corona regions. Such segmented architectures expand post-
assembly possibilities, including the site-selective incorpora-
tion of platinum nanoparticles into the P2VP segments, and
can be rendered as freestanding arrays by attenuating surface
adhesion through treatment with triethylamine.

4.2. Compositional diversification

The functional versatility of micellar brushes can be substantially
expanded by modifying the chemical composition of the consti-
tuent block copolymers. By varying the crystalline core-forming
segment, the corona-forming segment, or both, it becomes
possible to engineer interfacial interactions, responsiveness
to external stimuli, and tailored optoelectronic characteristics.

Chem. Soc. Rev,, 2026, 55, 4031-4053 | 4039
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(a) Schematic of surface-initiated unilateral 2D living CDSA, with PFS,4-b-P2VP37; cylindrical micelle seeds sparsely immobilized on silicon prior

from seeds of L, = 129, 229, and 460 nm. (c) Unilateral platelet yield as a

function of seed length. (d) AFM images of platelets obtained at 0 °C and 30 °C from immobilized seeds of the same lengths. (e) Yield dependence on
growth temperature. Reproduced from ref. 83 with permission from American Chemical Society, copyright 2024.

4.2.1. Incorporation of different block/conjugated systems.
Cai et al. designed micellar brushes with a PFS crystalline core
and a P2VP corona.*® The PFS core provided structural integrity
through CDSA, while the P2VP corona imparted pH-
responsiveness and tunable hydrophilicity via protonation-
deprotonation equilibria. Zhang et al. developed micellar brush
arrays in which the semiconducting conjugated polymer P3EHT
was incorporated directly as the core-forming block in P3EHT-
b-P2VP brushes.”” This design endowed the surfaces with
inherent photoactive properties arising from the conjugated
P3EHT chain packing. Yang et al. reported further functional
micellar brushes based on fully conjugated block copolymers
such as poly(9,9-dioctylfluorene)-b-poly(quinquethiophene)
(PF-b-QPT), yielding architectures with tunable optical absorp-
tion and emission, along with potential utility in organic

4040 | Chem. Soc. Rev,, 2026, 55, 4031-4053

electronic applications.>® These studies illustrate how judicious
selection of block combinations enables the integration of
responsive, catalytic, or bio-interactive capabilities into micel-
lar brush systems.

4.2.2. Segmented growth via living CDSA. The living nature
of CDSA enables precise, sequential extension of pre-formed
micellar brushes to create compositionally segmented architec-
tures. In this approach, a brush grown from an initial seed
population retains an active crystalline growth front at its free
termini. Subsequent introduction of a second block-copolymer
unimer, containing the same crystallizable core block but a
different corona-forming block, drives epitaxial extension with-
out disturbing the dimensions or order established in the
first segment. This unimer selectively crystallizes onto the
existing core lattice, producing a contiguous micelle whose

This journal is © The Royal Society of Chemistry 2026
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(a) Illustration for the static vertical deposition of cylindrical micelle seeds via solvent evaporation. (b) Schematic illustration and SEM image of the

silicon surface that densely immobilized with PFS,4-b-P2VP=; cylindrical micelle seeds (L, = 460 nm). (c—e) Schematic illustration (c), top-view (d), and
side-view (e) SEM images of the dense blade-like platelet arrays formed after the addition of blended unimers of PFS,4-b-P2VP3,, and PFS,o. Reproduced
from ref. 83 with permission from American Chemical Society, copyright 2024.

axial segments differ in corona chemistry. For example, a
micellar brush composed of PFS-b-P2VP can be elongated at its
free ends with PFS-b-PDMS segments (Fig. 10).*® This process
maintains the PFS crystalline backbone while replacing the
terminal corona from hydrophilic P2VP to hydrophobic PDMS,
thereby tuning interfacial properties in situ. Such controllable
“block-on-block” brush extensions enable dynamic modulation of

(a)

) PFSio-b-P2VP,,,
unimers

surface wettability, potential responsive coating designs, and the
creation of multi-functional surfaces from a single seed layer.
4.2.3. Patterned multi-component brush arrays. Beyond
axial segmentation within individual brushes, spatially resolved
patterning can be achieved by combining selective immobiliza-
tion of distinct seed types with parallel growth (Fig. 11).%” In this
strategy, nanoscale seeds composed of different crystallizable core

PFS,,-b-PDMS

- 385
unimers :

Fig. 10

(a) Diagram illustrating the sequential growth mechanism of PFSzo-b-P2VP,,¢ micellar brushes and the formation of segmented micellar

brushes. (b—d) AFM height images displaying: (b) short micellar brushes obtained by introducing 3 uL of PFSzo-b-P2VP,,6 unimer solution; (c) elongated
micellar brushes generated by an additional 3 pL of PFSso-b-P2VP,,6 unimer solution to the structures in (b); and (d) segmented micellar brushes
produced by subsequently adding 3 puL of PFSs,-b-PDMS3gs unimer solution to the samples in (c). Lower-left insets present magnified views of the
marked regions, while upper-right insets show photographs of water droplets on the corresponding surfaces together with the measured contact angles
(CA). Reproduced from ref. 49 with permission from AAAS, Copyright 2019.
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(a) Schematic showing the fabrication route: patterned immobilization of seed micelles (P3EHT,,-b-P2VPgo and PFS,;-b-P2VP;39), followed by

simultaneous, independent extension of both micellar brush types. Images depict the dual-brush patterns under daylight and UV light, and their
subsequent vertical alignment upon Pt nanoparticle loading. (b) and (c) Optical photographs of patterned brushes under daylight (b) and 365 nm UV
illumination (c), obtained after adding 3 pL PFS,,-b-P2VP;34 unimers and 6 pl P3EHT,,-b-P2VPgo unimers (10 mg mL™t in THF each). (d) and (e) AFM (d)
and SEM (e) micrographs showing PFS,1-b-P2VP;39 brushes confined within the patterned regions. (f) SEM image of vertically aligned PFS,;-b-P2VP;zg
brushes after treatment with 100 uL Na,PtClg aqueous solution. (g) and (h) AFM (g) and SEM (h) images displaying patterned P3EHT,-b-P2VPgq brushes.
(i) SEM image of their vertical alignment following an identical Pt precursor treatment. Reproduced from ref. 57 with permission from Wiley, copyright

2024.

block chemistries are pre-positioned on a substrate at defined
coordinates. Following immobilization, the substrate is exposed
to a mixed solution of unimers corresponding to each seed type.
Due to selective epitaxial crystallization, each unimer adds exclu-
sively to seeds possessing the same core polymer lattice, prevent-
ing cross-nucleation. Zhang et al. demonstrated this concept
using PFS-based seeds and P3EHT-based seeds patterned on the
same substrate. Upon simultaneous addition of their respective
unimer feeds, each seed population underwent independent,
oriented brush growth, yielding a multi-component micellar
brush array in a single reaction step. This approach bypasses
the need for sequential deposition, significantly increasing fabri-
cation throughput, and enables the construction of patterned
surfaces with spatially encoded chemical, optical, or electronic
functionality.

5. Functionalization of micellar
brushes

Micellar brushes can act not only as nanoscale templates but
also as hierarchically organized functional platforms, either
by exploiting the intrinsic physicochemical properties of the
constituent block copolymers or by incorporating exogen-
ous functional components. If the block copolymer itself is

4042 | Chem. Soc. Rev,, 2026, 55, 4031-4053

optoelectronically active, redox-active, semiconducting, or
photoreactive, arranging it into a brush architecture can
amplify such properties via enhanced crystallinity, improved
orientational order of functional moieties, and facilitated
charge or mass transport. These effects have been demon-
strated in contexts such as organic photovoltaics, photoelec-
trochemical devices, and chemical/biological sensing.

Beyond intrinsic functionality, a wide range of exogenous
functionalization strategies can be implemented through
chemical handles located in either the corona or the core
domain, enabling the immobilization, transformation, or
in situ generation of new materials without compromising
spatial order.

5.1. Corona-mediated conjugation

The solvated corona of surface-immobilized cylindrical micellar
brushes offers a highly versatile and accessible binding inter-
face for the incorporation of exogenous functional entities.
In particular, P2VP coronas present electron-donating pyridyl
nitrogen atoms that are capable of forming stable coordination
bonds with a wide range of metal centers. Owing to this
property, Sun et al. exploited the highly solvated and permeable
nature of the P2VP corona to immobilize up to 33 distinct
metal species in the form of isolated single atoms, achieving

This journal is © The Royal Society of Chemistry 2026
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remarkable loadings in the range of 8.3% to 40.9 wt% (Fig. 12a-d).>®
The forest-like, open three-dimensional architecture of the
brushes not only enhanced ion capture efficiency but also
promoted rapid mass transport, a feature particularly beneficial
during catalytically demanding processes.

In their approach, in situ SI-CDSA was performed directly on
nickel foam substrates, leading to the growth of PFS-b-P2VP
brushes. These brushes were subsequently electrostatically com-
plexed with PtCl,>~ ions, which were then stabilized as Pt single-
atom ‘“nanoforests” via strong coordination to the pyridyl groups
in the corona. When the corona is engineered to carry additional
charged or polar functional groups, a broader spectrum of
noncovalent interactions, such as electrostatics and hydrogen
bonding can be exploited for cargo immobilization.
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Through these binding pathways, a diverse array of func-
tional materials has been successfully integrated into micellar
brush frameworks (Fig. 12¢(i)).”" Examples include MOFs, TiO,
nanoparticles and enzymes, each imparting distinct physico-
chemical properties to the hybrid constructs. Such multifunc-
tional architectures exhibit an expanded functional scope,
with demonstrated utility in fields as varied as photocatalysis,
molecular recognition, and chemical or biological sensing. The
combination of structural tunability, high surface accessibility,
and adaptable binding chemistry underscores the potential of
solvated micellar brushes as a modular platform for advanced
hybrid material design.

Beyond simple binding, the structural features of the poly-
mer corona can be rationally exploited to control the spatial
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Fig. 12 (a) Schematic representation illustrating the formation of a Pt single-atom nanoforest via mild coordination interactions within the micellar brush
corona. (b) Aberration-corrected annular dark-field STEM (AC-ADF-STEM) image showing the dispersed Pt single atoms in the nanoforest architecture.
(c) Overview of single-atom nanoforests incorporating 32 different metal species. (d) SEM image depicting the surface morphology of the Pt single-atom
nanoforest. Reproduced from ref. 53 with permission from AAAS, Copyright 2025. (e) Schematic illustration of two approaches: direct immobilization, in
which a solution of the desired nanocatalyst is introduced into a glass capillary coated with PFS3o-b-P2VP,,6 micellar brushes, allowing spontaneous
adsorption via coordination, hydrogen bonding, or electrostatic interactions; and in situ generation, in which metallic salt and NaBH,4 solutions are
sequentially introduced by siphoning and soaking. (f) and (g) SEM images of collapsed PFSzo-b-P2VP,,6 brushes after direct immobilization of (f) Au NPs
(inset: Size distribution) and (g) GOx (inset: EDX mapping of sulfur). (h) and (i) SEM images of collapsed brushes after in situ generation of (h) Pd NPs and (i)
Pt NPs (insets: size distributions). Reproduced from ref. 51 with permission from Wiley, Copyright 2021.
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organization and packing density of nanoparticles with nano-
meter precision. In the work of Tao et al., the well-defined inter-
coronal spacing of cylindrical PFS-b-P2VP micellar brushes
(~3.5 nm)°* was selected to closely match the diameter of
pre-synthesized ruthenium nanoparticles (~3.3 nm) (Fig. 13a).>*
This geometric complementarity, combined with the reversible
and dynamic nature of Ru-pyridine coordination chemistry,
enabled the nanoparticles to infiltrate into the interstitial spaces
between P2VP corona chains.

Upon coordination-driven infiltration, local rearrangements
of the corona led to a dramatic contraction of the nanoparticle
distance from 5.1 &+ 1.9 nm in the initial loosely bound state to
0.5 £ 0.08 nm in the final densely packed configuration
(Fig. 13b and c). Such close-proximity assembly goes well
beyond conventional steric or electrostatic packing, as it
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requires both spatial matching and dynamic bonding to over-
come entropic penalties and corona chain crowding.

The methodology offers several important advantages. First,
it allows for collective particle positioning within the polymer
template without the need for high-temperature annealing or
solvent evaporation-ind