
DOI: 10.1002/ijch.201900145

Macromolecular Superstructures: A Future Beyond Single
Chain Nanoparticles
Hendrik Frisch,[a] Bryan T. Tuten,[a] and Christopher Barner-Kowollik*[a, b]

Abstract: Over the last 100 years polymer chemistry has
flourished in all areas and enabled control over synthetic
polymer architectures – including chain lengths, dispersity
and monomer sequences. Compared to the architectures of
biomacromolecules, these scientific achievements mainly
took place on the level of primary structures. The plethora of
functions carried out by proteins in nature, however, does
not only result from their primary structure, but from its
folding into perfectly defined 3D structures. Striving towards

a similar architectural control and function in synthetic
polymers, the field of single chain nanoparticles (SCNPs)
emerged. In this review, we analyze the state of the art and
identify what is currently standing between polymer
chemistry and perfectly controlled synthetic macromolecular
architectures. Based on the current challenges in the field of
SCNPs, we discuss potential avenues to break today’s
barriers and explore future applications reaching beyond the
current-state-of-the-art.
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1. Introduction

Ever since the pioneering work of Staudinger,[1] the perpetual
quest towards control over macromolecular architectures has
been fascinating and driven generations of chemists. Most of
today’s highly established fields of controlled macromolecular
architectures including block copolymers, dendrimers and star
polymers rest on the increasing control that we can exert over
the primary structures of synthetic polymers. However, an
orthogonal level of control over the architecture of polymers
remained largely unexplored: the intramolecular crosslinking
of single polymer chains.

While the first example dates back to the early 1960s,[2]
polymer chemists began to crosslink single polymer chains.
Inspired by the plethora of functions that are enabled by the
perfect 3D arrangement of polypeptide chains in proteins, the
field of single chain nanoparticles (SCNPs) emerged. Aiming
to mimic the function of proteins, yet utilizing the synthetic
ease of man-made polymers, SCNPs have the potential to
overcome limitations of proteins with regard to scope and
solvent for applications.[3–9] Combining toolboxes of organic,
inorganic and polymer chemistry, a multitude of strategies has
been successfully implemented for the intramolecular cross-
linking of synthetic polymers.[10] The intramolecular crosslinks
span covalent bonds, hydrogen bonds, host-guest interactions
and coordinative bonds. Herein, we will refer to the intra-
molecular crosslinking of single polymer chains as ‘folding’ –
inspired by the process that gives rise to their natural paragons,
i. e. proteins.

Despite the progress within this thriving field, SCNPs
remain far behind their natural paragons in regard to both
complexity of the macromolecular architectures and resulting
function. While SCNPs have been successfully applied as
catalytic nanoreactors, mimicking the activity and selectivity

of enzymes, catalysis is merely a single facet of these
biomacromolecules. These perfectly arranged macromolecular
architectures of proteins can e.g. perform macroscopic move-
ment, storage, multiplication and read out of data as well as
sensing. Yet, what is standing between polymer chemistry and
this almost limitless potential? Herein, we critically explore
the hurdles and challenges in the field of polymer chemistry
limiting SCNP design and reflect on current strategies along
with prospective avenues to overcome them in the future.

2. Synthesis: Tackling the Scalability

To initiate the intrachain crosslinking of single polymer chains,
a wide variety of chemical reactions has been developed over
the last decade, which were discussed in significant detail in
reviews and books.[8,10] The extensive toolbox of reactions
allows for versatile synthetic access, a high tolerance of
functional groups and even orthogonal folding conditions for
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multi-step folding reactions.[11–14] Large scale synthesis of
SCNPs, which is paramount for future applications, remains
elusive despite the great variety of folding chemistries. The
largest hurdle in the scale-up of SCNP synthesis is currently
the highly dilute concentrations of the intramolecular cross-
linking, which prevent the development of strategies to
produce SCNPs beyond the gram scale. As the desired
intrachain reaction competes with the parasitic interchain
reaction, concentrations <1 mgmL� 1 are the current standard
to achieve a selectivity for the intramolecular folding.[15] Some
examples require even lower concentrations of
0.02 mgmL� 1,[14,16] 0.03 mgmL� 1[17] or 0.04 mgmL� 1.[18] Such
low concentrations do not only drastically limit the scalability
of SCNP synthesis, yet critically impede the online monitoring
of the reactions – paramount towards improving our under-
standing of the folding process. For instance, nuclear magnetic
resonance (NMR) spectroscopic methods would be an ideal
tool to follow the reaction on the molecular level through 1D
NMR and concomitantly on the macromolecular level,
monitoring the folding of the chain via its reduction in its
hydrodynamic diameter via diffusion ordered NMR techniques
(DOSY). In the typically applied concentration regimes,
however, these methods can practically not operate. As a
consequence, characterization with NMR techniques is usually
carried out after a purification and concentration step,

subsequent to the folding reaction. Current strategies aiming to
minimize the parasitic interchain reaction approach this
challenge from multiple directions, including (i) experimental
conditions (ii) polymer architecture, (iii) folding reaction and
(iv) the polymerization of the main chain itself (Figure 1).

2.1 Experimental Conditions – Continuous Addition

A strategy that has proven to be efficient in scaling up SCNP
synthesis relies on the continuous addition of a concentrated
precursor polymer into a reactive solution. (Figure 1, top left).
If the polymer is added slower then it reacts, the effective low
concentration of reactive polymer is maintained, while the
concentration of unreactive SCNP increases continuously
throughout the reaction. The continuous addition strategy was
pioneered by the group of Hawker based on the dimerization
of pendant o-quinodimethane moieties.[19] A concentrated
solution of polymers containing benzocyclobutene was slowly
added into benzyl ether at 250 °C. In the hot solvent, the
benzocyclobutene groups isomerize into reactive o-quinodi-
methane species, which rapidly dimerize intramolecularly and
induce the SCNP folding. Through the continuous addition of
the precursor polymer, intermolecular reactions were sup-
pressed and final SCNP concentrations of 2.5 mgmL� 1 were
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obtained. To decrease the harsh reaction temperatures, the
group of Harth investigated low temperature processes to
generate the reactive o-quinodimethane unit.[20] Based on a
benzocyclobutene alcohol derivative it was possible to reduce
the required reaction temperature by 100 °C.[21] The Berda
team combined the continuous addition strategy with the atom
transfer radical coupling (ATRC) of pendent alkyl or benzyl
bromide moieties on methacrylate-based polymers. The use of
ATRC allowed for even milder reaction conditions at 80 °C
and yielded SCNP concentrations of up to 10 mgmL� 1 on the
gram scale.[22]

While the previous examples investigate chain internal
crosslinking of pendant reactive groups, various synthetic
strategies of SCNP synthesis employ external crosslinkers.
The reaction of these usually bivalent linkers is inherently
different to the chain internal crosslinking, as it proceeds
through two stages: (i) The intermolecular reaction between
linker and precursor polymer and (ii) the intrachain reaction
between the monovalently bound crosslinker and a comple-
mentary binding site in the polymer. Consequently, both
reactions are likely to have different reactions rates, with the
initial intermolecular reaction being the rate determining
step.[23] Even at stoichiometric concentrations of reactive sites
of the polymer and crosslinker, the concentration of cross-
linker within the volume of the polymer coil will be under-

stochociometric. Overstoichiometric amounts of crosslinkers
can, thus, facilitate to achieve the maximum intramolecular
crosslinking.[24] To investigate such effects of stoichiometry,
the group of Berda investigated the effect of different cross-
linkers equivalents of a bis-maleimide cross-linker on the
folding of a polymer containing furane side chains.[25]
Increasing equivalents of crosslinker lead to a more pro-
nounced compaction of the SCNP, with 9 equivalents required
to achieve the maximum compaction.

Taking the effects of an excess of crosslinker to the
extreme, the discussed continuous addition strategy was also
successfully applied to SCNP folding mediated by an external
crosslinker. In this case, the parent polymer is slowly added to
a solution containing the bivalent crosslinker. Successful
examples of the continuous addition approach in external
crosslinker mediated SCNP folding include reactions of
isocyanates with amine crosslinkers to form urea linkages,[26]
metal complexation of M2

4+ paddlewheel folding motifs,[27]
photochemical crosslinking[28] and Thiol-Michael additions.[29]
The continuous addition procedure, thus, presents a versatile
route for both external and internal crosslinker mediated
folding, to suppress the parasitic interchain reaction and
achieve an efficient scale up of SCNP synthesis.

Figure 1. The efficient scale-up of SCNP synthesis is traditionally limited by ultra-diluted reaction conditions, resulting from the competition
between the intramolecular and intermolecular crosslinking reaction. Current strategies applied to achieve a selectivity of intramolecular single
chain folding over unwanted interchain reactions aim at the reaction conditions through a continuous addition approach (top left), the
polymer architecture shielding the reactive groups (top right), the specific folding reaction by utilizing different quantum yield for
intramolecular and intermolecular reaction (bottom left) and the polymerization reaction itself by combining a living polymerization with an
immediate crystallization of the growing chain (bottom right).
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2.2 Polymer Architecture – Shielding of the Reactive Sites

Orthogonally to the crosslinking chemistry, the choice of
polymer backbone has shown to drastically influence the
competition between intra- and intermolecular reaction (Fig-
ure 1, top right). The group of Qiao reported single chain
folding of random copolymers of oligo(ethylene glycol) meth-
yl etheracrylate, di(ethylene glycol) ethyl ether acrylate and 4-
(acryloyloxy)-ɛ-caprolactone at unprecedented concentrations
of 100 mgmL� 1 in chloroform.[30] When the same folding
chemistry, i.e. the ring opening polymerization of the pendant
caprolactone units, was applied to poly(styrene) or poly
(methyl acrylate) based polymers instead of the sterically
demanding poly(oligo(ethylene glycol) acrylate based poly-
mers, the unwanted interchain reaction became
predominant.[31] The brush like structure of the oligoethylene
glycole sidechain appears to sterically shield the folding
reaction from interchain reactions. As a consequence, also
entirely different folding chemistries utilizing non-covalent
interactions such as hydrophobic interactions[32] and the hydro-
gen bonded BTA motive[33] have reported comparably high
folding concentrations, if applied to poly(oligo(ethylene
glycol) methacrylate based polymers (up to 60 and
100 mgmL� 1).

The concept of shielding macromolecular architectures
was recently extended by the group of Zimmerman, designing
a stepwise process of initial hydrophobic collapse followed by
intramolecular covalent crosslinking.[34] When the precursor
polyacrylamide polymer with pendant decyltrimethyl-
ammonium and azidopropyl sidechains was added to water,
unimolecular micelles were formed. The hydrophobic core
could subsequently be crosslinked with a hydrophobic cross-
linker diyne using the CuAAC reaction at concentrations near
100 fold higher than previously reported covalent folding of
the same group.[35] The combination of intramolecular com-
partmentalization and electrostatic shielding of the reactive
hydrophobic compartment, thus suppresses the intermolecular
reaction that is reported to occur in CuAAC mediated SCNP
folding even at contraction <0.05 mgmL� 1.[12] The concept of
electrostatic shielding was further extended by the group of
Yang based on PVP-containing polymers, PAA-contained
polymers, and PI-contained polymers, achieving an intra-
molecular crosslinking in concentrated solution of up to
300 mgmL� 1.[36]

2.3 Selectivity of the Crosslinking Reaction

The above discussed sterical shielding limits the architectural
freedom of the SCNP and the subsequent addition approach
utilizes low concentrations of reactive species, which prevent
the on-line monitoring of the folding reaction. Thus, a
crosslinking chemistry that has an inherent preference for the
intramolecular reactions would be highly desirable. While
most of the above folding reactions are thermally driven,
photochemical reactions hold the potential to overcome the

requirements of high dilutions. In the photochemical folding
of SCNPs, the crosslinking reaction has to compete with
radiative and non-radiative relaxation pathways. If an excited
molecule does not find a suitable reaction partner within the
lifetime of its excited state, the molecule is deactivated and not
reactive anymore. Consequently, the quantum yield (φ) of the
photoreaction is diffusion and concentration dependent – and
occurs only above a certain concentration threshold (Figure 1,
bottom left).[37,38] Since the concentration of photoreactive
units within the polymer coil is higher than the global
concentration of photoreactive units in the reaction vessel, the
quantum yield of the intramolecular reaction is significantly
higher than for intermolecular pathway.

Using the [2+2] photocycloaddition chemistry of a
stilbene derivative, styrylpyrene, we have recently reported a
quantum yield of φ=0.07 for the intrachain dimerization of a
polymer containing 28% of pendant reactive units.[37] When
the same photoreactive molecule was investigated in free
solution, without macromolecular confinement at the same
overall concentration (0.7 mM), the quantum yield was
observed to be close to zero and no reaction could be detected.
Even when increasing the concentration of the non-polymer
bound species by a factor of 14 (10 mM), the quantum yield
was still significantly lower than within the macromolecular
confinement (φ=0.02). The selectivity for the intrachain
reaction can be further increased by not deoxygenating the
folding reaction, as O2 acts as a triplet state quencher and
reduces the lifetimes of the triplet states, which is critical for
the diffusion controlled intermolecular reaction. Based on the
confinement effect on the photoreaction, folding reactions up
to 25 mgmL� 1 were enabled.

Note that such a strategy only applies to photochemical
reactions such as [2+2] and [4+4] cycloadditions.[39] Reac-
tions using thermally reactive intermediates, which are photo-
chemically generated, generally have lifetimes too long to
effect the described selectivity. Reaction of such photo caged
intermediates such as nitrile imines,[40] thioaldehydes and o-
quinodimethanes[41] suffer from the previously noted ultra-
dilute conditions in the range of 0.01 mgmL� 1.

2.4 Polymerization: In situ Polymerization and Folding

As outlined above, the synthesis of SCNPs is generally carried
out in two steps: Synthesis of the precursor polymer, followed
by single chain folding. The group of Mecking recently
challenged this paradigm by developing a synthetic approach
that enabled the direct folding of growing polymer chains
(Figure 1, bottom right and Figure).[42] Based on a living
aqueous catalytic polymerization, a long-lived water-stable Ni
(II) catalyst initiated the polymerization of ethylene, whereas
immediate crystallization of the growing chain in water
initiated its folding. Resulting from a highly effective
nucleation of the polymer crystallization, each growing single
polymer chain crystal comprised only one active site. Both the
single polymer chains and the resulting nanocrystal grow in a
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living fashion. Based on this strategy, extremely high SCNP
concentrations of up to 13 wt-% could be achieved.

3. Architecture Beyond Intramolecular Crosslinks

A particularly attractive feature of SCNPs lies in their unique
architecture. SCNPs are unique from other polymeric nano-
objects in that they have crosslinked nanodomains, setting
them apart from other polymeric nanoobjects such as macro-
cycles (folded object with no chain termini), dendrimers (non-
folded object with a dense core and many chain termini), and
(hyper)branched polymers (non-folded object without a dense
core and many chain termini). By precisely understanding and
controlling these internal crosslinks, the macromolecular
architecture of these nanoobjects can be finely controlled.

3.1 Secondary Structure Inspired Order of Subdomains

Based on significant progress in precision polymer chemistry,
synthetic control over chain lengths[43–47] and monomer
sequences[48–51] has been largely achieved and enabled the
synthesis of uniform sequence defined polymers.[52–54] Com-
pared to the levels of protein structures – the natural
inspiration of SCNPs – the current state-of-the-art allows
controlling the primary structure, i.e. monomer sequence, of
the linear polymer precursor reasonably well. The tertiary, or
external structure, of SCNPs i. e. ellipsoids, spheres, loosely
folded, densely folded, etc, is also relatively well controlled,
utilizing the previously outlined toolbox of folding chemis-
tries. However, a critical gap lies in the precise control of the
internal secondary structure of SCNPs, accessing highly
ordered 3D local chain segments.

3.1.1 Incorporating Defined Domains into SCNPs

Initial steps have been undertaken in this endeavor such as the
work of the Berda team, who synthesized porphyrin-cored
nanoparticles (PCPNs) as heme iron protein models (Figure 2).
By carefully designing a four-armed polymer with a heme
moiety embedded within a hydrophobic core, these authors
were able to demonstrate that the PCPNs could be used as
synthetic analogues towards native systems with both redox
chemistry as well as ligand-binding reactivity.[55] Further
developments from the Berda laboratory include the use of
both Passerini and Ugi chemistries to generate dipeptide based
crosslinks. Further, these authors were able to incorporate a
small level of secondary structure by creating an internal
domain by introducing internal α-hydrazino turns based on the
sequential folding of hydrazone motifs. Although these
internal α-hydrazino turns were unable to affect change of the
SCNP’s tertiary structure, this still marks a critical step
towards the design of the internal space of SCNPs.[56]
Significant progress within the realm of internally defined

domains in SCNPs has also been made by the Meijer team. A
broad array of complex macromolecular architectures have
been folded by the utilization of benzene-1,3,5-tricarboxamide
(BTA) motifs. These moieties, when exposed to water, form
elongated helical stacks via a 3-fold hydrogen bonds. Further,
the helicity of these internal domains can be tuned based on
the chirality of the alkyl side chains of the BTA units.[57] These
complex internal domains have further been used to design a
broad array of SCNPs, which are catalytically active in
water.[58–61]

3.1.2 Encoding Secondary Structure into Synthetic Polymers

To equip synthetic polymers or oligomers with a secondary
structure that either mimics or fully adopts the same structural
motifs observed in nature (including helices, sheets and coils),
the field of foldamers emerged.[62] The critical conformational
preference that defines the foldamer results from the design of
its monomeric units, which can be based on natural[63] or non-
natural building blocks.[64]

Pioneering work of Huck, for instance, developed oligom-
ers that mimic beta-sheet based architectures – not based on
hydrogen bonds, but aromatic interactions.[65,66] Moving from
oligomers relying on iterative synthesis to polymers, the group
of Weck, developed a remarkable toolbox of monomers that
induce secondary structures in synthetic polymer strands
(Figure 3). To mimic sheet like architectures, rigid poly(p-
phenylene vinylene) species (PPVs) have been employed,

Figure 2. A) Schematic representation of the photoinduced folding of
porphyrin-cored star polymers (PCSP) into a porphyrin-cored
polymer nanoparticle (PCPN) upon anthracene dimerization. B)
Chemical structure of the parent PCSP.[58] Adapted with permission
from Inorg. Chem. 2016, 55, 19, 9493–9496. Copyright 2016
American Chemical Society.
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which can be synthetically accessed via living ring-opening
metathesis polymerization (ROMP) of substituted [2.2]para-
cyclophane-1,9-dienes (pCpd).[67–71] In addition to the rigidity
of the conjugated polymer backbone, the PPV strands allow to
monitor their face-to-face π-π stacking through fluorescence
quenching upon assembly of the strands.[69] Approaching the
conformation of beta-sheets observed in nature even further,
strategies were developed to direct the arrangement of multiple
strands in an either parallel or anti-parallel fashion.[69] The
parallel arrangement was achieved by end-functionalization of
the ROMP polymers through the addition of termination
agents containing complementary recognition motifs for self-

assembly. Upon self-assembly both strands are supramolecu-
larly linked at the same chain end, yielding the parallel
conformation. Anti-parallel sheet assembly was achieved by
synthesizing block copolymers featuring a sheet-coil-sheet
architecture. The middle segment is thereby designed to
promote a beta-turn like folding of the two flanking PPV
blocks. Synthetically, those architectures are accessible
through an iterative living ROMP: after the sheet forming
pCpd is polymerized to completion, norbonenes containing
phenyl and pentafluorophenyl sidechains are added to form the
coil block. The entire synthetic cycle was successfully
repeated multiple times, yielding polymers of up 16 blocks.[71]

Figure 3. Schematic Representation of the Target Supramolecular Block Copolymers Comprising π-Sheets, Helices, and Coils via a Plug-and-
Play Strategy Utilizing Orthogonal Metal Coordination and Hydrogen Bonding.[69] Reprinted with permission from (J. Am. Chem. Soc. 2017,
139, 35, 12240–12250). Copyright 2019 American Chemical Society.
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To achieve helical conformations of polymer strands, poly
(methacrylamide)s and poly(isocyanide)s, have both proven to
be effective, whereby the helical handness can be induced by
chiral sidechains.[68,72,73] For instance, right handed helical
conformation can be obtained through a palladium catalyzed
polymerization of menthol-based phenyl isocyanide mono-
mers. Following a macroinitiation strategy that combines
palladium-mediated isocyanide polymerization with ROMP,
block copolymers comprising covalently linked helical and
sheet like conformations can be readily obtained.[70] The
synthetic accessibility of such helical polymer segments was
recently further extended through the development of hetero-
techelic helical poly(methacrylamide) (PMAc).[74] The orthog-
onal supramolecular binding sites of both chain termini
enabled the selective attachment of polymer blocks comprising
different secondary structures on either side of the helical
block.

Merging such far reaching control over polymer segment
conformation with covalent single chain folding reactions
would enable an unprecedented level of architectural control
of SCNPs. Especially the synergy between crosslinking
reaction and structural conformation of chain segments is
highly appealing to break into new ground – much closer to
the architectural sophistication of architectures found in
nature.

With only limited work in this area, there is key potential
for important and fascinating discoveries. Establishing the
ability to not only control the primary and tertiary structures,
yet the secondary structures would immediately open the door
to design and implement synthetic enzymes with the potential
to catalyze any number of biologically or industrially
important reactions.

3.1.3 Introducing Order in SCNP through Crystalline
Structures

As highlighted in the synthesis section, using crystalline order
in SCNPs has critical, yet largely untapped potential. In
addition to the high concentrations, which are accessible
through the strategy of in-situ polymerization and crystalliza-
tion driven folding, the highly distinct internal order can
translate into defined anisotropic macromolecular architecture
(Figure 4).[42] The preferred deposition of the growing polymer
chain onto the {110} crystalline growth front gave rise to
uniform and monodisperse particles, whose shape evolved
from truncated lozenges to lozenges over the course of the
SCNP growth.

We feel that an appropriate analogy can be drawn from the
plethora of fascinating discoveries within the metal-organic
framework (MOF) field, whereby precisely controlled, three
dimensional nanoobjects have led to some incredible structure/
property relationships which include breakthroughs in hydro-
gen storage,[75] selective heterogeneous catalysis,[76] regulating
channels for polymerizations,[77] and selective carbon dioxide
capture[78] just to name a few. Furthermore, by attaining control
over all three levels of structural control, work could
immediately begin on higher order, multi-tiered structures.
Just as in their counterparts in Nature, precisely folded
polymers which are then able to precisely assemble, will lead
to an entirely new field within polymer and materials science.
Although the precise three-dimensional structure of MOFs has
yet to be duplicated using exclusively soft matter materials (i.
e. without the need of a metal atom), elegant work at fusing
the fields of polymer science and MOFs into polyMOFs has
been undertaken by the Johnson team.[79–81]

Figure 4. Concept to obtain uniform size and shape particles by controlled polymerization on a molecular as well as particle level. An effective
nucleation (N) ensures that particles contain only one active site, and start to grow virtually at the same time. Due to the living character of
polymerization, all particles continue to grow for the entire duration of the experiment, to yield particles each composed of a chain of identical
length. As the growing chains are immediately deposited on the growing single-crystal particle during this process, particle shape evolves
uniformly over time during polymerization.[41] Reproduced with permission from Nat Commun 10, 2592 (2019). Copyright © 2019, Springer
Nature.
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3.2 Towards Quaternary SCNP Structures

Regarding different levels of architectural control, we have
discussed monomer sequences (primary structure), polymer
strand conformations (secondary structure) and the intra-
molecular crosslinking of single polymer chains into SCNPs
(tertiary structure). However, taking further inspiration from
nature, the architecture of a large number of proteins emerges
from the perfect arrangement of multiple ordered peptide
strands into a quaternary structure.

To assemble multiple SCNPs into a super structure,
pioneering approaches are based on the self-assembly of
amphiphilic tadpole structured SCNPs, containing a folded
block and linear block.[82] The group of Perrier used reversible
boronate ester chemistry to crosslink diblock copolymers
consisting of 4-acryloylmorpholine and glycerol acrylate (Fig-
ure 5).[83] The resulting tadpole SCNPs self-assembled into
spherical multimeric structures. Upon lowering the pH or
addition of sugar, the boronic ester based crosslinking of the
glycerol block was reversed, which induced the disassembly
of the SCNP superstructure.

As the ratio between the hydrophilic and hydrophobic
block controls the morphology of polymer assemblies,[84,85] an
understanding of the structure-size relationship of tadpole

SCNPs is highly valuable. Taking into account the hydro-
dynamic radius of the parent polymer, the number fraction of
monomers of both blocks and the number of formed crosslinks
in the SCNP block, the group of Pomposo developed
structure-size relationships for an a priori SCNP design.[86]
The critical effect of the folding degree of tadpole SCNPs on
their self-assembly was recently evidenced by the group of
He.[17] Amphiphilic diblock copolymers of poly(N,N’-dimeth-
ylacrylamide)-block-polystyrene (PDMA-b-PS) with photo-
crosslinkable cinnamoyl groups in one of the two blocks,
enabled the folding of either the hydrophilic or hydrophobic
block. In both blocks, increasing degrees of folding induced a
morphological transition of the self-assembled architecture, as
a result from the changed hydrophobic to hydrophilic balance
upon intramolecular crosslinking. A full phase diagram,
elucidating the interplay of intrachain crosslinking degree and
mass fraction of the linear blocks was recently established by
the group of Chen (Figure 6).[87] By varying the irradiation
time of the photo crosslinking and the lengths of the hydro-
philic block, a library of different morphologies including
vesicles, spheres, tubes, lamellae, doughnuts, and connected
spheres was obtained, providing architectural guidelines on
how the design of SCNPs controls their self-assembly. In
addition to the degree of folding, the modulation of the charge
density of the folded block has shown to affect the
morphologies of SCNP assemblies.[88]

More complex SCNPs, comprising two different polymer
blocks that are both folded were recently reported.[89] The
resulting single chain Janus particles were found to assemble
into lamellar structures. Remarkably, the self-assembly of the
SCNPs could also be utilized for their purification after the
folding reactions of both blocks. Since the inclusion of both
less folded and intramolecularly crosslinked SCNPs into the
self-assembled structures is energetically unfavored, the
macromolecular assemblies contained exclusively homogene-
ous Janus SCNPs. Separation from the supernatant suspension,
thus, provided a straight forward purification of Janus shaped
SCNPs.

As outlined above, self-assembly is a viable strategy to
construct higher order architectures consisting of multiple
polymer strands. While the architecture of the SCNP building
blocks has successfully enabled a certain degree of control
over the morphology of the resulting self-assembly, individual
events of intrachain association cannot be controlled using this
avenue. In order to obtain remote control over single chain
folding and intrachain association, orthogonal chemistries that
allow to trigger exclusively one of the two reactions are key.
In addition to the spatiotemporal control of photochemical
reactions, different wavelengths of light hold the potential to
initiate the reaction of selected molecules based on their
absorption. However, most molecules display absorption over-
laps at shorter wavelengths. Reactions can therefore only be
initiated selectively in a defined sequence from longer to
shorter wavelengths, since the lower wavelengths would
initiate both reactions simultaneously. To overcome this
limitation, we developed a strategy that utilized photorever-

Figure 5. Schematic representation of the synthesis of tadpole-like
SCNPs.[78] Reproduced from Ref. [78] with permission from the Royal
Society of Chemistry.
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sible [2+2] cycloadditions as the longer wavelength reactive
species to suppress the unwanted reaction at shorter wave-
lengths (Figure 7). By incorporating a styrylpyrene unit at the
chain end and pendant 9-triazolylanthracene units as the lower
wavelength reactive species along the back bone, a dual
photoreactive polymer was obtained. As a consequence, it is
now possible to either trigger the reaction of the pendant

anthracene units to induce the SCNP folding, or the interchain
association through the terminal styrylpyrene. Importantly
both reactions could be triggered subsequently and in any
given order, only depending on the color of light.[90]

The developed concept of sequence independent orthogo-
nal ligation chemistry was readily applied to generate spatially
resolved polymer coatings from a single multi material

Figure 6. (a) Schematic illustration for the self-assembly of liquid crystalline single chain Janus nanoparticles (LC-SCJNPs) with various cross-
linking degree and hydrophilic/hydrophobic block ratios in selective solvent. (b) Phase diagram of assemblies for various mass fraction of
PPEGMA in PPEGMA-b-PMAStb with various irradiation time. (n) represent assemblies with irregular morphology, and (×) represent
precipitation.[87] Reprinted with permission from (Macromolecules 2019, 52, 8, 2956–2964). Copyright 2019 American Chemical Society.

Figure 7. Schematic representation of the light-induced intrachain crosslinking and single-chain ligation pathways of P1 (A). The dual
photoreactive parent polymer P1 can be ligated with a PEG chain through the [2+2] cycloaddition of styrylpyrene (B) and folded into an SCNP
through the [4+4] cycloaddition of 9-triazolylanthracene units distributed along the backbone (C). Since the 9-triazolylanthracene dimerization
can only be initiated by irradiation at λ=330 and 410 nm, while the styrylpyrene dimerization can be initiated at λ=410 and 455 nm and
reverted at λ=330 nm, selective triggering of the two dimerization reactions becomes accessible: Initial irradiation at λ=330 nm suppresses
the reaction of the terminal photoreactive group, yet initiates the SCNP folding. The obtained SCNP1 can subsequently be ligated with a
second polymer chain also a containing terminal styrylpyrene unit to form SCNP1-co-PEG at λ=455 nm. The same macromolecular
architecture can be obtained in the reverse order, by initial ligation of P1 at λ=455 nm to P1-co-PEG and subsequent folding of the
photoreactive block at λ=410 nm to SCNP1-co-PEG.[85] Reprinted with permission from Ref. [85] copyright 2010 Wiley-VCH.
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photoresists.[91] The transfer from single chain technology into
materials applications exemplifies how chemistry developed in
SCNPs can be translated into applications of soft matter
materials.

4. Analysis Beyond Compaction of the
Hydrodynamic Volume

One of the fundamental challenges within the field of SCNPs
is the accurate analysis of the internal structure. Almost all of
the analytical techniques at the polymer chemist’s disposal can
only “see” the tertiary, or external, structure, as evident in the
classic means for confirming the successful synthesis of an
SCNP, i. e. size-exclusion chromatography (SEC), or more
broadly, any technique that is used to measure the pervated
volume of the SCNP in a given solution. Typically, with SEC
as the analytical method, a shift to longer retention times,
indicating a smaller, more compact polymer is indication of
SCNP formation. Similarly, Barner-Kowollik and coworkers,
through a careful review of the literature, have demonstrated
that methods utilizing the intrinsic viscosity via the Stokes-
Einstein equation such as viscometry and 2D diffusion ordered
spectroscopy (DOSY) NMR are particularly accurate when
considering the range of possible densities of SCNPs.[92]
Recently, we outlined many of the ongoing challenges in the
characterization of SCNPS.[93] Currently, light scattering
techniques remain a challenge with analyzing SCNPs. First,
there is the physical limitation that most SCNPs have a
hydrodynamic diameter less than 10 nm which thereby makes
them anisotropic scatterers of light, rendering their morphol-
ogy invisible to these techniques. Furthermore, Barner-
Kowollik and team have also compiled a broad sampling of
the literature in regards to dynamic light scattering (DLS) and
have shown that there seems to be no observable correlation
between hydrodynamic radius and the possible ranges of
density of a polymeric object (Figure 8).[92] Initial studies from
Pomposo and coworkers have begun to use small angle
neutron scattering (SANS) techniques to overcome many of
the difficulties associated with standard scattering
techniques.[94,95]

Developing analytical techniques which are capable of
accurately assessing the inner structure of SCNPs will be
critical for the future of the field. By being able to more
accurately analyze the internal structure of these nanoobjects,
more advanced strategies can be employed for precisely
tailoring internal SCNP structure. Currently, this is relatively
unexplored territory within the SCNP field. Only limited
examples, to date, have shown effective at analyzing the
internal SCNP crosslinking structure such as the SEC-ESI-MS
technique employed for both chain-[96] and step-growth[97]
polymers. This methodology offers the polymer architect a
powerful tool in determining the number of crosslinks, the
nature of the crosslinks (i. e. a propagation-based crosslinking
or a bimolecular coupling based crosslinking). Currently, the

predominant disadvantage of this analytical methodology is
the extensive expertise and data processing times, although
advances in ESI-MS software for complex peak analysis and
assignment have begun development.[98] Other techniques
employed in order to gain in-depth understanding of the inner
workings of SCNPs also include the excellent work from the
Gormley team where small angle x-ray scattering (SAXS) was
used to elucidate both compactness and chain flexibility within
a comprehensive library of various SCNPs synthesized from
homopolymers, random heteropolymers, block copolymers,
PEG-conjugated polymers, and other polymer functionalized
SCNPs.[99] Other interesting and ‘non-traditional’ approaches
to the mapping of the internal structures of SCNPs include the
size-scaling analysis coupled to TEM imaging to map the
internal local domains within SCNPs by the Pomposo
team.[100] In addition, the Meijer team has demonstrated that
the force-driven mechanical unfolding of SCNPs via single-
molecule force spectroscopy (SMFS) provides information
regarding the internally crosslinked domains.[101]

With only these limited techniques available to the
polymer architect, it becomes clear that further development
into analytical methods of SCNPs is needed. Useful metrics to
understand when designing and creating SCNPs are variables
such as the internal Kuhn length of both the crosslinks as well
as the folded polymer backbone. Modifying the techniques for
analyzing branching density to apply to the internal cross-
linking of SCNPs would also be invaluable information to
have readily on hand. With just these two variables, an internal
three dimensional image can start to be constructed from direct
analytical data instead of having to rely heavily on advanced
MD modelling such as the excellent work out of the Sommer
lab.[102] With the knowledge of how various backbones and
crosslinking chemistries behave when folded, the polymer
architect can begin to design polymers which will fold in a
predictable manor, allowing for tailor made internal structures
suited to specific properties and functions.

Figure 8. D vs. (apparent) Mn of the literature reported SCNPs, as
well as calculated Dh values of 37 000 different proteins (light blue
circles), linear polystyrene in a good solvent (pink dots) and
theoretically calculated Dh for 5 kDa polystyrene in a closed
conformation (violet dot).[87] Reproduced from Ref. [87] with
permission from the Royal Society of Chemistry.
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5. Function beyond Catalytic Nanoreactors

The unrivalled reaction control of enzymes is without a doubt
a major driver in the field of SCNPs. Consequently, the
application of SCNPs as catalytic nanoreactors is arguably the
most advanced in the field[34,103–106] and thoroughly discussed
in recent reviews.[107,108] Given the plethora of functions
displayed by proteins – SCNPs’ natural counterparts – there
exists a vastly untapped field of functions beyond just
catalysis. A particularly intriguing task of proteins is to gate
movement. Ranging from the intracellular transport in cells[109]
to macroscopic movements of muscles,[110] most movements in
biology are enabled by motor proteins. Different classes of
motor proteins have different task fields, structures, and modes
of motion. One thing the different classes of proteins have in
common, is that movement results from a small conformation
change of the motor domain the ATP hydrolysis cycle. Great
efforts have been made to create synthetic walking
molecules[111] and molecular machines[112] able to conduct and
mimic such movements. Such approaches are still missing in
the field of SCNPs.

A major hurdle in the development of SCNPs that can
conduct movement, is that reversible conformational changes
are surprisingly scarce in SCNPs. Compared to the sophisti-
cation of nature, even the simple reversible conformational
change of folding and unfolding is only sparsely investigated.
Existing systems enabling a controlled folding and unfolding
are mostly limited to non-covalent chemistries. Examples
include a stepwise and order-independent unfolding, where
hydrogen bonds and host-guest interactions were reversed
upon addition of methanol or competing guest molecules
pioneered by Barner-Kowollik and Luy.[113] Using temperature
or single molecular force spectroscopy, the group of Meijer
has investigated the unfolding hydrogen bonded BTA based
SCNPs.[101] Regarding covalent SCNP folding, disulfide bonds
were used to fold and unfold SCNPs upon reduction or
oxidation.[114] A common disadvantage of these existing
systems is their dependence on chemical and physical stimuli,
which have a limited spatiotemporal control. In contrast, light
enables facile access to precise spatiotemporal control. A very
promising light gated tool to control covalent bond formations
are photoreversible photocycloadditions.[39] Irradiation of one
wavelength induces thereby a [2+2] or [4+4] cycloaddition
between two molecules to induce their ligation. As the
resulting cycloadduct formation comes along with a reduction
of the conjugated system, a shorter wavelength is required to
excite the photoproduct and reverse its formation. Conse-
quently, these reactions are generally investigated for inter-
molecular reactions and executed in such a way that one
wavelength induces bond formation, while a shorter one
reverses it. However, none of the SCNP systems reported until
today enabled the expected unfolding upon cycloreversion at
shorter wavelengths.[37,115,116] While the bond forming cyclo-
addition is highly attractive for SCNP folding as outlined in
the synthesis section, is the cycloreversion strongly suppressed
by the confined environment within the polymer coil. Wave-

length dependent photoreactivity studies within SCNPs
showed that the bond forming photocycloaddition reaction,
which is commonly suppressed in the lower wavelength
regime in case of intermolecular reactions, becomes predom-
inant over the entire investigated wavelength regime.[37] The
observed drastic change of reactivity can be explained by
altered reaction kinetics within SCNPs. Both the photoreactive
alkene and cycloadduct absorb light and can be excited in the
lower wavelength regime. In the case of an intermolecular
reaction the monomolecular cycloreversion is kinetically
strongly favored, whereas the macromolecular confinement
within SCNPs forces the split molecules to remain in close
proximity, which kinetically favors the cycloaddition reaction
to the point where both reactions have reaction rates in the
same order of magnitude.

While light gated folding and unfolding of SCNPs remains
unachieved until today, the groups of Barner-Kowollik and
Lehn recently developed a strategy to remotely control
conformations of SCNPs with light.[117] Acyclic diene meta-
thesis (ADMET) polymerization of N-alkyl α-bisimine dienes
enabled the synthesis of polymer containing dual reactive
moieties embedded into their backbones. The imine containing
polymer could be folded into an SCNP upon addition metal
ions inducing metal-ligand interactions. Orthogonally, the
conformation was controlled upon light induced isomerization
of the backbone incorporated imines. The study not only
highlights the potential to control conformations of SCNPs,
yet also the potential that lies within functional polymer
backbones.

In addition to light, mechanical fields are a trigger that
enables high temporal control through immediate responses of
the material. The group of Diesendruck recently reported a
fascinating example of mechanically triggered SCNP unfold-
ing (Figure 9).[15] Based on the transition metal-π interaction
induced folding developed in the laboratory of Lemcoff,[118–120]
poly(butadienes) containing additional mechanophores where
folded upon addition of rhodium(I)-ethylene complexes. When
mechanical stress is applied via sonication, it was transferred
from the backbone to the weaker intramolecular Rh2Cl2-π
crosslinks resulting in an unfolding of the SCNP. Since the
Rh-π bonds form spontaneously, the developed strategy also
enables an intramolecular repairing mechanism that allows to
reform bonds within the SCNP after enduring mechanical
stress. A process that is inspired by biomaterials observed in
nature, where proteins absorb mechanical stress through a
defined scission of intramolecular crosslinks and reform upon
release of stress.[121] This creative work thus not only enables
remote control over SCNP folding and unfolding, but also
points out the vast potential SCNPs have in materials
applications.

While individual SCNPs are highly promising for
imaging[122] and targeting[123] applications in biological sys-
tems, bulk properties of their ensembles are barley inves-
tigated. The possibility to direct mechanical energy from the
polymer main chain onto the internal crosslinks of SCNPs
provides one example how SCNPs could be used to tailor

Review

Isr. J. Chem. 2020, 60, 86–99 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA www.ijc.wiley-vch.de 96

http://www.ijc.wiley-vch.de


future soft matter materials with unprecedented functions
emerging from their SCNP building blocks.

6. Summary and Outlook

The field of single chain nanoparticles has experienced rapid
growth since it renaissance during the last one and a half
decades. SCNP technology holds the potential to transform
specific application fields, most prominently the field of
bioinspired catalysis. Herein, we have shown that precision
macromolecular chemistry in conjunction with covalently and
non-covalently driven folding motifs allows to selectively fold
and unfold SCNPs. However, the nature of the folding is –
expect a select few examples – chaotic and far removed from
the natural paragons on which SCNPs are modelled. In our
view, it is thus the next critical step to enable control over the
folding process itself, so that specific sub-geometries of
SCNPs can be selectively folded and unfolded to close and
open specific pockets within their core. Ideally, such geometric
reconfigurations should be remotely controlled, best by finely
energy and intensity gated colors of light, opening the
possibility to selectively open and close catalytic pockets. Our
vision thus entails catalytically active metallo-SCNPs, whose
catalytic activity can be switched on and off remotely by light.
The chemistry shown herein gives promising leads to reach
such an ambitious goal, yet it is also evident that no
technology exists that would allow a spatially resolved
reconfiguration of SCNP structures within their core. We hope
that the current perspective will spur efforts in reaching the
above goal.
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