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Patchy nanoparticles with surface 
complexity for directed self‑assembly
Thi Vo* 

Patchy nanoparticles (PNPs) possess anisotropic surfaces that produce emergent 
directionalities in interactions. Manipulation of such surface complexities offers a powerful 
handle for control over interparticle spatial and orientational orderings, making PNPs an ideal 
class of nanoscale synthons for self-assembly. However, realization of PNPs with defined patch 
positions and geometries faces technical challenges related to the level of precision chemistry 
required to achieve the desired surface patterning. Here, we provide an in-depth review of 
state-of-the-art strategies available for PNP synthesis. We examine the experimental efforts 
made to synthesize PNPs, classifying advances based on different material types spanning 
organic and inorganic systems. We conclude by presenting barriers in PNP synthesis and 
highlighting ongoing theoretical efforts aimed at guiding experimental design and parameter 
selection for creating novel surface patterning on NPs.

Introduction
Leveraging self-assembly to a priori direct building-block 
organization provides a powerful design paradigm for cre-
ating spatially and orientationally ordered superlattices.1–3 
Nanoparticles (NPs) are of particular interest as they exhibit 
a diverse range of optical,4 magnetic,5 and/or catalytic6 
properties. Attempts to direct NP self-assembly have pro-
duced a diverse suite of strategies that include templating 
via solvent crystallization,7,8 surface modifications,9,10 and 
microphase separation.11 Among these approaches, surface 
modifications have emerged as an effective strategy capable 
of producing ordered co-assemblies of incompatible NPs.1–3 
However, to date, self-assembled lattices accessible via this 
approach are limited to “close-packed” morphologies. This 
constraint stems from the isotropic nature of inter-NP, which 
favors morphologies with high symmetry and high packing 
fraction.

The promise of patchy particles for directed 
self‑assembly
Efforts to bypass the “close-packed” limitations have 
sparked interest in designing NPs capable of breaking 
high coordination symmetry. Low-density (coordination) 
lattices have been predicted to exhibit photonic band-
gaps, useful for optical waveguides, optical computing, 

sensors, and telecommunications.12 Similarly, simulations 
have shown that porous materials with tunable pore sizes 
can exhibit encapsulation and filtration capabilities, ideal 
for membrane applications.13 Finally, designs of porous 
lattices made from metal–organic frameworks have high-
lighted structural motifs that exhibit superior catalytic 
properties.14 The common thread across these works lies 
in directional interactions that break isotropic symmetry, 
thereby favoring more open configurations. Such patchy 
NPs (PNPs) are anisotropic by nature, either via selective 
surface modification or via alteration of their geometry. 
Successful design and synthesis of PNPs can provide a 
powerful bottom-up approach to experimentally real-
ize materials capable of satisfying current technological 
demands. Attempts to synthesize PNPs have produced a 
suite of experimental works spanning organic and inor-
ganic systems and even leverage external stimuli to control 
patch formation. Due to the expansive nature of the experi-
mental literature, we organize PNPs into categories: (1) 
soft PNPs from oligomeric and/or polymeric amphiphiles, 
(2) PNPs made from inorganic nanocrystals, (3) bio-based 
PNPs obtained from proteins or DNA/RNA origami, (4) 
PNPs created from ligand functionalization onto proteins/
NPs, and (5) reconfigurable PNPs via solvent/external field 
manipulations (Figure 1).
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PNPs from oligomeric and polymeric 
amphiphiles
Amphiphiles represent a class of materials containing 
incompatible subunits that, if tuned correctly, can direct 
self-assembly into ordered superlattices/motifs. Interac-
tions between individual amphiphiles can be engineered 
via leveraging the molecular geometry of their subunits 
to create steric hindrance or chemical specific attraction/
repulsion that biases alignment along a specific direction. 
Amphiphiles constructed using this design strategy are clas-
sified as giant amphiphiles due to the bulky nature of the 
individual subunits. Combining a rigid tetrahedral molecule 
functionalized with polyhedral oligomeric silsesquioxane 
(POSS) (and POSS-derivatives) at each vertices imbues the 
resulting amphiphile with an emergent fourfold interaction15 
(Figure 2a). Because the core and the POSS particles favor 
segregation, the net result is a soft tetrahedral PNP with ver-
tex–vertex attraction. The POSS particles at each vertex of 
the tetrahedral core can also be altered to control specific 
vertex–vertex interactions, providing a tunable tetrahedral 
PNP made from molecular amphiphiles. For this specific sys-
tem, tetrahedral PNPs self-assemble into the A15, dodecago-
nal quasicrystalline, lamellar, double gyroid, and hexagonal 
cylindrical lattices by tuning the functionalized POSS hydro-
phobic/hydrophilic interactions. Another example is vertex 
patchy triangular PNPs synthesized using a triphenylene core 
and BPOSS vertices, which assemble into Laves structures16 
(Figure 2b). Utilizing POSS particle as the core produces 

vertex patchy cubic PNPs that self-assemble into a suite of 
different structures ranging from simple cubic lattices to 
quasicrystalline structures, again depending on the specific 
vertex–vertex interaction.17 Cores made from aromatic rings 
create giant molecules where π-π stacking dominate, produc-
ing para-like patchy PNPs capable of forming Frank–Kasper 
phases.18 These examples indicate that engineering of giant 
molecules can provide a powerful handle to fabricate molec-
ularly precise PNPs of varying shapes and sizes.19

Traditional polymeric amphiphiles themselves can be engi-
neered to self-assemble into interesting soft PNPs; for exam-
ple, diblock copolymers typically form spherical micellar 
motifs in the limit of high asymmetry in lengths between the 
two sub-blocks. Seminal works in self-assembly of hard and 
soft systems have shown that spherical particles assemble into 
a body-centered-cubic (bcc) or face-centered-cubic (fcc) lat-
tice.20 However, introduction of free core-homopolymer into 
the system shifts assembly behavior to drive the formation of 
more complex Frank–Kasper, σ  , C14, C15, and dodecago-
nal quasicrystalline lattices21 (Figure 2c). This is because the 
free core-homopolymer drives reorganization of the spherical 
micelles, altering their effective shape into anisotropic variants 
exhibiting directional interactions. Such emergent PNPs from 
a starting spherical micellar motif have also been observed 
in ionic-driven systems.22 Furthermore, analogous strategies 
have been used to convert spherically symmetric micelles to 
exhibit para-patchy interactions that then shift assembly into 
strings and network structure.23
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Figure 1.   Classes of patchy nanoparticles (PNPs). (a) Self-assembling polymeric amphiphiles,15,21 (b) metallic/inorganic nanocrystals,29,90 
(c) bio-based DNA/RNA origami or surface modified proteins,46,60,91 (d) ligand-functionalized nanocrystals/proteins,2,10,70 and (e) external 
stimuli-driven patch formation.75,80 bcc, body-centered cubic.
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PNPs from inorganic nanocrystals
Inorganic PNPs use anisotropic metal NPs such as Au, Ag, Pt, 
and/or Pd. Over the past decade, major advances in synthesis 
and growth of nanocrystals have led to the proliferation of a 
diverse suite of shaped NPs. There are many excellent reviews 
on chemical synthesis of anisotropic NPs and we refer the 
reader to those works for details.1,24 Here, we focus on fea-
tures of anisotropic NPs that contribute to their applicability 
for PNPs.

First, anisotropic NPs have surfaces of varying curvatures. 
This means that differences in local curvature between one 
location versus another can result in emergent directional 
interactions. Seminal works in theory and simulations have 
shown that anisotropic shapes exhibit preferred orientational 
alignments at moderate to high particle volume fraction that 
arises due to entropy.25–27 For example, a cubic NP will exhibit 
strong preferences for face-face alignment. The net effect is 
a face patchy cubic PNP that arises purely from geometry. 
Experiments taking advantage of this emergent “patchiness” 

have successfully self-assembled a wide range of crystalline 
lattices, including a simple cubic lattice from cubic NPs,28 a 
Minkowski lattice from octahedral NPs,29 a bcc from cuboc-
tahedral NPs,30 and chiral or quasicrystalline lattices using 
tetrahedral NPs.31,32 The same emergent patchy valency is also 
observed in assemblies under two-dimensional (2D) confine-
ment of nanoplates, where here the edge serves as the largest 
“facet” on the NPs.33,34

The key limitation for hard shapes, however, lies in the bias 
toward close-packed structures. This is because entropically 
driven processes minimize excluded volume between parti-
cles, which is analogous to seeking configurations that occupy 
the smallest space within the self-assembled structures.35 
One synthetic strategy seeking to bypass this constraint for 
metal NPs is the construction of heterostructural NPs: that 
is, NPs surface decorated with smaller NP satellite(s). Such 
NPs are typically synthesized via sequential seeded growth, 
where preformed NPs serve as seed sites to grow larger NPs.36 
This process results in composite NPs such as heterodimers, 
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Figure 2.   Amphiphile-based patchy nanoparticles. (a) Tetrahedral giant amphiphile constructed from polyhedral oligomeric silsesquioxane 
(POSS) cages and a tetrahedral core linker. Tuning the POSS type at each “vertex” yields different patch tetrahedra that self-assemble into the 
double gyroid (top) and an A15 lattice (bottom).15 (b) Planar triangular giant amphiphile constructed from POSS cages and a triangular linker. 
Self-assembly yields the rare Z sublattice of the Frank–Kasper lattice family.16 (c) Polymeric amphiphile made from block copolymer micelles. 
Local extension and compression of the outer chain corona (mid-panel) drives emergent valency and patchy directional interaction between 
micelles, producing a diverse suite of Frank–Kasper phases.21
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heterotrimers, etc. These heterostructural NPs are patchy by 
construction as the small NP satellites imbue local directional 
interactions. This process forgoes the need to rely on emer-
gent patchiness between anisotropic NPs due to geometry in 
favor of explicit surface patchiness defined by NP satellites. 
Although heterostructural NP self-assembly is less explored 
compared to standard NP superlattices, interesting structures 
have already been observed. Examples include the tunability 
between rotator, aligned, and disordered fcc phases for a Pt-
Fe3O4 heterodimer37 (Figure 3a), fcc packing of a quantum 
dot (QD)-Au heterodimer exhibiting a unique orientational 
ordering38 (Figure 3c), and fcc packings of 4-/5-/6-patched 
QD-Au heterostructural NPs that exhibit tunable voids shape 
(Figure 3b).39

Bio‑based PNPs
Inorganic synthesis is constrained by polydispersity,1,40 
where variations in the size/shape of the NP cores can disrupt 
preprogrammed PNP interactions and create defects/disorder 
in the assembled superlattices.1,3,41,42 Proteins, on the other 
hand, are monodispersed. More importantly, protocols exist 
that enable precision modification of amino acid residues on 
the protein’s surface to reprogram protein–protein interac-
tions.43 This means that a positively charged surface site can 
be switched to be negatively charged, neutral, hydrophobic, 
or hydrophilic depending on the replacement amino acid. 
The net result is tunable directional interactions via protein 
surface modification. Designing protein-based PNPs has 
led to a large suite of interesting self-assembled morpholo-
gies that emulate the natural diversity in protein shape/size/
interaction seen in nature. For example, surface modification 
of l-rhamnulose-1-phosphate aldolase breaks the packing 
symmetry of the core protein, producing porous structures44 
(Figure 4d). Designing patchy protein helical bundles has 
also been achieved where the proteins behave analogous 
to divalent, para-patchy cylinders, directing self-assembly 
into micron-length rods with varying degrees of flexibility.45 
Porous, 2D protein arrays have also been achieved by design-
ing directional interactions that maximize protein–protein 
interfacial binding required to stabilize various structures46,47 
(Figure 4a). This ability to define, select, and synthesize the 
exact patch locations on a particle surface is a holy grail for 
PNP design. Numerous examples of other designer patchy 
proteins exist that are capable of self-assembling into one-
dimensional strings/fibers,48,49 2D sheets/arrays,50,51 and 
three-dimensional protein cages.52,53

In recent years, DNA/RNA origami has risen to the 
top as a powerful strategy for designing tailorable PNPs. 
Origami takes advantage of complementary base pairing 
between DNAs and RNAs to direct chain organization into 
hierarchical structures.54,55 In applying origami principles 
for PNPs, one approach defines a unique single-stranded 
DNA sequence that protrudes out of a self-assembled DNA 
origami structure.3 For example, DNA origami tetrahedral 
nanocages can be designed to have complementary sticky 

ends at their vertices. This will result in tetrahedral parti-
cles whose vertices are attractive to each other via DNA 
hybridization: equivalent to a vertex patched tetrahedral 
PNP. The same strategy can also utilize RNA hybridization56 
(Figure 4c). To date, there are numerous examples where 
DNA/RNA origami has been utilized to create PNPs for 
directed self-assembly.3,57 Of particular interest are DNA 
origami cages that self-assemble into low coordination or 
porous structures such as strings/fibers,58 open bcc or SC 
superlattices59,60 (Figure 4b), porous fcc superlattices,61 
and nanoscale diamond superlattice.62 All examples utilize 
vertex patched octahedral, cubic, or tetrahedral nanocages 
as the PNP building blocks. While the self-assembled struc-
tures are different, PNP synthesis process remains the same, 
making DNA origami a versatile tool with precision control 
over patch arrangement on NPs.

PNPs from ligand functionalization
Ligand-functionalized NPs (LNPs) incorporate a wide range 
of different ligand species that include molecules,63 oligo‑ 
mers/polymers,64 or DNA/RNA.1–3,65 The NPs can encompass 
inorganic materials such as metallic nanocrystals or biological 
materials such as proteins. Covering the entire suite of LNPs 
is beyond the scope of this article and we refer the reader to 
multiple excellent reviews on these materials.1,3,65 Our scope 
focuses on LNPs that exhibit patchy/complex ligand surface 
patterning to elicit directional interactions.

Ligand functionalization often faces limitation in precision 
control over where ligands are anchored on the NP surfaces. 
This is because all NP surface locations are chemically equiva-
lent. The usage of anisotropic NPs offers more precision in 
ligand functionalization as chain entropy drives local partition-
ing toward locations of high surface curvatures.66,67 However, 
such partitioning is restricted to geometrically equivalent sites. 
One strategy that bypasses these limitations utilizes protec-
tion groups to “block” functionalization at different surface 
sites.68 Free ligands are first introduced that physisorb to the 
particle surface. Once “protected,” ligand functionalization 
can progress on the “unprotected” surface sites and the phy-
sisorbed chain can be washed off post-functionalization. The 
net result is a LNP with ligand functionalization on only cer-
tain surface sites, making it a PNP (Figure 5a). However, the 
initial coating is still controlled by random, chain adsorption, 
making precision control over the final patch location an open 
challenge.

A corollary approach to the previously discussed surface 
blocking strategy is to utilize DNA nanocages to lock NP ori-
entation before functionalization.69 In this limit, the NP is first 
captured and held in place by a DNA nanocage. Depending 
on the nanocage geometry, different locations of the cargo NP 
are exposed to DNA/ligand functionalization. For example, 
a cubic nanocage will produce a six-patch PNP, where each 
patch sits at the face location of the cubic nanocage. Con-
versely, a tetrahedral nanocage will only yield a four-patch 
PNP (Figure 5b). This process provides more control over 
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where patches are created, but self-assembly of such patterned 
PNPs has not yet been tested.

Rather than “protecting” the NP surface, another strat-
egy utilizes protein surface heterogeneity to selectively 
control surface functionalization.70 This heterogeneity en‑ 
ables ligand functionalization at a precisely defined posi-
tion on the protein’s surface to produce complex protein-
based PNPs. Due to the precision of such a protocol, the 
synthesized functionalized proteins have been shown to 
self-assemble into a diverse range of superlattices. Experi-
ments have shown that switching the DNA functionalization 
site on concanavalin A alters their orientation alignment and 

enables a systematic transition across five self-assembled 
structures71 (Figure 5e). Similarly, switching DNA function-
alization locations on a hexameric protein shifts assemblies 
between rods and sheets formation.72 Superlattices such as 
SC, bcc, and layered hexagonal morphologies have also 
been reported by tuning DNA functionalization on the pro-
tein surfaces73 (Figure 5d).

Finally, ligand–ligand interactions can serve as a powerful 
handle to synthesize PNPs. Increasing chain–chain attraction 
between functionalized ligands can produce partitioning to 
specific sites on NP surfaces.10 Specifically, the first phys-
isorbed ligand on an NP actively recruits nearby ligands to the 
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Figure 3.   Inorganic patchy nanoparticles (PNPs). (a) Pt-Fe3O4 heterodimer combining a truncated octahedron and sphere NP. 
Self-assembly yields a rotator fcc.37 (b) Quantum dot (QD)-Au heterodimers with multiple patches self-assemble into orienta-
tionally ordered face-centered-cubic (fcc) lattices where void spaces are tunable between the tetrahedral and octahedral motifs 
based on patch configuration.90 (c) Large patch sizes can result in Janus-like QD-Au heterodimers, producing an alternating 
orientational ordering between the different fcc planes of the self-assembled lattice.38
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Figure 4.   Bio-based patchy nanoparticles (PNPs). (a) Designed protein self-assembled arrays obtained via hydrophobic 
packing between alpha helices (left), helical bonding between coiled-coiled domains (middle), and hexameric protein direc-
tional packing (right).47 All interactions are engineered via protein surface engineering to favor the desired protein–protein 
docking. (b) Patchy nanocage self-assembled via DNA origami60 or (c) RNA origami.91 Cage structure dictates the morphol-
ogy of the self-assembled lattice—a simple cubic (SC) structure for (b). Cage can be designed to be selectively filled by guess 
DNA-functionalized NPs to provide tunability in NP structure ordering. (d) Design of l-rhamnulose-1-phosphate aldolase 
protein to exhibit patchy, directional interaction, breaking its native close packing configuration to form an open, auxetic lat-
tice.46 AFM, atomic force microscopy; Cryo-EM, cryo-electron microscopy.
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same surface region, creating an emergent symmetry break-
ing in functionalization. Applications of this strategy have 
resulted in the formation of singlet, doublet, and triplet patches 
on triangular prism NPs10 (Figure 5c) as well as an octahe-
drally configured set of six patches on spherical NPs.74 Both 
examples indicate that introducing chain–chain interactions 
can serve as an effective synthetic strategy to break geometric 
constraints imposed by the NP core to enable tunability in 
surface patterning.

Reconfigurable PNPs via external stimuli
Since inorganic NPs are mostly made from metallic atomic 
nanocrystals, external fields (i.e., electric or magnetic) can 
polarize the NP and induce dipole–dipole interactions between 
neighboring particles. At low field strength, this induced dipole 
interaction is weak. However, at high enough field strengths, 
this term will dominate to produce emergent directional inter-
actions.75,76 For these reasons, we classify these cases as 
inducible valency/patchiness. Experimental measurements 
have shown that isotropic, spherical NPs will exhibit para-like 
patches due to dipole–dipole interactions. Similarly, ellipsoi-
dal/anisotropic NPs will develop para-like patches along their 
long axis75,77,78 (Figure 6c). The net effect is the emergence 
of a field-induced PNP formation that directly alters particle 
assembly behaviors.

Solvent-induced patch formation leverages the switch-
ing of good to poor solvent to shape the covalently end-
functionalized ligand distribution about the NP core. Due to 
the change in solvent quality, the functionalized polymers 
will shift from a solvated, wetted state to a collapsed state 
to minimize unfavorable chain–solvent interaction. How-
ever, due to its covalently linked tail to the NP surface, full 
segregation is not possible. As such, the next best possible 
option is to hug the NP surface and stretch as much as it can 
to contact with a surface region containing higher polymer 
concentration. While this requires a large cost in entropy, 
the enthalpic gain from chain–chain interaction makes this 
process favorable and produces localized patchy polymer 
brushes on the NP. Application of this strategy has produced 
edge/corner patchy cubic NPs79 (Figure 6a), patchy octahe-
dral NPs, patches on spherical NPs,80 and chiral patches on 
rod-like NPs81 (Figure 6b).

Outlook and limitations
With respect to ligand-functionalized NPs, more robust 
methods are needed to increase selectivity in ligand func-
tionalization. Increased precision, however, presents major 
challenges for synthesis.10,68 This is because surface pattern-
ing relies on grafts segregation and thus are restricted by the 
intrinsic NP core geometry. Along this vein, polymer scaling 
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Figure 5.   Ligand-functionalized patchy nanoparticles (PNPs). (a) Regioselective polymeric/DNA grafting on cubic NPs achieved via adsorption 
of a protective polymer layer before chain functionalization, yielding selective edge-patch or face-patch cubic NPs.68 (b) Molecular stamping of 
isotropic NPs to create localized patches via encapsulation of the isotropic particle into a cage with predefined geometry.69 Patch formation then 
matches the symmetry of the cage. (c) Attractive interactions between grafts during the synthesis process can actively recruit grafts to a single 
location on the NP surface. This process actively recruits grafts to a specific location on the NP, breaking its core symmetry to create patchy 
NPs.10 Proteins functionalized with DNA/polymers to break their docking symmetry, driving. (d) Self-assembly into nonnative lattices71 and  
(e) nonnative directional binding.71,92 bcc, body-centered cubic.
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theories exist that provide strategies to bypass constraints 
due to NP shape. Scaling theories have been developed to 
predict poor solvent-induced patch formation80 as well as 
chain–chain-mediated patch localization10 as a function of 
experimentally relevant parameters. Another avenue looks 
at using block polymer ligand architectures to take advan-
tage of microphase separation to produce spontaneous pat-
tern formation NP surfaces.82 Furthermore, rigorous theories 
have been developed to describe the emergent valency in 
ligand-functionalized NPs due to local crowding between 
neighbors,83 giving rise to valency and patchiness on oth-
erwise isotropic LNPs. These theoretical tools can provide 
a blueprint to guide experimental design and synthesis of 
polymeric PNPs.

For protein-based NPs, computational tools exist for 
designing protein interactions that focus on protein–pro-
tein, protein–ligand, and short oligomeric grafts.71,84–87 
However, there are still open challenges. Polymers/DNA 
grafts are similar in size or larger than the protein cores, 
pushing these systems beyond the scope of current design 
capabilities.46,88 Some preliminary works have looked at 
polymer adsorption to protein surfaces, but these studies 
focus on polymer interactions with a single protein and 
not self-assembly.89 To properly understand polymer/DNA 
chain interactions with protein cores and predict the emer-
gent patchiness of the grafted proteins, several assumptions 
must be relaxed: (1) The core is assumed to be convex, (2) 
all surface sites are assumed to be chemically identical, and 
(3) the core is assumed to be rigid. Currently, no theoretical 
guidance exists to provide insight into how such features 
can influence site selectivity for ligand functionalization. 
Development of theories describing these effects will pro-
vide a fundamental understanding of the complex interplay 

between protein shape, surface charge, chain architecture, 
and graft location in controlling the emergent patchiness of 
polymer/DNA-functionalized proteins for use in directed 
self-assembly.

Conclusion
Major advances in synthesis over the last decade have 
enabled the fabrication of more complex surface pattern-
ing to create a synthetic suite of PNPs. These PNPs span 
a diverse range of material types that include polymeric 
amphiphiles, metallic nanocrystals, DNA/RNA origami, 
proteins, and ligand-functionalized nanocrystals/proteins. 
Successful integration between theory, simulation, and 
experiments will map out effective strategies for creating 
versatile PNPs from among the classes of materials cov-
ered in this article. Doing so will expand the suite of acces-
sible nanoscale superlattices and help lay the foundation 
for multifunctional nanoscale materials with applications 
across a wide range of industries. Examples include the 
following: (1) constructing ordered enzyme lattices where 
DNA tunes the domain spacing to develop highly selective 
biocatalytic membranes, or (2) employing polymer/DNA 
to create nanoparticle complexes that merge light harvest-
ing and chiral properties together for applications in light 
detection and ranging devices, or (3) merging flexibility 
intrinsic to polymers with thermoelectric nanoparticles 
to create materials with high power density and energy 
generation capabilities for wearable electronics. In short, 
PNPs provide an ideal class of nanoscale synthons capable 
of achieving even the most complex of designer materials. 
Future advances in PNP design and synthesis will expand 
the suite of accessible nanoscale superlattices, opening 

a b c

Figure 6.   Stimuli-driven patchy nanoparticle (PNP) formation. Changing solvent quality can cause drastic changes in chain conformation of 
grafted polymer brushes on NP surfaces. (a) Chain collapse drives formation of local patches on NP surfaces.80 (b) Interplay between closely 
confined patches can drive chiral patch patterning.81 (c) Metallic NP can be polarized under an external field to induce directional interaction that 
varies with field strength. Strong field induces strong dipole–dipole interactions, producing emergent patchiness and directionality in ellipsoid 
assembly.75
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new avenues for the application of nanotechnology and 
nanofabrication techniques toward the grand materials 
challenges of our generation.
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