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ABSTRACT: Single-chain nanoparticles (SCNP) are a class of polymeric nanoparticles obtained from the intramolecular
crosslinking of polymers bearing reactive pendant groups. The development of SCNP has drawn tremendous attention
since the fabrication of SCNP mimics the self-folding behavior in natural biomacromolecules, and are highly desirable for a
variety of applications ranging from catalysis, nanomedicine, nanoreactors and sensors. The versatility of novel chemistries
available for SCNP synthesis has greatly expanded over the past decade. Significant progress was also made in the under-
standing of structure-property relationship in the single chain folding process. In this Viewpoint, we discuss the effect of
precursor polymer topology on single polymer folding. We summarize progress in SCNP of complex architectures, and high-
light unresolved issues in the field, such as scalability and topological purity of SCNP.

Polymeric nanoparticles have been utilized in an increas-
ing number of fields over the past two decades due to their
unique properties such as design flexibility and good bio-
compatibility. Despite various techniques available to pro-
duce polymer nanoparticles, the preparation of small na-
noparticles with customized functions in the sub 20 nm
dimension remains challenging. Inspired by the self-
organizing behavior of natural biomacromolecules, a class
of materials referred to as “single-chain nanoparticles”
(SCNP) are synthesized featuring biomimicry and ultrafine
size. These nanoparticles are prepared from self-folding of
polymer precursors bearing reactive pendant groups. Lin-
ear polymer precursors bearing reactive pendant groups
undergo intramolecular cross-linking when the solution
concentration is below the polymer’s overlap concentra-
tion c*. After intramolecular cross-linking, the polymer
folds into a well-defined nanosized object with potential
functions such as catalysis and sensing.* (Fig.1A) In that
sense, SCNP partially mimics the natural folding process of
peptide chains that affords complex hierarchical protein
structures, but can be made using a variety of monomers
and polymerization techniques available. An immense
number of synthetic methodologies have been applied to
the formation of SCNP, including covalent, dynamic cova-
lent and noncovalent cross-linking.!#* The main approach-
es to achieve chain folding can be classified into homofunc-
tional cross-linking, heterobifunctional cross-linking and
cross-linker mediated chain collapse. (Fig. 1B)°

Over the past decade, due to the advancement of con-
trolled polymerization techniques as well as utilization of
efficient synthetic strategies such as photo-mediated reac-
tions and organometallic reactions,® the scientific com-
munity has witnessed a surge in the study of SCNP. New
characterization methods also contribute significantly to
the expansion of SCNP studies. 41020 The synthesis, charac-
terization and potential use of SCNP were extensively cov-
ered in a handful of review articles.3>21-28 While the li-
brary of chemistry used to obtain SCNP continues to ex-
pand, a great amount of work emerged offering deeper

fundamental studies on the structure-property relation-
ship in the single chain folding process. Efforts were also
made in synthesizing SCNP with complex architectures or
exhibiting protein-like catalytic behaviors. In this View-
point, we highlight a selection exciting recent SCNP work,
and discuss areas of question that remain unresolved in
this field.
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Figure 1. (A) Schematic representation of SCNP synthesis;*
(B) Modes for intramolecular cross-linking of a polymer
chain.> Adapted with permission from Ref. 5. Copyright 2016
American Chemical Society.

Effect of precursor topology on single chain folding

The majority of SCNP systems begin with a simple linear
polymer precursor. Utilizing non-linear polymer precur-
sors, such as cyclic, graft, star and dendritic polymer pre-
cursors for SCNP synthesis has been reported, but their
effect on the single chain folding process is rarely ex-
plored. SCNP based on linear polymer precursors often
exhibit a sparse, non-globular conformation in solution, as
revealed by both SAXS, SANS data and computer simula-
tions.?® A recent molecular dynamics simulation study by
Formanek and Moreno?° predicted that using cyclic poly-
mers as precursors would enhance intramolecular cross-
linking of distant functional groups and lead to SCNP with
more compact and globular conformation. Experimental



work by Rubio-Cervilla and coworkers3! validated this
prediction. They synthesized a single ring polymer via het
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Figure 2. (A) Schematic illustration of the synthesis of a single-ring nanoparticle from a cyclic polymer precursor;3! (Adapted with
permission from Ref. 31. Copyright 2018 Wiley) (B) Examples of polymer precursors with grafted side chains: polyisobutylene side
chains soluble in THF and hexanes;32 water soluble linear PEG side chains;33 water soluble alkyl side chains containing imidazoli-
um groups;34 (C) Porphyrin-cored star polymer precursor;35 (Reprinted with permission from Ref. 35. Copyright 2016 American
Chemical Society) (D) Crosslinked dendronized polymer.36 (Reprinted with permission from Ref. 36. Copyright 2016 The Royal

Society of Chemistry.

ero Diels-Alder reaction of chain ends on the linear poly-
mer precursor. The resulting cyclic polymer was subse-
quently activated by azidation, then subjected to collapse
via CuAAC in the presence of an external dialkyne cross-
linker. (Fig.2A) As a comparison, an SCNP from direct
cross-linking of the linear polymer precursor was synthe-
sized using the same reaction sequence without the ring-
closing step. It was found that the SCNP from ring polymer
precursor had a higher compaction degree than the SCNP
from linear precursor. This phenomenon was attributed to

the conformation of the polymer precursors: In the case of
linear polymer precursor, cross-linking of functional
groups pre-aligned within the chain contributes little to
the level of compaction. By cyclization, the chain confor-
mation has a distinct rearrangement, resulting in a higher
degree of compaction upon collapse.

Some SCNP were synthesized from linear polymer precur-
sors with long side chains, i.e.,, polymer grafts. Polymer
grafts carrying cross-linkable functional groups may aid
the intramolecular reaction, since the increased length and
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flexibility of side chains allows cross-linking of sites sepa-
rated by long contour distance. This design is widely found
in literature but quantitative evaluation of graft length on
polymer folding is scarcely reported. A recent study in our
group3’ explored the length of methacryloyl-functionalized
side chain in relation to the folding of a
poly(oxanorbornene) polymer precursor. We compared
the difference of a 2-carbon and a 6-carbon spacer be-
tween the polymer backbone and the pendant cross-
linkable group. Our results showed that within the length
scales we studied, side chain length does not significantly
affect polymer folding by intramolecular radical polymeri-
zation.

Polymer grafts that are not functionalized with cross-
linkable groups may contribute to the overall solubility of
SCNP. During the synthesis of SCNP, intramolecular cross-
linking of the functional groups leads to collapsed inner
compartments. Polymer grafts not carrying functional
groups could be made solvophilic or hydrophilic. They
exhibit an extended conformation in solution, shielding the
core of SCNP and stabilizing the SCNP solution by repul-
sive forces between coronas. A study by Liu and cowork-
ers3? reported intramolecular cross-linking of comb poly-
mers with large aliphatic polyisobutylene grafts, which
have affinity for non-polar aliphatic solvents. They found
that switching the solvent from THF to hexanes has pro-
nounced effect on the chain collapse, indicating that dis-
parate solvency could be a choice to tune chain collapse of
a single comb copolymer. Besides hydrophobic polymer
grafts, hydrophilic grafts are widely applied in the synthe-
sis of water soluble SCNP. These hydrophilic grafts on the
polymers could be water soluble PEG chains,?? or ionic
species embedded in an alkyl chain. (Fig. 2B)3*

Graft polymers precursors with densely grafted polymeric
branches adopt a persistent cylindrical shape in solution,
when the polymeric side chains are much shorter than the
backbone.?83° Intramolecular cross-linking of such poly-
mers does not led to single chain compaction, but instead
the cylindrical shape remains. Therefore, they were used
as templates for the preparation of nanotubes. The Rzayev
group developed a series of core-shell bottlebrush copol-
ymers that exhibit cylindrical shape in solution and used
them as single molecule templates.#*-4> The polymer pre-
cursors were subjected to intramolecular cross-linking of
the shell layer followed by selective removal of the core.
The size and shape of the polymer precursor was pre-
served after these transformations, leading to organic
nanotubes. The polymer backbone could be methacrylate
or norbornene-based, and a variety of cross-linking chem-
istries have been utilized, including photodimerization of
coumarin functionalities,*0-4! oxidative coupling of mercap-
to groups,*? cross metathesis of olefin groups,** 4> and oxi-
dative polymerization of pyrrole groups.**

Intramolecular cross-linking of star-shaped and dendritic
polymer precursors were scarcely reported in the litera-
ture. The first example of intramolecular cross-linking of a
star polymer was reported by Van Renterghem and
coworkers in 2008.4¢ They synthesized star-shaped
poly(isobornyl acrylate) precursors with methacrylate end
groups and converted them to unimolecular nanoparticles
by intramolecular polymerization. The nanoparticles were
used as viscosity modifiers in the polymerization of acry-

late monomers and changed the visco-elastic properties of
the polymer by noncovalent chain entanglements. Ding
and colleagues*” synthesized polymer nanoparticles from
intramolecular cross-linking of reactive azo-containing
star polymer precursors. The nanoparticles show circular
transformations when the azo chromophores undergo
trans-cis isomerization cycles. A porphyrin-cored four-arm
star polymer was synthesized by Rodriguez et al35 and
transformed to a nanoparticle by intramolecular anthra-
cene dimerization. (Fig. 2C) The resulting porphyrin-cored
polymer nanoparticle displayed redox and ligand-binding
reactivity and was used as a macromolecular model for
heme proteins.

Dendrimers with a high degree of branching adopt a three-
dimensional globular conformation with a large number of
functional groups at the periphery.*® Intramolecular cross-
linking of high-generation (g = 3) dendronized polymer
precursor was scarcely found in the literature. In 2002
Zimmerman and coworkers*® reported the synthesis of
macromolecular hosts for porphyrin guests based on den-
drimer precursors. An allyl-functionalized dendrimer was
synthesized containing a porphyrin core as the templating
agent. The dendrimer was subjected to intramolecular
ring-closing metathesis of the peripheral allyl groups, lead-
ing to a cross-linked unimolecular nanoparticle. A subse-
quent study by Lemcoff et al>® showed that a dendrimer’s
size reduction is linearly dependent on the extent of in-
tramolecular cross-linking, irrespective of the number of
dendrons used. Encapsulating a hydrophobic, fluorescent
dye inside the core of a water-soluble shell-crosslinked
dendrimer provides solubility of the dye in aqueous me-
dia.5! The cross-linked dendritic shell of the small and rigid
nanoparticle enhanced the photostability of the fluores-
cent dye in water. A similar approach of solubilizing and
stabilizing fluorophores was applied on linear den-
dronized polymers.3¢ Linear dendronized polymers con-
tain densely packed dendrons along the polymer backbone
and adopt a semi-rod-like structure, hence intramolecular
cross-linking occurs primarily on short range, leading to
lower degree of compaction. (Fig. 2D)

SCNP with novel topologies

Tadpole-shaped SCNP are composed of a flexible polymer
attached to an intramolecularly folded SCNP. They are
commonly synthesized from diblock linear polymer pre-
cursors containing a reactive block and an inert block. A
mathematical study by Asenjo-Sanz and coworkers>?
demonstrated that the size of a tadpole-shaped SCNP is
related to its tail length and could be predicted prior to the
synthesis of SCNP. Tadpole-shaped SCNP exhibit surfac-
tant-mimicking structures and have been used as nano
building blocks to self-assemble to higher ordered struc-
ture.53-58

Zhang and coworkers®® synthesized linear diblock copoly-
mers with diol pendants, and used a boronic acid cross-
linker to afford tadpole-shaped SCNP. The crosslinker ex-
hibited an isoelectric point so the head of the tadpole un-
dergoes hydrophobic/hydrophilic transition based on pH.
The SCNP self-assembled into spherical multimeric mor-
phology and the assembly could be dissociated by varying
the environmental pH or adding glucose. Thanneeru et al®°
prepared amphiphilic diblock copolymers poly(PDMA-b-
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PS) from N,N’-dimethylacrylamide and styrene monomers.
Photo-crosslinkable cinnamoyl groups reside in either the
hydrophilic PDMA block or the hydrophobic PS block. In-
tramolecular photo-cross-linking of cinnamoyl groups led
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Figure 3. (A) Synthesis of SCNP with tunable liquid crystalline properties via intrachain photo cross-linking stilbene-containing
amphiphilic block copolymers and the self-assembly behavior of SCNP in solution;¢! (Reprinted with permission from Ref. 61. Cop-
yright 2019 American Chemical Society) (B) Schematic illustration of the formation of dumbbell-shaped SCNP1 and suggested
molecular shuttling mechanism of SCNP;62 (Reprinted with permission from Ref. 62. Copyright 2018 American Chemical Society)
(C) Janus twin SCNP;63 (Adapted with permission from Ref. 63. Copyright 2018 Wiley) (D) Synthesis of single-chain Janus compo-
site nanoparticle from PEO-b-P2VP-b-PS.64 (Adapted with permission from Ref. 64. Copyright 2020 American Chemical Society)

to the formation of tadpole-shaped SCNP containing either
a hydrophobic or hydrophilic self-collapsed head. It was
found that in both cases, the size and morphology of the
self-assembled SCNP are related to the degree of intramo-
lecular cross-linking and could be controlled from a single
polymer precursor. A systematic study on the self-
assembly behavior of tadpole-shaped SCNP consisting lig-
uid crystalline (LC) properties was reported by Wen and
coworkers.?! (Fig. 3A) By varying the UV irradiation time
or hydrophilic block chain length, a library of assembled
morphologies were afforded, including tubular assemblies,
bowl-like particles, saddle-shaped lamellae and spheres.

Another pathway to tadpole-shaped SCNP is to synthesize
a self-cross-linked nanoparticle first, then attach a tail in a
separate step. Recently, a set of photoligations that can be
carried out orthogonally either by a sequence of decreas-
ing or increasing wavelengths was reported by the Barner-
Kowollik group.t®> They synthesized a polymer precursor
containing a styrylpyrene chain end and 9-
triazolylanthracene units distributed along the backbone.
The polymer can be ligated with a PEG chain through [2+2]
cycloaddition of styrylpyrene at the chain ends, and folded
into an SCNP through [4+4] cycloaddition of the anthra-
cene units along the polymer backbone. The two sets of
reactions could occur in either order controlled by irradia-
tion wavelength, and both lead to tadpole-shaped SCNP.

Orthogonal self-folding of a diblock copolymer bearing
reactive groups within each block leads to a double com-
partment SCNP. Matsumoto and coworkers®® synthesized
an amphiphilic random block copolymer containing PEG
and hydrophobic dodecyl, benzyl and olefin pendants. The
copolymer undergoes orthogonal self-assembly of hydro-
phobic dodecyl and benzyl pendants in water, followed by
covalent crosslinking, forming an SCNP carrying double
yet distinct hydrophobic nanocompartments. Another
study by Kozawa and coworkers®” used amphiphilic ABA
random triblock copolymers as precursors bearing PEG
and hydrophobic dodecyl pendants as the A-segments, and
a hydrophilic poly(ethylene oxide) (PEO) as the middle B-
segment. It was found that the copolymers could self-
assemble into PEO-linked double core unimer micelles,
PEO-looped unimer or dimer micelles, or multimeric mi-
celles, depending on the composition of the polymer pre-
cursor.

Claus and coworkers®® employed a PMMA-based ABC
triblock copolymer precursor to form dual compacted
SCNP. The middle B-block was a nonfunctional spacer
block. The outer A- and C-blocks carry phenacyl sulfide
and o-methylbenzaldehyde moieties respectively and
could be sequentially compacted with external dithiol or
diacrylate cross-linkers within each block. It was found
that the hydrodynamic diameter of the polymer was signif-
icantly reduced after the first compaction. The second
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compaction revealed a far less pronounced reduction in
size, due to the reduced degrees of freedom available after
the first compaction. A dumbbell-shaped SCNP was syn-
thesized by Cui and coworkers®® using an ABC triblock
copolymer bearing protonated imidazolium motifs in the
A- block, NH3z* motifs in the C-block, and hydroxyl motifs in
the B-block. (Fig. 3B) The outer blocks underwent step-
wise coordination to copper ions, taking advantage of the
difference in the basicity and coordination of imidazole
and NH: motifs. In a follow-up study®? the dumbbell-
shaped SCNP was subjected to ascorbic acid reduction and
air oxidation. Unidirectional molecule shuttling between
discrete double heads was found, leading to dumbbell-to-
tadpole-to-dumbbell configurational transition and the
intake of oxidized ascorbic acid into as-reassembled heads.

Multi-block SCNP were synthesized by Zhang and cowork-
ers’% using a stepwise folding-chain extension-folding pro-
cess. A multi-block copolymer was made by RAFT
polymerization containing hydroxyl pendants. The hy-
droxyl groups were cross-linked using isocyanate cross-
linkers, leading to compaction of the block. Subsequent
chain extension added a spacer block and a further hy-
droxyl-decorated block, and folding was repeated to gen-
erate SCNP with segregated compacted domains. A pen-
tablock copolymer was synthesized by this approach bear-
ing three individually folded subdomains with an overall
dispersity of 1.21.

Janus SCNP are prepared from double cross-linking of A-b-
B diblock polymer precursors. They are a type of com-
partmented SCNP with distinct hydrophilicities between
the compartments. Ji and coworkers®® reported the syn-
thesis of an amphiphilic Janus twin SCNP by two-step in-
tramolecular cross-linking reactions including anthracene
photodimerization and atom transfer radical coupling re-
action. (Fig. 3C) The amphiphilic nanoparticles possess
surfactant properties and reduced the surface tension of
water. In aqueous solution, the nanoparticles self-
assemble into vesicles with hydrophobic moieties in the
inner walls and hydrophilic parts on the surface. Self-
assembly behavior of the double cross-linked Janus SCNP
was different from its linear precursor polymer.

Another type of Janus SCNP was reported by Xiang and
coworkers®* and contains a cross-linked core with hydro-
philic and hydrophobic tails on the opposite sides of the
core. (Fig. 3D) A linear polymer of polyethylene oxide-
block-poly(2-vinylpyridine)-block-polystyrene (PEO-b-
P2VP-b-PS) was first pretreated with Coz(CO)s to intro-
duce positive charges to the P2VP chain. The pretreated
polymer was then cross-linked by metal complexation,
followed by thermolysis to afford Janus SCNP containing
cobalt within the core. The amphiphilic Janus nanoparti-
cles worked as functional emulsifiers that could deliver
metallic cobalt toward emulsion interfaces. They also ex-
hibit high catalytic capability and recyclability in the re-
duction of nitrobenzene to aniline at the oil-water emul-
sion interface.

Scale up methods

SCNP synthesis generally requires ultra-dilute condition
which limits the scalability of SCNP. Besides continuous
addition strategy,”* some other methods have been devel-

oped targeting intramolecular cross-linking at higher con-
centrations. These approaches include steric stabilization
by polymer brushes,”? introducing electrostatic interaction
along polymer chains,”® and internalizing the cross-linking
groups.’* Generalized methods for efficient SCNP synthesis
at higher concentration is still required.

A study by ter Huurne and coworkers’> found that steric
stabilization by polymer grafts allowed SCNP synthesis at
high concentrations. They created copolymers containing
dendritic polyglycerol grafts and found that the dendritic
hydrophilic grafts can provide steric stabilizing effect to
efficiently isolate the cross-linking groups, preventing in-
terparticle coupling events. As a result, the synthesis of
SCNP could be carried out at concentrations as high as 100
mg/mL.72

Introducing electrostatic repulsion along polymer chains is
another way for intramolecular cross-linking polymers in
concentrated solutions. Xiang and coworkers”? fabricated
polystyrene-block-poly(4-vinylpyridine)-block
poly(ethylene oxide) (PS-b-P4VP-b-PEO) copolymers and
used 1,5-dilodopentane as a modification agent and a
crosslinker. They found that intramolecular cross-linking
was achieved at 300 mg/mL.

Topological purity of SCNP

Due to the random conformation of polymer chains in so-
lution and the Kkinetically controlled cross-linking
process’¢77, there are large structural and conformational
deviations among SCNP produced in the same cross-
linking system. The mixture of SCNP of different size and
morphology may lead to unpredictable properties of the
material. Characterization and purification of the topologi-
cally impure SCNP is needed to achieve the same level of
precision and complexity as natural biomacromolecules.
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Figure 4. Construction of dicyclic polymer topologies (mana-
cle-form, 8-form and 6-form through the folding of a tetra-
functional telechelic precursor.”® (Adapted with permission
from Ref. 78. Copyright 2019 American Chemical Society)

Recently, programmed folding of a pair of linear polymer
precursors having four linking units was reported by
Kyoda and coworkers.”® (Fig. 4) The polymers contain four
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linking units. By adding two equivalents of the difunctional
crosslinker, the linear polymer folds into dicyclic isomers
of manacle-, 8-, and 0-forms. Different ratios of the three
isomers were obtained when adjusting the reactivities of
the four linking units. The results indicated that the poly-
mer folding process is directed either by spatial distance
between functional points, or by the chemical reactivity of
the functional points in the telechelic precursor. Topologi-
cally controlled folding of a dendritic polymer precursor
having six reactive end groups was demonstrated by Suzu-
ki and coworkers.”® Reacting the polymer with two equiva-
lents of the trifunctional cross-linkers led to nanoparticles
of Ksz3graph topology and another constitutional isomer
having a tetracyclic ladder form. The K33 graph isomer was
found to be remarkably contracted in comparison with the
ladder form isomer in solution.

The fabrication of pure Janus-type SCNP is reported by
Jiang et al.”” They synthesized a diblock copolymer A-b-B
containing alkyne and tertiary amine pendants within the
A- and B-blocks. Two-step intramolecular cross-linking via
Glaser coupling and amine quaternization led to a mixture
of single chain Janus nanoparticles, multichain particles
and irregular single-chain particles. Under appropriate
conditions, the single-chain Janus nanoparticles in the mix-
ture exclusively self-assembled to form regularly struc-
tured macroscopic assemblies that crystallized out of the
suspension. The exclusive self-assembly behavior of pure
Janus SCNP is rationalized by the highly uniform size,
shape and surface structures matching those of the sur-
rounding SCNP.

Outlook

In the past five years since our last perspective on this top-
ic, there has been an amazing number of important ad-
vances as is evident by the excellent work highlighted
above. Perhaps most critical is the effort by members of
our community to simultaneously and deeply investigate
both basic fundamental aspects of SCNP precursor synthe-
sis, chain collapse processes, characterization, etc., along
with an increased emphasis on functional applications. In
the next five years we look forward to seeing these applied
aspects of SCNP continue to progress as the synthetic
methods and characterization of these materials become
almost routine. One thing is certainly clear: research on
SCNP is not a passing curiosity but a vibrant and intricately
evolving subfield of polymer chemistry and will remains so
for the foreseeable future.
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