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Abstract

Abstract

Through billions of years of evolution, the unique three-dimensional hierarchical
structures of biomacromolecules generated in living matter represent the highest level
of precision and complexity of matter. The creation of synthetic polymers and
nanomaterials with biomolecule-inspired architectures and functions is a rapidly
expanding field in materials science. This thesis is inspired by the perfect structure of
proteins regarding their defined polypeptide sequence and the controlled folding
process to build the hierarchical precision architecture. Conceptually, three-
dimensional protein structures can be unfolded into precision linear polypeptides, and
alternatively, linear synthetic polymers can be folded into compact states, mimicking
the hierarchical structure of biomacromolecules. This thesis employs these two
opposite yet complementary strategies to prepare a diverse range of functional
materials with controlled structures, including anisotropic brush polymers, various
metal nanostructures, poly(bis-sulfone) bioconjugates, and wormlike polymer
assemblies, for applications in different fields ranging from site-specific assembly to
catalysis and biomedicine.

By unfolding native proteins into linear polypeptides, the first part of the thesis
focuses on the templated synthesis of well-defined nanomaterials using unfolded
proteins. Anisotropic brush polymers with monodisperse lengths were first prepared by
attaching initiators to the backbone and then growing polymers via activators
regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP).
By varying polymerization conditions and the initiator density on the backbone, the size
and shape of brush polymers could be controlled. Importantly, different functional
entities were introduced onto an absolute position of brush polymers located
asymmetrically along the backbone by taking advantage of the site-specific
modification of proteins. Combining biotin—streptavidin interactions, higher ordered
constructs were fabricated, which may find applications in both biomedicine and
nanoscience. Beyond soft polymer architectures, stable and water-soluble noble metal
nanostructures, including spherical gold and platinum nanoparticles as well as gold
nanoflowers, were also fabricated by using denatured proteins as templates. Moreover,
the reduction of metal ions and ARGET ATRP were combined in one pot as they both

involve the use of reducing agents. Poly(N-isopropylacrylamide)-coated gold
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nanoflowers with controllable sizes, shapes, and shell thickness were obtained and
applied as smart catalysts for the hydrogenation of p-nitrophenol.

The second part of this thesis demonstrates that bioinspired hierarchical
structures can be constructed via folding and assembly of synthetic polymers. In this
aspect, we first synthesized a thiol-reactive copolymer based on poly(bis-sulfone),
which was conjugated with an endogenous peptide that targets C-X-C chemokine
receptor type 4. The obtained conjugate folded and self-assembled into narrowly
dispersed nanoparticles in aqueous solutions with functional peptides on the surface.
Due to the multivalent effect, the conjugate revealed enhanced antiviral activity and
the ability to inhibit cancer stem cell migration. However, the folding process of the
polymer—peptide conjugate is dictated by random hydrophobic collapse of the
polymer. To increase the level of structural control, we further folded linear poly(2-
hydroxyethyl methacrylate) (PHEMA) into the cyclic topology via a highly efficient click
reaction and compared its self-assembly behavior with that of linear PHEMA.
Interestingly, the cyclic PHEMA formed wormlike structures as observed from TEM
images. Based on their structural similarity, macrocyclic brush polymers with
amphiphilic block side chains were designed and synthesized, which could form stable
wormlike assemblies and higher-ordered structures. This work not only points out the
vital role of polymer folding in macromolecular self-assembly, but also establishes a
versatile approach for constructing bioinspired hierarchical structures from synthetic
polymers.

In summary, unfolding of natural macromolecules and folding of synthetic
polymers have been developed in this thesis as two unique biomolecule-inspired
strategies for the fabrication of various hanomaterials with controlled structures. These
strategies not only significantly expand the applications of biomacromolecules in
various fields, but also provide new directions for the fabrication of the next generation

biomolecule-inspired architectures.
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Chapter 1 Introduction

Unfold
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Chen CJ, Ng DYW, Weil T. Polymer bioconjugates: Modern design concepts toward
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Introduction Chapter 1

1.1 Biomacromolecules and their hierarchical precision structures

Biomacromolecules, also known as biopolymers, are polymers generated by living
organisms, which serve as fundamental structural and functional units of life. In
comparison to synthetic polymers, biomacromolecules such as proteins and nucleic
acids, possess defined monomer sequences that fold and self-assemble into uniform
and absolute three-dimensional (3D) hierarchical structures. The precise structure
formation is of great significance for their various biological functions including
biorecognition, molecular transport, enzymatic catalysis as well as the storage,
replication and transcription of genetic information.

Proteins are linear polypeptides typically composed of 20 canonical amino acids,
which form unique 3D hierarchical architectures via folding and self-assembly under
specific physiological conditions [1, 2] (Figure 1-1A). The amino acid sequence linked
by amide bonds is defined as the primary structure [3]. The secondary structure, such
as a-helix and 3-sheet, refers to the local spatial arrangement of the polypeptide chain
primarily formed from the hydrogen bond interactions between intrachain amide bonds
[4]. Further folding of the secondary structure domains form the tertiary structure.
Finally, the quaternary structure can be obtained by assembling individual proteins into
supramolecular biological units. In particular, highly complex yet precise protein cages
of symmetric shapes are widely formed in Nature [5, 6] (Figure 1-1B).

A Primary structure Secondary structure Tertiary structure Quaternary structure

Folding Folding Self-assembly, %
e [ — —> %
i (i3

a-helix B-sheet

10 nm

Cowpea mosaic virus Brome mosaic virus
Apoferritin

Bacteriophage lambda Bacteriophage MS2  Thermosome

Bacteriophage P22 Human adenovirus

Figure 1-1 | Hierarchical structures of proteins. (A) Folding and self-assembly of polypeptides
into hierarchical protein structures. (B) Selected protein cages with symmetric structures [6].
Copyright 2016. Adapted with permission from the Royal Society of Chemistry.
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3D origami with helices

bundisdon atieas 3D wireframe origami

2D origami

5 &
A )
AZ 53¢ Folding
+ 2 o >
(e TR X
ns
Staples

Honeycomb lattice Square lattice

Figure 1-2 | Programming DNA chains into arbitrary structures. (A) DNA origami for the
fabrication of 2D and 3D nanoobjects [7]. Copyright 2017. Adapted with permission from
Elsevier Inc. (B) A smiley face [8]. Copyright 2006. Reproduced with permission from Springer
Nature. (C) A 2D wireframe DNA origami pattern [9]. Copyright 2015. Reproduced with
permission from Springer Nature. (D) A nanoflask [10]. Copyright 2011. Reproduced with
permission from the American Association for the Advancement of Science. (E) An S-shaped
gridiron structure [11]. Copyright 2013. Reproduced with permission from the American
Association for the Advancement of Science. (F) A wireframe Stanford bunny [12]. Copyright
2015. Reproduced with permission from Springer Nature. All scale bars indicate 50 nm.

Nucleic acids, polymers composed of nucleotides, are another important class of
biomacromolecules. As carriers of genetic information, deoxyribonucleic acid (DNA)
chains form double helixes with their complementary sequences and ribonucleic acid
(RNA) single chains fold into sophisticated tertiary structures. Pioneered by Seeman
in the 1980s, DNA has been explored as an emerging building block for preparation of
precision nanostructures in material science [13-15]. More recently, DNA origami,
which refers to the folding of DNA chains, has provided the vast possibility to design
and construct arbitrary two-dimensional (2D) and 3D nanoobjects [16-18]. As shown
in Figure 1-2A, this technique involves the arrangement of a long single-stranded DNA
(scaffold) with the help of hundreds of short complementary sequences (staples) [7].
In 2006, Rothemund demonstrated the DNA origami technique by folding DNA into a
series of different 2D shapes including a smiley face (Figure 1-2B) [8]. Since then, this
field has been progressed rapidly and various 2D and 3D precision nanostructures
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have been reported (Figure 1-2C to F), showing the great versatility of the technique
for constructing hierarchical nanomaterials [9-12].

Collectively, both polypeptides and DNA chains provide some advantages over
synthetic polymers. On the one hand, they possess controlled lengths and defined
monomer sequences. On the other hand, these biomacromolecules can both be
programmed into precise 3D hierarchical nanostructures, which are often the
molecular basis of their biological functions. Very importantly, folding and self-

assembly are two basic principles to drive the formation of these structures.

1.2 Synthetic approaches to structurally defined polymers

The synthesis of polymers with similar features of biomacromolecules, including
controlled molecular weights, narrow molecular weight distributions, and controlled
monomer sequences, has been a long-standing goal for synthetic chemists. In this
regard, controlled polymerization techniques have been developed to synthesize well-
defined polymers with high control over the molecular weight and the size distribution
[19-21]. In addition, much efforts have been devoted for the preparation of sequence-
controlled polymers via different approaches. In this section, two of the most prominent
controlled radical polymerization techniques, atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation chain transfer (RAFT) polymerization,
are first introduced followed by a brief overview on the synthesis of sequence-

controlled polymers.

1.2.1 Controlled radical polymerizations

ATRP is a versatile living radical polymerization technique that enables the synthesis
of polymers with controlled molecular weights, low molecular weight distributions, and
desired functionalities. It was independently discovered by the research groups of
Matyjaszewski [22] and Sawamoto [23] in 1995. As displayed in Figure 1-3A, the ATRP
process relies on an equilibrium between a large number of dormant species (Pn-X)
and a low concentration of active propagating species (Pn’). A transition metal complex
in its low oxidation state (Mt™-Y/Ligand) is used as catalyst to activate the dormant
species via an inner sphere electron transfer process [24-27]. Polymer chains grow
after the addition of monomers to the generated intermediate radicals. The metal

complex in its high oxidation state (X-Mt™-Y/Ligand) is able to rapidly react with
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radicals to reform the activator and the dormant species. This ensures the low
concentration of the active propagating species and a well-controlled ATRP. Due to its
tolerance to a wide range of monomers, solvents, and polymerization conditions, ATRP
has been intensively used to synthesize structurally defined polymers with different
compositions, topologies, and functionalities. These novel “precision” polymeric
materials have found applications in various fields, such as nanomaterial synthesis,
photonics, and biomedicine [24, 25]. In addition to normal ATRP, some new ATRP
techniques, for example, activators regenerated by electron transfer (ARGET) ATRP
[28, 29], initiators for continuous activator regeneration (ICAR) ATRP [30, 31],
supplemental activators and reducing agents (SARA) ATRP [32], and
electrochemically mediated ATRP (eATRP) [33], have also been developed, allowing

polymer synthesis with only ppm amounts of metal catalysts (Figure 1-3A).

A P+ P

ki

m n

kact
P,-X + Mt"Y/Ligand <—— — X-Mt""'-Y/Ligand + P,

kdeact
kP
M
ARGETATRP

+
A
P

Oxidized agent ICARATRP Reducing agent
SARAATRP
eATRP
B . .
Initiation
n . M M .
Initiator Py

Pre-equilibration

g —8. . 8— P,—S S .
Pn. 3 SYS R Pn SYS R n \( + R
Z Z Z

Reinitiation

R+ M — P,

Main equilibration

— — — P.—S S a
P% i Sq§r/s Pn Pm S\i/,s Pn m \159 i Pn
&
M z £ M
Termination

Py + Pm — Dead polymer

Figure 1-3 | Controlled radical polymerizations. (A) Scheme of the ATRP equilibrium with details
also showing the regeneration of active catalysts in various non-conventional ATRP techniques.
Adapted with permission from [25]. Copyright 2014 American Chemical Society. (B) The
proposed mechanism of RAFT polymerization. Reproduced with permission from [34].
Copyright 2017 American Chemical Society.
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RAFT polymerization, first reported in 1998, is another controlled radical
polymerization technique for the synthesis of polymers with narrow molecular weight
distributions as well as tailored molecular weights and architectures [35]. In
comparison to ATRP, RAFT polymerization does not require transition metal catalysts.
Instead, chain transfer agents, typically thiocarbonylthio compounds, are used to
mediate the polymerization via a reversible chain transfer process [36, 37]. The
mechanism of RAFT polymerization is depicted in Figure 1-3B. In an effective RAFT
reaction, the chain transfer process is faster than the propagation, ensuring similar
chances for growth and growth rates for all polymer chains. The growing radical chains
are kept in a low concentration and the chain termination is highly restricted. Due to its
compatibility with a variety of reaction conditions and monomers, RAFT polymerization
has been widely adopted to produce functional polymeric materials for many

applications in materials science and biomedicine [38, 39].

1.2.2 Sequence control of synthetic polymers

The development of controlled radical polymerizations has greatly improved the control
over the molecular weight and molecular weight distribution of synthetic polymers.
However, the sequential arrangement of monomers, which is another crucial feature
of biomacromolecules, is still very challenging in a non-natural polymer chain [40]. In
Nature, the monomer sequence of biopolymers is of great importance because it
determines their biofunctions, higher order structures, and often macroscopic
properties. To better understand structure—property relationships of polymers, the
preparation of synthetic polymers with defined monomer sequences has emerged as
a recent research interest for synthetic chemists [41].

The major efforts to achieve this goal can be categorized into two strategies [42].
The first strategy takes advantage of biological entities, such as DNA templates,
enzymes, and ribosomes, to regulate the sequence of non-natural monomers. For
example, Liu et al. reported the enzyme-free synthesis of sequence-defined peptide
nucleic acids [43, 44] and non-nucleic acid polymers [45] by using DNA templates. The
polymerase chain reaction (PCR) and genetic engineering are two routinely used
techniques for the synthesis of nucleic acids and structural proteins based on natural
base pairs and amino acids, respectively [46, 47]. They can also be applied for non-

natural monomers to prepare sequence-controlled polymers [48-50].
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Figure 1-4 | Synthesis of sequence-controlled polymers by chemical approaches. (A) Soluble
polystyrene supporter with a reactive azide end for iterative synthesis. (B) Single-monomer
addition in ATRP of allyl alcohol. (C) Time-controlled additions of functional comonomers in
living radical polymerization of styrene. (D) Preparation of sequence-controlled vinyl polymers
via metal-catalyzed radical polyaddition between a carbon—chlorine bond and nonconjugated
olefin. (E) Regioselective ring-opening metathesis polymerization (ROMP) of asymmetric
substituted cyclooctenes for the synthesis of sequence-specific vinyl copolymers. (F) Template
initiators for living radical polymerization. [42], Copyright 2013. Reproduced with permission
from the American Association for the Advancement of Science.

The second strategy is based on chemical approaches, which may allow large-
scale synthesis of sequence-controlled polymers with diverse structures [40, 42]. An
evident method is to link monomers one by one in a designed sequence. The solid-
phase synthesis of peptides is a famous example using this method. In addition to
amino acids, this method can also be used for other monomers. However, the
accessibility of reaction sites in solid supports is often restricted, which may lower the
coupling efficiency. To address this issue, soluble polystyrene supports containing
reactive azide end groups have been prepared for iterative synthesis (Figure 1-4A)
[51]. The sequence regulation in chain-growth or step-growth polymerizations is more
difficult but some progress has been achieved. Huang et al. reported single-monomer
addition in ATRP of allyl alcohol due to inactivity of the resulting halogen end for radical
formation or chain propagation (Figure 1-4B) [52]. However, another allyl alcohol can
be added to the terminus when the hydroxyl methyl side chain is oxidized and
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functionalized by esterification, allowing iterative addition of functional groups in a
controlled sequence. Lutz et al. used time-controlled additions of acceptor
comonomers during the controlled radical polymerization of styrene and realized site-
directed functionalization of polymer chains (Figure 1-4C) [53, 54]. Step-growth
polymerizations, such as metal-catalyzed radical polyaddition (Figure 1-4D) [55, 56]
and regioselective ROMP (Figure 1-4E) [57], have also been used for the synthesis of
sequence-controlled polymers and they are particularly suitable for preparing periodic
polymers [42]. In addition, Sawamoto et al. reported template initiators that can
recognize specific monomers, allowing selective monomer insertion and sequence
control in living radical polymerizations (Figure 1-4F) [58, 59].

The preparation of sequence-controlled polymers has become a prominent topic
in fundamental polymer science over the past decade. These novel polymer materials
have also created new possibilities to tune the structure and broaden the application
of synthetic polymers [41]. For a full overview of this emerging field, a recently

published book [60] and some excellent reviews [40, 42] can be referred.

1.3 Biotemplated preparation of well-defined nanostructures

As mentioned above, biomacromolecules such as polypeptides and nucleic acids not
only possess defined monomer sequences and monodisperse sizes, but also form
well-defined 3D hierarchical structures under specific conditions. Therefore, these
biomacromolecules and their higher order assemblies can be used as precision
templates for the construction of various structurally defined nanomaterials [61].
Self-assembled protein nanostructures offer fascinating structural features for
biotemplated synthesis of nanomaterials. For instance, microtubules, which are
cylindrical protein filaments from the cytoskeleton, were used as a template for the
preparation of temperature-responsive nanopatterned poly(N-isopropylacrylamide)
(PNIPAM) brushes [62]. Wang and Koley et al. demonstrated the synthesis of one-
dimensional (1D) conductive polyaniline and polypyrrole nanowires using rod-like
tobacco mosaic virus as the template [63]. Functional nanohybrids have also been
prepared by directly grafting polymers from highly symmetrical protein cages [64, 65].
Particularly, Douglas et al. reported the site-specific ATRP from the inner surface of the
bacteriophage P22-based virus-like particles to form a scaffold, which was used for

high-density loading of different functional small molecules (Figure 1-5A) [66].
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Figure 1-5 | Biotemplated synthesis of precision polymer nanostructures. (A) Site-specific ATRP
of 2-aminoethyl methacrylate (AEMA) from the interior cavity of the P22 capsid. After
crosslinking, functional small molecules, fluorescein isothiocyanate (FITC) or the magnetic
resonance imaging (MRI) contrast agent Gd-DTPA-NCS (Gd: Gadolinium; DTPA:
diethylenetriamine pentacetate), were further loaded into the polymer scaffold [66]. Copyright
2012. Reproduced with permission from Springer Nature. (B) Monodisperse polymer
nanoparticles with prescribed DNA-strand patterns templated by a DNA cube scaffold. Sebacic
acid bis(N-succinimidyl) ester (C10-bi) was used to crosslink the hydrophobic core [67].
Copyright 2018. Reproduced with permission from Springer Nature. (C) DNA origami-templated
synthesis of polymer nanostructures by in situ ATRP [68]. Copyright 2016. Adapted with
permission from John Wiley and Sons.
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In addition to protein assemblies, nucleic acids that can be programmed into
arbitrary 2D and 3D nanostructures are also excellent biotemplates for nanomaterial
synthesis. For example, O’'Reilly et al. employed a synthetic nucleic acid analogue
[poly(styrene-b-vinylbenzyl thymine)] to prepare monodisperse micelles, which could
serve as a template for the radical polymerization of a complementary adenine
monomer based on a biomimetic segregation/templating approach [69]. As shown in
Figure 1-5B, Sleiman et al. described the preparation of monodisperse polymer
nanoparticles with a tunable number of different DNA strands in predetermined
orientations by using DNA cube structures as the template [67]. The DNA-imprinted
nanoparticles were able to assemble into well-defined hierarchical nanostructures by
DNA base pairing. The Weil group reported the first example of in situ ATRP from a
DNA origami template to prepare patterned polymeric nanostructures (Figure 1-5C)
[68]. Importantly, the polymer nanostructures after cross-linking were stable in solution
when the DNA origami template was removed. In addition, this DNA origami-templated
technology was also employed to prepare polydopamine nanostructures of different
shapes and sizes [70, 71].

Inorganic and/or metallic nanomaterials with desired architectures, which have
applications in broad fields ranging from biomedicine and catalysis to electronics and
energy, can also be fabricated using biological templates [61]. For instance, McMillan
and coworkers fabricated ordered nanoparticle arrays of metal and semiconductor
guantum dots using genetically engineered chaperonin protein templates, via either
site-selective particle immobilization [72] or in situ constrained synthesis [73]. Tobacco
mosaic virus has also been used as robust protein templates for the preparation of
solution-stable gold nanoparticle rings [74] and rod-shaped core—shell hybrids based
on metal—organic frameworks [75]. The development of DNA origami technology has
improved the control over the synthesis of nanostructures to an unprecedented level
[76-78]. Recently, Fan and Yan et al. reported the synthesis of biomimetic silica
nanocomposites with a wide range of different shapes using frame-like, curved and
porous DNA origami nanostructures as templates (Figure 1-6A and B) [79]. In addition
to proteins and nucleic acids, carbohydrates have also been used as biotemplates for
the synthesis of inorganic nanomaterials [80, 81]. As an example, Lin et al. reported
the templated preparation of a wide range of 1D nanocrystals including plain nanorods,
core—shell nanorods and nanotubes by using cylindrical cellulose-based bottlebrush
polymers as nanoreactors (Figure 1-6C to F) [82].
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Figure 1-6 | Biotemplated synthesis of inorganic nanostructures. (A) Designed models and
corresponding transmission electron microscopy (TEM) images of the 2D and 3D DNA origami
templates. (B) TEM images, scanning electron microscope (SEM) images and energy dispersive
spectrometer (EDS) mapping images (Red: Si, green: O, blue: P; SE, secondary-electron image)
of the corresponding DNA origami silicification nanostructures. [79], Copyright 2018.
Reproduced with permission from Springer Nature. (C) Scheme for the templated synthesis of
plain nanorods by using cellulose-g-(PAA-b-PS) as nanoreactors. St, styrene; PS, polystyrene;
PAA, poly(acrylic acid); tBA, tert-butyl acrylate. (D) TEM images of Au and Pt plain nanorods. (E)
TEM image of Au-Fes30s core—shell nanorods templated by cellulose-g-(P4VP-b-PtBA-b-PS).
P4AVP, poly(4-vinylpyridine). (F) TEM image of Au nanotubes templated by cellulose-g-(PS-b-
PAA-b-PS). [82], Copyright 2016. Reproduced with permission from the American Association
for the Advancement of Science.
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1.4 Precision nanomaterials based on unfolded proteins

1.4.1 Synthesis of precision protein-derived polymers

Globular proteins can be denatured by external stress such as solvents, inorganic salts,
exposure to acids or bases, and by heat, which alters their secondary and tertiary
structures but retains the peptide bonds of the primary structure between the amino
acids [83]. Since all structural levels of the protein determine its function, the protein is
usually no longer bioactive once it has been denatured. However, unfolded proteins
could be regarded as monodispersed biopolymers providing well-defined contour
length and various functional groups at determined positions along the main chain. In
2003, Whitesides et al. pioneered an approach for preparing linear polymers with
determined chain lengths and functional groups at defined locations along the chain
by acylation of denatured proteins [84]. In the past decade, the Weil group has explored
denatured proteins as a unique polymer platform for the construction of defined nano-
architectures for various applications [85]. For protein denaturation, protein
aggregation during the denaturation process needs to be strictly avoided as it is very
challenging to disaggregate the protein agglomerates once they have precipitated,
which reduces yields and makes purification more difficult. Typically, chaotropic agents
such as urea to break hydrogen bonds and other supramolecular forces and mild
reducing agents such as tris(2-carboxyethyl) phosphine (TCEP) are added. Stabilizing
hydrophilic polymer chains can be attached to the polypeptide backbone before or after
the denaturation step to prevent aggregation of the denatured polypeptide chains [85].
In this regard, poly(ethylene glycol) (PEG) chains of different molecular weights (2000—
5000 Da) have been linked through either thiol-maleimide chemistry or amine—N-
hydroxysuccinimide ester chemistry. PEG chains provide sufficient stability under the
denaturing conditions as well as biocompatibility and they alter the hydrophilic—
hydrophobic balance of the denatured polypeptide chain consisting of hydrophilic and
lipophilic sequence patterns preventing undesirable supramolecular interactions within
the chains also due to the steric effect [86]. Figure 1-7A shows typical procedures for
unfolding of blood plasma proteins human/bovine serum albumin (HSA/BSA, 66 kDa)
by 5 M urea—phosphate buffer (PB) in the presence of TCEP followed by PEG
conjugation. Thiol groups of the unpaired cysteines and reduced disulfide bonds are
typically exposed during the denaturation step and they can be capped by different

maleimides such as PEG-maleimide and N-(2-aminoethyl)maleimide to avoid
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reformation of disulfide bonds. Noteworthy, the optimal denaturing conditions need to
be carefully identified as each protein has a different inherent stability based on its
folding as well as the number and location of the disulfide bridges. In this way, hen egg
white lysozyme with a molecular weight of 14 kDa requires more drastic denaturation
conditions, i.e., 8 M guanidine and excess of the reducing agent dithiothreitol (DTT) for
denaturation compared to HSA (Figure 1-7B) [87]. By reacting single accessible thiol
groups of BSA with PEG—bismaleimide to synthesize a protein-dimer precursor, a giant
polypeptide—PEG—polypeptide triblock copolymer with a very high molecular weight of
about 400 kDa has also been reported via the denaturation and PEGylation strategy
(Figure 1-7C) [88].
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Figure 1-7 | Synthesis of precision protein-derived polymers. (A) Unfolding of HSA/BSA by 5 M
urea—PB in the presence of TCEP. (B) Unfolding of lysozyme by 8 M guanidine and excess of
DTT. Adapted with permission from [87]. Copyright 2012 American Chemical Society. (C) A giant
polypeptide—PEG—polypeptide triblock copolymer by protein dimerization and denaturation
[88]. Copyright 2012. Reproduced with permission from John Wiley and Sons.
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1.4.2 Applications of denatured protein-derived polymers

The denatured protein—PEG conjugates provide several attractive characteristics: (1)
biocompatibility; (2) biodegradability by proteases; (3) defined peptide sequence; (4)
the final polymers offer narrow molecular weight distributions that can be characterized
by mass spectrometry ensuring the quality control of products; (5) various
functionalities in specific positions which allow the realization of complex tasks such
as cellular uptake; and (6) tunable transition between globular, collapsed and extended
architectures. In addition, the PEG side chains could reduce protein binding and
provide “stealth properties” by shielding the immunogenic recognition sites (epitopes)
[89]. Therefore, polypeptide—PEG conjugates based on denatured proteins offer
various attractive features for biomedical applications and as precision substrates for
templated synthesis of well-defined nanomaterials.

Because of their unique optical properties, quantum dots (QDs) and fluorescent
nanodiamonds (FNDs) are two promising probes for tracking biological processes i.e.
with super-resolution microscopy and drug delivery applications [90, 91]. However, the
applications of the “bare” nanoparticles are severely limited by their poor solubility in
various biological environments. In addition, other challenges include the toxicity of
QDs [92] and the surface modification of FNDs that provide undefined surface
functionalities with high batch-to-batch variations [93]. Denatured protein—PEG
conjugates serve as attractive nanoparticle coatings due to the availabilities of many
reactive amino-, carboxylic acid and thiol groups that could interact with various
nanoparticle surfaces though electrostatic interactions or hydrogen bonds as well as
the presence of hydrophobic amino acids that bind hydrophobic surfaces by van der
Waalls interactions. For example, denatured HSA-PEG conjugates functionalized with
multivalent thioctic acid (TA) groups stabilize the surface of CdSe-CdZnS QDs (Figure
1-8A) [94]. The coated QDs gain improved water solubility and as well as unique pH-
responsiveness, which was attributed to conformational rearrangements of the
polypeptide coating at different pH. This could alter the capacity of the polymer to
efficiently passivate and protect the nanoparticle surface. Based on this strategy, a
polycationic polypeptide—PEG conjugate based on denatured BSA was achieved that
encapsulated QDs and enabled their cellular uptake and allowed DNA complexation
(Figure 1-8A) [95]. In these systems, the QD core served as an in situ reporter for pH

changes, DNA complexation and ultimately even DNA transfection because its
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photoluminescence dropped significantly with increasing quantities of complexed DNA.
Similarly, the cationized and denatured protein—-PEG conjugates could also offer
excellent colloidal stability to FNDs so that they remained stable even in the presence
of high ionic strength buffers required for DNA folding (Figure 1-8B). In this way, the
first DNA origami-assembled FND nanostructures were formed, which is a critical step
to study the coherent coupling of ordered spin arrays [96]. Moreover, the biopolymer-
coated FNDs remained stable even after encapsulating high amounts of hydrophobic
doxorubicin drug molecules and revealed high uptake into human lung

adenocarcinoma A549 cells and in vivo efficacy attractive for cancer therapy [97].
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Figure 1-8 | Applications of protein-derived polymers. (A) QDs coated with denatured protein—
PEG conjugates as pH (bottom left) and DNA (bottom right) sensors. [94, 95], Copyright 2010
and 2012. Adapted with permission from the American Chemical Society and John Wiley and
Sons, respectively. (B) FNDs coated with denatured protein—PEG conjugates for self-assembly.
Adapted with permission from [96]. Copyright 2015 American Chemical Society. (C) Core—shell
nanocarriers formed from denatured cHSA-PEG conjugates for drug delivery [98]. Copyright
2013. Adapted with permission from John Wiley and Sons. (D) Denatured protein—PEG
conjugates as multifunctional and degradable backbones to prepare hybrid hydrogels. [99, 100].
Copyright 2014 and 2019. Adapted with permission from the Royal Society of Chemistry and
John Wiley and Sons, respectively.
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The architecture of denatured protein—PEG conjugates responds to changes of
the balance of hydrophilic and groups along the polypeptide backbone. These changes
could either be lipophilic functionalities that are covalently attached or the presence of
hydrophobic guest moieties that interact with the lipophilic amino acid side chains via
supramolecular interactions. In this way, well-defined core—shell nanostructures were
formed suitable for catalysis and delivery of lipophilic molecules into cells. When the
cationized and denatured BSA-PEG conjugate was modified with just a few
hydrophobic groups such as alkynes, stable nano-sized micelles were formed
spontaneously [101]. Complexation with the hydrophobic chromophore
perylenetetracarboxydiimide, a denatured HSA-PEG conjugate functionalized with
folic acid groups, has been shown to form globular micelles, which were uptaken into
cells via receptor-mediated endocytosis [102]. The lipophilic drug doxorubicin has also
been encapsulated into these micelles by complexation [103] or covalent conjugation
[101] and efficient delivery into various cancer cells has been shown. To achieve
selectivity and better control over the drug release profile, a pH-responsive hydrazone
linker has been introduced to conjugate doxorubicin to the denatured protein backbone
that potentially allows release in the acidic microenvironments of tumor tissue as well
as in acidic endosomal vesicle [98]. As shown in Figure 1-8C, a core—shell delivery
system composed of a polypeptide core with doxorubicin drug molecules and a PEG
shell adopts a two-step drug release based on proteolytic degradation of the backbone
and acid-induced drug release. In vitro test of the drug-loaded micelles revealed high
cytotoxicities against Hela cells and leukemia cell lines. More importantly, 100%
survival rates of mice that received ex vivo transplantation of engrafted leukemic tumor
cells after 12 weeks were demonstrated [98].

In combination with various crosslinking chemistries, the denatured protein—PEG
conjugate served as biocompatible and biodegradable scaffold to prepare injectable
hydrogels. As crosslinkers, multi-arm DNA [99] as well as self-assembling peptide
sequences [100] have been applied. Denatured HSA-PEG conjugates were
functionalized with single-stranded DNA (ssDNA) sequences that could hybridize with
complementary Y-shaped DNA [99]. The formed hydrogel was used to immobilize
active proteins, which were released by proteases as well as nucleases independently
(Figure 1-8D, left). Furthermore, conjugation of a recombinant Rho-inhibiting C3 toxin
that inhibits growth and migration of bone degrading osteoclast cells to the multi-arm
DNA linker allows the toxin-loaded hydrogel to reduce osteoclast formation and bone
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resorption without affecting differentiation and mineralization of bone forming
osteoblast cells [104]. In another example, self-assembling peptides that
spontaneously form cross B-sheet fibrillary structures were grafted to the backbone of
denatured HSA—-PEG conjugate. To control fibril formation of the peptides, they were
masked as depsi-precursor peptides. The depsi peptide sequences do not aggregate
at acidic pH until an intramolecular O,N-acyl shift occurs at higher pH values affording
the formation of peptide nanofibers, which served as pH-responsive gelators (Figure
1-8D, right). The obtained hydrogels are cytocompatible, biodegradable, reveal rapid
self-healing abilities and cells migrated into this porous matrix, rendering them
attractive for 3D tissue engineering [100].

1.5 Biomolecule-inspired folding of synthetic polymers

For biomacromolecules, folding is a fundamental strategy to construct 3D hierarchical
structures and to perform their biofunctions such as enzyme catalysis, information
storage, and energy conversion [105]. Could synthetic polymers accomplish the same
task? Inspired by the structure of folded biomolecules, the folding of synthetic polymers
into single-chain nanoparticles and topological polymers with desired architectures has
attracted much attention in recent years [106-108]. This section highlights some
examples of single-chain polymer folding via different chemistries.

1.5.1 Single-chain polymer nanoparticles

Three different methods, homofunctional collapse, heterobifunctional collapse, and
crosslinker-mediated collapse, are often used for intramolecular folding of synthetic
polymers to prepare single-chain polymer nanoparticles (SCPNs) (Figure 1-9A) [107].
These approaches can be achieved via various chemistries including irreversible
covalent bonds, dynamic covalent bonds, and supramolecular interactions.

A wide range of irreversible covalent chemistries, such as free radical coupling
[109], benzocyclobutene (BCB) dimerization [110], benzosulfone dimerization [111],
azide—alkyne click chemistry [112], thiol—yne click chemistry [113], Michael addition
reaction [114], and oxidative polymerization of thiophene [115], have been used for
making SCPNs. For example, Hawker et al. reported the intramolecular folding of BCB-
functionalized linear PS and SCPNs in multigram quantities were prepared by using a

continuous addition strategy (Figure 1-9B) [110].
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Figure 1-9 | Synthesis of SCPNs via different approaches and chemistries. (A) Three main
approaches for preparing SCPNs. Reproduced with permission from [107]. Copyright 2016
American Chemical Society. (B) BCB dimerization-mediated intramolecular folding of PS.
Reproduced with permission from [110]. Copyright 2002 American Chemical Society. (C) SCPNs
prepared via the reversible photodimerization of coumarin groups [116]. Copyright 2011.
Reproduced with permission from the Royal Society of Chemistry. (D) Formation of SCPNs in
water through the CB[8]-based host—guest interaction [117]. Copyright 2012. Reproduced
with permission from John Wiley and Sons. (E) Orthogonal folding of ABA triblock copolymers
with BTA and UPy moieties in to SCPNs. Reproduced with permission from [118]. Copyright
2013 American Chemical Society.

~ 18 ~



Chapter 1 Introduction

SCPNs formed via irreversible covalent bonds have good stability under various
conditions, which is a unique advantage for some applications but also can be a
disadvantage in other cases. To mimic the dynamic nature of biomolecules, SCPNs
that can respond to external stimuli have been prepared by using dynamic covalent
bonds and supramolecular interactions [119, 120]. Zhao et al. synthesized coumarin-
containing random copolymers via RAFT polymerization, which could be folded into
well-defined SCPNs by the intrachain photodimerization of coumarin groups under UV
irradiation at A > 310 nm (Figure 1-9C). This transition was partially reversible after
exposing the generated SCPNs to UV light at A < 260 nm [116]. Using the strategy of
crosslinker-mediated collapse, Fulton et al. prepared thermoresponsive dynamic
covalent SCPNs based on functional copolymers with aromatic aldehyde groups,
which form acyl hydrazone cross-links after adding dihydrazide [121]. These SCPNs
were able to transform into a hydrogel after heating their aqueous solution at mildly
acidic pH. Similarly, Scherman et al. reported the preparation of SCPNs in water via
the cucurbit[8]uril (CBJ[8])-based host-guest chemistry [117]. As shown in Figure 1-9D,
water soluble poly(N-hydroxyethyl acrylamide) was functionalized with viologen and
napthyl guest moieties, and the obtained copolymer can be folded intramolecularly via
formation of ternary complex with cucurbit[8]uril.

In addition to the polymer folding based on a single chemical interaction, two or
more orthogonal interactions can be combined in one system for the stepwise folding
of synthetic polymers mimicking the hierarchical structures of biomacromolecules [107].
For instance, Meijer and Palmans et al. reported the orthogonal folding of ABA triblock
copolymers containing two different functional groups, o-nitrobenzyl-protected 2-
ureidopyrimidinone (UPy) and benzene-1,3,5-tricarboxamide (BTA), in the A and B
blocks [118]. While BTA groups undergo reversible self-assembly into helical
aggregates when temperature is tuned, the deprotected UPy moieties form dimers
after UV light irradiation (Figure 1-9E). Lutz et al. reported the successive compaction
of a sequence-controlled polymer which bears pentafluorophenyl-activated ester and
triisopropylsilyl-protected alkyne functions. The former group can be easily crosslinked
by ethylenediamine, whereas the latter moiety self-reacts by Eglinton coupling [122].
Barner-Kowollik and Altintas et al. prepared well-defined tetrablock copolymers and
studied their orthogonal folding and unfolding behaviors based on multiple hydrogen

bonds and host-guest interactions [123].
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1.5.2 Folded polymers with controlled topologies

For most reported SCPNs, synthetic polymers are folded into compact states in a
random way. However, the folding process in biopolymers is precisely controlled.
Therefore, the controlled folding of synthetic polymers into designed topologies is
recognized as a grand challenge. In this regard, the preparation of cyclic polymers via
intramolecular folding has attracted special attention [124, 125]. Grayson et al.
pioneered the synthesis of well-defined macrocyclic polymers via copper-catalyzed
azide—alkyne cycloaddition (CUAAC) [126]. They synthesized polystyrene precursors
by ATRP using an alkyne-containing initiator propargyl 2-bromoisobutyrate. Because
the bromine end could be easily transformed into an azide group, the linear polymer
with two complementary terminal groups, alkyne and azide, was then folded
intramolecularly under dilute conditions using a continuous addition technology.
Importantly, both the azidation and the cyclization showed high yields and further
separation was not required [126]. This simple strategy has also been used to fold
other linear polymers, such as PNIPAM [127], poly(methyl methacrylate) [128], and
even block copolymers [129, 130], into cyclic forms.

Like the formation of SCPNSs, other covalent and non-covalent interactions have
also been used as ring-closure techniques for the folding of linear polymers. For
example, cyclic poly(lactide)s were prepared via the Michael addition of thiols to
maleimides [131] and Glaser coupling reaction of alkynyl groups was used to cyclize
linear PEG and polystyrene [132]. Deffieux et al. demonstrated the reversible folding
of homotelechelic linear polystyrene with porphyrin end groups into the cyclic form
[133]. Similarly, Yamamoto et al. reported the light- and heat-induced switching of
linear and cyclic PEG telechelics with anthryl end groups [134].

In addition to the simple monocyclic shape, Lutz et al. reported the controlled
folding of linear polymers into four different topologies, including P-shape, Q-shape, 8-
shape, and a-shape (Figure 1-10A). This strategy was based on the synthesis of well-
defined polystyrene chains with reactive alkyne functions at desired positions [135]. As
shown in Figure 1-10B, all folded polymers showed clear decrease of the apparent
molecular weight. Harada et al. studied the reversible conversion of different shapes
of PEG-substituted B-cyclodextrin with an azobenzene end [136]. Tezuka et al.
reported a pentacyclic quadruply fused polymer topology via polymer folding through

different reactions including CUAAC and olefin metathesis [137].
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Figure 1-10 | Folding of linear polymers into controlled topologies. (A) Molecular structures
and schematic illustration of polystyrene chains with position-defined reactive alkyne groups
that can be folded into four different shapes: P-shape, Q-shape, 8-shape, and a-shape. Folding
reactions i and ii represent CUAAC and Glaser coupling, respectively. (B) Size-exclusion
chromatograms showing reduced hydrodynamic volume of polymers after folding. [135],
Copyright 2011. Reproduced with permission from Springer Nature.

1.6 Controlled nanostructures via macromolecular self-assembly

1.6.1 Self-assembly of linear block copolymers

The self-assembly of amphiphilic block copolymers in selective solvents has gained
considerable attention over the past decades for the construction of various polymeric
nanostructures [138]. Owing to the development of controlled polymerization
techniques, substantial advances have been made to the synthesis of polymeric
building blocks with precisely controlled compositions and architectures, providing
easy access to the manipulation of morphology and size of assemblies. These
assemblies have found a broad range of applications from drug delivery and

bioimaging to nanoreactors and artificial organelles [139, 140].
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Figure 1-11 | Macromolecular self-assembly in selective solvents. (A) Three most common
polymer nanostructures including spherical micelles, wormlike micelles, and vesicles via self-
assembly of amphiphilic block copolymers. The morphology is primarily determined by the
packing parameter, p, as shown in the formula. [139], Copyright 2009. Adapted with permission
from John Wiley and Sons. (B) TEM images and corresponding schematic illustrations of various
assemblies formed from amphiphilic PS,-b-PAA, copolymers. Note: m and n refer to numbers
of repeating units of PS and PAA, respectively. HHHs: hexagonally packed hollow hoops; LCMs:
large compound micelles. [138], Copyright 2012. Reproduced with permission from the Royal
Society of Chemistry.
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Amphiphilic block copolymers undergo self-assembly in selective solvents to
minimize enthalpically unfavorable interactions between insoluble blocks and the
solvent. As displayed in Figure 1-11A, the morphology is primarily determined by the
packing parameter, p = v/aolc, where v is the volume of the hydrophobic block, ao is the
area of the head group, and I is the length of the hydrophobic tail [139]. Typically,
vesicles (also called polymersomes) are favored when 1/2 < p < 1, wormlike micelles
when 1/3 < p £ 1/2, and spherical micelles when p < 1/3. Simple “star-like” spherical
micelles are the most common morphology reported in the literature, which has been
intensively used as nanocarriers for drug and gene delivery [141, 142]. Polymer
vesicles, which possess an aqueous interior and a hydrophobic membrane with both
inner and outer surfaces formed by hydrophilic polymers, have also been widely
reported for therapeutic applications, cell mimicking and nanoreactors [143, 144]. As
another thermodynamically stable structure, wormlike micelles have attracted special
interests due to their anisotropic shapes and applications for biomedicine and
nanomaterial synthesis [145]. In addition to these common morphologies, a diverse
range of other more sophisticated structures have also been reported. For example,
Eisenberg et al. systematically studied the solution self-assembly of PS-b-PAA, various
morphologies, including spherical micelles, rods, different scales of lamellae, vesicles,
HHHSs, and LCMs, were observed (Figure 1-11B) [138].

Although early studies of macromolecular solution self-assembly were focused
on amorphous core-forming blocks, an increasing number of crystallizable core-
forming building blocks has also been investigated [140]. In this regard, the living
crystallization-driven self-assembly (CDSA), based on polyferrocenylsilane (PFS)-
containing block copolymers, pioneered by Manners and coworkers can be used to
fabricate 1D and 2D structures with desired dimensions, providing excellent control
over the formation of anisotropic polymeric structures [146]. Figure 1-12A shows
cylindrical micelles prepared via CDSA of PFS-b-polyisoprene using small and uniform
PFS-b-poly(dimethylsiloxane) crystallites as initiators. The process was found to be
analogous to that of living polymerization reactions and monodisperse cylindrical
micelles of controlled lengths were obtained [147]. Based on the robust living CDSA
technique, other more complex nanostructures, including branched micelles [148],
multiblock micelles [149], hierarchical supermicelles [150, 151], and 2D assemblies
[152, 153], have also been reported (Figure 1-12B to G). More details about this field

have been summarized in some excellent reviews [140, 146].
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Figure 1-12 | Various precision polymer nanostructures via CDSA. (A) Monodisperse cylindrical
micelles with controlled lengths formed of PFS-b-polyisoprene [147]. (B) Branched cylindrical
micelles [148]. (C) Fluorescent multiblock micelles [149]. (D) “Windmill”-like supermicelles
[150]. (E) Hierarchical self-assembly of ampbhiphilic cylindrical block micelles into 1D
supermicelles and 3D superlattices [151]. (F) Rectangular platelet micelles [152]. (G) 2D
assemblies formed from crystallizable homopolymers [153]. [A, C, D and G], Copyright 2010,
2014, 2015 and 2017. Reproduced with permission from Springer Nature. [B], Copyright 2013.
Reproduced with permission from the American Chemical Society. [E and F], Copyright 2015
and 2016. Reproduced with permission from the American Association for the Advancement of
Science.
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1.6.2 Self-assembly of folded synthetic polymers

As mentioned in section 1.1, the precision 3D hierarchical structures of biopolymers
are generated via folding and self-assembly. For synthetic polymers, the self-assembly
of linear block copolymers has been intensively investigated since 1990s. Particularly,
highly complex yet precise anisotropic structures can be constructed via CDSA of block
copolymers. However, only little attention has been paid to the self-assembly behavior
of folded polymers. Zhao and Liu et al. prepared poly(2-(dimethylamino)ethyl
methacrylate)-block-polystyrene (PDMAEMA-b-PS) via RAFT polymerization and
folded the PDMAEMA block intramolecularly into SCPNs [154]. By tuning length of the
PDMAEMA block, the amphiphilic PS-tethered SCPNs self-assembled into different
structures including strawberry-like micelles, vesicles, and bunchy micelles in selective
solvents. Similarly, He et al. reported the synthesis of PEG-block-[poly(methyl
methacrylate)-co-poly(3-(trimethoxysilyl)propyl methacrylate)] [PEG-b-P(MMA-co-
TMSPMA)] in which the silane moieties were used for intramolecular cross-linking
[155]. The self-assembly structures of both linear and folded polymers with different
hydrophobic segments were compared, showing the significant role of intramolecular
folding on the self-assembly behavior (Figure 1-13A).

Cyclic polymers have also been used as building blocks in macromolecular self-
assembly [156]. For example, Borsali et al. reported the self-assembly of cyclic PS-b-
polyisoprene diblock copolymers into giant wormlike micelles [157]. Grayson et al.
synthesized heterotelechelic PEG-b-polycaprolactone (PEG-b-PCL) and cyclized it via
CUAAC [158]. Both linear and cyclic PEG-b-PCL self-assembled into spherical micelles
in water and the micelles formed of cyclic polymers were notably smaller (Figure 1-
13B). Deffieux et al. prepared a triblock copolymer ABC in which B is a long central
block and the short A and C sequences were used for cyclizing the copolymer [159].
Then, (1,1-diphenylethylene) end-capped polystyryllithium (PS-DPELi) and (1,1-
diphenylethylene) end-capped polyisoprenyllithium (PI-DPELi) were grafted to the
cyclic backbone. This macrocyclic brush self-assembled into cylindrical tubes in a
selective solvent for polyisoprene (Figure 1-13C). It should be mentioned that most
studies on the self-assembly of cyclic polymers were driven by the interest of
researchers on polymer topologies. The importance of using molecular folding as a
strategy to control the self-assembly behavior has not been fully realized and

understood by the polymer community and there is still great potential to be explored.
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Figure 1-13 | Self-assembly of folded synthetic polymers. (A) Chemical structure of amphiphilic
PEG-b-P(MMA-co-TMSPMA) and its intramolecular folding into PEG-tethered SCPNs. TEM
images on the right show the different self-assembly structures of linear block copolymers (a-
c) and folded PEG-tethered SCPNs (d-f) with different hydrophobic segments: (a, d) PEG114-b-
P(MMA55-CO-T|\/|SP|\/|A32); (b, e) PEGll4-b-P(MMAzgo-CO-TMSPMAnl),' and (C, f) PEG114-b—
P(MMA3g1-co-TMSPMA124). Reproduced with permission from [155]. Copyright 2014 American
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tubes [159]. Copyright 2008. Reproduced with permission from the American Association for
the Advancement of Science.
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1.7 Applications of biomolecule-inspired nanomaterials

In the above sections, various biomolecule-inspired strategies that are used to prepare
precision polymers and nanomaterials have been introduced, which include controlled
polymerizations, biotemplated synthesis, polymer folding, and macromolecular self-
assembly. The obtained well-controlled nanostructures can be used in numerous fields.
While some exciting applications have been mentioned during the introduction of the
synthetic approaches, this section highlights more examples in biomedical fields such
as drug delivery, bioimaging and biosensing, as well as in non-biological fields such as

energy, catalysis, and information storage.

1.7.1 Biological applications

Biomolecule-inspired nanomaterials including SCPNs and polymer assemblies have
been widely used as carriers for delivery of various bioactive agents for therapeutic
applications [160]. For example, Cheng et al. synthesized a copolymer with uracil-
diamidopyridine (U-DPy) side moieties based on poly[oligo(ethylene glycol) methyl
methacrylate] (POEGMA), which was folded into SCPNs via the formation of sextuple
hydrogen bonds (Figure 1-14A). The SCPNs were successfully employed as carrier to
load the hydrophilic anticancer drug 5-fluorouracil (FU) with a high loading content of
19.6% and the FU-loaded SCPNs exhibited temperature and pH dual responsive drug
release profiles [161]. Paulusse et al. prepared water-soluble SCPNs with comparable
physicochemical characteristics in aqueous and organic environments, which can load
functional agents with different hydrophobicity. As a proof of concept, Nile red and the
antibiotic rifampicin were loaded into the SCPNs, and a controlled release of rifampicin
was demonstrated [162].

Due to the growing resistance of bacteria to conventional antibiotics, bio-inspired
polymer nanoparticles with controlled sizes and structures have also been developed
as novel antibacterial agents [163]. Du and Yuan et al. synthesized a thermo- and pH-
responsive diblock copolymer poly[2-(2-methoxyethoxy)ethyl methacrylate]-block-
poly[2-(tert-butylaminoethyl) methacrylate] (PMeO2MA-b-PTA), which self-assembled
into vesicles upon direct dissolution in water (Figure 1-14B). The polymer vesicles
showed good antibacterial activities against both Gram-negative and Gram-positive
bacteria [164]. In addition, SCPNs have also been developed as new antimicrobial

agents to kill planktonic and biofilm bacteria [165].
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Figure 1-14 | Biomolecule-inspired nanomaterials for biological applications. (A) Stimuli-
responsive SCPNs formed via self-complementary multiple hydrogen-bonding interaction of
water-soluble POEGMA-U-DPy polymers for the controlled delivery of FU [161]. Copyright 2016.
Reproduced with permission from the Royal Society of Chemistry. (B) Direct dissolution of a
thermo- and pH-responsive diblock copolymer in water to form polymer vesicles for enhanced
antibacterial activities [164]. Copyright 2013. Reproduced with permission from the Royal
Society of Chemistry. (C) Biocompatible SCPNs functionalized with PTR86 for in vivo imaging of
pancreatic tumors. Adapted with permission from [166]. Copyright 2016 American Chemical
Society. (D) Pyridine-functionalized SCPNs for the fast and sensitive colorimetric detection of
zein in aqueous ethanol [167]. Copyright 2015. Reproduced with permission from the Royal
Society of Chemistry.

The early detection and post-therapy monitoring for some types of disease, such
as pancreatic adenocarcinoma, are of great significance to increase the success rate
of treatment [166]. In this regard, bio-inspired polymer nanoparticles have emerged as
novel imaging probes. Using a diethylenetriaminepentaacetic acid-containing cross-
linker, Odriozola et al. folded acrylic copolymers into water-soluble SCPNs, which
could be used as MRI contrast agents after loading with Gd(lll) ions [168]. Loinaz et al.
reported biocompatible SCPNs based on poly(methacrylic acid) [166]. After further
functionalization with the tumor targeting peptide PTR86 and the gamma emitter 4’Ga,
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the multifunctional nanoparticle was employed for in vivo imaging using single photon
emission computerized tomography, showing enhanced accumulation of targeted
SCPNs in the tumor of a mouse model (Figure 1-14C).

Biosensing is another interesting field for applications of biomolecule-inspired
nanomaterials. Pomposo et al. combined gold nanoparticles and pyridine-containing
SCPNs for the rapid and sensitive colorimetric detection of zein in aqueous ethanol
covering a concentration range of 10 ~ 3000 pg mL* [167] (Figure 1-14D). Liu et al.
employed genetically engineered phages as templates to prepare MnO2 nanowires,

which were further used for glucose sensing at neutral pH [169].

1.7.2 Non-biological applications

In addition to biomedical applications, bioinspired polymers and nanomaterials can
also be used in other fields such as catalysis, energy, and information storage. Inspired
by enzymes, numerous efforts have been devoted to the preparation of water-soluble
SCPNs for catalytic applications [170]. Meijer and Palmans et al. reported a series of
functional SCPNs carrying different metal-based catalytic sites for reactions including
the transfer hydrogenation of ketones [171], depropargylation reactions [172], and the
carbamate cleavage reaction of rhodamine-based substrates [173] in aqueous solution.
Zimmerman et al. also prepared water-soluble SCPNs with Cu centers via
intramolecular folding of aspartate-containing polyolefins (Figure 1-15A). After
reduction with sodium ascorbate, the obtained Cu(l)-bearing SCPNs were used to
catalyze CuAAC reactions in water and in cells [174]. Apart from SCPNs, hierarchical
nanomaterials formed of metals and metal oxides via biotemplated synthesis have also
been frequently used as efficient catalysts for various reactions such as decomposition
of dyes [175, 176] and the reduction of 4-nitrophenol [177].

Recently, the scope of applications for biomolecule-inspired nanomaterials has
been extended to more emerging areas including energy conversion and functional
surfaces [178]. For example, Belcher et al. employed genetically engineered M13 virus
as a template to mineralize strontium titanate and bismuth ferrite, forming perovskite
nanomaterials with for solar energy conversion (Figure 1-15B) [179]. Lattuada et al.
prepared silica nanofibers with controlled thickness and surface roughness by
templated synthesis using amyloid fibrils as a template (Figure 1-15C). The silica

nanofibers were used for the creation of superhydrophobic surfaces [180].
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Figure 1-15 | Biomolecule-inspired nanomaterials for non-biological applications. (A) SCPNs
with catalytic Cu centers for biocompatible alkyne-azide click reactions in agueous conditions.
Reproduced with permission from [174]. Copyright 2016 American Chemical Society. (B) M13
virus-templated synthesis of perovskite nanomaterials for solar energy conversion [179].
Copyright 2012. Reproduced with permission from John Wiley and Sons. (C) Amyloid fibrils-
templated synthesis of long silica fibers for the preparation of superhydrophobic surfaces [180].
Copyright 2018. Reproduced with permission from John Wiley and Sons. (D) Design and
preparation of digitally-encoded poly(phosphodiester)s with controlled side groups via CUAAC
modification [181]. Copyright 2017. Reproduced with permission from John Wiley and Sons.

In Nature, DNA is the storage medium of genetic information. This feature has
also been recreated, although currently at the proof-of-concept stage, in sequence-
controlled synthetic polymers [182]. The Lutz group proposed that binary information
can be implemented in a synthetic polymer using two comonomers defined as 0 and 1
bits [183]. They have made significant progress in this field by developing different
synthetic polymer systems, including poly(triazole amide)s, poly(phosphodiester)s,
poly(alkoxyamine phosphodiester)s, poly(alkoxyamine amide)s, and polyurethanes, as
digital polymers to store information [184-189]. Recently, they reported a simple
modification strategy for controlling side groups of digital poly(phosphodiester)s, which

may improve the storage density and readability (Figure 1-15D) [181].
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As a short summary, the unique structural features of biomacromolecules can be
introduced into polymer structures and nanomaterials via different approaches. The
obtained bio-inspired materials, which cannot be achieved by traditional methods, have
been used for broad applications ranging from bio-related drug delivery and bioimaging
to more novel applications such as catalysis, energy conversion and information

storage.

1.8 Conceptual design and motivation

Biomacromolecules are an important source of innovation for material scientists to
create synthetic polymers and nanomaterials with unique architectures for various
applications. Particularly, this thesis is inspired by the perfect structure of proteins in

which their defined polypeptide sequence and the folding process can be exploited to

C Poly(bis-sulfone)-peptide conjugates

—— e ————————

Synthetic
Polymers

B Controlled metal nanostructures D Hierarchical wormlike assemblies

_——— i —————
—— e ————————

Figure 1-16 | Unfolding of natural macromolecules and folding of synthetic polymers as
bioinspired strategies for preparing precision nanostructures. (A) Precision brush polymers
templated by unfolded proteins [190]. Copyright 2020 The Authors. Published by the American
Chemical Society. (B) Protein-templated synthesis of controlled metal nanostructures [191].
Copyright 2019 The Authors. Published by the Royal Society of Chemistry and the Chinese
Chemical Society. (C) Self-assembly of poly(bis-sulfone)-peptide conjugates into micelles.
Reproduced with permission from [192]. Copyright 2017 American Chemical Society. (D)
Hierarchical wormlike polymer nanostructures via polymer folding and assembly.
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build precise hierarchical 3D structure. From a materials science perspective, the
peptide sequence after unfolding can be regarded as a precision linear polymer and
used for templated synthesis of well-defined nanomaterials. On the contrary, linear
synthetic polymers can also be folded into compact states, which may possess new
properties such as unique self-assembly behavior. This thesis adopts these two
opposite yet complementary strategies to construct a wide range of functional
materials with defined structures, including precision brush polymers, controlled metal
nanostructures, poly(bis-sulfone)—peptide conjugates, and hierarchical wormlike
polymer assemblies for various applications, which are discussed in detail as follows
(Figure 1-16).

By unfolding endogenous proteins into linear polymers, the main focus of chapter
2 of the thesis is on synthesis of well-defined nanomaterials using unfolded proteins
as precision templates. Anisotropic brush polymers with monodisperse lengths were
first prepared by introducing ATRP initiators to the unfolded protein backbone and then
growing polymers via the grafting-from strategy (Figure 1-16A). By varying
polymerization conditions and the initiator density on the polypeptide backbone, the
size and shape of brush polymers were tuned. Very importantly, various functional
entities can be introduced onto an absolute position located asymmetrically along the
polypeptide backbone of brush polymers by taking advantage of site-specific
modifications of proteins. Combining biotin—streptavidin interactions, novel higher
ordered constructs were fabricated via site-specific assembly, which may find potential
applications in both biomedicine and nanoscience.

Beyond soft polymer architectures, the potential of denatured protein backbone
was also explored for templated synthesis of metal hanomaterials. As introduced in
section 1.4.2, denatured protein—PEG conjugates have been successfully employed
as attractive coatings to stabilize and functionalize various nanoparticles due to various
supramolecular interactions between nanoparticle surfaces and the functional groups
of proteins. These works serve as an important inspiration for the templated synthesis
of functional nanoparticles for different applications. Stable and water-soluble noble
metal nanostructures including spherical gold and platinum nanoparticles as well as
gold nanoflowers (AuNFs) were prepared using sodium borohydride or ascorbic acid
as the reducing agent. Moreover, because the reduction of metal ions and polymer
synthesis via ARGET ATRP both involve the use of reducing agents, these two types
of reactions with dramatically different characteristics were combined, for the first time,
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in one pot (Figure 1-16B). PNIPAM-coated AuNFs with controllable sizes, shapes, and
shell thickness were obtained and applied as temperature-controlled catalysts for the
hydrogenation of p-nitrophenol, which offer great prospects for achieving “green”
catalysis in aqueous media.

The aim of chapter 3 of the thesis is to construct bioinspired hierarchical polymer
structures via folding and assembly of synthetic polymers. In this regard, we first
designed and synthesized a thiol-reactive copolymer based on poly(bis-sulfone) via
ATRP. Two oligopeptides, glutathione and an endogenous 12-mer peptide named
WSCO02 that targets C-X-C chemokine receptor type 4 (CXCR4), were conjugated to
the copolymer. The functional polymer—WSCO02 conjugate folded and assembled into
narrowly dispersed nanoparticles in aqueous solutions (Figure 1-16C). Due to the
multivalent effect, the conjugate demonstrated enhanced and specific antiviral activity
on X4 tropic HIV-1 infection and also the ability to inhibit cancer stem cell migration.

However, the folding process of the poly(bis-sulfone)—peptide conjugate is
dictated by random hydrophobic collapse of the polymer. To instill a higher level of
control, the last system of the thesis investigates the defined folding of linear polymers
into cyclic secondary structure via CUAAC click reaction. The self-assembly behaviors
of linear and cyclic poly(2-hydroxyethyl methacrylate) (PHEMA) of different designed
molecular weights were compared. It is very interesting that the folded PHEMA could
form stable assemblies, which was confirmed by different techniques and wormlike
assemblies were observed from TEM images for folded PHEMA. Encouraged by these
results, macrocyclic brush polymers with amphiphilic block side chains were further
synthesized, which could form stable wormlike assemblies and higher-ordered
structures (Figure 1-16D). This work not only points out the profound influence of
polymer folding in macromolecular self-assembly, but also establishes a robust and
versatile approach for the construction of hierarchical bioinspired structures from
synthetic polymers.

Collectively, this thesis aims to develop two unique strategies to fabricate
precision nanomaterials with controlled structures for various applications. The first
approach takes advantage of the precision primary structure of proteins. By unfolding
proteins into linear forms, the obtained polypeptides are used as precision templates
for preparing anisotropic brush polymers and controlled metal nanostructures.
Learning from the folding process for the formation of 3D protein architectures, the

second strategy combines the folding and self-assembly of synthetic polymers as a

~ 33 ~



Introduction Chapter 1

general route for preparing higher ordered constructs. Particularly, a novel route is

developed to fabricate stable wormlike assemblies which may find potential

applications in various fields. The two strategies described in this thesis not only

expand the applications of biomolecules in materials science, but also provide new

directions for the fabrication of the next generation biomolecule-inspired architectures.

1.9 References

(1]

(2]
(3]

(4]

(5]

(6]

[7]

(8]

9]

(10]

(11]

(12]

(13]

(14]

(15]
(16]

(17]

(18]

Balchin D, Hayer-Hartl M, Hartl FU. In vivo aspects of protein folding and quality control. Science
2016;353:aac4354.

Gething MJ, Sambrook J. Protein Folding in the Cell. Nature 1992;355:33-45.

Caetano-Anolles G, Wang MW, Caetano-Anolles D, Mittenthal JE. The origin, evolution and
structure of the protein world. Biochemical Journal 2009;417:621-637.

Heim M, Romer L, Scheibel T. Hierarchical structures made of proteins. The complex architecture
of spider webs and their constituent silk proteins. Chemical Society Reviews 2010;39:156-164.

Aumiller WM, Uchida M, Douglas T. Protein cage assembly across multiple length scales.
Chemical Society Reviews 2018;47:3433-3469.

Rother M, Nussbaumer MG, Renggli K, Bruns N. Protein cages and synthetic polymers: a fruitful
symbiosis for drug delivery applications, bionanotechnology and materials science. Chemical
Society Reviews 2016;45:6213-6249.

Wang PF, Meyer TA, Pan V, Dutta PK, Ke YG. The Beauty and Utility of DNA Origami. Chem
2017;2:359-382.

Rothemund PWK. Folding DNA to create nanoscale shapes and patterns. Nature 2006;440:297-
302.

Zhang F, Jiang SX, Wu SY, Li YL, Mao CD, Liu Y, et al. Complex wireframe DNA origami
nanostructures with multi-arm junction vertices. Nature Nanotechnology 2015;10:779-784.

Han DR, Pal S, Nangreave J, Deng ZT, Liu Y, Yan H. DNA Origami with Complex Curvatures in
Three-Dimensional Space. Science 2011;332:342-346.

Han DR, Pal S, Yang Y, Jiang SX, Nangreave J, Liu Y, et al. DNA Gridiron Nanostructures Based
on Four-Arm Junctions. Science 2013;339:1412-1415.

Benson E, Mohammed A, Gardell J, Masich S, Czeizler E, Orponen P, et al. DNA rendering of
polyhedral meshes at the nanoscale. Nature 2015;523:441-444.

Seeman NC. Nucleic-Acid Junctions and Lattices. Journal of Theoretical Biology 1982;99:237-
247.

Aldaye FA, Palmer AL, Sleiman HF. Assembling materials with DNA as the guide. Science
2008;321:1795-1799.

Seeman NC, Sleiman HF. DNA nanotechnology. Nature Reviews Materials 2018;3:1-23.

Hong F, Zhang F, Liu Y, Yan H. DNA Origami: Scaffolds for Creating Higher Order Structures.
Chemical Reviews 2017;117:12584-12640.

Sacca B, Niemeyer CM. DNA Origami: The Art of Folding DNA. Angewandte Chemie-
International Edition 2012;51:58-66.

Torring T, Voigt NV, Nangreave J, Yan H, Gothelf KV. DNA origami: a quantum leap for self-
assembly of complex structures. Chemical Society Reviews 2011;40:5636-5646.

~ 34 ~



Chapter 1 Introduction

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

Braunecker WA, Matyjaszewski K. Controlled/living radical polymerization: Features,
developments, and perspectives. Progress in Polymer Science 2007;32:93-146.

Hawker CJ, Bosman AW, Harth E. New polymer synthesis by nitroxide mediated living radical
polymerizations. Chemical Reviews 2001;101:3661-3688.

Zetterlund PB, Thickett SC, Perrier S, Bourgeat-Lami E, Lansalot M. Controlled/Living Radical
Polymerization in Dispersed Systems: An Update. Chemical Reviews 2015;115:9745-9800.
Wang JS, Matyjaszewski K. Controlled Living Radical Polymerization - Atom-Transfer Radical
Polymerization in the Presence of Transition-Metal Complexes. Journal of the American Chemical
Society 1995;117:5614-5615.

Kato M, Kamigaito M, Sawamoto M, Higashimura T. Polymerization of Methyl Methacrylate with
the Carbon Tetrachloride/Dichlorotris-(triphenylphosphine)ruthenium(ll) Methylaluminum Bis(2,6-
di-tert-butylphenoxide) Initiating System: Possibility of Living Radical Polymerization.
Macromolecules 1995;28:1721-1723.

Matyjaszewski K. Advanced Materials by Atom Transfer Radical Polymerization. Advanced
Materials 2018;30:1706441.

Matyjaszewski K, Tsarevsky NV. Macromolecular Engineering by Atom Transfer Radical
Polymerization. Journal of the American Chemical Society 2014;136:6513-6533.

Matyjaszewski K, Xia JH. Atom transfer radical polymerization. Chemical Reviews
2001;101:2921-2990.

Siegwart DJ, Oh JK, Matyjaszewski K. ATRP in the design of functional materials for biomedical
applications. Progress in Polymer Science 2012;37:18-37.

Jakubowski W, Matyjaszewski K. Activators regenerated by electron transfer for atom-transfer
radical polymerization of (meth)acrylates and related block copolymers. Angewandte Chemie-
International Edition 2006;45:4482-4486.

Jakubowski W, Min K, Matyjaszewski K. Activators regenerated by electron transfer for atom
transfer radical polymerization of styrene. Macromolecules 2006;39:39-45.

Mueller L, Jakubowski W, Tang W, Matyjaszewski K. Successful chain extension of polyacrylate
and polystyrene macroinitiators with methacrylates in an ARGET and ICAR ATRP.
Macromolecules 2007;40:6464-6472.

Plichta A, Li WW, Matyjaszewski K. ICAR ATRP of Styrene and Methyl Methacrylate with
Ru(Cp*)CI(PPh3)(2). Macromolecules 2009;42:2330-2332.

Konkolewicz D, Wang Y, Zhong MJ, Krys P, Isse AA, Gennaro A, et al. Reversible-Deactivation
Radical Polymerization in the Presence of Metallic Copper. A Critical Assessment of the SARA
ATRP and SET-LRP Mechanisms. Macromolecules 2013;46:8749-8772.

Chmielarz P, Fantin M, Park S, Isse AA, Gennaro A, Magenau AJD, et al. Electrochemically
mediated atom transfer radical polymerization (eATRP). Progress in Polymer Science
2017;69:47-78.

Perrier S. 50th Anniversary Perspective: RAFT Polymerization-A User Guide. Macromolecules
2017;50:7433-7447.

Chiefari J, Chong YK, Ercole F, Krstina J, Jeffery J, Le TPT, et al. Living free-radical
polymerization by reversible addition-fragmentation chain transfer. The RAFT process.
Macromolecules 1998;31:5559-5562.

Moad G, Rizzardo E, Thang SH. Living radical polymerization by the RAFT process. Australian
Journal of Chemistry 2005;58:379-410.

Moad G, Rizzardo E, Thang SH. Radical addition-fragmentation chemistry in polymer synthesis.
Polymer 2008;49:1079-1131.

~ 35 ~



Introduction Chapter 1

(38]

(39]

[40]

[41]

[42]

(43]

(44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

(54]

[55]

[56]

[57]

Boyer C, Bulmus V, Davis TP, Ladmiral V, Liu JQ, Perrier S. Bioapplications of RAFT
Polymerization. Chemical Reviews 2009;109:5402-5436.

Keddie DJ. A guide to the synthesis of block copolymers using reversible-addition fragmentation
chain transfer (RAFT) polymerization. Chemical Society Reviews 2014;43:496-505.

Badi N, Lutz JF. Sequence control in polymer synthesis. Chemical Society Reviews
2009;38:3383-3390.

Lutz JF. Defining the Field of Sequence-Controlled Polymers. Macromolecular Rapid
Communications 2017;38:1700582.

Lutz JF, Ouchi M, Liu DR, Sawamoto M. Sequence-Controlled Polymers. Science
2013;341:1238149.

Kleiner RE, Brudno Y, Birnbaum ME, Liu DR. DNA-templated polymerization of side-chain-
functionalized peptide nucleic acid aldehydes. Journal of the American Chemical Society
2008;130:4646-4659.

Rosenbaum DM, Liu DR. Efficient and sequence-specific DNA-templated polymerization of
peptide nucleic acid aldehydes. Journal of the American Chemical Society 2003;125:13924-
13925.

Niu J, Hili R, Liu DR. Enzyme-free translation of DNA into sequence-defined synthetic polymers
structurally unrelated to nucleic acids. Nature Chemistry 2013;5:282-292.

Mcgrath KP, Fournier MJ, Mason TL, Tirrell DA. Genetically Directed Syntheses of New Polymeric
Materials - Expression of Artificial Genes Encoding Proteins with Repeating (Alagly)3proglugly
Elements. Journal of the American Chemical Society 1992;114:727-733.

Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, Horn GT, et al. Primer-Directed Enzymatic
Amplification of DNA with a Thermostable DNA-Polymerase. Science 1988;239:487-491.

Kool ET. Replacing the nucleobases in DNA with designer molecules. Accounts of Chemical
Research 2002;35:936-943.

Piccirilli JA, Krauch T, Moroney SE, Benner SA. Enzymatic Incorporation of a New Base Pair into
DNA and Rna Extends the Genetic Alphabet. Nature 1990;343:33-37.

Noren CJ, Anthonycahill SJ, Griffith MC, Schultz PG. A General-Method for Site-Specific
Incorporation of Unnatural Amino-Acids into Proteins. Science 1989;244:182-188.

Pfeifer S, Zarafshani Z, Badi N, Lutz JF. Liquid-Phase Synthesis of Block Copolymers Containing
Sequence-Ordered Segments. Journal of the American Chemical Society 2009;131:9195-9197.
Tong XM, Guo BH, Huang YB. Toward the synthesis of sequence-controlled vinyl copolymers.
Chemical Communications 2011;47:1455-1457.

Lutz JF, Schmidt BVKJ, Pfeifer S. Tailored Polymer Microstructures Prepared by Atom Transfer
Radical Copolymerization of Styrene and N-substituted Maleimides. Macromolecular Rapid
Communications 2011;32:127-135.

Pfeifer S, Lutz JF. A facile procedure for controlling monomer sequence distribution in radical
chain polymerizations. Journal of the American Chemical Society 2007;129:9542-9543.

Satoh K, Mizutani M, Kamigaito M. Metal-catalyzed radical polyaddition as a novel polymer
synthetic route. Chemical Communications 2007:1260-1262.

Satoh K, Ozawa S, Mizutani M, Nagai K, Kamigaito M. Sequence-regulated vinyl copolymers by
metal-catalysed step-growth radical polymerization. Nature Communications 2010;1:6.

Zhang JH, Matta ME, Hillmyer MA. Synthesis of Sequence-Specific Vinyl Copolymers by
Regioselective ROMP of Multiply Substituted Cyclooctenes. ACS Macro Letters 2012;1:1383-
1387.

~ 36 ~



Chapter 1 Introduction

(58]

[59]

(60]

(61]

(62]

(63]

(64]

(65]

[66]

[67]

[68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

Ida S, Ouchi M, Sawamoto M. Template-Assisted Selective Radical Addition toward Sequence-
Regulated Polymerization: Lariat Capture of Target Monomer by Template Initiator. Journal of the
American Chemical Society 2010;132:14748-14750.

Ida S, Terashima T, Ouchi M, Sawamoto M. Selective Radical Addition with a Designed
Heterobifunctional Halide: A Primary Study toward Sequence-Controlled Polymerization upon
Template Effect. Journal of the American Chemical Society 2009;131:10808-10809.

Lutz JF. Sequence-Controlled Polymers. Weinheim: Wiley-VCH; 2018.

Sotiropoulou S, Sierra-Sastre Y, Mark SS, Batt CA. Biotemplated nanostructured materials.
Chemistry of Materials 2008;20:821-834.

lonov L, Bocharova V, Diez S. Biotemplated synthesis of stimuli-responsive nanopatterned
polymer brushes on microtubules. Soft Matter 2009;5:67-71.

Niu Z, Liu J, Lee LA, Bruckman MA, Zhao D, Koley G, et al. Biological templated synthesis of
water-soluble conductive polymeric nanowires. Nano Letters 2007;7:3729-3733.

Abedin MJ, Liepold L, Suci P, Young M, Douglas T. Synthesis of a Cross-Linked Branched
Polymer Network in the Interior of a Protein Cage. Journal of the American Chemical Society
2009;131:4346-4354.

Pokorski JK, Breitenkamp K, Liepold LO, Qazi S, Finn MG. Functional Virus-Based Polymer-
Protein Nanoparticles by Atom Transfer Radical Polymerization. Journal of the American
Chemical Society 2011;133:9242-9245.

Lucon J, Qazi S, Uchida M, Bedwell GJ, LaFrance B, Prevelige PE, et al. Use of the interior cavity
of the P22 capsid for site-specific initiation of atom-transfer radical polymerization with high-
density cargo loading. Nature Chemistry 2012;4:781-788.

Trinh T, Liao CY, Toader V, Barlog M, Bazzi HS, Li JN, et al. DNA-imprinted polymer
nanoparticles with monodispersity and prescribed DNA-strand patterns. Nature Chemistry
2018;10:184-192.

TokuraY, Jiang YY, Welle A, Stenzel MH, Krzemien KM, Michaelis J, et al. Bottom-Up Fabrication
of Nanopatterned Polymers on DNA Origami by In Situ Atom-Transfer Radical Polymerization.
Angewandte Chemie-International Edition 2016;55:5692-5697.

McHale R, Patterson JP, Zetterlund PB, O'Reilly RK. Biomimetic radical polymerization via
cooperative assembly of segregating templates. Nature Chemistry 2012;4:491-497.

Tokura Y, Harvey S, Chen CJ, Wu YZ, Ng DYW, Weil T. Fabrication of Defined Polydopamine
Nanostructures by DNA Origami-Templated Polymerization. Angewandte Chemie-International
Edition 2018;57:1587-1591.

Tokura Y, Harvey S, Xu XM, Chen CJ, Morsbach S, Wunderlich K, et al. Polymer tube
nanoreactors via DNA-origami templated synthesis. Chemical Communications 2018;54:2808-
2811.

McMillan RA, Paavola CD, Howard J, Chan SL, Zaluzec NJ, Trent JD. Ordered nanoparticle
arrays formed on engineered chaperonin protein templates. Nature Materials 2002;1:247-252.
McMillan RA, Howard J, Zaluzec NJ, Kagawa HK, Mogul R, Li YF, et al. A self-assembling protein
template for constrained synthesis and patterning of nanoparticle arrays. Journal of the American
Chemical Society 2005;127:2800-2801.

Zahr OK, Blum AS. Solution Phase Gold Nanorings on a Viral Protein Template. Nano Letters
2012;12:629-633.

Li SB, Dharmarwardana M, Welch RP, Ren YX, Thompson CM, Smaldone RA, et al. Template-
Directed Synthesis of Porous and Protective Core-Shell Bionanoparticles. Angewandte Chemie-
International Edition 2016;55:10691-10696.

~ 37 ~



Introduction Chapter 1

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

(91]

[92]

(93]

(94]

[95]

Hung AM, Micheel CM, Bozano LD, Osterbur LW, Wallraff GM, Cha JN. Large-area spatially
ordered arrays of gold nanoparticles directed by lithographically confined DNA origami. Nature
Nanotechnology 2010;5:121-126.

Schreiber R, Do J, Roller EM, Zhang T, Schuller VJ, Nickels PC, et al. Hierarchical assembly of
metal nanoparticles, quantum dots and organic dyes using DNA origami scaffolds. Nature
Nanotechnology 2014;9:74-78.

Urban MJ, Dutta PK, Wang PF, Duan XY, Shen XB, Ding BQ, et al. Plasmonic Toroidal
Metamolecules Assembled by DNA Origami. Journal of the American Chemical Society
2016;138:5495-5498.

Liu XG, Zhang F, Jing XX, Pan MC, Liu P, Li W, et al. Complex silica composite nanomaterials
templated with DNA origami. Nature 2018;559:593-598.

Cung K, Han BJ, Nguyen TD, Mao S, Yeh YW, Xu SY, et al. Biotemplated Synthesis of PZT
Nanowires. Nano Letters 2013;13:6197-6202.

Pang XC, Zhao L, Han W, Xin XK, Lin ZQ. A general and robust strategy for the synthesis of
nearly monodisperse colloidal nanocrystals. Nature Nanotechnology 2013;8:426-431.

Pang XC, He YJ, Jung JH, Lin ZQ. 1D nanocrystals with precisely controlled dimensions,
compositions, and architectures. Science 2016;353:1268-1272.

Kauzmann W. Some Factors in the Interpretation of Protein Denaturation. Advances in Protein
Chemistry 1959;14:1-63.

Yang J, Gitlin I, Krishnamurthy VM, Vazquez JA, Costello CE, Whitesides GM. Synthesis of
monodisperse polymers from proteins. Journal of the American Chemical Society
2003;125:12392-12393.

Kuan SL, Wu YZ, Weil T. Precision Biopolymers from Protein Precursors for Biomedical
Applications. Macromolecular Rapid Communications 2013;34:380-392.

Ng DYW, Wu YZ, Kuan SL, Weil T. Programming Supramolecular Biohybrids as Precision
Therapeutics. Accounts of Chemical Research 2014;47:3471-3480.

Wu YZ, Pramanik G, Eisele K, Weil T. Convenient Approach to Polypeptide Copolymers Derived
from Native Proteins. Biomacromolecules 2012;13:1890-1898.

Wu YZ, Weil T. An Efficient Approach for Preparing Giant Polypeptide Triblock Copolymers by
Protein Dimerization. Macromolecular Rapid Communications 2012;33:1304-1309.

Veronese FM. Peptide and protein PEGylation: a review of problems and solutions. Biomaterials
2001;22:405-417.

Alivisatos AP, Gu WW, Larabell C. Quantum dots as cellular probes. Annual Review of Biomedical
Engineering 2005;7:55-76.

Kuo Y, Hsu TY, Wu YC, Chang HC. Fluorescent nanodiamond as a probe for the intercellular
transport of proteins in vivo. Biomaterials 2013;34:8352-8360.

Hardman R. A toxicologic review of quantum dots: Toxicity depends on physicochemical and
environmental factors. Environmental Health Perspectives 2006;114:165-172.

Wu YZ, Jelezko F, Plenio MB, Weil T. Diamond Quantum Devices in Biology. Angewandte
Chemie-International Edition 2016;55:6586-6598.

Wu YZ, Chakrabortty S, Gropeanu RA, Wilhelmi J, Xu Y, Er KS, et al. pH-Responsive Quantum
Dots via an Albumin Polymer Surface Coating. Journal of the American Chemical Society
2010;132:5012-5014.

Wu YZ, Eisele K, Doroshenko M, Algara-Siller G, Kaiser U, Koynov K, et al. A Quantum Dot
Photoswitch for DNA Detection, Gene Transfection, and Live-Cell Imaging. Small 2012;8:3465-
3475.

~ 38 ~



Chapter 1 Introduction

[96]

[97]

(98]

(99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Zhang T, Neumann A, Lindlau J, Wu YZ, Prarnanik G, Naydenov B, et al. DNA-Based Self-
Assembly of Fluorescent Nanodiamonds. Journal of the American Chemical Society
2015;137:9776-9779.

Wu YZ, Ermakova A, Liu WN, Pramanik G, Vu TM, Kurz A, et al. Programmable Biopolymers for
Advancing Biomedical Applications of Fluorescent Nanodiamonds. Advanced Functional
Materials 2015;25:6576-6585.

Wu YZ, Ihme S, Feuring-Buske M, Kuan SL, Eisele K, Lamla M, et al. A Core-Shell Albumin
Copolymer Nanotransporter for High Capacity Loading and Two-Step Release of Doxorubicin
with Enhanced Anti-Leukemia Activity. Advanced Healthcare Materials 2013;2:884-894.

Wu YZ, Li C, Boldt F, Wang YR, Kuan SL, Tran TT, et al. Programmable protein-DNA hybrid
hydrogels for the immobilization and release of functional proteins. Chemical Communications
2014;50:14620-14622.

Gacanin J, Hedrich J, Sieste S, Glasser G, Lieberwirth I, Schilling C, et al. Autonomous Ultrafast
Self-Healing Hydrogels by pH-Responsive Functional Nanofiber Gelators as Cell Matrices.
Advanced Materials 2019;31:1805044.

Wu YZ, Wang T, Ng DYW, Weil T. Multifunctional Polypeptide-PEO Nanoreactors via the
Hydrophobic Switch. Macromolecular Rapid Communications 2012;33:1474-1481.

Eisele K, Gropeanu R, Musante A, Glasser G, Li C, Muellen K, et al. Tailored Albumin-based
Copolymers for Receptor-Mediated Delivery of Perylenediimide Guest Molecules.
Macromolecular Rapid Communications 2010;31:1501-1508.

Wu YZ, Shih EK, Ramanathan A, Vasudevan S, Weil T. Nano-Sized Albumin-Copolymer Micelles
for Efficient Doxorubicin Delivery. Biointerphases 2012;7:5.

Gacanin J, Kovtun A, Fischer S, Schwager V, Quambusch J, Kuan SL, et al. Spatiotemporally
Controlled Release of Rho-Inhibiting C3 Toxin from a Protein-DNA Hybrid Hydrogel for Targeted
Inhibition of Osteoclast Formation and Activity. Advanced Healthcare Materials 2017;6:1700392.
Guichard G, Huc I. Synthetic foldamers. Chemical Communications 2011;47:5933-5941.
Gonzalez-Burgos M, Latorre-Sanchez A, Pomposo JA. Advances in single chain technology.
Chemical Society Reviews 2015;44:6122-6142.

Mavila S, Eivgi O, Berkovich I, Lemcoff NG. Intramolecular Cross-Linking Methodologies for the
Synthesis of Polymer Nanoparticles. Chemical Reviews 2016;116:878-961.

Stals PJM, Li YC, Burdynska J, Nicolay R, Nese A, Palmans ARA, et al. How Far Can We Push
Polymer Architectures? Journal of the American Chemical Society 2013;135:11421-11424.
Mecerreyes D, Lee V, Hawker CJ, Hedrick JL, Wursch A, Volksen W, et al. A novel approach to
functionalized nanoparticles: Self-crosslinking of macromolecules in ultradilute solution.
Advanced Materials 2001;13:204-208.

Harth E, Van Horn B, Lee VY, Germack DS, Gonzales CP, Miller RD, et al. A facile approach to
architecturally defined nanoparticles via intramolecular chain collapse. Journal of the American
Chemical Society 2002;124:8653-8660.

Croce TA, Hamilton SK, Chen ML, Muchalski H, Harth E. Alternative o-quinodimethane cross-
linking precursors for intramolecular chain collapse nanoparticles. Macromolecules
2007;40:6028-6031.

Oria L, Aguado R, Pomposo JA, Colmenero J. A Versatile "Click" Chemistry Precursor of
Functional Polystyrene Nanopatrticles. Advanced Materials 2010;22:3038-3041.

Perez-Baena |, Asenjo-Sanz |, Arbe A, Moreno AJ, Lo Verso F, Colmenero J, et al. Efficient Route
to Compact Single-Chain Nanoparticles: Photoactivated Synthesis via Thiol-Yne Coupling
Reaction. Macromolecules 2014;47:8270-8280.

~ 39 ~



Introduction Chapter 1

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

Sanchez-Sanchez A, Akbari S, Etxeberria A, Arbe A, Gasser U, Moreno AJ, et al. "Michael"
Nanocarriers Mimicking Transient-Binding Disordered Proteins. ACS Macro Letters 2013;2:491-
495.

Dirlam PT, Kim HJ, Arrington KJ, Chung WJ, Sahoo R, Hill LJ, et al. Single chain polymer
nanoparticles via sequential ATRP and oxidative polymerization. Polymer Chemistry
2013;4:3765-3773.

He J, Tremblay L, Lacelle S, Zhao Y. Preparation of polymer single chain nanoparticles using
intramolecular photodimerization of coumarin. Soft Matter 2011;7:2380-2386.

Appel EA, Dyson J, del Barrio J, Walsh Z, Scherman OA. Formation of Single-Chain Polymer
Nanoparticles in Water through Host-Guest Interactions. Angewandte Chemie-International
Edition 2012;51:4185-4189.

Hosono N, Gillissen MAJ, Li YC, Sheiko SS, Palmans ARA, Meijer EW. Orthogonal Self-Assembly
in Folding Block Copolymers. Journal of the American Chemical Society 2013;135:501-510.
Murray BS, Fulton DA. Dynamic Covalent Single-Chain Polymer Nanoparticles. Macromolecules
2011;44:7242-7252.

Foster EJ, Berda EB, Meijer EW. Metastable Supramolecular Polymer Nanoparticles via
Intramolecular Collapse of Single Polymer Chains. Journal of the American Chemical Society
2009;131:6964-6966.

Whitaker DE, Mahon CS, Fulton DA. Thermoresponsive Dynamic Covalent Single-Chain Polymer
Nanoparticles Reversibly Transform into a Hydrogel. Angewandte Chemie-International Edition
2013;52:956-959.

Roy RK, Lutz JF. Compartmentalization of Single Polymer Chains by Stepwise Intramolecular
Cross-Linking of Sequence-Controlled Macromolecules. Journal of the American Chemical
Society 2014;136:12888-12891.

Fischer TS, Schulze-Sunninghausen D, Luy B, Altintas O, Barner-Kowollik C. Stepwise Unfolding
of Single-Chain Nanoparticles by Chemically Triggered Gates. Angewandte Chemie-International
Edition 2016;55:11276-11280.

Josse T, De Winter J, Gerbaux P, Coulembier O. Cyclic Polymers by Ring-Closure Strategies.
Angewandte Chemie-International Edition 2016;55:13944-13958.

Laurent BA, Grayson SM. Synthetic approaches for the preparation of cyclic polymers. Chemical
Society Reviews 2009;38:2202-2213.

Laurent BA, Grayson SM. An efficient route to well-defined macrocyclic polymers via "Click"
cyclization. Journal of the American Chemical Society 2006;128:4238-4239.

Xu J, Ye J, Liu SY. Synthesis of well-defined cyclic poly(N-isopropylacrylamide) via click chemistry
and its unique thermal phase transition behavior. Macromolecules 2007;40:9103-9110.

Ren JM, Satoh K, Goh TK, Blencowe A, Nagai K, Ishitake K, et al. Stereospecific Cyclic
Poly(methyl methacrylate) and Its Topology-Guided Hierarchically Controlled Supramolecular
Assemblies. Angewandte Chemie-International Edition 2014;53:459-464.

Eugene DM, Grayson SM. Efficient preparation of cyclic poly(methyl acrylate)-block-poly(styrene)
by combination of atom transfer radical polymerization and click cyclization. Macromolecules
2008;41:5082-5084.

Ge ZS, Zhou YM, Xu J, Liu HW, Chen DY, Liu SY. High-Efficiency Preparation of Macrocyclic
Diblock Copolymers via Selective Click Reaction in Micellar Media. Journal of the American
Chemical Society 2009;131:1628-1629.

Stanford MJ, Pflughaupt RL, Dove AP. Synthesis of Stereoregular Cyclic Poly(lactide)s via "Thiol-
Ene" Click Chemistry. Macromolecules 2010;43:6538-6541.

Zhang YN, Wang GW, Huang JL. Synthesis of Macrocyclic Poly(ethylene oxide) and Polystyrene
via Glaser Coupling Reaction. Macromolecules 2010;43:10343-10347.

~ 40 ~



Chapter 1 Introduction

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Schappacher M, Deffieux A. Reversible Switching between Linear and Ring Polystyrenes Bearing
Porphyrin End Groups. Journal of the American Chemical Society 2011;133:1630-1633.
Yamamoto T, Yagyu S, Tezuka Y. Light- and Heat-Triggered Reversible Linear-Cyclic
Topological Conversion of Telechelic Polymers with Anthryl End Groups. Journal of the American
Chemical Society 2016;138:3904-3911.

Schmidt BVKJ, Fechler N, Falkenhagen J, Lutz JF. Controlled folding of synthetic polymer chains
through the formation of positionable covalent bridges. Nature Chemistry 2011;3:234-238.

Inoue Y, Kuad P, Okumura Y, Takashima Y, Yamaguchi H, Harada A. Thermal and
photochemical switching of conformation of poly(ethylene glycol)-substituted cyclodextrin with an
azobenzene group at the chain end. Journal of the American Chemical Society 2007;129:6396-
6397.

Heguri H, Yamamoto T, Tezuka Y. Folding Construction of a Pentacyclic Quadruply fused
Polymer Topology with Tailored kyklo-Telechelic Precursors. Angewandte Chemie-International
Edition 2015;54:8688-8692.

Mai YY, Eisenberg A. Self-assembly of block copolymers. Chemical Society Reviews
2012;41:5969-5985.

Blanazs A, Armes SP, Ryan AJ. Self-Assembled Block Copolymer Aggregates: From Micelles to
Vesicles and their Biological Applications. Macromolecular Rapid Communications 2009;30:267-
277.

Tritschler U, Pearce S, Gwyther J, Whittell GR, Manners |. 50th Anniversary Perspective:
Functional Nanopatrticles from the Solution Self-Assembly of Block Copolymers. Macromolecules
2017;50:3439-3463.

Nishiyama N, Kataoka K. Current state, achievements, and future prospects of polymeric micelles
as nanocarriers for drug and gene delivery. Pharmacology & Therapeutics 2006;112:630-648.
Tyrrell ZL, Shen YQ, Radosz M. Fabrication of micellar nanoparticles for drug delivery through
the self-assembly of block copolymers. Progress in Polymer Science 2010;35:1128-1143.

Liu GY, Chen CJ, Ji J. Biocompatible and biodegradable polymersomes as delivery vehicles in
biomedical applications. Soft Matter 2012;8:8811-8821.

Palivan CG, Goers R, Najer A, Zhang XY, Car A, Meier W. Bioinspired polymer vesicles and
membranes for biological and medical applications. Chemical Society Reviews 2016;45:377-411.
Chu ZL, Dreiss CA, Feng YJ. Smart wormlike micelles. Chemical Society Reviews 2013;42:7174-
7203.

Hailes RLN, Oliver AM, Gwyther J, Whittell GR, Manners |. Polyferrocenylsilanes: synthesis,
properties, and applications. Chemical Society Reviews 2016;45:5358-5407.

Gilroy JB, Gadt T, Whittell GR, Chabanne L, Mitchels JM, Richardson RM, et al. Monodisperse
cylindrical micelles by crystallization-driven living self-assembly. Nature Chemistry 2010;2:566-
570.

Qiu HB, Du V, Winnik MA, Manners I. Branched Cylindrical Micelles via Crystallization-Driven
Self-Assembly. Journal of the American Chemical Society 2013;135:17739-17742.

Hudson ZM, Lunn DJ, Winnik MA, Manners |. Colour-tunable fluorescent multiblock micelles.
Nature Communications 2014;5:3372.

Li XY, Gao Y, Boott CE, Winnik MA, Manners |. Non-covalent synthesis of supermicelles with
complex architectures using spatially confined hydrogen-bonding interactions. Nature
Communications 2015;6:8127.

Qiu HB, Hudson ZM, Winnik MA, Manners |. Multidimensional hierarchical self-assembly of
amphiphilic cylindrical block comicelles. Science 2015;347:1329-1332.

~ 41 ~



Introduction Chapter 1

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

Qiu HB, Gao Y, Boott CE, Gould OEC, Harniman RL, Miles MJ, et al. Uniform patchy and hollow
rectangular platelet micelles from crystallizable polymer blends. Science 2016;352:697-701.

He XM, Hsiao MS, Boott CE, Harniman RL, Nazemi A, Li XY, et al. Two-dimensional assemblies
from crystallizable homopolymers with charged termini. Nature Materials 2017;16:481-488.

Wen JG, Yuan L, Yang YF, Liu L, Zhao HY. Self-Assembly of Monotethered Single-Chain
Nanoparticle Shape Amphiphiles. ACS Macro Letters 2013;2:100-106.

Li WK, Kuo CH, Kanyo |, Thanneeru S, He J. Synthesis and Self-Assembly of Amphiphilic Hybrid
Nano Building Blocks via Self-Collapse of Polymer Single Chains. Macromolecules
2014;47:5932-5941.

Williams RJ, Dove AP, O'Reilly RK. Self-assembly of cyclic polymers. Polymer Chemistry
2015;6:2998-3008.

Minatti E, Viville P, Borsali R, Schappacher M, Deffieux A, Lazzaroni R. Micellar morphological
changes promoted by cyclization of PS-b-Pl copolymer: DLS and AFM experiments.
Macromolecules 2003;36:4125-4133.

Zhang BY, Zhang H, Li YJ, Hoskins JN, Grayson SM. Exploring the Effect of Amphiphilic Polymer
Architecture: Synthesis, Characterization, and Self-Assembly of Both Cyclic and Linear
Poly(ethylene gylcol)-b-polycaprolactone. ACS Macro Letters 2013;2:845-848.

Schappacher M, Deffieux A. Synthesis of macrocyclic copolymer brushes and their self-assembly
into supramolecular tubes. Science 2008;319:1512-1515.

Kroger APP, Paulusse JMJ. Single-chain polymer nanoparticles in controlled drug delivery and
targeted imaging. Journal of Controlled Release 2018;286:326-347.

Cheng CC, Lee DJ, Liao ZS, Huang JJ. Stimuli-responsive single-chain polymeric nanoparticles
towards the development of efficient drug delivery systems. Polymer Chemistry 2016;7:6164-
6169.

Kroger APP, Hamelmann NM, Juan A, Lindhoud S, Paulusse JMJ. Biocompatible Single-Chain
Polymer Nanoparticles for Drug Delivery A Dual Approach. ACS Applied Materials & Interfaces
2018;10:30946-30951.

Lam SJ, Wong EHH, Boyer C, Qiao GG. Antimicrobial polymeric nanoparticles. Progress in
Polymer Science 2018;76:40-64.

Zhang C, Zhu YQ, Zhou CC, Yuan WZ, Du JZ. Antibacterial vesicles by direct dissolution of a
block copolymer in water. Polymer Chemistry 2013;4:255-259.

Nguyen TK, Lam SJ, Ho KKK, Kumar N, Qiao GG, Egan S, et al. Rational Design of Single-Chain
Polymeric Nanoparticles That Kill Planktonic and Biofilm Bacteria. ACS Infectious Diseases
2017;3:237-248.

Benito AB, Aiertza MK, Marradi M, Gil-Iceta L, Zahavi TS, Szczupak B, et al. Functional Single-
Chain Polymer Nanoparticles: Targeting and Imaging Pancreatic Tumors in Vivo.
Biomacromolecules 2016;17:3213-3221.

Latorre-Sanchez A, Pomposo JA. A simple, fast and highly sensitive colorimetric detection of zein
in agueous ethanol via zein-pyridine-gold interactions. Chemical Communications
2015;51:15736-15738.

Perez-Baena |, Loinaz |, Padro D, Garcia I, Grande HJ, Odriozola I. Single-chain polyacrylic
nanoparticles with multiple Gd(lll) centres as potential MRI contrast agents. Journal of Materials
Chemistry 2010;20:6916-6922.

Han L, Shao CX, Liang B, Liu AH. Genetically Engineered Phage-Templated MnO2 Nanowires:
Synthesis and Their Application in Electrochemical Glucose Biosensor Operated at Neutral pH
Condition. ACS Applied Materials & Interfaces 2016;8:13768-13776.

[170] ter Huurne GM, Palmans ARA, Meijer EW. Supramolecular Single-Chain Polymeric Nanoparticles.

CCS Chemistry 2019;1:64-82.

~ 42 ~



Chapter 1 Introduction

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Terashima T, Mes T, De Greef TFA, Gillissen MAJ, Besenius P, Palmans ARA, et al. Single-
Chain Folding of Polymers for Catalytic Systems in Water. Journal of the American Chemical
Society 2011;133:4742-4745.

Liu YL, Pauloehrl T, Presolski Sl, Albertazzi L, Palmans ARA, Meijer EW. Modular Synthetic
Platform for the Construction of Functional Single-Chain Polymeric Nanoparticles: From Aqueous
Catalysis to Photosensitization. Journal of the American Chemical Society 2015;137:13096-
13105.

Liu YL, Pujals S, Stals PJM, Paulohrl T, Presolski SI, Meijer EW, et al. Catalytically Active Single-
Chain Polymeric Nanoparticles: Exploring Their Functions in Complex Biological Media. Journal
of the American Chemical Society 2018;140:3423-3433.

Bai YG, Feng XX, Xing H, Xu YH, Kim BK, Baig N, et al. A Highly Efficient Single-Chain Metal
Organic Nanopatrticle Catalyst for Alkyne-Azide "Click" Reactions in Water and in Cells. Journal
of the American Chemical Society 2016;138:11077-11080.

Zhao YF, Wei M, Lu J, Wang ZL, Duan X. Biotemplated Hierarchical Nanostructure of Layered
Double Hydroxides with Improved Photocatalysis Performance. ACS Nano 2009;3:4009-4016.
Xiao G, Huang X, Liao XP, Shi B. One-Pot Facile Synthesis of Cerium-Doped TiO2 Mesoporous
Nanofibers Using Collagen Fiber As the Biotemplate and Its Application in Visible Light
Photocatalysis. Journal of Physical Chemistry C 2013;117:9739-9746.

Behrens S, Heyman A, Maul R, Essig S, Steigerwald S, Quintilla A, et al. Constrained Synthesis
and Organization of Catalytically Active Metal Nanoparticles by Self-Assembled Protein
Templates. Advanced Materials 2009;21:3515-3519.

Gong CC, Sun SW, Zhang YJ, Sun L, Su ZQ, Wu AG, et al. Hierarchical nanomaterials via
biomolecular self-assembly and bioinspiration for energy and environmental applications.
Nanoscale 2019;11:4147-4182.

Nuraje N, Dang XN, Qi JF, Allen MA, Lei Y, Belcher AM. Biotemplated Synthesis of Perovskite
Nanomaterials for Solar Energy Conversion. Advanced Materials 2012;24:2885-2889.

Rima S, Lattuada M. Protein Amyloid Fibrils as Template for the Synthesis of Silica Nanofibers,
and Their Use to Prepare Superhydrophobic, Lotus-Like Surfaces. Small 2018;14:1802854.
Konig NF, Al Ouahabi A, Poyer S, Charles L, Lutz JF. A Simple Post-Polymerization Modification
Method for Controlling Side-Chain Information in Digital Polymers. Angewandte Chemie-
International Edition 2017;56:7297-7301.

Rutten MGTA, Vaandrager FW, Elemans JAAW, Nolte RIM. Encoding information into polymers.
Nature Reviews Chemistry 2018;2:365-381.

Lutz JF. Coding Macromolecules: Inputting Information in Polymers Using Monomer-Based
Alphabets. Macromolecules 2015;48:4759-4767.

Al Ouahabi A, Charles L, Lutz JF. Synthesis of Non-Natural Sequence-Encoded Polymers Using
Phosphoramidite Chemistry. Journal of the American Chemical Society 2015;137:5629-5635.
Roy RK, Meszynska A, Laure C, Charles L, Verchin C, Lutz JF. Design and synthesis of digitally
encoded polymers that can be decoded and erased. Nature Communications 2015;6:7237.
Trinh TT, Oswald L, Chan-Seng D, Charles L, Lutz JF. Preparation of Information-Containing
Macromolecules by Ligation of Dyad-Encoded Oligomers. Chemistry-A European Journal
2015;21:11961-11965.

Cavallo G, Al Ouahabi A, Oswald L, Charles L, Lutz JF. Orthogonal Synthesis of "Easy-to-Read"
Information-Containing Polymers Using Phosphoramidite and Radical Coupling Steps. Journal of
the American Chemical Society 2016;138:9417-9420.

Gunay US, Petit BE, Karamessini D, Al Ouahabi A, Amalian JA, Chendo C, et al. Chemoselective
Synthesis of Uniform Sequence-Coded Polyurethanes and Their Use as Molecular Tags. Chem
2016;1:114-126.

~ 43 ~



Introduction Chapter 1

[189] Laure C, Karamessini D, Milenkovic O, Charles L, Lutz JF. Coding in 2D: Using Intentional
Dispersity to Enhance the Information Capacity of Sequence-Coded Polymer Barcodes.
Angewandte Chemie-International Edition 2016;55:10722-10725.

[190] Chen CJ, Wunderlich K, Mukherji D, Koynov K, Heck AJ, Raabe M, et al. Precision Anisotropic
Brush Polymers by Sequence Controlled Chemistry. Journal of the American Chemical Society
2020;142:1332-1340.

[191] Chen CJ, Ng DYW, Weil T. Polymer-grafted gold nanoflowers with temperature-controlled
catalytic features by in situ particle growth and polymerization. Materials Chemistry Frontiers
2019;3:1449-1453.

[192] Riegger A, Chen CJ, Zirafi O, Daiss N, Mukherji D, Walter K, et al. Synthesis of Peptide-
Functionalized Poly(bis-sulfone) Copolymers Regulating HIV-1 Entry and Cancer Stem Cell
Migration. ACS Macro Letters 2017;6:241-246.

~ 44 ~



Chapter 2 Unfolding of Natural Macromolecules

Chapter 2 Unfolding of Natural Macromolecules for the

Synthesis of Precision Nanomaterials

The figure is a journal cover picture of the issue: J. Am. Chem. Soc. 2020, 142, 3.

Copyright 2020. Reproduced with permission from the American Chemical Society.

~ 45 ~



Unfolding of Natural Macromolecules Chapter 2

2.1 Precision anisotropic brush polymers grafted from unfolded proteins
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Figure 2-1 | Protein-templated precision brush polymers and their site-specific assembly. (A)
Synthesis of brush polymers by grafting polymer chains from unfolded HSA via ATRP. (B) Site-
specific conjugation of biotin-PEG to cysteine-34 (Cys-34) of HSA for preparation of biotin-
containing brush polymers, which were further used for the site-specific assembly with biotin-
somatostatin (Biotin-SST) for mediating cellular uptake by receptor mediated endocytosis. [1],
Copyright 2020 The Authors. Published by the American Chemical Society.
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Brush polymers constitute a unique polymer class characterized by large numbers of
side chains attached to a polymer backbone [2]. Due to their compact architectures
and high aspect ratios, brush polymers provide various fascinating features including
wormlike shapes, notable chain-end effects, as well as unusual mechanical properties
and rheological behaviors [3, 4]. Therefore, they have been considered “ideal” model
systems for many experimental studies of polymers. The design and synthesis of
functional brush polymers with narrow size distributions, high molecular weights, and
controlled morphologies is crucial to elucidate relationships between molecular
structures and physical properties of these unique macromolecules [5]. In addition,
brush polymers have received considerable attention for a wide range of applications
in nanoscience and biomedical fields. They have been successfully employed as
templates for the fabrication of various nanomaterials such as nanotubes [6, 7],
nanowires [8], nanoscale networks [9], and nonporous materials [10]. Wormlike brush
polymers have been applied as photonic crystals, for tumor imaging and as delivery
vehicles for therapeutics [11-14]. However, there is still no polymerization technique
available that provides precise control over size, architecture, and functionality, which
Is essential to expand the application of brush polymers as precise macromolecular
tools.

Generally, brush polymers can be achieved by three strategies: (1) grafting
through, (2) grafting to, and (3) grafting from. The grafting from strategy is based on
the macroinitiator comprising a distinct number of initiation sites from which the
polymer side chains can be grown via various polymerization techniques [2]. Since the
polymer backbone defines the contour lengths of the resulting brush polymer, much
effort has been directed towards achieving well-defined and narrowly dispersed
polymers. Although controlled radical polymerization reactions such as atom transfer
radical polymerization (ATRP) [15] and reversible addition-fragmentation chain transfer
(RAFT) [16] polymerization have been greatly advanced in the past two decades, it is
still very challenging to synthesize polymer backbones with ultrahigh molecular weights
and narrow distributions. lonic polymerizations allow the synthesis of very narrowly
dispersed polymers. However, this technique requires very strict reaction conditions
such as inert atmosphere and degassed organic solvents as obtained in a glove box
[17]. Therefore, the preparation of narrowly dispersed and ideally monodisperse
polymer backbones under ambient conditions without organic solvents is highly
attractive for various emerging applications in biomedical fields.
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In contrast to synthetic polymers, natural biopolymers such as proteins could
serve as attractive, monodisperse precursors to create brush polymers with molecular
definition of the backbone. As described in chapter 1, the perfect three-dimensional
structures and shapes of proteins are based on their precisely defined amino acid
monomer sequences [18]. Intuitively, it would be elegant to achieve monodisperse
backbones such as polypeptide chains generated from proteins for the synthesis of
brush polymers with well-defined and narrowly dispersed structures [19].

By integrating protein chemistry into polymer science, we demonstrate herein a
novel strategy for preparing brush polymers with monodisperse backbones by
introducing high numbers of initiators into unfolded proteins. The polypeptide chains
could serve as monodisperse templates, which allow the growth of polymer side chains
with a tunable length via controlled polymerization techniques. In this way, well-defined
brush polymers with narrow distributions, high grafting densities and long polymer side
chains are obtained. Very importantly, various functional entities can be asymmetrically
equipped to the backbone of the brush polymer by taking advantage of site-specific
protein modification, allowing the creation of higher ordered architectures.

As a proof of concept, we selected HSA, a major blood plasma protein as a
representative scaffold. In order to obtain a precision macromolecular backbone, a
sequence of selective chemical and physical transformations was conducted on the
protein (Figure 2-1A). First, the protein was cationized with ethylenediamine and
conjugated with short poly(ethylene glycol) (PEG) chains with a Mn of 2000 g mol™.
Subsequently, HSA was unfolded in 5 M urea-phosphate buffer (urea-PB) in the
presence of tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and N-(2-
aminoethyl)maleimide trifluoroacetate. The obtained polypeptide backbone was then
functionalized with different numbers of ATRP initiators, resulting in two protein-derived
macroinitiators with varying initiator densities.

Using the grafting from strategy, oligo (ethylene glycol) methyl ether methacrylate
(MOEGMA) as a water-soluble monomer was polymerized via activators regenerated
by electron transfer atom transfer radical polymerization (ARGET ATRP). By tuning
the polymerization time and monomer concentration, four brush polymers with different
chain lengths and grafting densities were prepared from two macroinitiators. Gel
permeation chromatography (GPC) results confirmed the successful synthesis and the
brush polymers showed tunable molecular weights (Mn = 221 ~ 441 kDa) and narrow
size distributions (P = 1.16 ~1.47). Transmission electron microscopy (TEM) was
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further used to directly image the morphology of the brush polymers. We found that
the shape of brush polymers could be controlled by tuning the polymerization
conditions. Anisotropic wormlike structures were observed when a high monomer
concentration and a long polymerization time were applied. In addition, systematic light
scattering and molecular simulation studies were performed to further investigate the
brush polymers in the solution state. Light scattering results suggested monodisperse
structures for all synthesized brush polymers. Both experiment and simulation studies
also revealed anisotropic shapes for brush polymers with high grafting densities.

We further demonstrated the site-specific functionalization and assembly of
protein-templated brush polymers. As shown in Figure 2-1B, HSA has only one free
thiol in its native form, which is precisely located as the 34" amino acid, a cysteine
(Cys-34) from the N-terminal of the protein. We introduced a biotin-PEG under
chemoselective conditions on HSA and then synthesized biotin-functionalized brush
polymers following the above described approach. Based on the biotin—streptavidin
interaction, different functional entities, including AF647-labelled streptavidin,
streptavidin-conjugated gold nanoparticles (5 nm), biotinylated somatostatin (biotin-
SST), and a biotinylated antibody, were then assembled with the biotin-containing
brush polymer in a site-specific fashion. For the functional brush polymers assembled
with somatostatin, receptor-mediated uptake was observed, showing potential of this
approach for drug delivery applications.

In summary, we have presented a unique approach exploiting the architecture of
proteins to construct precision anisotropic brush polymers. To the best of our
knowledge, the strategy described herein represents the first example of brush
polymers based on monodisperse polypeptide backbones derived from natural
proteins. Compared to traditional synthesis methods, this simple, straightforward and
highly efficient approach proceeds in water and does not require strict reaction
conditions. More importantly, brush polymers obtained from proteins provide a portfolio
of functional groups of natural diversity that allow multiple functionalizations in a site-
specific fashion applying state-of-the-art protein bioconjugation techniques, which is
extremely challenging to achieve and has never been realized in purely synthetic brush
polymers.

These results are presented comprehensively in section 5.1.
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2.2 Well-defined noble metal nanostructures templated by unfolded proteins
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Figure 2-2 | Denatured proteins as a novel template for the synthesis of noble metal
nanoparticles for catalytic applications. (A) Schematic illustration for the templated synthesis
of metal nanoparticles using denatured protein PEG-dcHSA as a template. (B) Digital photo
showing solutions of various noble metal nanoparticles including spherical gold nanoparticles
(AuNPs), gold nanoflowers (AuNFs), and platinum nanoparticles (PtNPs) prepared by templated
synthesis. (C) TEM images of ultrasmall AuNPs prepared using NaBH4 as the reducing agent with
different molar ratios of chloroauric anions to amino groups in the denatured protein. Scale
bars: 10 nm. (D) TEM images of AuNFs prepared using ascorbic acid as the reducing agent with
different molar ratios of chloroauric anions to amino groups in the denatured protein. Scale
bars: 100 nm. (E) Conversion versus reaction time for the hydrogenation reaction of p-
nitrophenol catalyzed by ultrasmall AuNPs prepared with NaBH4 using different HAuCla/—NH;
molar ratios. (F) Plots of In(Ao/A¢) at 400 nm versus reaction time for the hydrogenation reaction
catalyzed by these ultrasmall AuNPs.

Noble metal nanostructures which possess unique optical, thermal, and chemical
properties have attracted great research interest in recent years [20]. They have been
widely used in various fields such as catalysis, sensing and biomedicine [21]. However,
metal nanoparticles aggregate easily which largely restricts their applications.
Therefore, a broad range of functional surfactants and polymers have been developed
for templated synthesis or post-synthesis modification of metal nanopatrticles to afford

long-term stable and well-dispersed nanopatrticles [22, 23]. Recently, the templated
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preparation and stabilization of metal nanostructures using natural polymers has been
a new trend [24]. For example, chitosan [25] and cellulose [26] have been reported for
templated synthesis of AUNPs to facilitate their usage in different fields.

In section 2.1, we have demonstrated the templated synthesis of precision brush
polymers using unfolded proteins. In addition, unfolded proteins with various unique
features, such as narrow size distribution and excellent biocompatibility, have also
been employed as functional coatings for nanopatrticles [27, 28], and as building blocks
for functional assemblies and hydrogels [29, 30]. Due to the presence of abundant
primary amino groups that can bind metal-containing anions, they serve as novel
templates in this work for the synthesis of noble metal nanostructures (Figure 2-2A and
B). Different template concentrations and reducing agents are selected to study their
influence on the structure of obtained nanoparticles. The stability and catalytic
properties of the metal nanoparticles are also evaluated.

By mixing the denatured protein template with chloroauric acid (HAuCls) aqueous
solution, we firstly investigated the templated synthesis of AuNPs using sodium
borohydride as the reducing agent. Ultrasmall AuNPs with the diameter of 2 ~ 5 nm
were obtained (Figure 2-2C). Both TEM images and the UV-vis spectra indicate
decreased particle sizes when the template concentration became higher. The
reducing agent has a great impact on the size and shape of the gold nanostructures
generated by templated synthesis. By replacing sodium borohydride with a mild
reducing agent L-ascorbic acid, AuNFs with many branches were obtained (Figure 2-
2D). The diameter of AuNFs could be controlled between 30 ~ 70 nm by varying the
amount of the template. Importantly, both AuNFs and ultrasmall AuNPs demonstrated
excellent stability even after vigorous centrifugation or storage at room temperature for
one year. In addition, water-soluble PtNPs with an average size of ~ 3 nm were also
prepared using a similar protocol, showing the broad applicability of this unique
template. Lastly, all synthesized noble metal nanostructures were used as efficient
catalysts for the hydrogenation of p-nitrophenol to p-aminophenol (Figure 2-2E and F).
The AuNPs with an average size of 2 nm showed the highest catalytic efficiency with
a rate constant of 1.026 x 1072 L s™t mg™t. These metal nanoparticles with tunable size
and shape, as well as good stability, dispersity and water-solubility may find broad
applications in catalysis, sensors, and biomedicine.

These results are presented comprehensively in section 5.2.
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2.3 One-pot concurrent polymerization and particle growth for the preparation

of polymer-grafted gold nanoflowers

A

One-pot concurrent polymerization and particle growth

¢ initiators for polymerization
+amines for binding AuClI,

++‘”++++++
i+ 1
+++++}++ £
+ ++ . i
s x
ey
++ +++++
o

+F

complexation

Unfolded protein backbone

100 nm

NIPAM PNIPAM

polymerization

metal reduction

Au(lll)  Au(0)

reducing agent

LCST

..

30 40 50 60
Temperature (°C)

20

20 30 40 50

Time (min)

0 10

Figure 2-3 | One-pot concurrent polymerization and particle growth for the preparation of
polymer-grafted gold nanoflowers for temperature-controlled catalysis. (A) Schematic
illustration for the complexation of a protein-derived macroinitiator with chloroauric anions,
followed by the preparation of PNIPAM-coated gold nanoflowers (PNIPAM-AuNFs) by
combining activator regenerated by electron transfer atom transfer radical polymerization
(ARGET ATRP) and the reduction of metal ions in a one-pot fashion. (B) TEM image of a
representative PNIPAM-coated gold nanoflower prepared with an -NH,/HAuCls molar ratio of
6:1 at 23 °C for 2h. (C) Thermo-responsiveness of PNIPAM-AuNFs (—NH,/HAuCls 3:1, 40 °C, 2h)
tracked by DLS at increased temperature from 20 °C to 60 °C. (D) Catalytic performances of
PNIPAM-AuNFs for the hydrogenation of p-nitrophenol at different temperatures. [31],
Copyright 2019 The Authors. Published by the Royal Society of Chemistry and the Chinese
Chemical Society.

Polymer—gold hybrid nanomaterials that combine the tunable features of functional
polymers and the optical, electronic, and chemical characteristics of nano-sized gold
have attracted widespread interest over the past two decades [32]. Particularly, gold
nanoflowers (AuNFs) with large numbers of branches and high surface-to-volume
ratios have demonstrated great potential for various applications which include
catalysis, drug loading, photothermal therapy, and surface enhanced Raman
scattering [33, 34]. In order to introduce additional features such as water-solubility and
stimuli-responsiveness to AuNFs, the preparation of AuNFs with surface-coated

functional polymers is therefore a commonly-used strategy. Generally, polymer-coated
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AuNFs can be obtained by either templated synthesis or grafting polymers to/from
already formed AuNFs [35]. However, these approaches lack of control over the
structures of polymers and AuNFs and they involve multiple synthesis and purification
steps. Therefore, it would be appealing to develop a simple and general method to
prepare multifunctional polymer-coated AuNFs.

In sections 2.1 and 2.2, unfolded proteins were used as precision templates for
preparing brush polymers and metal nanostructures, respectively. Although the two
reactions have different mechanisms and characteristics, reducing agents are required
for both the ARGET ATRP and the reduction of metal ions. In this work, a simple
strategy combining these two reactions in one pot for the preparation of polymer-
grafted AuNFs is presented. Denatured proteins functionalized with ATRP initiators are
used as a template to bind chloroauric anions (AuCls™) and also a macroinitiator for
ARGET ATRP. Ascorbic acid as the reducing agent is used to reduce metal ions and
to activate the polymerization. Poly(N-isopropylacrylamide)-coated gold nanoflowers
(PNIPAM-AuNFs) with controlled sizes and shapes are obtained and applied as a
smart catalyst for the hydrogenation of p-nitrophenol.

Following the protocol described in section 2.1, we synthesized a macroinitiator
which possesses 61 initiation sites for ARGET ATRP and high numbers of amino
groups facilitating the binding of AuCls~ (Figure 2-3A). In a typical process for one-pot
synthesis of polymer-grafted AuNFs, the macroinitiator, the monomer NIPAM, the
HAuCls aqueous solution, and the Cu''Brz-containing catalyst complex were dissolved
in deionized water. After removing oxygen, the solution was further stirred for one hour
ensuring the complexation of AuCls~ by the polypeptide template. Degassed ascorbic
acid was then added continuously at a slow speed into the system to activate ATRP
catalyst precursors and to reduce AuCls~. After polymerization, the product was easily
purified via centrifugation to remove unreacted monomers.

Three factors including the —NH2/HAuCls molar ratio, the reaction temperature,
and the reaction time, were investigated and six reaction conditions were applied. TEM
revealed the formation of AuNFs with rough surfaces and a layer of polymer shell under
most conditions (Figure 2-3B). By adding more HAuUClIs into the reaction solution, the
average AuNF size increased from 148 nm to 219 nm when the molar ratio changed
from 6:1 to 3:1. Further varying the —NH2/HAuCls molar ratio to 1:1 resulted in irregular
AuNFs which was, most likely, caused by the insufficient template that can hardly bind
all AuCls~ and stabilize the AuNFs. The reaction temperature also has significant
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influence on the formation of PNIPAM-AuNFs. Employing a constant —NH2/HAuUCl4
molar ratio of 3:1, the average diameter of AuUNFs decreased from 219 nm to 61 nm
when the temperature was tuned from 23 °C to 40 °C. In addition, some evidence was
observed showing increased shell thickness when the reaction time became longer.

Dynamic light scattering (DLS) was further used to investigate the thermo-
responsiveness of the prepared PNIPAM-AuNFs (Figure 2-3C). The hydrodynamic
radius (Rn) of the hybrid nanostructure was tracked during temperature increase from
20 °C to 60 °C. When the temperature was below 30 °C, the Rn of PNIPAM-AuNFs
remained constant within the range of 52 ~ 60 nm. However, a pronounced drop to
less than 30 nm was detected when the temperature increased from 30 °C to 35 °C.
This temperature correlates to the reported lower critical solution temperature (LCST)
of PNIPAM in the literature [36]. Importantly, this process is reversible.

The thermo-responsive nanohybrids were then employed as catalysts for the
hydrogenation of p-nitrophenol to p-aminophenol (Figure 2-3D). At 23 °C, PNIPAM-
AuNFs demonstrated efficient catalytic activity for the hydrogenation reaction and an
apparent rate constant of 1.02 x 102 s~ was recorded when an extremely low gold
concentration of 1.52 mg L' was used. In contrast, a significant drop in the rate
constant down to about 10% was observed after increasing the temperature to 40 °C.
Here, the PNIPAM shell in the collapsed form serves as a diffusion barrier for p-
nitrophenol resulting in a significantly decreased catalytic performance.

In summary, we have demonstrated a simple one-pot strategy for the preparation
of polymer-coated metal nanostructures by combining ARGET ATRP and the reduction
of metal ions. PNIPAM-AuNFs with controllable sizes, shapes and thermo-
responsiveness have been achieved and applied as smart nanoparticle catalysts for
the hydrogenation of p-nitrophenol. We believe this novel strategy can be expanded
for the synthesis of polymer-metal hybrid nanomaterials based on various functional
polymers and different noble metal structures, which may find broad applications in
catalysis, sensing, and biomedicine.

These results are presented comprehensively in section 5.3.
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3.1 Peptide-functionalized poly(bis-sulfone) copolymers for regulating HIV-1

entry and cancer stem cell migration
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Figure 3-1 | Peptide-functionalized poly(bis-sulfone) copolymers for regulating HIV-1 entry and
cancer stem cell migration. (A) Synthesis of thiol-reactive poly[oligo(ethylene glycol)
methacrylate-co-(bis-sulfone)] (5). The copolymer was functionalized with the thiol-containing
peptide WSCO02, yielding the bioactive conjugate Poly-WSCO02 (6) (B) TEM image of assemblies
formed by Poly-WSCO02. (C) Simulation snapshot showing the self-folding of an analogue of Poly-
WSCO02, where each chain consists of a hydrocarbon (red spheres) backbone with tri(ethylene
glycol) (green bonds) side chains. (D-E) HIV infection assay of polymer 5, native WSC02, and
Poly-WSCO02 (6) in (D) X4-tropic and in (E) R5-tropic cells. (F-G) Impact of native WSC02 and
Poly-WSCO02 on cancer cell migration in vitro. Cancer cells were isolated from human (PANC354,
F) and mouse (CHX, G) primary tumors. (H) Representative microscope pictures of the migrated

cancer cells after staining with DAPI. Adapted with permission from [1]. Copyright 2017
American Chemical Society.
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Polymer-peptide conjugates that integrate unique features of synthetic polymers and
functional peptides have found numerous applications in biomedical areas [2-4].
Although various synthetic approaches have been established for bioconjugation, the
development of suitable chemistries for specific biomolecules is still an important topic.
Particularly, a series of thiol-based reactions, including thiol-ene, thiol-yne, thiol-
vinylsulfone, and thiol-parafluoro reactions, have attracted special attention as they
can selectively address cysteines of polypeptides under mild conditions [5]. However,
these interactions are mainly applied for small molecules and there are limited studies
reporting the synthesis of thiol-reactive polymers that can be used as multivalent
scaffolds [6, 7]. Therefore, it is very important to synthesize functional polymers with
multiple thiol-reactive groups for conjugation with biomolecules.

In chapter 2, | have described the strategy of using unfolded proteins as novel
templates for preparing precision brush polymers and noble metal nanostructures. As
an opposite strategy, linear synthetic polymers can also be folded and assembled into
compact states via different interactions mimicking the 3D hierarchical structure of
biopolymers. In collaboration with Andreas Riegger, we synthesized novel thiol-
reactive copolymers with functional bis-sulfone moieties and demonstrated their
application for peptide conjugation [1]. The peptide-functionalized poly(bis-sulfone)
copolymers fold and assemble into spherical aggregates in aqueous solution, which
were further used for inhibition of HIV-1 entry and cancer cell migration.

In 2006, Brocchini and Shaunak et al. reported a bis-sulfone containing reagent,
which can intercalate into native disulfide bonds in proteins and peptides by site-
specific bisalkylation of two cysteine sulfur atoms to form a three-carbon bridge [8, 9].
This bis-sulfone functionality was further developed by the Weil group as a
multifunctional platform for various applications [10] such as cross-conjugation of
different biomolecules [11] and cancer targeted photodynamic therapy [12]. Here, we
designed and synthesized a bis-sulfide monomer, which was then copolymerized with
water-soluble oligo(ethylene glycol)methacrylate (OEGMA) via ATRP. The resulting
copolymer was oxidized to afford thiol-reactive poly[oligo(ethylene glycol)
methacrylate-co-(bis-sulfone)] (5). The structure and synthetic route of the bis-sulfone-
containing copolymer are illustrated in Figure 3-1A. The GPC measurement of 5
revealed a Mn of 15100 g mol~* with a molecular weight dispersity of 1.11, indicating a
very narrow distribution. Based on further MALDI-ToF mass spectra analysis, the
copolymer provides around five bis-sulfone groups per polymer chain. Because a
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single bis-sulfone can be functionalized with two thiol containing peptides, up to 10
peptides can be introduced via Michael reactions to each polymer backbone.

Different thiol-containing oligopeptides, including a tripeptide glutathione and a
12-mer peptide termed WSCO02, were attached to the bis-sulfone copolymer 5. Among
them, WSCO2 is a peptide that targets C-X-C chemokine receptor type 4 (CXCR4)
which plays crucial roles in several diseases including cancer metastasis, immuno-
deficiencies, and HIV [13, 14]. The obtained conjugate (Poly-WSCO02) showed high
tendency for self-organization in aqueous solution as indicated by DLS. Spherical
assemblies with narrow dispersity were observed by TEM (Figure 3-1B). To
complement the observed morphology, all atom molecular dynamics simulations were
performed for a simplified analogue of Poly-WSCO02, showing the formation of nano-
sized aggregates via molecular folding and self-assembly (Figure 3-1C).

To study whether the peptides were localized on the surface, we tested the
inhibitory effect of Poly-WSCO02 against CXCR4 (X4) and CCR5 (R5) tropic HIV-1
infection using TZM-bl cells. X4-tropic viruses infect cells by specific interaction with
the membrane receptors CXCR4 and CD4, whereas R5-tropic variants utilize CD4 and
CCRS5 [15]. As shown in Figure 3-1D, Poly-WSCO02 revealed an enhanced antiviral
activity (ICso = 150 + 60 nM) than the native WSC02 (ICso = 360 £ 70 nM). In contrast,
both WSCO02 and Poly-WSCO02 had no effect on R5-tropic virus infection (Figure 3-1E),
confirming the specificity of the peptide for X4-tropic HIV infection. As CXCR4 is also
involved in leucocyte trafficking and the metastasis of pancreatic ductal
adenocarcinoma (PDAC), we tested the inhibitory effect of the conjugate on the
migration of primary PDAC cells isolated from human or mouse tumors (Figure 3-1F to
H). Both Poly-WSC02 and native WSCO02 inhibited human cancer cell migration by ~
50%, while for mouse cancer cells the conjugate showed an enhanced effect.

In summary, we have presented the synthesis of a novel thiol-reactive copolymer
containing functional bis-sulfone groups and demonstrated its application as a platform
for peptide conjugation. As a CXCR4 antagonist, WSCO02 was successfully conjugated
to the poly(bis-sulfone) copolymer resulting a functional polymer bioconjugate that
folded and assembled into narrowly dispersed spherical aggregates in aqueous media.
The hybrid nanomaterial demonstrated both antiviral effects against HIV-1 and the
ability to inhibit cancer cell migration as a result of the folded architecture providing the
targeting groups at the outer surface.

These results are presented comprehensively in section 5.4.
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3.2 Biomolecule-inspired self-assembly of folded synthetic polymers into

wormlike hierarchical structures
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Figure 3-2 | Biomolecule-inspired self-assembly of folded synthetic polymers. (A) Schematic
illustration for the synthesis of linear PHEMA and its folding-induced self-assembly into
wormlike hierarchical structures. (B) GPC elution curves (eluent: DMF; standard: PMMA) of
three linear PHEMA with different designed repeating units. (C) FTIR spectra, and (D) GPC
curves of [-PHEMA10-Br, I-PHEMA10-N3, and f-PHEMA1o. (E) Digital images showing the self-
assembly solutions of linear polymer [-PHEMA10-Br and folded ring polymer f-PHEMA1o after
dialysis against deionized water for 1 h. (F) TEM images showing the formation of wormlike
structures via self-assembly of f-PHEMA1o.

In section 3.1, | have demonstrated the synthesis of poly(bis-sulfone) copolymers and
its formation of bioactive spherical nanostructures via polymer folding and self-
assembly. However, the folding of synthetic polymers in this system by noncovalent
interactions proceeds in a random manner. As mentioned in the introduction, proteins
in Nature are polypeptides that form highly precise 3D structures through first folding

of linear polypeptides into ordered secondary structures such as a-helix and B-sheets,
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followed by folding and assembly of these secondary structures into tertiary and
quaternary structures [16, 17]. In addition, DNA chains can also be folded into various
complex yet precise 2D and 3D nanoarchitectures using the so-called DNA origami
technique pioneered by Rothemund [18-20]. For both proteins and nucleic acids, the
precise folding of linear biopolymer chains is a fundamental step towards the formation
of their 3D hierarchical structures, as well as the realization of their biological functions
and applications in material fields [16, 21].

The preparation of biomimetic nanostructures with different levels of controlled
structures especially with anisotropic shapes represents a great challenge in polymer
science. Self-assembly of amphiphilic block copolymers has gained much attention
over the past 30 years for the preparation of polymer nanoobjects with various
morphologies such as spherical micelles, wormlike micelles, and vesicles [22]. These
structures can be made from a wide variety of synthetic polymers, making them
attractive for many applications including catalysis, tumor imaging, drug delivery [23-
27]. However, the preparation of wormlike assemblies requires very strict control over
the hydrophilic-hydrophobic ratio of the polymer and well-defined hierarchical
structures are difficult to achieve. Intramolecular folding of synthetic polymer chains
into single chain nanoparticles or topological polymers is another emerging technique
for the construction of functional polymer nanoobjects [28, 29]. This field is in its early
stage. Although various interactions including covalent bonds and noncovalent
chemistries have already been developed for single chain folding, the self-assembly of
folded polymers is still considered an unexplored area.

In this section, we report a biomolecule-inspired strategy for constructing
wormlike hierarchical structures by combining single chain folding and macromolecular
self-assembly. First, we synthesize and fold linear polymers of different molecular
weights into cyclic polymers. Second, the self-assembly behavior of these folded
polymers is compared with their linear counterparts. Due to the rearrangement of the
hydrophobic backbone and hydrophilic side groups during the folding step, hierarchical
wormlike structures are obtained via self-assembly of cyclic polymers. Furthermore,
we synthesize macrocyclic brush polymers with amphiphilic block chains that can self-
assemble into stable wormlike nanoobjects and higher-ordered structures. This work
reports for the first time the self-assembly of folded homopolymers into wormlike
hierarchical nanostructures. Our simple strategy also points out the possibility to
fabricate other hierarchical structures by folding of synthetic polymers.
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Using propargyl 2-bromoisobutyrate as an initiator, we polymerized 2-
hydroxyethyl methacrylate (HEMA) and prepared three linear poly(2-hydroxyethyl
methacrylate) (PHEMA) samples with different molecular weights (I-PHEMA10-Br, I-
PHEMA15-Br, and |-PHEMA2s-Br) via ATRP (Figure 3-2A). These polymers were
characterized by proton nuclear magnetic resonance (*H NMR) spectroscopy and GPC,
showing designed molecular weights and narrow size distributions (Figure 3-2B). Then,
the bromine termini of these polymers were transferred to azide groups by reacting
with sodium azide. The Fourier-transform infrared (FTIR) spectrum in Figure 3-2C
shows the characteristic peak of azide group at 2121 cm, indicating the successful
azidation reaction. Subsequently, linear PHEMA polymers with functional azide ends
were folded into cyclic polymers via click chemistry under high dilution conditions. The
disappearance of the azide peak in FTIR spectra (Figure 3-2C) and a new signal of
triazole at 8.5 ppm in the *H NMR spectrum of the product confirmed the click reaction
between azide and alkyne end groups. To further elucidate whether the reaction
happened intramolecularly or intermolecularly, we compared the GPC elution curves
of the polymers before and after the reaction (Figure 3-2D). In addition, 2D diffusion
ordered NMR spectra were collected using an 850 MHz spectrometer. Both
characterizations showed decreased hydrodynamic volumes of the folded polymers,
excluding the possibility of intermolecular reactions. Therefore, we can conclude that
the linear polymers were successfully folded into the ring secondary structure.

In order to compare the self-assembly behavior of linear and folded polymers, the
samples were firstly dissolved in methanol and then dialyzed against deionized water.
As shown in Figure 3-2E, the self-assembly solution for linear polymers turned turbid
after dialysis for 1 h. By further increasing the dialysis time to three days, methanol
was completely replaced by water which resulted in the formation some gel-like
precipitates. Interestingly, the solution of folded polymers was transparent during the
dialysis process, indicating that the folded polymers have higher colloidal stability. We
then employed DLS to characterize the self-assembly solution of folded PHEMA and
the results suggest the formation of nanoscale assemblies in the range of 30 ~ 60 nm
for all three folded ring polymers. For linear PHEMA, DLS experiment was not possible
due to the presence of large aggregates.

We further studied the self-assembly of folded polymers by loading Nile Red with
different concentrations of assemblies. Nile Red is a fluorescent probe that shows low

fluorescence emission in aqueous solution. However, its fluorescent intensity becomes
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much stronger if the probe is encapsulated into a hydrophobic environment [30-32].
For the assemblies of folded polymers, the characteristic emission peak of Nile Red
can be clearly observed when the concentration is high such as 0.5 mg mL™?, indicating
the formation of a hydrophobic environment. By plotting the emission intensity at 654
nm over the concentration of the solutions, the critical aggregation concentration of f-
PHEMA10 was determined as 0.008 mg mL*, indicating that it starts forming a
hydrophobic internal environment at this concentration. As shown in Figure 3-2F, the
formation of wormlike structures with a diameter of ~ 10 nm was observed by TEM,
which is direct evidence that tertiary structures were formed from folded polymers. For
comparison, linear polymers only formed irregular aggregates, demonstrating the
important role of polymer folding in the self-assembly. We also performed *H NMR
measurements of folded polymers in a series of solvent mixtures of MeOD and D:20.
The peaks of the methylene groups in the side chains gradually shift when the amount
of D20 increases while the peaks of methyl groups in the backbone do not change.
This indicates that the backbone of the folded polymers was packed in the core and
the side chains on the surface during the self-assembly process. In addition, molecular
dynamic simulation results suggest the formation of wormlike micelles by packing of
folded polymers in a layer-by-layer manner with hydrophilic side chains on the surface.

Moreover, we designed and synthesized macrocyclic brush polymers with
amphiphilic PS-b-PAA side chains via consecutive ATRP growth of polystyrene (PS)
and poly(tert-butyl acrylate) (PtBA) from cyclic PHEMA. The hydrophobic PtBA block
was then hydrolyzed into hydrophilic poly(acrylic acid) (PAA). We found that the
polymer concentration and the hydrophilic-hydrophobic ratio are two important factors
on the assembly. At a low concentration of 0.1 mg mL™, discrete structures were
obtained. When the concentration increased to 0.4 mg mL?, TEM and atomic force
microscopy (AFM) images show the formation of wormlike assemblies and higher-
ordered structures. For cyclic brush polymers with similar side chain lengths, the
wormlike assemblies became longer with the decrease of the PAA mass fraction. By
customizing the block constituents, proportion and length, the architectural outcome
can be tuned.

In summary, we have established a convenient strategy to prepare wormlike
hierarchical structures by self-assembly of folded polymers. Compared to traditional
fabrication methods, the wormlike structures obtained by this approach possess a
cyclic secondary structure. This work not only provides a versatile approach for the
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construction of wormlike structures from synthetic polymers, but also points out a novel

avenue to arrange atoms by combining polymer folding and macromolecular self-

assembly for fabricating other hierarchical structures of different shapes which are not

possible by traditional self-assembly approaches.

These results are presented comprehensively in section 5.5.
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The preparation of bioinspired materials with controlled architectures has attracted
rapidly growing attention over the past decades. In this field, the precision structures
of biomacromolecules are undoubtedly an important source of innovation. Inspired by
the programmability and hierarchical structures of biomolecules such as proteins and
nucleic acids, | have developed two complementary strategies for constructing a
diverse spectrum of precision nanomaterials for different applications range from site-
specific assembly to catalysis and biomedicine.

In the first system, linear polypeptides unfolded from native proteins have been
employed as precision templates for the synthesis of anisotropic brush polymers with
monodisperse lengths. By first introducing initiators and then grafting polymer chains
from the polypeptide backbone, the size and shape of brush polymers have been
controlled by tuning (1) the initiator density on the backbone, or (2) polymerization
conditions such as monomer concentration and polymerization time. Different
functional entities have been introduced onto an absolute position of brush polymers
located asymmetrically along the backbone by taking advantage of the site-specific
modification of proteins. This positional mono-functionalization strategy has been
combined with biotin—streptavidin interactions to demonstrate the capabilities for site-
specific assembly to construct higher ordered architectures, showing great potential of
the brush polymers for applications in biomedicine and nanoscience.

In addition, unfolded proteins have also been used for the templated fabrication
of stable and water-soluble noble metal nanostructures due to the strong metal ion
binding ability of amino groups on the polypeptide backbone. This environmentally
friendly procedure, which is completed in agueous solution at room temperature and
involves the use of natural polymer-derived templates, has been successfully showed
for preparing spherical gold and platinum nanoparticles as well as gold nanoflowers
using two different reducing agents. More significantly, the reduction of metal ions and
polymer synthesis by ARGET ATRP have been combined in one pot because the same
reducing agent, ascorbic acid, can activate both reactions. Thermo-responsive
PNIPAM-coated gold nanoflowers with controllable sizes, shapes, and shell thickness
have been obtained and applied as water-soluble and temperature-controlled catalyst
for the hydrogenation of p-nitrophenol. The combination of ARGET ATRP and the in
situ reduction of metal ions in one pot, which simplifies reaction and purification
procedures, can be extended to prepare other polymer-metal hybrid materials for

various applications in sensing, catalysis, and biomedicine.
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Above, | have demonstrated that the unfolding of 3D protein architectures into
precision linear polymers can be employed as a general strategy for the templated
preparation of different precision nanomaterials. As an opposite and complementary
approach, folding of linear synthetic polymers into compact states has also been
developed as a universal method to construct bioinspired 3D hierarchical structures.
In this aspect, | have collaborated with Andreas Riegger and reported a thiol-reactive
copolymer based on poly(bis-sulfone) with narrow molecular weight distribution. We
have demonstrated the efficient conjugation of the copolymer with different peptides
including an endogenous peptide that targets C-X-C chemokine receptor type 4. The
obtained polymer—peptide conjugate could fold and self-assemble into narrowly
dispersed nanopatrticles in aqueous solutions with functional peptides on the surface.
Due to the multivalent effect, the hybrid has revealed potent antiviral effects against
HIV-1 and the ability to inhibit cancer stem cell migration, offering a therapeutic
platform to simultaneously address two different classes of diseases.

In the last system, the structural control of folded polymers has been increased
to a higher level. | have synthesized linear PHEMA polymers with varied molecular
weights and folded them into cyclic polymers via the highly efficient CUAAC click
reaction. Surprisingly, the folded cyclic PHEMA polymers have demonstrated
obviously different self-assembly behavior in comparison to their linear counterparts,
which was confirmed by several different techniques. Wormlike assemblies formed by
the cyclic PHEMA have been observed from TEM images. Encouraged by these
results, we have further synthesized macrocyclic brush polymers with amphiphilic
block side chains, which could form stable wormlike assemblies and higher-ordered
structures. This work not only shows the significant role of polymer folding in
macromolecular assembly, but also establishes a novel approach for the construction
of bioinspired hierarchical structures via self-assembly of folded synthetic polymers.

In summary, unfolding of natural macromolecules and folding of synthetic
polymers have been developed as two powerful biomolecule-inspired strategies for the
fabrication of various nanomaterials with defined architectures. Although a first
applicability of these concepts has already been demonstrated in this thesis, it is
apparent that they have far greater potential for preparing more complex architectures
to meet the needs of different applications. For example, the preparation of protein-
derived brush polymers can be extended in many aspects such as the backbone,
chemical strategy, polymerization techniques and design. Significantly, genetical

~ 69 ~



Summary and Outlook Chapter 4

engineering methods can be used to introduce bioorthogonal chemical handles into
any location of the protein backbone. Therefore, it is possible to stoichiometrically
functionalize brush polymers with different theranostic agents, generating a
multifunctional platform with many attractive features such as size uniformity,
biodegradability, and synergistic therapeutic effects (Figure 4-1A). One can also
envision that multiple metal nanoparticles or fluorescent nanodiamonds can be
precisely arranged along the brush polymers, forming plasmonic nanostructures or
ordered spin arrays with designed distances (Figure 4-1B). In addition, both the
anisotropic brush polymers and wormlike polymer assemblies are ideal templates for
the synthesis of 1D nanocrystals, which have broad applications in optics, electronics,
sensors, and catalysis (Figure 4-1C). Most importantly, the controlled folding of
synthetic polymers into defined 3D architectures has always been an exciting goal.
With the progress in the design and synthesis of sequence-defined polymers, | believe
it will be possible in one day to program synthetic polymers with various covalent and
supramolecular interactions into arbitrary 3D hierarchical structures (Figure 4-1D).
Collectively, the strategies developed in this thesis not only significantly expand the
applications of biomacromolecules in various fields, but also provide new directions for

the fabrication of the next generation biomolecule-inspired architectures.

A Multifunctional theranostic platforms B Precise arrangement of nanoparticles

™ Photothermal agent

Q Imaging probe

\{ )
p & N e Anticancer drug
f} ~~~~L"% Targeting group
v Gold nanoparticles Fluorescent nanodiamonds
Cc D Folding of sequence-controlled polymers

"“-‘ Folding

Metal ion complexation 1D nanocrystals Sequence-controlled polymers 3D architectures

Figure 4-1 | Outlook of the biomolecule-inspired strategies for preparing more complex and
precise nanoarchitectures.
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ABSTRACT: The programming of nanomaterials at molecular
length-scales to control architecture and function represents a
pinnacle in soft materials synthesis. Although elusive in synthetic
materials, Nature has evolutionarily refined macromolecular
synthesis with perfect atomic resolution across three-dimensional
space that serves specific functions. We show that biomolecules,
specifically proteins, provide an intrinsic macromolecular backbone
for the construction of anisotropic brush polymers with
monodisperse lengths via grafting-from strategy. Using human
serum albumin as a model, its sequence was exploited to chemically
transform a single cysteine, such that the expression of said
functionality is asymmetrically placed along the backbone of the

Biotemplated design and chemistry
‘.““ Protein scaffold
@ o)
. /

3
D Y
Monodisperse contour length
Site-specific functionalization

__/

Anisotropic brush polymer
Spatially defined assembly

eventual brush polymer. This positional monofunctionalization strategy was connected with biotin—streptavidin interactions to
demonstrate the capabilities for site-specific self-assembly to create higher ordered architectures. Supported by systematic
experimental and computational studies, we envisioned that this macromolecular platform provides unique avenues and
perspectives in macromolecular design for both nanoscience and biomedicine.

B INTRODUCTION

Chemistry at the macromolecular level is often radically
challenged by the exposure of target functional groups as they
are inevitably subjected to the influences of structural
conformation in solution. Although synthetic methods such
as ultrafast click chemistry and bio-orthogonal reactions do
alleviate these problems signiﬁcantly,l’z the subject of
conformational factors cannot be solved by fast reaction
kinetics alone. The access toward a chemical moiety is dictated
by numerous noncovalent intramolecular forces and is further
amplified especially for any site-oriented chemistry. For
synthetic macromolecules such as polymers, it is seemingly
an unsurmountable task to map accessibility of each functional
side chain due to its dispersity as well as the pseudorandom-
ness of its sequence. Hence, the resolution of molecular
engineering on polymers has been broadly restricted on a
statistical basis despite impressive advances in controlled living
polymerization methodologies.”_s Nonetheless, polymer-based
methods have, in fact, contributed a fast-track route to probe
different aspects of nanoscience, ie., size, shape, and surfaces
due to its facile synthesis.

W ACS Publications @ 2019 American Chemical Society 1332

~ 13

In the repertoire of nanotechnology, the shape or anisotropy
of an object was the most recent addition to the facet of
nanoengineering, as their unique material properties as well as
biological behavior have intrigued the community in both
disciplines.* Among various anisotropic synthetic architectures,
brush polymers constitute a dominant proportion where they
have demonstrated unusual mechanical properties and
rheological behavior” " as well as being successfully employed
as templates for the fabrication of nanotubes,'*? i
networks,® and nanoporous materials.’® In biomedicine,
wormlike brush polymers have been applied for tumor imaging
and as delivery vehicles for therapeutics due to their unique
pharmacokinetics.'” ' In view of these broad applications, a
deeper understanding would necessitate structure—function

nanowires,

relationships with molecular information. However, pure
polymer chemistry alone does not adequately resolve these
recurring questions due to its limitations in providing accurate
information on the distribution of chemical functionalities.
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Figure 1. Synthesis and site-specific functionalization of protein-templated brush polymers. (A) Scheme for the synthesis of protein-templated
brush polymers by grafting polymer chains from unfolded human serum albumin (HSA) via ATRP. (B) Site-specific conjugation of biotin-PEG to
cysteine-34 (Cys-34) of HSA for preparation of the functional brush polymer (biotin-brush-8) with a spatially defined biotin group. The biotin
group can be used as a versatile handle for the assembly with different functional objects in combination with the adapter protein streptavidin. For
example, biotinylated somatostatin (biotin-SST) was introduced for mediating cellular uptake by receptor-mediated endocytosis.

Unlike synthetic chemistry, Nature produces biopolymers
such as proteins in which the exact information on each atom’s
location on the polymer chain is known and invariable. We
show herein that by tapping into the vast proteome in biology,
the polypeptide chain of proteins is an extraordinary
macromolecular backbone that presents far-reaching perspec-
tives in the development of precision nanomaterials. Physically,
proteins are monodispersed, and therefore, have absolute

1333

lengths which can be tuned by simply choosing a desired
protein class.”’ The exact sequence of amino acids is known
casily from online databases allowing rational chemical design
directly from its macromolecular blueprint. Hence, chemical
modifications on side chains of lysines (—NH,), cysteines
(—SH), and aspartic/glutamic acids (—COOH) result in well-
positioned functionalities at specific loci along the polypeptide
backbone. These modifications can be characterized by well-

DOI: 10.1021/jacs.9b10491
J. Am. Chem. Soc. 2020, 142, 13321340
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Figure 2. Characterization of brush-1 to brush-4. (A) Schematic illustration of brush polymers synthesized with different grafting densities and
side chain lengths from two macroinitiators. (B) GPC curves of brush-1 to brush-4. (C) Size changes of brush-1 to brush-4 after mixing with the
protease trypsin tracked by DLS. (D) Cell viability (24 h, 37 °C, 5% CO,) test of brush-1 to brush-4 against A549 cells at various concentrations.
(E) TEM image of brush-1. (F) TEM image of brush-2. (G) Low and (H) high magnification TEM images of brush-3. (I) Low and (J) high

magnification TEM images of brush-4. Scale bars: 200 nm.

established mass fingerprinting technology unavailable to
synthetic polymers. Furthermore, conformational perturba-
tions affecting synthetic macromolecular chemistry are,
conversely, minimized in proteins. Each protein molecule of
the same type, as synthesized in biology, is folded identically in
a rigid manner with a highly regular exposure of functional
groups on its accessible surface. Importantly, by a subsequent

denaturation of the globular protein in urea,”"* the originally

1334

hidden side chains can become accessible and therefore be
modified independently.”>*"

To realize the implementation of Nature’s technology in
polymer chemistry, we use human serum albumin (HSA), a
major blood plasma protein as a representative scaffold, on
which a sequence of selective chemical and physical trans-
formations are performed. These chemical reactions (e.g,
functional group conversion, grafting “to” and “from” methods
of polymer conjugation, supramolecular assembly) are

DOI:10.1021/jacs.9b10491
J. Am. Chem. Soc. 2020, 142, 13321340
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Table 1. Polymerization Conditions and Characterization of Brush-1 to Brush-4

category parameter brush-1
polymerization numbes of inifiators 61
monomer (vol %) 5%
time (h) 2
GPC* M, (kD=) n1
M, (kDa) 277
M, (kDa) 241
D 125
TEM length (nm) 36+ 12
aspect ratio 183
light scattering R; (nm) 12+ 0.5
Ry (nm) 23 £ 04
R/Ry 0.83
a (nm) 26
b (nm) 20
R, **(nm) 22

brush-2 brush-3 brush-4

61 61 39
10% 10% 10%

1 2 2
358 441 391
415 650 528
382 495 167
116 147 138

53+ 13 139 + I8 116 + 24
1.51 2.85 251

24 £ 05 32x1 22 + 1 (28)°

30 £ 0.3 381 371
0.8 0.84 059

32 38 28 (35)¢
24 34 20 (29)°
27 38 23 (31)°

“Measured by GPC using deionized water containing 0.1 M NalNQ; as the mobile phase and linear PEG standards for calibration. "Measured by
SLS. “Measured by DLS in aqueous solution {1 mg mL™"). “The numbers in parentheses correspond to the scaling prediction {inset of Figure

§13). “Computed for ellipsoidal shape using the listed & and b values.

conducted on a single protein chain to show their compatibility
as well as the broad applicability of the system. By taking
advantage of how functional groups are exposed differently in
the native and denatured forms of HSA and the order in which
the above reactions are conducted, the protein backbone can
provide a large chemical space for structural design. While
simpler statistical “grafting to” approaches on denatured
proteins have been performed by our group,”™” these
conjugates lack structural definition and do not incorporate
site specificity that takes full advantage of the protein sequence.
Herein, we present the synthesis of an anisotropic molecular
brush with monodispersed contour length while asymmetri-
cally equipping the brush with a target function with atomic
precision {specifically at cysteine-34). In this way, we would
like to demonstrate that proteins can efficiently act as a
molecularly ordered template to create large anisotropic
nanoobjects with chemical functions at precise loci.

B RESULTS AND DISCUSSION

Protein-Templated Brush Palymers. The aminc-acid
sequence and relative solvent accessibility of native human
serum albumin (HSA) can be extracted from Uniprot database
and PyMOL (Figure S1 and Table S1 in the Supporting
Information, SI}. At the macromolecular design stage, we
allocated specific roles to different amino acid side chains for
the synthesis of a brush polymer: {1) a high density of amine
moieties of lysine side chains is necessary to graft polymers
from the protein backbone to provide shape anisotropy (Figure
1A}; and (2} a specific amino acid side chain such as cysteine-
34 to serve as an orthogonal focal point for assembling
complex functions {Figure 1B).

First, the potential of using a protein backbone for the brush
polymer synthesis was investigated. HSA was cationized with
ethylenediamine to convert the surface carboxylic acid groups
into amino functionalities for the conjugation reactions at a
later stage. Sequentially, approximately 32 polyethylene glycol
{PEG, 2000 g mol™") chains were grafted onto cationized HSA
{cHSA) using standard N-hydroxysuccinimide chemistry
(Figure 1A). These chains were necessary to stabilize the
protein backbone in the following denaturation step in which
the PEG-cHSA was unfolded and linearized in § M urea-

1335

phosphate buffer (urea-PB) in the presence of tris{2-
carboxyethyl) phosphine hydrochloride {TCEP) as a mild
reducing agent. The reduced thiols were capped with N-(2-
aminoethyl)maleimide triffuoroacetate to prevent refolding as
well as increasing, further, the number of reactive amino
groups on the protein backbone. Subsequently, the resulting
denatured polypeptide {PEG-dcHSA) was modified with 2-
bromoisobutanoic acid N-hydroxysuccinimide ester in different
stoichiometries to afford two HSA macroinitiators with varying
initiator densities. The products were characterized by matrix-
assisted laser desorption/ionization time-of-flight {MALDI-
ToF) mass spectrometry to show the extent of modifications,
on average 39 and 61 initiators, respectively {PEG-dcHSA-
Bryo, PEG-dcHSA-Bry,) (Figure $2).

‘While the growth of polymers from native proteins has been
developed extensively, particularly as functional polymer—
protein conjugates,26730 the application of protein scaffolds in
their denatured form opens new possibilities that have not
been investigated before. We selected activators regenerated by
electron transfer atom transfer radical polymerization {ARGET
ATRP) for the “grafting from” strategy, which has been shown
to be vparticular suitable for the synthesis of brush-like
polymers of high molecular weights in aqueous media '~
Oligo {ethylene glycol} methyl ether methacrylate (MOEG-
MA, M, = 300 g mol™") was polymerized in the presence of
copper{Il) bromide/tris{2-pyridylmethyl)amine (CuBr,/
TPMA}) under deoxygenated and inert conditions. Thereafter,
the brush polymer was isolated and purified by ultrafiltration
using a Vivaspin 6 centrifugal concentrator.

To demonstrate the effects of different chain lengths and
grafting densities, four brush polymers {dencted as brush-1 to
brush-4) were prepared from two macroinitiators by varying
the monomer concentration and polymerization time {Figure
2A, Table 1). The formation of the brush polymers was
confirmed by gel permeation chromatography {GPC) with
peak molecular weights M, between 241 and 495 kDa using
linear PEG as calibration standards {Figure 2B). As the brush
polymers were highly branched, an important consideration is
that the molecular weight interpretation from GPC could very
well be underestimated. Among all four different polymer-
ization conditions, brush-3, which was grafted from PEG-

DOI: 10.1021/jacs. 9010491
J. Am. Chem. Soc. 2020, 142, 1332-1340
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Figure 3. Light scattering and molecular simulation studies of brush-1 to brush-4 in solution. (A) Relaxation functions C(g,t) for the translational
diffusion dynamics in aqueous solution of brush-3 {1 mg mL ') at 293 K at two scattering wave vectors (blue filled squares, g = 0.008 nm ' and
red filled circles, ¢ = 0.030 nm™") represented by a single exponential decay {solid lines). Upper inset: The diffusion coefficient, D as a function of
" with the solid line indicating a linear representation. Lower inset: Normalized light scattering intensity I{g)/1(0) as a function of g, where the
solid line denotes the representation by the form factor of a solid prolate ellipsoid with semiaxes, @ = 38 nm and & = 34 nm. (B and C) Chain
gyration radius Ry as a function of overall molecular weight of brush polymers obtained from experiment (B) and simulation {C). A clear good
solvent scaling is observed for both cases for the polymers with same grafting densities. {D) Simulation snapshots of the bare backbone and brush-
1, brush-3, and brush-4. (E) Double-logarithmic plot of S(q)/8(0) as a function of gR,* Here, S(0) is the total molecular weight of the brush
polymer system, which is the total number of monomers in the simulation. Red filled circles and blue squares represent the experimental and

simulated data, respectively.

dcHSA-Brg, by applying the highest monomer concentration
and longest polymerization time revealed a number-average
molecular weight M, of 441 kDa with a dispersity D of 1.47.
Other variations by lowering the monomer concentrations or
shortening polymerization time result in lower molecular
weights and demonstrate significantly narrower dispersities, In
comparison to other brush polymers grafted from pure
synthetic polypeptide backbones of similar molecular weights,
much larger dispersities in the range of 1.66—3.04 have been
reported.”** Moreover, these brush polymers were shelf stable
and resistant toward rigorous proteolytic digestion by trypsin
over 6 h, confirming the successful growth of a dense and
protecting PEG shell (Figures 2C and §3). The cytotoxicity
profile of these conjugates suggests their potential for drug
delivery as these hybrids remain biocompatible to cells up to
02¢g L™ (Figure 2D).

Structural Anisotropy. The brush polymers (brush-1 to
brush-4) were imaged using transmission electron microscopy
(TEM) to correlate the morphology with the grafted polymer
chains (Figures 2E—J and $5-S9, Table 1). Brush-1
synthesized with a lower monomer concentration (5%) and
brush-2 prepared with a shorter polymerization time (1 h)
display elliptical and spherical shapes (Figures 2E,F). These
observations strongly imply a plausible structural collapse as
the shorter PMOEGMA side chains could not provide
sufficient steric stabilization to linearize the backbone. Once
the PMOEGMA side chains become longer, i.e., brush-3 and
brush-4, anisotropic worm-like structures were observed

(Figure 2G—J). Statistically, the narrow size distributions of

these elongated polymers serve as direct evidence that the 3D
structure of HSA was successfully unfolded and stabilized in
the extended form. However, it is interesting to note on brush-
4 that some spherical and irregular nanostructures coexisted as

1336

well as some indications of a more spreaded PEG side chains
(Figure 2] purple arrows). In order to investigate these
morphologies without the influences of sample preparation in
TEM conducted in the dry state, we reveal the structure of
brush-1 to brush-4 in the absence of interactions in dilute
solutions utilizing light scattering techniques.

Dynamic and static light scattering (DLS/SLS) experiments
on dilute aqueous solutions of brush-1 to brush-4 yield size
and shape information harnessing both the diffusion dynamics
and the intensity dependence on the scattering wave vector
(q). The relaxation functions C(g,t) were virtually single
exponential as depicted exemplarily for brush-3 in Figure 3A
suggesting monodisperse structures in all four systems (Figures
§10—-S12). The hydrodynamic radius R;, was calculated from
the diffusion coefficient (at g = 0) for all four brush polymers.
The value of R, increases in the range 20 to 40 nm (Table 1)
being significantly larger than the corresponding value, R, = 2
nm, for the macroinitiator PEG-dcHSA-Brg;. For all four
polymers, the light scattering intensity I{q) displayed a g-
dependence that led to the calculation of the radius of gyration
R, (Figure $11B). Both R, and R, summarized in Table 1
(Figure $13), showed a positive correlation between their
respective sizes in solution to the extent of polymerization
and/or grafting densities. For brush-1 to brush-3, the ratio R,/
Ry, conforms to that of ellipsoid structures with values of this
ratio ranging from 0.775 to 4.°° Only for brush-4, R/R,
decreases below the limit, suggesting that the HSA core is
more compact in this variation (Figure 3D). While the
PMOEGMA chains increase Ry, the lower grafting density have
a smaller effect on the R, than for brush-1 to brush-3, leading
to a very small R;/Ry of 0.59. Such a small value has been
observed as well for PNIPAM microgels”™ or cross-linked
polystyrene nanoparticles.”® Consequently, to obtain further
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Figure 4. Brush pelymers equipped with a biotin group for site-directed assembly. {A) Site-specific conjugation of biotin-PEG to Cys-34 of HSA
for synthesis of brush polymers with a spatially defined biotin group, and their assembly with a spectrum of different functional objects: {1) AF647
labeled streptavidin (AF647-SA), {2) streptavidin-conjugated gold nanoparticles (Au-SA), (3) biotinylated somatostatin (biotin-S5T) and
streptavidin (SA), and (4) biotinylated aDEC205 antibody (biotin-aDEC) and SA. (B) GPC curves of biotin-functionalized brush polymers biotin-
brush-6, biotin-brush-7, and fluorescent biotin-brush-8. (C) Normalized FCS autocorrelation curves measured in ~2 nM aqueous solutions of
AF647-SA (blue circles) and its assembly with biotin-brush-6 (AF647-brush, red squares). The solid lines represent the corresponding fits with eq
$10. The fits yield the values of the hydrodynamic radius R, and the fluorescence brightness (FB) of the studied species as indicated. {D) TEM
images showing the assembly of biotin-brush-7 with Au-SA. Scale bars: 20 nm. (E) Confocal laser scanning microscopy images showing the
somatostatin-mediated cell uptake of biotin-brush-8 after assembly with biotin-SST and AFS68 labeled streptavidin {AFS$68-SA). The
colocalization of biotin-brush-8 and AF568-SA confirms the assembly process. Scale bars: 20 pm.

shape information, I{q) is represented by the form factor of an
ellipsoid with semiaxes a and b (Figures 3A and $13). The
listed values suggest a prolate (a > b) ellipsoid. To prove the
self-consistency of the data analysis, the computed hydro-
dynamic radii (R,*) of the ellipsoid using Perrin's theory™
(SI) were compared against the experimental Ry, values (Table
1). The agreement of these values from brush-1 to brush-3
represents unambiguous anisotropy in their solution structures.
Nonectheless, it is interesting to note that for brush-4, a
discrepancy (R,*, R, and Rg/Rh) {Figures 3B and S13) was
observed. This might be attributed to differences in intra-
molecular packing of HSA and the grafted PMOEGMA chains
in brush-4. Previously, significant change in the polymer
packing due to the lower grafting density was also reported for
tethered colloids.*

We seek to address the importance of how each macro-
molecule is intramolecularly packed by performing DLS/SLS
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and molecular dynamic simulations using a generic bead—
spring model (Figure 3B—E)."" For this purpose, we have
simulated a model brush polymer directly replicating the
experiments in terms of backbone sequence/length, side chain
lengths, and grafting densities (Table $2). The variations on
the side chain lengths and grafting densities have a profound
impact on the conformation of the brush polymers, whereas
their resultant anisotropy as a prolate ellipsoid is consistent
with DLS/SLS experimental observations. A closer inspection
of Figure 3B,C illustrates that, for the same grafting density and
varying side chain length (brush-1 to brush-3), both SLS and
simulation data show a good solvent scaling with the change in
total molecular weight of the brush polymer. The deviation for
brush-4 is a result of lower grafting density which is consistent
with literature.”” We further illustrate simulation snapshots for
three different systems (brush 1, brush 3, and brush 4) in
comparison with a folded configuration of the bare protein
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backbone (Figure 3D). More specifically, for brush-1 and
brush-3, a pearl necklace type configuration is observed,
consisting of collapsed hydrophobic core and hairy hydrophilic
side chains exposed to the solvent. Alternatively, because of the
low grafting density, brush-4 shows a more compact, rather
distorted spherical configuration. It has been reported for
uncharged brush polymers with flexible backbones that the
lower the grafting density, the less elongated the main chain
becomes.™

As the chain structures do not show the typical self-avoiding
random walk configurations known for standard good solvent
cases (Figures 3B,C), we further investigate this rather
contradictory behavior. A quantity that best describes the
overall conformation of a chain is the single chain structure
factor ${g). The simulation data of normalized structure factor
8{q}/8(0) is shown in Figure 3E for brush-3, with ${0) being
the total molecular weight of brush-3. The simulation result is
in good agreement with the experimental data within the
Gruinier regime (i.e,, g — 0). Note that the experimental data
were obtained from SLS and therefore are only available for
the long wavelength limit. Interestingly, we find that for small
length scales {or large g values), brush-3 behaves as if in a
good solvent condition (represented by 4% power law) while
globally it remains somewhat collapsed, showing a scaling 47>
Note that if the chain was fully collapsed, as in the case of the
bare backbone {Figure 3D), the system would show a perfect
spherical scattering with the corresponding scaling ¢ * instead.
Although the system remains overall globular, it consists of
rather large, good solvent blobs with sizes comparable to R,
(Figures 3B and Figure 516).

Site-Specific Functionalization and Assembly. While
we have shown extensively that the monodispersity of proteins
is a principle physical feature toward architectural design and
anisotropy, the chemistry associated with its amino acid
sequence is where diversification of functions takes root. To
directly challenge the frontier of macromolecular chemistry, we
designated the installation of a target functional moiety,
precisely located on a single monomer unit in an asymmetrical
position (No. 34 of 585 amino acids) along the protein
backbone. The highlight would be that only one additional
synthetic step is necessary by simply addressing an orthogonal
functionality (Figure 4A).

Solvent accessible free thiols or disulfide bridges, character-
istic of cysteines, are very often located on the surface of
proteins and, in this case, HSA possesses a single thiol group in
its native form. This thiol moiety is, without ambiguity, exactly
located as the 34 amino acid, a cysteine {Cys-34), from the
N-terminal of the protein. It can be projected that, after
unfolding, any chemistry targeting Cys-34 would afford a
function that is asymmetrically located along the 585-amino
acid long protein backbone. Using this to our advantage, we
performed a Michael reaction separately with Alexa Fluor 647
C, maleimide {AF647-MI} and maleimide end-capped biotin-
PEG (biotin-PEG-MI} under chemoselective conditions on
HSA ({Figures S17—-S18 and $24-526). The respective
monofunctionalized HSA (F-HSA, Biotin-HSA) follows the
synthesis protocols for brush-3 to afford the asymmetrically
functionalized counterpart. By design, the inclusion of the
fluorophore to afford brush-5 represents a proof of concept
and as a reporter for single particle flucrescence measurements
(Figures S19—S21). However, the brush polymer equipped
with a biotin-PEG extension aims to demonstrate the potential
of the system to enable site-directed self-assembly (Figure 4A).
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The brush polymer site-specifically functionalized with one
AT647 group {brush-5) was characterized first with GPC (M,
= 409 kDa) as a quality control that the synthetic protocols are
in line with brush-3 {Figure $19}. Visualization by TEM was
similarly achieved and the expected anisotropic particles were
observed {Figure 520). In order to probe the chemistry and
the success of the concept, fluorescence correlation spectros-
copy (FCS) was employed. While FCS operates on similar
principles as DLS, it has the advantage to quantify and
correlate single fluorophores with its connected nanostructure.
Referenced against free AF647 (FB = 19 kHz/molecule}, the
fluorescence brightness of each molecule of brush-5 {(FB = 22
kHz/molecule) in combination with its measured hydro-
dynamic radius (R, = 32 nm) demonstrated that each brush
polymer is precisely equipped with a single fluorophore
{Figures $22—523).

Although the synthetic concepts were proven, the availability
and its potential for functional capabilities (i.e., self-assembly)
or ligand attachment cannot be demonstrated by a flucrophore
alone. In this aspect, the biotin moiety enables a characteristic
supramolecular interaction with the protein streptavidin, to
showcase that the brush polymer can be further built-up with a
defined spatial orientation. For this purpose, biotin-function-
alized brush polymers biotin-brush-6 (M, = 363 kDa) and
biotin-brush-7 (M, = 184 kDa, shorter side chains) were
synthesized in anticipation of the potential steric constraints
during the biotin/streptavidin binding event (Figure 4B). By
adopting a similar approach using FCS, AF647-labeled
streptavidin {AF647-SA) was used to quantify the assembly
with biotin-brush-6. The increase in hydrodynamic radius
from 2.4 to 38 nm monitored through the flucrophore suggests
the successful binding of the small streptavidin {53 kDa) onto
the brush polymer (Figure 4C). However, the fluorescence
brightness indicates that, on average, slightly more than one
streptavidin protein is bound to the brush polymer suggesting a
minor presence of additional nonspecific adsorption of
streptavidin.

We challenged the precision brush systern further by the
attachment of larger nanoobjects using streptavidin-conjugated
gold nanoparticles (Au-SA, 5 nm) to explore its limitations as
well as identify considerations from the design perspective. In
addition, it provides better visualization of the binding event
due to the different electron absorptivity between proteins and
inorganic materials. The ligand/protein interaction was
compared independently with both biotin-brush-6 and
biotin-brush-7. Due to the much larger steric requirements
of the gold nanoparticle compared to free streptavidin protein,
we observed successful binding events only with biotin-brush-
7 which has shorter side chains {Figure 4D}. Notably, gold
nanoparticles were observed to be positioned at the near-end
of brush polymers which is consistent with the position of Cys-
34 in the amino acid sequence of HSA. Hence, the TEM
results suggest that the systematic built-up of higher ordered
architectures can be tailored in a precise fashion using this
technology.

To further demonstrate the broad applicability of the
system, we expanded the system to assemble bioactive
molecules. Here, we chose a hormonal targeting group,
somatostatin, which targets the somatostatin receptor 2
{SSTR2) in cancer cells (Figure 1B). Using biotinylated
somatostatin {biotin-SST) synthesized using an existing
prot0<:ol,43 the assembly consist of biotinylated fluorescent

brush polymer biotin-brush-8 (Figures $27), biotin-88§T and
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streptavidin {1:2:1 molar ratio}. The afforded construct {500
nM) was incubated with A549 cells for 24 h where the cellular
uptake was monitored with confocal laser scanning microscopy
{Tigure $29). In this experiment, somatostatin-mediated
uptake was observed compared to the biotin-brush-8/
streptavidin as the control. Fluorescence microscopy studies
at 2 h, 6, and 24 h showed time dependent cellular uptake of
the somatostatin functionalized brush {Figure $29). While
receptor-mediated pathways generally possess faster uptake
kinetics, we postulate that the slower internalization could be
due to the large size and highly dense PEG brush. As a further
confirmation, colocalization studies with an additional
fluorescent label on streptavidin {AF568-SA) showed that
the construct remains largely intact during the internalization
process {Figures 4E and S30). As a final test to widen the
biological relevance, we replace biotin-SST with biotinylated
aDEC (biotin-aDEC), a model antibody, to show that the
platform allows the assembly of both small peptides as well as a
significantly larger protein. Here, we perform an SDS-PAGE
and a Western blot to show the successful assembly process of
both the somatostatin/antibody conjugated brush (Figures $31
and S32). Therefore, we have demonstrated that brush
polymers site-specifically functionalized with a biotin group
can be used as a powerful and versatile platform for assembly
with a wide variety of functional entities.

B CCONCLUSIONS

In summary, a unique synthetic framework exploiting the
architecture of proteins to construct precision anisotropic
brush polymers was presented, along with a strong emphasis
on its innate monodispersity and sequence controlled
chemistry. The facile engineering of chemical strategies toward
the control of size, contour lengths, and anisotropy was shown
by simply varying {1} the initiator density on the polypeptide
backbone, or {2} the polymerization conditions such as
monomer concentration and polymerization time. In partic-
ular, a distinct chemical function was introduced onto an
absolute position located asymmetrically along the polypeptide
backbone which has, to the best of our knowledge, not been
achieved before for other synthetic brush polymer systems. By
exploiting this specific handle, we show its broad potential in
assembling unique macromolecular conjugates from both
material and biological perspectives. It should be noted that
biocorthogonal chemical handles can be incorporated into any
position of protein backbones through genetical engineering
methods, therefore it is possible to stoichiometrically function-
alize brush polymers with desired functions.

Collectively, the capacity of this platform is multiplicative in
that each aspect including the backbone, chemical strategy, or
polymerization techniques and design can be postulated to
expand far greater than those explored within this study.
Likewise, it is also conceivable to overcome the limitations
presented within this study by varying the aforementioned
factors. In perspective, by developing a methodical and
extensive evaluation of this technology, we seek to stimulate
exciting synergy with the available toolbox for site-selective
protein chemistry and achieve molecular programming at the
nanoscale.
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I. Experimental

1.1. Materials

Human serum albumin (HSA, 96%), tris(2-carboxyethyl) phosphine hydrochloride (TCEP, >
98%), 2-bromoisobutanoic acid N-hydroxysuccinimide ester (NHS-BiB, 98%), O-[(NV-
succinimidyl)succinyl-aminoethyl]-O"-methylpolyethylene glycol (NHS-PEG, Ay ~ 2000), N-
(3-Dimethylaminopropyl)-N*-ethylcarbodiimide hydrochloride (EDC-HCl, > 98%), N-(2-
aminoethyl)maleimide trifluoroacetate salt (MI-NH», 95%), trypsin (Type I from bovine
pancreas, ~10,000 BAEE units/mg protein), tris(2-pyridylmethylamine (TPMA, 98%),
copper(Il) bromide (CuBr2, 99%), and L-ascorbic acid (= 99%) were purchased from Sigma-
Aldrich and used without further treatment. Ethylendiamine (>  99%),
ethylenediaminetetraacetic acid (EDTA, 98%) and urea (99.3%) were purchased from Acros
Organics and used as received. Oligo(ethylene glycol) methyl ether methacrylate (MOEGMA,
Sigma-Aldrich, Af» ~300) was purified by passing a basic alumina column before use. Alexa
Fluor 647 C2 maleimide (AF647-MI) and Alexa Fluor™ 647 NHS ester (Succinimidyl ester)
(AF647-NHS, 1250 g mol!) were purchased from Thermo Fisher Scientific and used under
dark.  Poly(ethylene  glycol)  [N-(2-maleimidoethyl)carbamoyl]methyl  ether  2-
(biotinylamino)ethane (biotin-PEG-maleimide or biotin-PEG-MI, Mn ~ 5400) was obtained
from Sigma-Aldrich. Streptavidin (SA, buffer composition after restoration: 20 mM potassium
phosphate, pH 6.5; Specific activity: 20.6 pg/mg protein), Alexa Fluor™ 568 labeled
streptavidin (AF568-SA), and Alexa Fluor™ 647 labeled streptavidin (AF647-SA) were
purchased from Thermo Fisher Scientific and used as received. Streptavidin-conjugated gold
nanoparticles (Au-SA, particle size 5 nm, concentration 0.5 mg mL"', 2.5x10' particles/mL)
were purchased from NANOCS. Biotinylated somatostatin (Biotin-SST) was synthesized
according to the literature.’ Dulbecco's Modified Eagle's Medium (DMEM) high glucose, fetal
bovine serum, penicillin/streptomycin were purchased from GE Healthcare. All other solvents

and salts were obtained from commercial suppliers and used as received.
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1.2. Preparation of protein-templated brush polvmers (brush-1 to brush-4)

1.2.1. Synthesis of cationic HSA (cHSA)

HSA (150 mg, 2.26 umol) was dissolved in 15 mL of degassed ethylenediamine solution (2.5
M) and the pH was tuned to 4.75 by using HCL. After adding EDC-HCI (4 mmeol, 766 mg) and
stirring for two hours at room temperature, acetate buffer (1 mL, 4 M, pH 4.75) was added to
terminate the reaction. The obtained reaction solution was purified twice with acetate buffer
(100 mM, pH 4.75) and thrice with deionized water by ultracentrifugation using a Vivaspin 20
concentrator (MWCO 30 kDa). The resulting solution was lyophilized to afford the product as

a white fluffy solid (154 mg, yield: 94%, MALDI-ToF MS: 72.3 kDa).

1.2.2. Synthesis of PEGylated cHSA (PEG-cHSA)

cHSA (100 mg, 1.4 pmol) was firstly dissoleved in degassed phosphate buffer (30 mL, 50 mM,
pH 8.0). NHS-PEG (105 mg, 52.4 umol) was dissolved in 0.4 mL of DMSO and then added
into the cHS A solution. After stirring at room temperature for four hours, the reaction solution
was purified with deionized water for five times by ultracentrifugation using a Vivaspin 20
concentrator (MWCO 30 kDa). The resulting solution was lyophilized to obtain the product as
a white fluffy solid (151 mg, yield: 80 %5). The MALDI-ToF MS indicates a molecular weight
of 136.6 kDa which means on average 32 PEG chains were conjugated into each cHSA
backbone.

1.2.3. Synthesis of denatured PEG-cHSA (PEG-dcHSA)

Preparation of the urea-phosphate buffer (urea-PB)

Urea (150.15 g, 2.5 mol), EDTA (292.24 mg, 1 mmol), Na2HPO47H20 (5.4276 g, 25 mmol)
and NaH2PO4 (0.5699 g, 25 mmol) were dissolved in 0.5 L of deionized water. The urea-PB
with 50 mM phosphate buffer, 5 M urea and 2 mM EDTA was then obtamed by adjusting the

pHto 7.4.
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Svnthesis of PEG-dcHSA

To a 50 mLflask, 20 mL of urea-PB was added and then degassed via bubbling for five minutes.
Followed PEG-cHS A (27.2 mg, 200 nmol) was dissolved and further stirred for 15 min. TCEP
(5.8 mg, 20 pmol) was added and stirred for 30 min under argon flow. Lastly, MI-NH2 (15.24
mg, 60 umol) was added and stirred overnight under argon protection. The obtained reaction
solution was purified with urea-PB for three times and with deionized water for five times by
ultracentrifugation using a Vivaspin 20 concentrator (MWCQO 30 kDa). The resulting solution
was lyophilized to afford the product as a white fluffy solid (24.1 mg, yield: 86%, MALDI-ToF

MS: 140.4 kDa).

1.2.4. Synthesis of macroinitiators PEG-dcHSA-Bri9 and PEG-dcHSA-Brgr

PEG-dcHSA-Br3s and PEG-dcHSA-Brs1 were synthesized by attaching different amounts of
ATRP initiators to PEG-dcHS A. In a typical experiment for the synthesis of PEG-dcHS A-Brso,
PEG-dcHSA (5.0 mg, 36 nmol) was dissolved in 10 mL of NaHCOs (0.1 M, pH 8.5). NHS-BiB
(15.3 mg, 0.058 mmol) dissolved in 1 mL of DMSO was then added dropwise into the PEG-
dcHSA solution. The reaction solution was stirred overnight at room temperature and purified
with deionized water for eight times by ultracentrifugation using a Vivaspin 20 concentrator
(MWCO 50 kDa). The product was obtained as a white fluffy solid after lyophilizing (4.3 mg,

yield: 83%, MALDI-ToF MS: 146.2 kDa).

1.2.5. Synthesis of brush-1 to brush-4

Preparation of the stock solution of CuBr2/TPMA catalvst

CuBr2(4.47 mg, 0.02 mmol) and TPMA (46.5 mg, 0.16 mmol) was dissolved in 1 mL mixture
solution of water:DMF (1:1 v/v) and stored at 4 °C prior to use. Therefore, the concentration of

the effective Cu®* in the stock solution was 20 nmol pL.
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Preparation of the ascorbic acid solution

To a 10 mL Schlenk flask, L-ascorbic acid (4.4 mg, 25 pmol) was firstly added under argon
flow. Degassed deionized water (5 mL) was then added to dissolve L-ascorbic acid. The
solution was then stirred under argon flow for 40 min. Therefore, the concentration of L-

ascorbic acid was 5 nmol pL.

Atom-transfer radical polvmerization (ATRP)

Protein-templated brush polymers (brush-1 to brush-4) were synthesized via activator
regenerated by electron transfer (ARGET) ATRP under different conditions. As a typical
protocol, PEG-dcHS A-Brg1 (0.449 mg, 3 nmol) was firstly disselved in 0.449 mL of deionized
water in a 5 mL flask. MOEGMA (52.3 pl, 183 umol), the CuBro/TPMA catalyst solution (11
uL, 220 nmol of Cu*) and 0.5 mL of deionized water were then added. Subsequently, the
mixture solution was degassed through three freeze-pump-thaw cycles and the flask was refilled
with argon. The L-ascorbic acid solution was then added with a syringe pump at a speed of 0.6
puL min" at room temperature for two hours. The brush polymer solution was purified with
deionized water for five times by ultracentrifugation using a Vivaspin 6 concentrator (MWCO

30 kDa).

1.3. Preparation of the protein-templated brush polvimer site-specifically functionalized

with a dve (brush-5)

1.3.1. Synthesis of fluorescent HSA (-HSA) via site-specific labeling

The site-specific labelling of HSA with a dye was conducted under dark. HSA (10 mg, 0.15
pmol) was dissolved in 10 mL of degassed PBS (pH 6.5). Alexa Fluor 647 C2 maleimide
(AF647-ML, 0.465 mg, 0.37 umol) dissolved in 30 pL. of DMSO was then added dropwise and
the reaction was allowed to proceed under dark for 18 h at room temperature. The reaction
solution was washed with deionized water by ultracentrifugation using a Vivaspin 6

concentrator (MWCO 30 kDa) for several times until no color was observed in the filtered
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solution. The resultant solution was lyophilized to afford the product as a light blue flufty solid

(8.3 mg, yield: 76%, MALDI-ToF MS: 67.2 kDa).

1.3.2. Synthesis of cationic f~-HSA (f-cHSA4)

f-HSA (8.1 mg, 0.12 umol) was dissolved in 1 mL of degassed ethylenediamine solution (2.5
M) and the pH was tuned to 4.75 by using HC1. EDC-HCI1 (0.24 mmol, 45 mg) was then added.
After stirring for two hours at room temperature, acetate buffer (0.1 mL, 4 M, pH 4.75) was
added to terminate the reaction. The obtained reaction solution was purified twice with acetate
buffer (100 mM, pH 4.75) and thrice with deionized water by ultracentrifugation using a
Vivaspin 6 concentrator (MWCO 30 kDa). The resulting solution was lyophilized to afford the

product as a light blue fluffy solid (8.4 mg, yield: 96%, MALDI-ToF MS: 72.5 kDa).

1.3.3. Synthesis of PEGylated f~-cHSA (f-PEG-cHSA)

f-cHSA (8.1 mg, 0.11 umol) was firstly dissoleved in 8 mL of degassed phosphate buffer (50
mM, pH 8.0). NHS-PEG (6.9 mg, 3.45 umol) was dissolved in 0.1 mL of DMSO and then
added into the cHS A solution. After stirring overnight at room temperature, the reaction solution
was purified with deionized water for eight times by ultracentrifugation using a Vivaspin 6
concentrator (MWCO 30 kDa). The resulting solution was lyophilized to obtain the product as
a light blue fluffy solid (11.6 mg, yield: 96%). The MALDI-ToF MS indicates a molecular
weight of 107.9 kDa which means on average 18 PEG chains were conjugated into each f-cHSA
backbone.

1.3.4. Synthesis of denatured f~-PEG-cHSA (f-PEG-dcHSA)

The reaction and purification were conducted under dark. To a 25 mL flask, 10 mL of urea-PB
(50 mM phosphate buffer, 5 M urea and 2 mM EDTA, pH 7.4) was added and then degassed
via bubbling for ten minutes. f~PEG-cHSA (11.3 mg, 105 nmol) was then dissolved and stirred
for 15 mimn. Subsequently, TCEP (2.9 mg, 10 umol) was added and stirred for 30 min under

argon flow. Lastly, MI-NH2 (7.62 mg, 30 umol) was added and stirred overnight under argon
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atmosphere. The obtained reaction solution was purified with urea-PB for three times and with
deionized water for five times by ultracentrifugation using a Vivaspin 6 concentrator (MWCO
30kDa). The product was obtained as a light blue fluffy solid after lyophilizing (11.6 mg, yield:

99%, MALDI-ToF MS: 110.9 kDa).

1.3.5. Synthesis of the fluorescent macroinitiator f-PEG-dcHSA-Br

The reaction and purification were conducted under dark. f~-PEG-dcHSA (11.5 mg, 104 nmol)
was dissolved in 13 mL of NaHCQs (0.1 M, pH 8.5). NHS-BiB (147 mg, 0.56 mmol) dissolved
in 1.5 mL of DMSO was then added dropwise into the f-PEG-dcHSA solution. The reaction
solution was stirred overnight at room temperature and then washed with deionized water for
eight times by ultracentrifugation using a Vivaspin 20 concentrator (MWCQO 30 kDa). The
purified solution was then Iyophilized to afford the product as a light blue fluffy solid (11.8 mg,
vield: 91%, MALDI-ToF MS: 125.2 kDa).

1.3.6. Synthesis of brush-5

The brush polymer site-specifically functionalized with AF647 (brush-5) was synthesized by
ARGET ATRP under dark. Briefly, f-PEG-dcHSA-Br (0.48 mg, 3.83 nmol) was firstly
dissolved in 0.48 ml of deionized water in a 5 ml flask. MOEGMA (80 ul., 280 umol),
CuBr2/ TPMA catalyst solution (10 pL, 200 nmol of Cu*") and 0.5 mL of deionized water were
then added. The mixture solution was then degassed through three freeze-pump-thaw cycles
and the flask was refilled with argon. The L-ascorbic acid solution was then added with a
syringe pump at a speed of 0.6 pL min™ at room temperature for two hours. The fluorescent
brush polymer was purified with deionized water for five times by ultracentrifugation using a

Vivaspin 6 concentrator (MWCO 30 kDa).

1.4, Preparation of protein-templated brush polvmers site-specificallv functionalized

with biotin (biotin-brush-6 and biotin-brush-7) and their assembl
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110.6 kDa which means in average 17 PEG chains were conjugated into each Biotin-cHSA

backbone.

1.4.4. Synthesis of denatured biotin-PEG-cHNA (biotin-PEG-dcHSA)

To a 15 mL flask, 6 mL of urea-PB (50 mM phosphate buffer, 5 M urca and 2 mM EDTA, pH
7.4) was added and then degassed via bubbling for 15 minutes. Biotin-PEG-cHSA (8.3 mg, 75
nmol) was then dissolved and stirred for 15 min. Subsequently, TCEP (2.15 mg, 7.5 pmol) was
added and stirred for 30 min under argon flow. Lastly, MI-NH> (5.72 mg, 22.5 umol) was added
and stirred overnight under argon atmosphere. The obtained reaction solution was purified with
urea-PB for three times and with deionized water for five times by ultracentrifugation using a
Vivaspin 6 concentrator (MWCO 30 kDa). The product was obtained as a white fluffy solid

after lyophilizing (8.5 mg, vield: 99%, MALDI-ToF MS: 113.7 kDa).

1.4.5. Synthesis of biotin-functionalized macroinitiator biotin-PEG-dcHSA-Br
Biotin-PEG-dcHS A (8.5 mg, 75 nmol) was dissolved in 10 mL of NaHCOs (0.1 M, pH 8.5).

NHS-BiB (160 mg, 0.61 mmol) dissolved in 1.6 mL of DMSO was then added dropwise into
the biotin-PEG-dcHSA solution. The reaction solution was stirred overnight at room
temperature and then washed with deionized water for eight times by ultracentrifugation using
a Vivaspin 20 concentrator (MWCO 30 kDa). The purified solution was then lyophilized to

afford the product as a white fluffy solid (6.3 mg, yield: 64%, MALDI-ToF MS: 131.7 kDa).

1.4.6. Synthesis of biotin-brush-6 and biotin-brush-7

Protein-templated brush polymers site-specifically functionalized with biotin (biotin-brush-6
and biotin-brush-7) were synthesized by ARGET ATRP. In a typical example for the synthesis
of biotin-brush-6, biotin-PEG-dcHSA-Br (0.53 mg, 4 nmol) was firstly dissolved in 0.53 mL
of deionized water in a 5 mL flask. MOEGMA (139.4 ul., 488 umol), CuBr2/TPMA catalyst
solution (14 puL, 280 nmol of Cu*") and 0.7 mL of deionized water were then added. The mixture
solution was then degassed through three freeze-pump-thaw cycles and the flask was refilled

with argon. The L-ascorbic acid solution was then added with a syringe pump at a speed of 0.6
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uL min? at room temperature for one hour. The biotin-functionalized brush polymer was
purified with deionized water for five times by ultracentrifugation using a Vivaspin 6

concentrator (MWCO 30 kDa).

1.4.7. Assembly with AF647-labeled streptavidin (AF647-S4)
AF647-SA (1.8 mgmL!, 10 uL) was mixed with biotin-brush-6 (1 mL, ~ 0.3 nmol) and stirred

overnight. The sample was then sent for FCS measurement.

1.4.8. Assembly with streptavidin-conjugated Au nanoparticles (Au-SA)
Streptavidin-conjugated gold nanoparticles (Au-SA, 0.096 mL, 5 nm, 0.5 mg mL", 2.5x10™

particles mL) was mixed with a biotin-containing brush polymer (0.1 mL, 0.04 nmol) with a
molar ratio of 1:1 in water. The solution was gently shaken for two hours and then used for

TEM characterization.

1.5. Preparation of the protein-templated fluorescent brush polvmer site-specifically

functionalized with biotin (biotin-brush-8) and its assembly

1.5.1. Synthesis of biotin-functionalized fluorescent macroinitiator biotin-PEG-f-dcHSA-Br
Biotin-PEG-dcHS A-Br (2.74 mg, 20 nmol) was dissolved in 4 mL of NaHCQ3 (0.1 M, pH 8.5).
AF647-NHS (0.25 mg, 200 nmol) dissolved in 0.1 mL of DM SO was then added dropwise into
the biotin-PEG-dcHS A-Br solution. The reaction solution was stirred overnight under dark at
room temperature and then washed with deionized water for eight times by ultracentrifugation
using a Vivaspin 6 concentrator (MWCO 30 kDa). The purified solution was then lyophilized

to afford the product as a blue fluffy solid (2.3 mg, yield: 84 %, MALDI-ToF MS: 132.1 kDa).

1.5.2. Synthesis of biotin-brush-8
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The protein-templated fluorescent brush polymer site-specifically functionalized with biotin
(biotin-brush-8) was synthesized by ARGET ATRP. Briefly, biotin-PEG-f-dcHS A-Br (0.54 mg,
4 nmol) was firstly dissolved in 0.54 mL of deionized water in a 5 mL flask. MOEGMA (139.4
uL, 488 umol), CuBr2/TPMA catalyst solution (14 pL, 280 nmol of Cu®") and 0.7 mL of
deionized water were then added. The mixture solution was then degassed through three freeze-
pump-thaw cycles and the flask was refilled with argon. The L-ascorbic acid solution was then
added with a syringe pump at a speed of 0.6 pL. min™ at room temperature for one hour. The
biotin-functionalized fluorescent brush polymer was purified with deionized water for five

times by ultracentrifugation using a Vivaspin 20 concentrator (MWCO 30 kDa).

1.5.3. Assembly with biotinylated somatostatin (biotin-SST) and streptavidin (SA)

SA or AF568-SA (32 pg, 0.6 nmol) was firstly dissolved in Milli-Q water to 1 mg mL™! and
then mixed with biotin-brush-8 (2 mL, 0.3 pM) in a 5 mL tube. After stirring at room
temperature for 8 h, biotin-SST (2.964 uL, 1 mg mL!) was added into the tube, and the mixture
was stirred further for 10 h. The final solution was purified with PBS for five times by
ultracentrifugation using a Vivaspin 6 concentrator (MWCO 30 kDa) and the final construct

concentration was tuned to 2 uM.

1.5.4. Assembly with biotinylated aDEC205 antibody (biotin-aDEC) and streptavidin (SA)

Self-assembly of biotin-brush-8 with biotin-aDEC was performed by dissolving 0.1 mg (1.8
nmol, 1 equiv) SA in 500 pL phosphate buffer (50 mM, pH 7.4) and subsequent addition of
0.27 mg (1.8 nmol, 1 equiv) biotin-aDEC and 0.78 mg (1.8 nmol, 1 equiv) biotin-brush-8. The
mixture was incubated for 30 min under shaking and purified by rigorous ultrafiltration using

a Vivaspin 500 (MWCO 30kDa, 3 x 500 uL of 50 mM phosphate buffer pH 7.4).
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Il. Characterization

2.1. Matrix-assisted laser desorption/ionization (MALDI) mass spectromet

MALDI time-of-flight (MALDI-ToF) mass spectrometry was performed on Bruker rapifleX
spectrometer. Saturated solution of sinapinic acid dissolved in a 50:50 water/acetonitrile with

0.2% TFA (trifloroacetic acid) was used as the matrix solution.

2.2, Gel permeation chromatography (GPC)

The molecular weight and molecular weight distribution were determined by GPC. Deionized
water containing 0.1 M NaNOs was used as eluent at a flow rate of 1 mL min™'. Shodex RI 101

detector was used. Linear PEG standards were used for calibration.

2.3. Dynamic light scattering (DI.S)
Dilute solutions of the macroinitiator PEG-deHS A-Bre1 and brush polymers (brush-1 to brush-

4) were prepared in water and filtered through a 450 nm filter (Millipore HA) into optical cells
with 20 mm diameter. The experiment was performed on an ALV5000 setup with a 194 mW

laser at A = 532 nm, at different scattering angles # defining the scattering wave vector q =

‘ansmE with n = 1.333 being the water refractive index. The relaxation function, C(g,t) =

[G(g.taH]¥? computed from the experimental scattering intensity autocorrelation function G(g, £)
was represented either by an inverse Laplace transform (ILT) analysis using the CONTIN

algorithmor the stretched exponential function of the form: «

(g, 0) = ae @" (S1)
where « is the amplitude, 7 the relaxation time and § = 1 the stretching parameter. ILT was
employed in the case of more than one relaxation process in C(q.t), whereas Equation S1 can
amount for the presence of one process deviating from the ideal single exponential shape. In
dilute solutions, the relaxation rate 7{g) = 1/7(g) is usually diffusive defining the diffusion

coefficient D = I'(g)/¢*. For species with small size R i.e., both the scattering intensity /() and
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D =Dy are g-independent with 7 ~cAf and Dy =

6179 Rn

where ¢, M, Rn, 10, kB, and T are the

probed species concentration, its molecular weight and hydrodynamic ratio, the solvent

viscosity, the Boltzmann constant and the absolute temperature, respectively. For gk ~ 1, both

1(g) and DX(q) depend on g defining the probing length (21/g). The former, known as the form

factor, yields (at low gRg) the radius of gyration Ry,

Hg)'=10y'(1+¢*R:"/3)

whereas the effective D is given by,

D =Dy(1+ Ag?)

(82)

(83)

with A is a parameter characterizing the shape of the diffusing species.

Equations for prolate ellipsoids (Perrin)®

for a > b (prolate)

Static scattering:

Ry =a/f(b/a)

1/2

o
f(b/a) =

(1-b2/a2)"*

2
1g) = Z /2 a2l cospap

0 U

2
u = qa(cos’f + i—zsinzﬁ)l/z

]%(u) _ (2?14)1/2 (sinu _ cosu)

u? u®

Equation for Gaussian coils (Pecora)’

P(x) = 5—4(9"‘2 -1+ x?%)

2.4. Stability test against tryvpsin

(84)

(83)

(56)
(87)

(S8)

(59

Trypsin was dissolved in deionized water to prepare a 3 mg mL™! solution and then passed

through a syringe filter with the pore size of 220 nm. The solution (1 mL.) was then mixed with

2 mL of brush polymer solution (0.3 uM) in a clean hood at room temperature. Therefore, the

final concentrations of trypsin and the brush polymer were 1 mg mL™" and 0.2 pM, respectively.
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DLS was then used to track the size change of the mixture solution immediately and after

different time intervals until six hours.

2.5, Cell viabilitv test

A549 mammalian lung adenocarcinoma cells were cultured in standard T-75 flasks using high
glucose DMEM fortified with 10% fetal bovine serum, 1% penicillin/streptomycin and 1%
MEM non-essential amino acids. The cells were split at near confluency and incubated at 37 °C,
5% CO» prior to each experiment.

Pre-cultured A549 cells were seeded (6,500 cells per well) in a white 96-well plate (half area,
Greiner BioOne®) and allowed to adhere overnight at 37 °C, 5% COz. The brush polymers
(brush-1 to brush-4) were prepared at various concentrations (12.5 — 200 mg L) in DMEM
and introduced as independent replicates for 24 h at 37 °C, 5% CQ». CellTiter-Glo® (Promega)
was employed following manufacturer's protocol and the resultant luminescence was detected
using Glomax® Multi 96-well plate reader (Promega). Data is presented in Figure 2D as mean

* SEM, n=3.

2.6. Transmission electron microscopy (TEM)

TEM samples were prepared by adding 4 pl. of the brush polymer solution onto a carbon-coated
copper grid. After drying in air for 10 min, the remained solution was removed by a filter paper.
The samples were then stained with 2% uranyl acetate solution and dried in air. The
measurement was conducted on a JEOL JEM-1400 TEM operating at an accelerating voltage
of 120 kV. Imagel software was used for the analysis of length and width of brush polymer

samples.

2.7. Fluorescent spectroscopy

Fluorescent emission spectra were collected using a TECAN (Spark 20M) microplate reader at

room temperature. The excitation wavelength was set as 594 nm and the emission wavelength
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was monitored from 600 to 800 nm. Excitation and emission bandwidths were both maintained

at 20 nm and the emission wavelength step size was 1 nm.

2.8. Fluorescent correlation spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) experiments were performed on a commercial
confocal microscope, LSM 880 (Carl Zeiss, Jena, Germany) equipped with a C- Apochromat
40x/1.2W water immersion objective. The AF647 molecules and were excited by a HeNe laser
(633 nm) fiber-coupled to the microscope. Emitted fluorescence light was collected with the
same objective, passed through a confocal pinhole and directed to a spectral detection unit
(Quasar, Carl Zeiss). In this unit emission is spectrally separated by a grating element on a 32
channel array of GaAsP detectors operating in a single photon counting mode. In all
experiments the emission in the spectral range 640-700 nm was considered. An eight-well
polystyrene-chambered coverglass (Laboratory-Tek, Nalge Nunc International, Penfield, NY)
was used as a sample cell for the studied solutions. For each sample series of measurements
with a total duration of 5 min were performed. The time-dependent fluctuations of the fluores-
cent intensity &/(f) were recorded and analyzed by an autocorrelation function G(7) =
1+<8K(N8I(t+1)>/<1(f)>°. As has been shown theoretically for an ensemble of m different types

of freely diffusing identical fluorescence species, G(7) has the following analytical form:*

G(r)=1+%{1+ Jr e’”f}i £, (S10)

= {1+T}Jl+ f
T, S°r,,

Here, NV is the average number of diffusing fluorescence species in the observation volume,

frand 7r are the fraction and the decay time of the triplet state, S = zo/ro is the so-called structure
parameter with zo and ro representing the axial and radial dimensions of the confocal volume.
Fiis the fraction of the i-th species and 7oy is their diffusion time through the observation volume
that is related to their diffusion coefficient, Di, through Di = ro*/4tp. The experimentally
obtained Gf'7) were fitted with Equation S10, vielding the corresponding diffusion times and
subsequently the diffusion coefficients of the fluorescent species. Finally, the hydrodynamic

radii Rhwere calculated (assuming spherical particles) using the Stokes-Finstein relation: Ry, =
S16
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k . . . . .
mm% where kB is the Boltzmann constant, 7" is the temperature, and # is the viscosity of the

solvent. Furthermore, FCS yielded also the fluorescent brightness (FB) of the studied species
defined as the ratio between the detected average fluorescent intensity and the mean number of
fluorescent species in the observation volume, FB={(t))/N. As the value of 7o depends strongly
on the specific characteristics of the optical setup a calibration was done using the reference

value® of the AF647 diffusion coefficient 3.3x 1019 m?¥/s at 25°C.

2.9. Confocal laser scanning microscopy (CLSM

Cell culture was performed with human lung adenocarcinoma cell line, A549, pre cultured in
high glucose DMEM, supplemented with 10% Fetal Bovine Serum, 1%
Penicillin/Streptomycin, 1% MEM. Cell passages used within the experiment are between 7-
12.

Cells were seeded at a density of 15,000 cells/well in an Ibidi® u-slide 8-well confocal
microscopy chamber and left to adhere for 24 h. Stock solutions, prepared at 2 pM, were diluted
with DMEM to a final concentration of 500 nM. From the cells, DMEM was aspirated and the
samples were introduced into each individual well. The cells were then incubated for 24 h.
Subsequently, the cell nuclei were stained with Hoechst for 20 min before imaging live on a
Leica SP5 confocal microscope system.

For the time lapse studies at 2 h, 6 h and 24 h, the cells were seeded identically as above
with the samples introduced into the cells in such a way that all three time intervals end at the
same time for imaging. Each well was likewise washed and stained with Hoechst for 20 min

before imaging live on a Leica SP5 confocal microscope system.

2.10. SDS-PAGE and Western blot

Electrophoresis was carried out using 10% Bis-Tris polyacrylamide resolving gels with 6% Bis-
Tris polyacrylamide stacking gel. Sample preparation was performed under denaturing

conditions: 3 uL of LDS sample buffer (NuPAGE, Invitrogen, Carlsbad, CA, USA) and 1 uL

S17
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of 1 M Dithiothreitol (DTT) where mixed with 8 ul. of a 2 uM protein solution and incubated
for 10 min at 95 °C prior to gel.

As areference 2 ul. of AppliChem Protein Marker VI® protein ladders were loaded to the
gel. The gel was run using 1 < MES SDS Running Buffer (NuPAGE, Invitrogen, Carlsbad, CA,
USA)with a constant 150 V for about 50 min. The bioconjugation was confirmed using Western
blot analysis and immunoblot detection with a Streptavidin-Horseradish peroxidase (Strep-
HRP) conjugate to detect the presence of biotin. Western Blot was performed after SDS-PAGE
by blotting on a nitrocellulose membrane using Mini Trans-Blot® Cell Module (Bio-Rad
Laboratory-Inc. Hercules, USA). The nitrocellulose membrane was rinsed with MeOH and
equilibrated with filter paper, sponges, and gel in a blotting buffer for 10 minutes. A blotting
sandwich was prepared according to the transter charge by stacking a sponge, two filters, gel,
the membrane, followed by two filters and a sponge. The transfer was performed using 90 mA
overnight at 4 °C, revealing a successful transfer to the membrane, visualized by Ponceau S.
Following this, the membrane was blocked using 5 % skim milk in 1 x Tris-buffered saline with
Tween20 (TBS-T) for 60 minutes. After washing with TBS-T, the membrane was incubated
with Strep-HRP (1:4000 in 5% skim milk/TBST) for one hour. Chemiluminescence was
detected using enhanced chemiluminescence (ECL, Western Lightning Plus, PerkinElmer,

Waltham, USA).
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lll. Supplementary Data and Discussion

3.1. The amino acid sequence and solvent accessibility of HSA

50
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200
BE=IEEEA<r YKEEETECCO BEDKEECEEE xEpcERDEEK HssExOREKC

250
BsBoxEScrE BxEvENE-Es oREE<EcEE: Es<ENroirx BurzccHiol

300

E=cHoDREDE Bxv@ceNoDs EsskilikeccE KEEBEKSHCH BefienDefBE
350
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585
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Figure S1. The full amino acid sequence of HSA. The one-letter abbreviations for amino acids
are as follows: R: Arginine; K: Lysine; D: Aspartic acid; E: Glutamic acid; Q: Glutamine; N:
Asparagine; H: Histidine; S: Serine; T: Threonine; Y: Tyrosine; C: Cysteine; W: Tryptophan; A:
Alanine; I: Isoleucine; L: Leucine; M: Methionine; F: Phenylalanine; V: Valine; P: Proline; G:
Glycine.
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Table S1. Solvent accessibility of HSA (PDB: 1AQ6) obtained with Pymol 2.03.

ASP'10% | | LYS'41 54% |===== | ARG'81 74% |======= |
ALA20% | | LEU'42 2% | | GLU'82 99% |=========
HIS'30% | | VAL'43 6% | | THR'83 82% |========
LYs'4 0% | | ASN'44 48% |==== TYR'84 11% | = |

SER'S 23% |== | GLU 45 32% | === GLY'85 41% |==== |
GLU'6 35% |=== | VAL'46 6% | | GLU'86 73% |======= |
VAL'7 1% | | THR 47 4% | | MET'87 15% |= |

ALA'S 1% | | GLU 48 71% |======= | ALA'88 18% |= |

HIS'9 51% |===== | PHE 49 28% | == | ASP'89 68% |====== |

ARG'10 14% |=|

ALA'S500% | |

CYS'90 0% | |

PHE'11 11% |= |

LYS'51 44% |====|

CYS'9139% |==|

LYS'12 63% |======|

THR'52 48% |====

ALA92 78% |======= |

ASP'13 52% |===== | CYS'530% | | IYS'93 47% |====
LEU™14 23% |== VAL'54 34% | === GLN'94 79% |
GLY'15 36% | === ALA'SS 82% |======== GLU95 31% |===

GLU'16 38% |=== |

ASP'56 48% |====|

PRO’96 73% |===

GLU'17 85% |========

GLU'57 46% |====

GLU'97 54% |=====

ASN18 31% |===

ARG'987% | |

PHE'19 0% | |

ALA’59 35% |=== |

ASN'99 2% | |

LYS'20 34% |===

GLU 60 94% I:::::::::

GLU'10057% |=====

ALA2116% |= |

ASN'61 33% |===

CY$'1015% | |

LEU221% | | CYS'620%| | PHE'1021% | |

VAL'23 0% | | ASP'63 84% |======== | LEU'103 16% |= |
LEU'245% | | LYS'64 32% | === | GLN'104 75% |======= |
ILE'25 0% | | SER'65 54% |===== HIS 105 27% |==

ALA'26 10% | | LEU'66 8% | | LYS' 106 11% |= |

PHE'27 1% | | HIS'67 18% |= | ASP'107 26% |== |
ALA281% | | THR 68 25% | == ASP'108 28% |==
GLN'293% | | LEU'69 14% |= | ASN'109 51% |===== |
TYR'30 6% | | PHE'7010% |= | PRO110 20% |= |
LEU'315% | | GLY'715%| | ASN'111 74% |======= |
GLN'327% | | ASP'72 45% |==== LEU'112 22% |==
GLN'33 44% |==== LYS'73 26% | == PRO™113 79% |======= |
CYS'343% | | LEU'74 2% | | ARG 114 79% |======= |
PRO'35 46% |==== CYS'75 25% | == LEU'115 62% |====== |
PHE'36 8% | | THR'76 59% | ===== | VAL'116 87% |========
GLU'37 73% |======= | VAL'77 19% |= | ARG'117 38% | ===
ASP38 36% |=== ALA781% | | PRO'118 53% |===== |

HIS'390% | |

THR'79 59% |=====|

GLU'119 63% |======|

VAL'40 20% |==

LEU'80 56% |=====|

VAL'120 12% |= |
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ASP'121 41% |==== |

TYR'16112% |= |

ALA'2015% | |

VAL'122 50% |====

LYS'162 39% |===

SER'202 10% |=|

MET 123 13% |= |

ALA'163 42% |====

LEU203 15% |= |

CYS'1245% | |

ALA'164 5% | |

GLN'204 50% |====

THR 125 64% |:::::: I

PHE 165 0% | |

LYS 205 74% |=======

ALA'126 43% |==== |

THR'166 44% |==== |

PHE'206 33% |=== |

PHE 127 2% | |

GLU 167 40% |====

GLY'207 26% |==

HIS'128 59% |=====|

CYS'168 0% | |

GLU'208 51% |=====|

ASP'129 85% |======== |

CYS$'169 16% |= |

ARG 209 55% |===== |

ASN130 49% |====

GLN'170 70% |======

ALA'210 24% |=

GLU'131 33% |===|

ALA'171 13% |=|

PHE'2111% | |

GLU'132 66% |====== |

ALA'172 77% |=======

L¥S'212 35% |===

THR'133 41% |====|

ASP'173 43% |====

ALA’213 31% |==

PHE 134 16% |= |

LYS'174 29% |==

TRP'214 30% |===

LEU™13519% |= |

ALA'175 19% |= |

ALA'215 1% | |

LYS'136 28% |==|

ALA'176 40% |==== |

VAL'216 11% |= |

LYS$137 43% |====

CYS'177 30% |==

ALA'217 0% | |

TYR'138 16% |= |

LEU'1780% | |

ARG'218 20% |==

LEU'1399% | |

LEU'179 13% |= |

LEU'219 9% | |

TYR'1405% | |

PRO'18057% |=====

SER'2200% | |

GLU'141 18% |= |

LYS'18132% |===

GLN'2212% | |

ILE'142 27% |==

LEU'182 10% | |

ARG'222 16% |= |

ALA™143 0% | |

ASP'183 29% |==

PHE'2233% | |

ARG'144 12% |= |

GLU 184 63% |======|

PRO'224 3% | |

ARG'145 29% |==

LEU'185 6% | |

LYS 225 49% |====

HIS 146 29% |== |

ARG 186 60% |===== |

ALA'226 1% | |

PRO'147 2% | |

ASP™187 60% |=====

GLU'227 71% |=======

TYR'148 14% |= |

GLU 188 31% |===

PHE™228 20% |= |

PHE' 149 3% | |

GLY'18912% |= |

ALA’229 66% |======|

TYR'150 9% | |

LYS'190 39% |===

GLU23015% |= |

ALA'151 0% | |

ALA'191 38% |===

VAL'231 0% | |

PRO'152 7% | |

SER'192 20% |==

SER'232 28% |==

GLU1535% | |

SER'193 13% |= |

LYS'233 41% |====

LEU'154 1% | |

ALA™194 27% | == |

LEU'234 2% | |

LEU™155 11% |= |

LYS'195 45% |====

VAL'235 3% | |

PHE 156 8% | |

GLN'1965% | |

THR'236 54% |===== |

PHE'157 2% | |

ARG'197 14% |= |

ASP'237 30% |===

ALA'158 12% |= |

LEU™198 20% |= |

LEU 238 18% |= |

LYS'159 39% |===|

LYS'199 17% |= |

THR'2395% | |

ARG'160 30% |==

CYS'200 4% | |

LYS 240 54% |===== |
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VAL'2411% | |

LYS281 55% |=====|

GLU'32169% |======

HIS'242 2% | |

PRO282 62% |======|

ALA’322 47% |====

THR 243 39% |===

LEU 283 50% |=====

LYS'323 46% |====

GLU 244 14% |= |

LEU 284 18% |= |

ASP'324 59% |=====|

CYS'24511% |= |

GLU 285 28% |==|

VAL'325 51% |=====|

CYS'246 2% | |

LYS 286 20% |= |

PHE'326 6% | |

HIS 247 38% |===

SER'2879% | |

LEU'327 14% |= |

GLY'248 17% |= |

HIS'288 20% |= |

GLY'328 16% |= |

ASP'249 16% |= |

CYS'289 28% |== |

MET 329 36% |===|

LEU'250 5% | |

ILE'290 8% | |

PHE'3301% | |

LEU'2513% | |

ALA'291 39% |=== |

LEU'3315% | |

GLU'252 18% |= |

GLU' 292 53% |=====|

TYR'332 7% | |

CYS'2530% | |

VAL'293 18% |= |

GLU'333 22% |==|

ALA'254 14% |= |

GLU 294 76% |

TYR'334 6% | |

ASP'255 6% | |

ASN'295 40% |===

ALA'335 0% | |

ASP'256 24% |== |

ASP™296 10% | |

ARG'336 8% | |

ARG'257 10% |= |

GLU 297 69% |======|

ARG'337 20% |=|

ALA'258 25% |==|

MET 298 51% |=====|

HIS'338 24% | ==

ASP'259 53% |=====|

PRO'299 26% |== |

PRO'339 35% |===|

LEU'260 11% |= |

ALA’300 95% I:::::::::

ASP'340 45% |====

ALA2615% | |

ASP'30196% |=========

TYR'341 12% |= |

LYS'262 54% |===== |

LEU'302 29% |==|

SER'342 0% | |

TYR263 27% |=

PRO303 67%

VAL'343 1% | |

ILE'264 7% | |

SER'304 71% |

VAL'344 8% | |

CYS'265 24% |==

LEU'305 11% |= |

LEU'345 0% | |

GLU266 69% |====== |

ALA306 22% |==

LEU'346 1% | |

ASN'267 32% |===|

ALA'307 44% |==== |

LEU'347 11% |= |

GLN268 21% |==

ASP'308 65% |====== |

ARG'348 5% | |

ASP’269 95% |=========|

PHE'309 7% | |

LEU'349 0% | |

SER'27057% |=====

VAL'310 15% |= |

ALA’35019% |=|

ILE'271 2% | |

GLU'311 74% |======= |

LYS'351 56% |=====|

SER'272 10% | |

SER'312 35% |===

THR'352 19% |= |

SER'273 63% |======|

LYS 313 77% |======= |

TYR'353 0% | |

LYS'274 23% |==|

ASP314 57% |===== |

GLU354 13% |= |

LEU'2750% | |

VAL'315 1% | |

THR'355 49% |====

LYS'276 59% |===== |

CYS'316 29% |== |

THR'356 11% |= |

GLU277 72% |======= |

LYS'317 65% |======|

LEU'357 1% | |

CYS2783% | |

ASN’318 53% |===== |

GLU'358 58% |===== |

CYS'27929% |==|

TYR'3196% | |

LYS'359 76% |=======

GLU 280 83% |========

ALA'320 78% |=======|

CYS'360 2% | |
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CY5'36143% |====|

TYR'401 28% |==|

PRO 441 63% |======|

ALA'362 82% |======== | LYS'402 55% |===== | GLU 442 82% |========
ALA'363 44% |==== PHE'403 0% | | ALA'443 56% | =====
ALA'364 96% |========= GLN'404 2% | | LYS 444 51% |===== |

ASP’365 71% |======= |

ASN'405 11% |= |

ARG'445 20% |= |

PRO'366 19% |= |

ALA’406 34% |=== |

MET 446 6% | |

HIS 367 46% |====

LEU'407 5% | |

PRO™ 447 20% |==

GLU368 84% |========

LEU'408 0% | |

CYS'448 42% |====

CYS'369 47% |====|

VAL 409 20% |= |

ALA'449 4% | |

TYR'370 1% | |

ARG 410 34% |===

GLU'450 0% | |

ALA'371 60% |=====|

TYR'411 10% |= |

ASP’451 20% |== |

LYS'372 61% |======|

THR™412 1% | |

TYR'452 19% |= |

VAL'373 2% | |

LYS'413 23% |==|

LEU’453 13% |= |

PHE'374 32% | ===

LYS'414 7% | |

SER'454 19% |=|

ASP'375 61% |======|

VAL'415 4% | |

VAL'455 15% |= |

GLU'376 52% |===== |

PRO'416 6% | |

VAL'456 3% | |

PHE'3772% | |

GLN'417 35% |===

LEU'457 3% | |

LYS'378 62% |======|

VAL 418 6% | |

ASN'458 2% | |

PRO'379 59% |===== |

SER'419 56% |=====|

GLN'459 20% |==|

LEU'380 27% |==

THR'420 10% | |

LEU'460 2% | |

VAL'381 12% |= |

PRO421 68% |======|

CYs'461 11% |= |

GLU'382 50% |====

THR'422 12% |= |

VAL'462 10% | |

GLU'383 44% |====

LEU'4233% | |

LEU'463 14% |= |

PRO'384 0% | |

VAL'424 3% | |

HIS'464 8% | |

GLN'385 47% |====

GLU425 41% |====

GLU465 55% |=====|

ASN’386 51% |=====|

VAL'426 4% | |

LYS 466 49% |==== |

LEU'387 15% |= |

SER'427 1% | |

THR 467 70% |======= |

ILE'388 8% | |

ARG 428 18% |= |

PRO 468 66% I:::::: I

Y5389 56% |===== |

ASN'429 15% |= |

VAL'469 53% |===== |

GLN'390 67% |======|

LEU'430 6% | |

SER'4704% | |

ASN'39117% |=|

GLY'4310% | |

ASP 471 80% |::::::: I

C¥$'392 7% | |

LYS 432 30% |==

ARG 472 24% |==

GLU"393 57% |=====|

VAL'43312% |= |

VAL'473 0% | |

LEU'394 32% |===|

GLY'4342% | |

THR'474 41% |==== |

PHE'395 18% |= |

SER'435 43% |====

LYS 475 54% |===== |

GLU'396 74% |======= |

LYS 436 50% I::::: I

CYS'476 2% | |

GLN'397 71% |=======|

CYs$'437 1% | |

CYS'477 12% |= |

LEU'398 18% |= |

CYS'438 17% |=|

THR 478 69% |:::::: I

GLY'399 43% |====|

LYS 439 81% |========

GLU' 479 77% |=======|

GLU 400 41% |==== |

HIS 440 31% |===

SER™480 32% | ===

523
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LEU481 23% |== |

ARG'5216% | |

ALA’561 50% |===== |

VAL'482 23% |=

GLN'522 24% |==

ASP’562 85% |========

ASN'483 44% |====

ILE'523 37% |===

ASP’563 34% |===

ARG'484 9% | |

LYS'524 51% |=====|

LYS'564 86% |========

ARG 485 5% | |

LYS'525 6% | |

GLU'565 68% |====== |

PRO'486 22% |== |

GLN'526 0% | |

THR'566 48% |==== |

CYS 487 38% |===

THR'527 33% |===

CYS'567 27% |=

PHE 488 0% | | ALA'S28 4% | | PHE'S68 1% | |
SER'489 26% |== | LEU'529 4% | | ALA’S69 52% |=====
ALA'490 74% |======= | VAL'S30 2% | | GLU'S70 60% |====== |

LEU'4919% | |

GLU'53125% |==|

GLU'57139% |===|

GLU 492 76% |=======|

LEU'532 10% | |

GLY'572 10% | |

VAL'493 49% |====

VAL'5332% | |

LYS'573 69% |====== |

ASP'494 14% |= |

LYS'534 10% | |

LYS'574 77% |======= |

GLU 495 80% |=======|

HIS'535 21% |==

LEU'575 22% |==|

THR 496 80% |======== |

LYS'536 23% |==|

VAL'576 16% |= |

TYR'497 24% | =

PRO537 21% |=

ALA’577 57% |=====

VAL'498 95% |=========

ALA’578 55% |===== |

PRO'499 47% |====|

ALA’539 58% |=====|

SER'57917% |=|

LYS'500 72% |=======|

THR'540 19% |= |

GLN'580 62% |======|

GLU501 82% |======== |

LYS'541 83% |======== |

ALA’581 78% |======= |

PHE'502 38% | ===

GLU'542 79% |======= |

ALA’582 35% | ===

ASN’503 45% |====

GLN'543 39% |===

LEU'583 0% | |

ALA’504 60% |

LEU'S44 6% | |

GLY'584 0% | |

GLU'505 87% |======== |

LYS'545 52% |=====|

LEU'585 0% | |

THR 506 64% |:::::: I

ALA’546 54% |===== |

PHE'507 3% | |

VAL'547 18% |= |

THR 508 64% I:::::: I

MET'548 8% | |

PHE'S09 9% | |

ASP'549 61% |====== |

HIS'510 63% |======|

ASP'550 46% |==== |

ALA'511 28% |==

PHE'5512% | |

ASP'512 58% |===== |

ALA'552 26% |==

ILE'513 5% | |

ALA’553 39% |==

CYS'514 32% |===|

PHE'554 3% | |

THR'515 37% |===

VAL'555 2% | |

LEU'516 30% |== |

GLU'556 52% |=====|

SER'517 39% |===

LYS'557 66% |======|

GLU'518 45% |====

CYS'558 4% | |

LYS'519 60% |===== |
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3.2. Synthesis and characterization of brush-1 to brush-4

3.2.1. MALDI-ToF mass spectra
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Figure S2. MALDI-ToF mass spectra of (A) HSA and cHSA, (B) PEG-cHSA, (C) PEG-dcHSA,
as well as two macroinitiators (D) PEG-dcHSA-Br3o and (E) PEG-dcHSA-Brs:.
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3.2.2. Stability of brush-1 to brush-4
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Figure S3. Size distribution of brush-1 to brush-4 after storage at 4 °C for two months
measured by DLS.

As shown in Figure S3, the sizes of brush polymers (brush-1 to brush-4) did not change during
storage and they remained stable even in water solution for more than two months at 4 °C
suggesting that they could be stored at low and elevated temperatures without the formation of

stable aggregates and precipitates.
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3.2.3. Thermo-responsiveness of the brush polymer

E—

_— ko

25°C —> BE'C —> 25°C

Figure S4. Digital images showing the thermal responsiveness of brush-3.

Brush-3 reveals high solubility in water at 25 °C. Upon temperature increase to 65 °C, the
solution turned turbid immediately (Figure S4). This lower critical solution temperature (LCST)
is consistent with other PMOEGMA polymers based on the monomer with a molecular weight
of 300 g mol'® Importantly, this behavior is fully reversible and the solution became
transparent when the temperature was again decreased to 60 °C underlining that individual
brush polymers were recovered and no permanent aggregation occurred. Such reversible
responsiveness of the brush polymers also provides interesting future opportunities, ¢.g. to

control their self-assembly.
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3.2.4. Supplementary TEM characterization of brush polymers

Figure S5. Additional TEM images for the statistical analysis of brush-1.

Figure S6. Additional TEM images for the statistical analysis of brush-2.

528

~ 109 ~



Publications Chapter 5

Figure S7. Additional TEM images for the statistical analysis of brush-3.

Figure S8. Additional TEM images for the statistical analysis of brush-4.
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Figure S9. (A, B) Statistic analysis of length distribution (A) and width distribution (B) of

brush-1 to brush-4. (C) Comparison of the average length and the aspect ratio of brush-1 to
brush-4.

Based on TEM images in Figure 2E-J and Figures S5-S8, statistical analysis was performed for
brush-1 to brush-4 using ImagelJ software. For each polymer sample, the length and width of
100 brush polymers were analyzed based on their length (Figure S9A) and width (Figure S9B)
distributions. The average lengths and aspect ratios of these structures were plotted in Figure
SOC. From this graph, brush-3 with the highest density and length of the PMOEGMA side
chains displayed an average length of 139 nm and an aspect ratio of 2.85:1. Brush-4 providing
comparable PMOEGMA side chain length but lower chain density reveals an average length of
116 nm and a slightly lower aspect ratio of 2.51:1. In comparison, much lower values were

obtained for brush-1 and brush-2 with shorter side chains, revealing average lengths of ~55

nm and aspect ratios of ~1.7:1. These results clearly indicate that architectures, molecular
weights and contour lengths of bottlebrush polymers could be controlled within a wide range

by simply tuning initiator densities along the polypeptide backbone or varying the

polymerization conditions.
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3.2.5. Supplementary light scattering analysis of brush polymers
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Figure S10. (A) Relaxation functions C(g.?) for the translational diffusion dynamics in aqueous
solution of brush-1 (blue filled squares) and brush-3 (red filled circles) at 20°C at two
scattering wave vectors (¢ = 0.011 nm™). The intensities of brush-1 (blue filled squares) and
brush-3 (red filled circles) are shown in (B). The solid lines denote the representation of the

form factor of a solid prolate ellipsoid (brush-1: a =26 nm, » =20 nm; brush-3: a =38 nm, b
=34 nm).
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Figure S11. Diffusion coefficients and 1/1(g) versus ¢* for brush-3 (red filled circles) and
brush-4 (blue filled squares) are shown in the (A) and (B), respectively.
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Figure S12. Relaxation functions C(g.f) for the translational diffusion dynamics in aqueous
solution of brush-4 (1 mg mL ") at 293 K at two scattering wave vectors (blue filled squares, g
=0.011 nm! and red filled circles, ¢ = 0.030 nm! ) represented by a single exponential decay
(solid lines). Upper inset: The diffusion coefficient, I as a function of ¢* with the solid green
line indicating a linear representation. Lower inset: Normmalized light scattering intensity
I{g)I(0) as a function of ¢ where the purple solid line denotes the representation by the form
factor of a solid prolate ellipsoid with semi-axes, & = 28 nm and b = 20 nm. The yellow line
indicates the ellipsoid form factor using ¢ = 35 nm and » = 29 nm in case brush-4 would
conform to a brush configuration (Figure S13).
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Figure S13. Experimental DLS/SLS data: double logarithmic plot of the hydrodynamic radius,
Ry (blue filled circles) and the radius of gyration, Rg (red filled circles) for brush-1 to brush-4
as a function of the corresponding molecular weight Mw. Solid lines represent the scaling Rn ~
M,°¢ Tnset: The semi-axes, a (green filled squares), b (purple filled squares), of a prolate
ellipsoid as a function of Afw. The scaling for a and b is 0.44 and 0.62, respectively. The
encircles points in the main plot and the inset deviate from the reported scaling behavior.
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3.3. Simulation details and further analysis

To study the structural behavior of brush polymers with different side chain lengths and grafting
densities (as shown in Table S2), we have performed molecular dynamics simulation of an
implicit solvent generic bead-spring model.” In this model, individual monomers of in a
polymer interact with each other via a 6—12 Lennard—Jones (LI) potential. Furthermore, to
model the bonded connectivity, adjacent monomers in a polymer are connected via an
additional finitely extensible nonlinear elastic potential (FENE). The parameters are chosen
such that a reasonably large time step can be chosen. The results are presented in units of the

LJ interaction energy &, L] length unit & and unit of mass m. This leads to a time unit of 7 =

0(%)1/ 2. The specific choice of the model is motivated by the fact that we want to address

rather generic polymer structural properties, without attempting to complicate our model

system with specific chemical details.

Table S2. Details for molecular simulation.

brush backbone side chain repeating units
Mw/kDa . .
polymer number number of side chains
brush-1 277 585 61 7
brush-2 415 585 61 15
brush-3 650 585 61 27
brush-4 528 585 39 33

We use simplified replica of the experimental brush polymer system. Here the experimental
backbone sequence of hydrophobic and hydrophilic residues (see Figure S14) are modeled with
the standard Lennard-Jones (LI) interactions, where interaction between two hydrophobic
residues is chosen as attractive with interaction strength of 2ksT and a cutoff of 2.55. The
interaction between hydrophilic units is modeled as the repulsive LJ with a cutoff of 2% and
interaction strength of %sT. This ensures that the native structure of bare backbone is well
reproduced in our generic simulations, as known from experimental backbone structure. The

backbone sequence used as an input in our simulations is shown in Figure S14. To model the
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hydrophilic side chains, we again use repulsive L] interaction. Note that in our simplified model,

a one-to-one monomer mapping is done for the backbone chain.
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Figure S14. The hydrophobic-hydrophilic pattern of amino acid sequence of HSA for molecular
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simulation. Hydrophilic amino acids are represented as number “1” and hydrophobic acids are

number “0” in the simulation.

We consider a chain of length Ni = 585, the same as number of residues in the backbone

of the experimental system. The side chain lengths and the grafting densities are again taken

to be the same as the experimental system. The equations of motion are integrated using a

velocity Verlet algorithm with a time step dt=0.01t. The simulations were usually

equilibrated for 107 MD time steps. The measurements are typically observed over another

5 x 10° MD steps. These values are at least one order of magnitude larger than the typical
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chain end-to-end relaxation time. During this time, observables such as the gyration
radius Ry and static structure factor S(g) are calculated. The temperature is set using a

Langevin thermostat with damping constant y = 1.0 ~! and the temperature is set to 1 &/ks.

25

201 e
315{ //

o
m n
—s— full chain
10 —e— bare backbone
5 . . T T T L L)
0 10 20 30
NS

Figure S15. Polymer gyration radius Ry as a function of side chain length Ns for a given grafting
density where a backbone is grafted with 61 side chains (see Table S2). Results are shown for
bare backbone and also for the full brush polymer chain.

In Figure S15 we show simulation results of Ry values as a function of side chain length
N for a given grafting density, where a backbone is grafted with 61 side chains. The data is
shown for only bare backbone size and also for the full chain. As expected, a chain becomes

more swollen with increasing Ns.
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Figure S16. A comparative plot of gyration radius Ry obtained from experiments and
simulations for all four brush polymer samples (brush-1 to brush-4). Inset shows the same Rg
with changing side chain length Ns for a given grafting density where the backbone is grafted
with 61 side chains.

In the main panel of Figure S16 we present a comparative experimental and simulation data
of Rg for four different bottle brush systems. It can be appreciated that rather simplified
simulation model reproduces the correct trend observed in experiments. Not only that we have
the same trend, simulations also give same scaling of total R with the side chain length Ns(see
the inset of Figure S16). Interestingly, a simple shifting of the simulation data (green triangle)
by a factor of ~1.33 gives a rather convincing master curve, i.e. Rg" ~ 1.33 R.. While we do not
have a direct evidence of this shifting parameter, we use it as a match between chemical specific

experimental and chemieally independent generic simulation data.
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3.4. Svnthesis and characterization of brush-5

3.4.1. Schematic illustration for the synthesis of brush-5
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Figure S17. Schematic illustration for the synthesis of the brush polymer site-specifically

functionalized with AF647 (brush-5).
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3.4.2 MALDI-ToF mass spectra
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Figure S18. MALDI-ToF mass spectra of (A) f-HSA, (B) {-cHSA, (C) f-PEG-cHSA, (D) {-

PEG-d¢HSA, and (E) the AF647-1abeled fluorescent macroinitiator f-PEG-d¢HSA-Br.
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3.4.3. Characterization of brush-5
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Figure S19. GPC elution curve of brush-5.

Figure S20. TEM image of brush-5.
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fluorescent dye.
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Figure S21. Comparison of fluorescent spectra of brush-3 and brush-5. The characteristic
peak of AF647 in the spectrum of brush-§ confirms the successful introduction of the
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3.4.4. FCS characterization and analysis
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Figure S22. FCS autocorrelation curves (symbols) measured in ~2 nM aqueous solutions of
AF647 (A) and the AF647-labeled polymer brush-5 (B). The solid lines represent the
corresponding fits with Equation S10. The insets show the respective intensity time trace plots.
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Figure S23. Normalized FCS autocorrelation curves measured in ~ 2 nM aqueous solutions of
AF647 (blue circles) and the brush-5 (red squares). The solid lines represent the corresponding
fits with Equation S10. The fits yield values of Rn, arss7 ~ 0.74 nm and FBarss7 = 19
kHz/molecule for the hydrodynamic radius and the fluorescent brightness of the individual
AF647 molecules. The corresponding values for brush-5 were Ry, prush-s ~ 32 nm and FByrysh-s

= 22 kHz/molecule. The very similar fluorescent brightness values for both systems indicate
that only one AF647 molecule is attached to each brush molecule.
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3.5. Synthesis and characterization of biotin-brush-6 and biotin-brush-7

e ™
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Figure S24. Schematic illustration for the synthesis of protein-templated brush polymers site-
specifically functionalized with biotin (biotin-brush-6 and biotin-brush-7).
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Figure S25. Comparison of the MALDI-ToF mass spectra of biotin-HSA before and after
purification by a column composed of Thermo Scientific Pierce Monomeric Avidin Agarose.
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Figure S26. MALDI-ToF mass spectra of (A) biotin-HSA, (B) biotin-cHSA, (C) biotin-PEG-
cHSA, (D) biotin-PEG-dcHSA, and (E) the biotin-functionalized macroinitiator biotin-PEG-

dcHSA-Br.
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3.6. Synthesis and characterization of biotin-brush-8
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Figure S27. Synthesis of the protein-templated fluorescent brush polymer site-specifically
functionalized with biotin (biotin-brush-8) and its stepwise assembly with (1) streptavidin and
(2) biotin-SST or biotin-aDEC.
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Figure S28. MALDI-Tol' mass spectrum of biotin-functionalized fluorescent macroinitiator

biotin-PEG-f-dcHSA-Br.
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Figure S29. (A) Confocal laser scanning microscopy images showing the cellular uptake of
biotin-brush-8 after assembly with SA (left) and SA/Biotin-SST yielding SST-brush (right)
after 24 h. Cellular uptake by A549 cells is only observed after the assembly of Biotin-SST. (B)
Time lapse study at 2 h, 6 h and 24 h of 500 nM of SST-brush at 37 °C, 5% COxz. Nuclei are
visualized by Hoechst. Scale bars: 20 um.
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Biotin-brush-8 (AF647) AF568-SA

Hoechst

Figure S30. Confocal laser scanning microscopy images showing the cell internalization of
SST-brush that has been labeled with AF647 (biotin-brush-8 labeled with AF647) at the
polypeptide backbone. Colocalization of AF568-SA and the brush polymer after 24 h were
observed indicating that the SST-brush remained intact inside the A549 cells. Scale bars: 20 pm.
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Figure S31. SDS-PAGE with coomassie staining (A) and western blot with chemiluminescence
detection of SA-HRP (B) results, showing the assembly of biotin-brush-8 with a biotinylated
model antibody (biotin-aDEC) and SA generating aDEC-brush. Under heating conditions, the
aDEC-brush complex can be separated in its consisting components to be visualized by
coomassie stain (A) or SA-HRP (B) to detect biotinylated molecules.
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Figure S32. SDS-PAGE after coomassie staining (A) and western blot with chemiluminescence
detection of SA-HRP (B) results, showing the assembly of biotin-brush-8 with biotinylated
SST and SA generating SST-brush. Under heating conditions, the SST-brush complex can be
separated in its consisting components to be visualized by coomassie stain (A) or SA-HRP (B)
to detect biotinylated molecules. The cyclic peptide SST consist of only 14 amino acids, which
were not enough for a sufficient staining with coomassie dye. Additionally, the small size of the
SST prevented retention on the nitrocellulose membrane with a pore size of 0.2 pm.
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Abstract

The templated synthesis of noble metal nanoparticles using biomass, such as proteins and polysaccharides, has
generated great interest in recent years. In this work, we report on denatured proteins as a novel template for the
preparation of water-soluble metal nanoparticles with excellent stability even after high speed centrifugation or
storage at room temperature for one year. Different noble metal nanoparticles including spherical gold and
platinum nanoparticles as well as gold nanoflowers are obtained using sodium borohydride or ascorbic acid as the
recducing agent. The particle size can be controlled by the concentration of the template. These metal nanoparticles
are further used as catalysts for the hydrogenation reaction of p-nitrophenol to p-aminophenal. Especially, spherical

synthesis, Catalysis
L

gold nanoparticles with an average size of 2 nm show remarkable catalytic performance with a rate constant of
1026% 10 “Ls 'ig | These metal nanoparticles with tunable size and shape have great potential for various
applications such as catalysis, energy, sensing, and biomedicine.

Keywords: Unfolded proteins, Gold nanoparticles, Geld nancoflowers, Platinum nanoparticles, Biotemplated

1 Introduction

Due to their high surface-to-volume ratios and quantum
size effects, noble metal nanoparticles exhibit distinct op-
tical, thermal, and chemical properties from their bulk
counterparts [1, 2]. These nanoparticles with controlled
sizes and shapes have received tremendous attention in a
myriad of areas including catalysis, energy, optics, sensing,
biomedicine, and leather industry [3—7]. For example, gold
nanoparticles (AuNPs) have shown remarkable catalytic
activities for many organic transformations such as
addition to carben—carbon bonds, oxidaticn of carbon
monoxide and alcohels, selective hydrogenations, and car-
bon—carben coupling reactions [8-10]. However, metal
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nanoparticles aggregate easily which greatly hinders their
usage in catalysis, bicmedicine, and many other fields. To
solve this problem, a variety of substances including thicl-
containing surfactants and polymers have been developed
for surface functionalization of metal nanoparticles with
long-term stability and dispersity [11-14]. It should be
noted that this strategy may involve tedious synthetic and
purification steps, harsh reaction conditions, and the use
of toxic organic solvents [15, 16].

Recently, the environmentally friendly synthesis and
stabilization of metal nanoparticles using biopolymers have
become a trend [15-19]. For instance, chitosan [20-22],
cellulose [23], gelatin [24], bovine serum albumin [25, 26],
and collagen that can be extracted from leather products
[27], have been reported as templates for the synthesis of
gold nanoparticles at room temperature. In the past decade,
our group has developed a facile synthesis route to unfold
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native proteins including human serum albumin (HSA)
and lysozyme to well-defined linear biopolymers [28, 29].
Such protein-derived pelymers offer many fascinating char-
acteristics such as biocompatibility, biodegradability, prede-
termined length, narrow size distribution, and a defined
number of functional groups at distinct positions along the
polypeptide backbone [30]. In addition, the conjugated
PEG chains can reduce protein binding and prolong circu-
lation time in the blood stream. Therefore, these protein-
derived polymers are particularly attractive for biomedical
applications and as templates for preparation of precision
nanomaterials. For example, multifunctional nanoparticles
have been constructed by coating these protein-derived bio-
polymers to the surface of quantum dots, gold nanostruc-
tures, and nancdiamonds [28, 31-33]. The resulting
nanchybrids which display excellent stability and biocom-
patibility, have been successfully used in gene transfection,
cell imaging, and cancer therapy [31, 32, 34].

In this work, we report on unfolded protein backbones
that possess a large number of amino groups able to
bind metal ions and using them to act as novel tem-
plates for the preparation of noble metal nanoparticles
with controlled sizes and shapes. Two reducing agents,
ascorbic acid and sedium borohydride, are used to con-
trol the shape, and the template concentration is discov-
ered to control the size of nanoparticles. Anisotropic
gold nanoflowers (AuNFs) as well as ultrasmall spherical
AuNPs and platinum nanoparticles (PtNPs) with high
water solubility, excellent stability and good biocompati-
bility have been obtained. The template is derived from
natural polymers, and the whole process is conducted in
aqueous solution at rcom temperature. Therefore, the
route can be regarded as an environmentally friendly
procedure. More significantly, the well-defined nanopar-
ticles demonstrate excellent catalytic performances for
the hydrogenation reaction of p-nitrophenol to p-amino-
phenol. Collectively, these metal nanoparticles prepared
using the novel protein-derived template may find great
potential in surface-enhanced Raman spectroscopy,
photothermal therapy, catalysis, biomedicine, textiles,
and functional coatings for leather products.

2 Experimental section

2.1 Materials

Human serum albumin (HSA, 96%), tris(2-carboxyethyl)
phosphine hydrochloride (TCEP, =98%), O-[(N-succi
nimidyl)succinyl-amincethyl]-O ~-methylpolyethylene glycol
(NHS-PEG, M,, ~ 2000}, p-nitrophenol (99%), N-(2-ami-
noethyl) maleimide trifluoroacetate salt (MI-NHa, 95%),
N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydro-
chloride (EDC-HCI, >98%), and r-ascorbic acid (>99%)
were purchased from Sigma-Aldrich and used without
further treatment. Gold (III) chloride trihydrate
(HAuCly3H,0, »99.5%) was obtained from Carl Roth.
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Ethylendiamine (>99%), urea (99.5%), hydrogen hexa-
chloroplatinate (IV) hydrate (H,PtClexH,O, 99.9%, 39%
Pt), and ethylenediaminetetraacetic acid (EDTA, 98%)
were purchased from Acros Organics and used as re-
ceived. Sodium borohydride (NaBH,, > 95%) was obtained
from Fisher Chemical. All other solvents and salts were
obtained from commercial suppliers and used as received.

2.2 Synthesis of cationic HSA (cHSA) [32, 34]

HSA (150 mg, 2.26 ymol) was dissolved in 15 mL of de-
gassed ethylenediamine sclution (2.5M), and the pH
was tuned to 4.75 by using HCL After adding EDC-HCl
(4 mmol, 766 mg) and stirring for twe hours at room
temperature, acetate buffer (1mL, 4M, pH4.75) was
added to terminate the reaction. The obtained reaction
solution was purified twice with acetate buffer (100 mM,
pH 4.75) and thrice with deionized water by ultracentri-
fugation using a Vivaspin 20 concentrator (MWCO 30
kDa). The resulting solution was lyophilized to afford
the product as a white fluffy solid (160 mg, yield: 98%,
MALDI-ToF MS: 72.3 kDa).

2.3 Preparation of PEGylated cHSA (PEG-cHSA) [32, 34]
cHSA (101 mg, 1.40 uymol) was firstly dissolved in de-
gassed phosphate buffer (30 mL, 50 mM, pH 8.0). NHS-
PEG (159.6 mg, 79.8 umol) was dissclved in 0.6 mL of
DMSO and then added into the ¢cHSA solution. After
stirring at room temperature for four hours, the reaction
solution was purified five times with deicnized water by
ultracentrifugation using a Vivaspin 20 concentrator
(MWCO 30kDa). The resulting solution was lyophilized
to cbtain the product as a white fluffy solid (206 mg,
yield: 90%). The MALDI-ToF MS indicates a molecular
weight of 164.3kDa which means on average 46 PEG
chains were conjugated into each cHSA backbone.

2.4 Synthesis of denatured PEG-cHSA (PEG-dcHSA) [32, 34]
Urea-phosphate buffer with 50 mM phosphate buffer, 5 M
urea and 2 mM EDTA (urea-PB, pH7.4) was firstly pre-
pared by dissolving urea (150.15g, 2.5mol), EDTA
(292.24 mg, 1 mmol), Na,HPO,7H,0 (5.4276 g, 25 mmol)
and NaHpPQ, (0.5699g, 25mmol) in 0.5L of Milli-Q
water. Then, 80 mL of urea-PB was added in a 250 mL
flask and degassed via bubbling by argon for five minutes.
Followed PEG-cHSA (100mg, 0.61 pumol) was dissolved
and further stirred for 15min. TCEP (9.0mg, 31 pmol}
was added and stirred for 30 min under argon flow. Lastly,
MI-NH, (46 mg, 181 pmol} was added and stirred over-
night under argon protection. The obtained reaction solu-
tion was purified three times with urea-PB and five times
with deionized water by ultracentrifugation using a Vivas-
pin 20 concentrator (MWCO 30kDa). The resulting solu-
tion was lyophilized to afford the product as a white flufty
solid (99 mg, yield: 96%, MALDI-ToF M$: 168.5 kDa).

~ 137 ~



Publications

Chapter 5

Chen et al Journal of Leather Science and Engineering (2020) 2.7

2.5 Synthesis of AuNPs using NaBH, as the reducing
agent

The molar ratio of HAuCl, to amino groups in PEG-
dcHSA for the synthesis of AuNPs was tuned from 3:0
to 3:3. Take the molar ratio of 3:3 as an example, 1.5 mg
of PEG-dcHSA was dissolved in 4.4 mL of Milli-Q water
and then 0.5mL of HAuCl, aqueous solution (2 mM)
was added and stirred for one hour. Afterwards, 0.1 mL
of freshly prepared NaBH, solution (100 mM) was added
dropwise under vigorous stirring. The color of the solu-
tion changed immediately to yellow. After stirring for
one more hour, the solution was measured by UV-vis
spectrometry. The product was purified five times with
deionized water by ultracentrifugation using a Vivaspin
6 concentrator (MWCO 30 kDa).

2.6 Synthesis of AuNFs using ascorbic acid as the
reducing agent

For the preparation of AuNFs, the reducing agent solu-
tion (100 mM) was obtained by dissolving L-ascorbic
acid (176.1mg) in 10 mL of degassed Milli-QQ water.
Most procedures and conditions are the same with those
used for the synthesis of AuNPs in section 2.5, and the
only difference is that L-ascorbic acid was used to re-
place NaBH, as the reducing agent.

2.7 Synthesis of PtNPs using NaBH., as the reducing agent
The procedures for the synthesis of PtNPs are similar to
those used for preparing AuNPs. H,PtCls solution (2
mM) was obtained by dissolving 10 mg H,PtClgxH,O
(39% Pt) in 10 mL Milli-Q water. The molar ratios of
H,PtCls to amino groups in PEG-dcHSA were 3:2 and 3:
0. The solutions were stirred overnight before use.

2.8 Catalytic reduction of p-nitrophenol to p-aminophenol
To a 20mL glass bottle, 3 mL of freshly prepare p-nitro-
phenol aqueous solution (1 mM, pH =12) and 15 mL of
NaBH, aquecus sclution (50 mM dissolved in Milli-Q
water) were firstly added and gently shaken. Followed
1.2 mL of the mixed solution of NaBH,4 and p-nitrophe-
nol was added into a vial and determined amounts of
metal nanocatalysts were added and the reaction was
monitored by UV-vis spectrometer. The absorbance at
400 nm is subtracted from that at 500 nm to correct for
background absorption and then used to calculate the
conversion and apparent rate constant (kpp). The con-
version (C) is calculated using the following equation:

_ Ap-A
0

cC x 100%

where A; and A; are the absorbance at time 0 and t. The
apparent rate constant (k,,,) is determined as the slope
of In(Ag/A,) at 400 nm against the reaction time.
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2.9 Characterization

UV-vis absorbance spectra were collected using a
TECAN (Spark 20M) microplate reader. The samples
were added in a Greiner 96 flat transparent plate. The
wavelength range was set from 250 to 800 nm. Matrix-
assisted laser  desorption/ionization time-of-flight
(MALDI-ToF) mass spectrometry was performed on
Bruker rapifleX spectrometer. Saturated solution of sina-
pinic acid dissolved in a 1:1 water/acetonitrile with 0.2%
trifluoroacetic acid was used as the matrix solution and
different concentrations of samples were measured.
Transmission electron microscopy (TEM) samples were
prepared by adding 4 pL of the metal nanoparticle solu-
tion onto a carbon-coated copper grid. After drying in
air for 10 min, the remaining solution was removed by
blotting with a filter paper. The measurement was con-
ducted on a JEOL JEM-1400 TEM operating at an accel-
erating voltage of 120 kV. Image] software was used for
the analysis of particle size.

3 Results and discussion

3.1 Unfolding native proteins to well-defined biopolymers
The synthesis of protein-derived biopolymer PEG-
dcHSA and its application as a novel template for the
preparation of metal nanoparticles are schematically il-
lustrated in Fig. la. Firstly, the native protein HSA was
cationized by converting carboxyl groups on the surface
to primary amine groups. In order to prevent protein ag-
gregation during the following denaturation step, short
polyethylene glycol (PEG) chains with an average mo-
lecular weight of 2000 gmol™ ' were introduced. These
biocompatible PEG chains also afford PEG-cHSA with
improved sclubility and stability due to the steric effect
between different chains. Subsequently, PEG-cHSA was
unfolded in urea-phosphate buffer in the presence of
TCEP as a reducing agent. In this step, urea could break
the hydrogen bonds and other supramolecular forces.
The 17 disulfide bridges in the 3D structure of HSA
were also destroyed by TCEP, and the generated thiol
groups were capped by MI-NH,. Therefore, the number
of primary amino groups was further increased, which
resulted in better solubility and metal ion binding ability
of PEG-dcHSA. MALDI-ToF mass spectra in Fig. 1b
show the increase of molecular mass in each step, con-
firming the successful synthesis of the PEGylated linear
polypeptide PEG-dcHSA.

3.2 Ultrasmall AuNPs prepared using NaBH, as the
reducing agent

The protein-derived linear biopolymer PEG-dcHSA
which possesses abundant primary amino groups that
can bind varicus metal-containing anions was used as a
template for the in situ synthesis of different metal
nanoparticles. First, we investigated the templated
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Fig. 1 a Schematic illustration for the preparation of denatured protein PEG-dcHSA and its application as a template for the synthesis of metal
nanoparticles. b MALDI-ToF mass spectra showing the successful synthesis of PEG-GcHSA
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synthesis of AuNPs using NaBH, as the reducing agent.
In a typical procedure, PEG-dcHSA was dissolved in
Milli-Q water and then mixed with HAuCl, aqueous so-
lution for one hour. Subsequently, freshly prepared
NaBH, solution was added dropwise under vigorous stir-
ring. The reaction solution changed immediately to yel-
low, pink or red depending on the added amount of
PEG-dcHSA. After stirring for one more hour, the prod-
uct was purified by five ultracentrifugation cycles with
deionized water using a Vivaspin 6 concentrator
(MWCO 30 kDa). As PEG-dcHSA is a precision polymer
derived from HSA, the average number of primary
amino groups in PEG-dcHSA was calculated as 147 (see
supplementary information for more details). The molar
ratio of chloroauric acid (HAuCl,) to amino groups in
PEG-dcHSA was tuned from 3:0 to 3:3 by fixing the
amount of HAuCl, and gradually increasing the amount
of the denatured proteins. The details for the synthesis
of AuNDPs with different HAuCl,/-NH, molar ratios are
summarized in Table 1.

The reaction was very fast as indicated by the swift
change of the solution color after adding the reducing
agent. As displayed on the top panel of Fig. 2a, the color
gradually shifts from red to light brown with the in-
creased amount of denatured proteins. The UV-vis ab-
sorbance spectrum in Fig. 2b shows a characteristic peak
at 512 nm for the sample without adding the template
(HAuCl,/-NH, molar ratio = 3:0). In contrast, the peaks

of the other three samples are weaker and a blue shift is
observed when the amount of PEG-dcHSA is increased,
indicating reduction of size for these AuNPs [35, 36].
TEM was further used to directly observe the morph-
ology of AuNPs and the results are displayed in Fig. 2c-
k. We can see that AuNPs prepared under four different
HAuCl,/-NH, molar ratios all display good dispersity,
narrow distributions, and spherical shapes. The AuNPs
prepared with a HAuCly/-NH, molar ratio of 3:0 has an
average diameter of 6.4 + 2.2 nm. Ultrasmall AuNPs with
the size of 2 ~5nm were obtained when the denatured
protein template was added to the reaction solutions. In-
creasing the added amount of PEG-dcHSA made the
particle size smaller, which is consistent with the UV-vis
spectra. Therefore, we can conclude that the protein-
derived biopolymer can be used as an ideal template for
the preparation of ultrasmall AuNPs together with the
use of NaBH, as the reducing agent.

Table 1 Conditions for the synthesis of ultrasmall AUNPs using
NaBH, as the reducing agent

HAUC!/—NH, HAuC, PEG-dcHSA H,O NaBH,
molar ratio {2 mM} (100 mM}
30 0.5 mL 0mg 44 mL 0.7 mL
31 0.5 mL 05 mg 44 mL 0.7 mL
32 0.5 mL 1.0 mg 44 mL 0.1 mL
33 0.5 mL 1.5mg 44 mL 0.7 mL
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Fig. 2 Characterization of ultrasmall AUNPs prepared using NaBH, as the reducing agent. a Optical images comparing soluticns of AuNPs before
and after purification by ultracentrifugation. The AuNPs were prepared using different molar ratios of chloroauric anions to amino groups from
the denatured protein. b UV-vis spectra of the AuNPs before purification by ultracentrifugation. € The average size of AuNPs obtainea by
analyzing more than 100 particles from TEM images. {D-K) TEM images and size distributions of AuNPs prepared using different mclar ratios of
chloroauric anions to amino groups in the denatured protein before purification: d anc h 3:0; e ana i 3:1; f and j 3:2; g and k) 3:3. -0 TEM
images of AuNPs after purification by ultracentrifugation: | 3:0; m 3:1; n 3:2; 0 3:3. Scale bars: 10 nm

J

Crucially, the samples prepared with denatured pro-
teins demonstrated significantly enhanced stability com-
pared to AuNPs prepared without the template
(HAuCl,/-NH, molar ratio 3:0). After the formation of
AuNPs, the reaction solutions were purified five times
by centrifugation at a high speed of 5000 rpm. As shown
in the bottom panel of Fig. 2a, colors of AuNPs prepared  displayed in the TEM image, severe aggregation oc-
in the presence of the biopolymer template did not curred for the AuNPs without protection by denatured
change even though they were repeatedly concentrated proteins (Fig. 21). For AuNPs prepared in the presence

and recovered. The solutions stayed homogeneous and
there was no obvious change for the UV spectra of these
solutions (Figure S1). In contrast, the solution of the
AuNPs prepared in the absence of the template changed
to colorless after the purification step and black precipi-
tates were observed at the bottom (see Figure S2). As
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of the bicpolymer, all of them remained well-dispersed
and no size change was observed (Fig. 2m-o). In
addition, the AuNPs prepared by templated synthesis
show excellent stability and dispersity even after storage
at room temperature for one year (Figure 53). Therefore,
the protein-derived biopolymer is indispensable for good
water-solubility and excellent stability of AuNPs.

3.3 AuNFs prepared using ascorbic acid as the reducing
agent

The choice of reducing agent has a great impact on the
size and shape of AuNPs formed by templated synthesis.
We further investigated the influence on particle morph-
ology and size the when using L-ascorbic acid as the re-
ducing agent and PEG-dcHSA as the template. By
replacing NaBH, with L-ascorbic acid, four Au nano-
structures were synthesized with similar conditions as in
Table 1. As shown in Fig. 3a, the reaction solutions
showed different colors from red te purple and to blue
when the amount of denatured proteins was increased.
UV-vis spectra in Fig. 3b show characteristic peaks of
gold nanoparticles and a red shift is observed when the
molar ratic of chloroauric anions to amine groups in de-
natured protein was changed from 3:0 to 3:3. Both the
colors and UV-vis spectra indicate an increase of particle
size after adding more biopeolymers. Furthermore, we
used TEM to directly characterize the size and morph-
ology of these Au nanostructures (Fig. 3c-k). Very inter-
estingly, AuNFs with multiple extrusions were obtained,
indicating a different particle formation mechanism
when ascorbic acid was used as the reducing agent
More specifically, some very small gold dots were firstly
formed, which served as seeds for the following reduc-
tion of HAuCL,. Because L-ascorbic acid is a mild redu-
cing agent, the reactions were slower than those using
NaBHy4. Under slow reaction kinetics, gold atoms and
small dots had enough time to diffuse and meet each
other. Because the added bicpolymer template may favor
to bind certain crystalline phases [37], the nanoparticles
thus grew along specific facets and formed branched
morphelogies. The diameter of AuNFs was tuned in 30
~ 70 nm by varying the amount of the denatured protein
based on analysis of more than 100 nanoparticles in
TEM images for each sample. The increase of bicpoly-
mer concentration leads to larger-sized AuNFs, which is
a different trend in comparison to the synthesis of ultra-
small AuNPs using NaBH, as the reducing agent. The
reason for this interesting phenomencn is not clear. One
possible reason is the larger area covered by the pres-
ence of more PEG-dcHSA. This facilitated the aniso-
tropic growth of flower branches and the size increased.
For the sample prepared in absence of the biepolymer
template, spherical AuNPs with an average size of
354 +10.0nm were obtained. In addition, the TEM
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image in Fig. 3d even shows aggregation before purifica-
tion for the sample prepared without the denatured pro-
tein template, indicating the poor stability of naked
AuNPs. Surprisingly, all three AuNFs prepared in the
presence of different amounts of denatured proteins
demonstrated excellent stability despite their larger sizes
compared to those ultrasmall AuNPs prepared using
NaBH, as the reducing agent (Fig. 3m-o and Figure $4}.

3.4 Catalytical reduction of p-nitrophenol by Au
nanostructures
Due to their high surface-to-volume ratios, gold nano-
materials are ideal catalysts for many organic reactions
[8—10]. For example, the hydrogenation reaction of p-ni-
trophenol to p-aminophencl by NaBH,, which can be
easily monitored by UV-vis spectroscopy, is a model re-
action to evaluate the catalytic performance of noble
metal catalysts [38]. Here, both ultrasmall AuNPs and
AuNFs prepared under different conditions were used
for the catalytical reduction of p-nitrophenol. As dis-
played in Fig. 4a-d, the characteristic peaks at 400 nm
decreased for all spherical AuNPs prepared using NaBH,
as the reducing agent, indicating their catalytic activity
for the hydrogenation reaction. More importantly, there
is a clear trend that the reaction became faster when the
AuNPs were prepared in the presence of more PEG-
dcHSA. The time to convert 90% catalyzed by AuNPs
prepared without the biopolymer template (HAuCly/
-NH, molar ratic =3:0) is more than 40 min. In con-
trast, it took only 24 min for the AuNPs prepared with a
HAuCly/-NH, molar ratic of 3:3 (Fig. 4e). By plotting
In(4,/A4;) at 400 nm against the reaction time, the appar-
ent rate constant (kp) is determined as the slope of fit-
ted lines. As shown in Fig. 4f, the AuNPs prepared with
a HAuCl,/-NH, molar ratic of 3:3 show the highest k,,,
of 1.673x10 %s Y. The apparent rate constants for
AuNPs prepared with HAuCl,/-NH, molar ratios of 3:0,
31, 3:2 are 9.273x 10 *s ™%, 1.032x10 s~ !, 1488 %
107757, respectively. The higher catalytic activity of
AuNPs synthesized with more templates is attributed to
their smaller size and therefore higher surface-to-volume
ratio to provide more catalytically active sites. Although
the bicpolymer coating may have a negative influence on
the catalytic performance, it seems that the size effect is
more significant. As the Au concentration (Cy,) in this
catalytic reaction is only 0.163mgL™ ", the rate constant
(kopp/Caw of the AuNPs prepared with a HAuCL,/~-NH,
molar ratio of 33 is as high as 1.026 x 10" *Ls 'mg ™ .
UV-vis spectra showing the catalytic properties of
AuNPs and AuNFs prepared with ascorbic acid for the
hydrogenation of p-nitrophenol are depicted in Fig. 5a-
d. By plotting the conversion against the time, we can
see that the reaction catalyzed by spherical AuNPs
showed a relatively high speed (Fig. 5e). However,
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Fig. 3 Characterization of Au nanostructures prepared using L-ascorbic acid as the reducing agent. a Optical images comparing sclutions of
AUNPs and AuNFs before ana after purification by ultracentrifugation. The gola nanostructures were prepared using different molar ratios of
chloroauric anions to amine groups from the denatured protein. b UV-vis spectra of Au nanostructures before purification by ultracentrifugation.
¢ The average size of Au nanostructures cbtained by analyzing more than 100 particles from TEM images. d-k TEM images and size distributions
of Au nanostructures prepared using different melar ratios of chloroauric anions to amino groups of the denatured protein before purification: d
and h 30; e and i 3:7; f and j 3:2; g and k 3:3. l-o TEM images of Au nancstructures after purification oy ultracentrifugation: | 3:0; m 3:1; n 3:2; 0

AuNFs prepared in the presence of PEG-dcHSA demon-
strate slower reaction kinetics especially in the beginning
stages. This phenomenon probably is due to the biopoly-
mer coating of AuNFs, which took some time for small
molecules to diffuse. Fig. 5f shows the plot of In(4,/A4,) at
400 nm against the reaction time, the k,,, of spherical
AuNPs (HAuCl,/-NH, molar ratios of 3:0) was deter-
mined as 1.518 x 10 ®s~ . For AuNFs, we also calculated

the k,p, for the period after diffusion. As the Au concen-
tration (Ca,) here is 2.627mgL ! the rate constants
(kypp/Caw) catalyzed by AuNFs prepared with HAuCl,/
-NH, molar ratios of 3:1, 3:2, 3:3 are 3.64x 10 *Ls™*
mg % 421 x 107 *Ls *mg %, and 4.69x 10" *Ls ' mg %,
respectively. Although the catalytic activity is not as high
as ultrasmall AuNPs, they are still among the very effect-
ive Au catalysts in the literature [39-42].
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3.5 Synthesis of PtNPs and their catalytic performance and nanomedicine [43-46]. We further explored the
In addition to well-defined AuNPs and AuNFs, other preparation of PtNPs in the presence of PEG-dcHSA by
noble metal nanoparticles can also be prepared using the  reducing HoPtCls with NaBHa. The molar ratio of PtCl(,z"
protein-derived biopolymer as template. For example, anions to amine groups of PEG-dcHSA in the solution
PtNPs have also attracted broad attention in catalysis  was set as 3:2. As shown in Fig. 6a, water-soluble PtNPs
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anions to amine groups on the aenatured protein: a 3.0, b 3:1, € 32, d 3:3. e Conversion versus reaction time for the hydrogenation catalyzed by
these Au nanostructures. f In{Ax/A) at 200 nm versus reaction time for the hydrogenation catalyzed by these Au nanostructures
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with good dispersity and an average size of ~ 3 nm were
obtained. In a control experiment, very severe aggregation
was observed for PtNPs prepared without adding the de-
natured protein (Fig. 6b). In addition, the size and disper-
sity of PtNPs by templated synthesis did not change even
after purification several times by ultracentrifugation at a
high speed of 5000 rpm, indicating their excellent stability
(Fig. 6¢).

We further evaluated the catalytic performance of
PtNPs using the same hydrogenation reaction. As shown
in Fig. 6d, the characteristic peak at 400 nm of p-nitro-
phenol gradually decreased in two hours. The conver-
sion reaches 90% after reacting for 100 min (Fig. 6¢). By
plotting In(Ay/A,) at 400 nm against the reaction time,
the k,p, was obtained as 3.913 x 1074571 (Fig. 6f).
Therefore, PtNPs synthesized and stabilized with PEG-
dcHSA can also serve as an effective catalyst for the hy-
drogenation reaction. In comparison, a catalytic study

for PtNPs prepared without the biopolymer template
was not possible because the particles were difficult to
purify and the amount could not be determined.

4 Conclusion

In summary, denatured proteins have been reported as a
novel template for the synthesis of water-soluble, ultra-
stable, and well-defined noble metal nanoparticles
(AuNPs, AuNFs, PtNPs). Au nanostructures of different
shapes (spherical and flower-like) have been prepared
using NaBH,, or ascorbic acid as the reducing agent. The
sizes of Au nanostructures have been controlled by tun-
ing the molar ratio of metal ions to amino groups of the
template. Compared to nanoparticles prepared without
the template, these metal nanoparticles prepared by tem-
plated synthesis demonstrated much better stability even
after high speed centrifugation or storage at room
temperature for one year. Moreover, these nanoparticles
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have been used as efficient catalysts for the hydrogen-
ation of p-nitrophenol to p-amincphenol. AuNPs with
an average size of 2nm show the highest catalytic effi-
clency with a rate constant of 1.026 x 107 ?Ls™ "mg™'.
These metal nanoparticles with tunable size and shape,
as well as good stability, dispersity and water-solubility
may find great potentials in catalysis, sensors, biomedi-
cine and many other fields.

5 Supplementary information
Supplementary information accompanies this paper at https//doiorg/10.
1186/542825-020-00020-5.

Additional file 1: Figure §1. UV-vis spectra of ulrasmall AuNPs after
purification by ultracentrifugation. Figure S2. Enlarged photo of AuNPs
prepared in the absence of the biopolymer template after purification
five times by ultracentrifugation. Figure §3. Digital phaota {A) and TEM
images (B-D) showing the excellent stability and dispersity of AuNPs after
storage for one year at room temperature. Figure S4. Digital photo {A)
and TEM images {B-D) showing the excellent stability and dispersity of
AuNFs after storage for one year at room temperature,
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Calculation of the number of primary amino groups in PEG-dcHSA:

As the primary structure of HSA is known, the numbers of lysine (K), aspartic acid (D), glutamic
acid (E), and cysteine (C) are 59, 36, 62, and 35, respectively. Therefore, the number of primary
amino groups in native HSA is 60 (59 plus 1 from the N terminal). During the cationization step,
the carboxyl groups of D and E were converted to primary amino groups. Based on the MALDI-
ToF spectra, on average 46 amino groups were consumed in the PEGylation step. Finally, the
cysteines were also transferred to primary amino groups in the unfolding step. Therefore, the
average number of primary amino groups in PEG-dcHSA can be calculated as:

60 + (36+62) — 46 + 35 = 147

c e o =
2 o o O

o
N

Absorbance (a.u.)

o
o

300 400 500 600 700 800
Wavelength (nm)

Figure S1 UV-vis spectra of ultrasmall AuNPs after purification by ultracentrifugation. NaBH4
was selected as the reducing agent and different molar ratios of chloroauric anions to amino
groups in PEG-dcHSA from 3:1 to 3:3 were used for the preparation of these AuNPs.
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Black precipitates

Figure S2 Enlarged photo of AuUNPs prepared in the absence of the biopolymer template (molar
ratio of chloroauric anions to amino groups in the denatured protein = 3:0) after purification
five times by ultracentrifugation.
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Figure S3 Digital photo (A) and TEM images (B-D) showing the excellent stability and dispersity

of AuNPs after storage for one year at room temperature. The AuNPs were prepared using
NaBHg as the reducing agent with different molar ratios of chloroauric anions to amino groups

from the denatured protein
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Figure S4 Digital photo (A) and TEM images (B-D) showing the excellent stability and dispersity
of AuNFs after storage for one year at room temperature. The AuNFs were prepared using
ascorbic acid as the reducing agent with different molar ratios of chloroauric anions to amino
groups from the denatured protein.
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We report a convenient strategy for the synthesis of polymer-grafted gold nanoflowers by combining an
activator regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP} and the
reduction of metal ions in a one-pot fashion. PolyiN-isopropylacrylamide}-coated gold nanoflowers

(PNIPAM-AUNFs} with controllable sizes, shapes, and shell thickness are obtained and applied as
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Polymer-metal hybrid nanomaterials, particularly polymer-
gold nanocomposites, have attracted continuous attention over
the past two decades.’® The combination of chemical, optical,
and electronic characteristics of nano-sized metals with tunable
features of functional polymers has opened various promising
applications including as components in optical and electronic
devices, as well as in catalysis, sensors and biomedicine.®* 1t
is widely accepted that the properties of polymer-metal nano-
composites are largely determined by their composition, shape,
size, distribution, and surface structures. Therefore, substantial
efforts have been devoted to control and optimize the properties
of these nanomaterials.>®

Gold nanoflowers {AuNFs) are unique nanostructures with
large numbers of branches.”™” Owning to their coarse surfaces
consisting of many sharp tips, as well as high surface-to-volume
ratios, 3D hierarchical AuNFs have demonstrated remark-
able performances in catalysis,""*?
scattering,"*'* photothermal conversion,'® and cell imaging."”
AuNFs with surface-grafted functional polymers are particularly
attractive as the polymer shell provides additional features such
as solubility and stimuli-responsiveness.'® Polymer-AuNFs can
be achieved by in situ reduction of gold ions in the presence of
polymer templates or by grafting polymer chains to or from
already formed AuNFs.'” However, these methods involve
tedious multistep fabrication and purification processes, and
there is only limited control over the structure of the metal
nanoparticles and the polymers at the surface.' Therefore, a

surface-enhanced Raman
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ToF spectra, TEM images and other characterizations of PNIPAM-AuNFs, comparison
of the cataltic activity. See DOL: 10.1039/c9qm00252a
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temperature-contrelled nanoparticle catalysts for the hydrogenation of p-nitrophenol.

facile and green route for the synthesis of multifunctional
polymer-coated AuNFs would be very attractive.

Atom transfer radical polymerization {ATRP) is a widely used
polymerization technique for the synthesis of well-defined
polymers. However, ATRP catalysts are usually sensitive to air and
other oxidants. To solve this limitation, Matyjaszewski ef al have
developed an improved technique termed activator regenerated by
electron transfer (ARGET] ATRP (Fig. 14)°°* Transition metal
complexes in their oxidation stable state (e.g, CuBryligand) are
used as catalyst precursors in ARGET ATRP. A reducing agent such
as ascorbic acid is continuocusly added to reduce the Cu™ species
to the active catalyst {Cu® species). The major benefits of ARGET
ATRP are low amounts of catalysts, ease of preparation, storage,
and handling of the ATRP catalysts in air.

We report a convenient procedure for the synthesis of catalytically
active AuNFs coated by a responsive poly(N-isopropylacrylamide)
{PNTPAM) shell by combining ARGET ATRP and the reduction
of metal ions in one reaction step. The approach is based on
a protein-derived biopolymer template providing (1) distinct
numbers of amino groups able to bind chloroauric anions
and (2) many initiation sites for ARGET ATRP. Human serum
albumin (HSA) has been selected as biotemplate as it is an
important physiclogical transporter for various metal ions® and
metallodrugs®™ in the bloodstream. In our previous work,
denatured HSA has been exploited for the stabilization of metal
colloids and nanoparticles.”®>® Herein, the HSA-derived biopolymer
is equipped with ATRP initiators and combined with ascorbic acid
reducing the metal jons and activating the ATRP catalyst for
PNIPAM polymerizadon. In this way, PNIPAM-coated gold nano-
flowers (PNIPAM-AuNFs) of tunable sizes and shapes with excellent
stahility and thermo-responsiveness have been obtained in a one-
pot reaction. Ternperature-responsive PNIPAM has been used for
the first time to coat AuNFs, although some PNIPAM-Au nano-
composites are known.> ' PNIPAM AuNFSs serve as a smart catalyst,
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Fig. 1 (A) The mechanism of ARGET ATRP. (B) Synthesis of PEG-dcHSA-Br
and its application as a substrate for preparing PNIPAM-AUNFs by one-pot
concurrent ARGET ATRP and gold reduction.

whereby the temperature-responsive PNIPAM shell controls
hydrogenation of p-nitrophenol to p-aminophenol. We believe
that the approach could be extended to other noble metal
nanoparticles and functional polymers, providing access to a
variety of multifunctional polymer-metal hybrid nanomaterials.

The synthesis of the biopolymer template is schematically
illustrated in Fig. 1B. First, the carboxylic acid groups of HSA
are converted into amino groups by applying a large excess of
ethylenediamine to afford cationized HSA {cHSA). cHSA possesses
many amino groups for the attachment of ATRP initiators and
facilitates the adsorption of higher amounts of AuCl, anions. To
improve protein solubility and stability, short polyethylene glycol
{PEG, M,, ~ 2000) chains are conjugated to ¢cHSA to afford PEG-
cHSA with about 32 PEG chains as calculated from the matrix-
assisted laser desorption/ionization time-of-flight {MALDI-ToF)
mass spectrum ({Fig. S3, ESIt). Next, PEG-cHSA is denatured in
urea-phosphate buffer using tris{2-carboxyethyl) phosphine
hydrochloride as reducing agent. N-(2-aminoethyl)maleimide
trifluoroacetate salt {MI-NH;) is added to cap the thiol groups
generated after reduction of disulfide bridges of HSA. The
resulting denatured polypeptide {PEG-dcHSA) is reacted with
2-bromoisobutanoic acid N-hydroxysuccinimide ester, which
introduces ATRP initiators with bromide end groups to the poly-
peptide backbone giving PEG-cHSA-Br in 51% vield. According
to MALDI-ToF mass spectra in Fig. 84 and S5 {ESIt), 61 initiation
sites per polypeptide backbone have been introduced.

For the preparation of the polymer-grafted AuNFs in one
reaction pot, chloroauric acid {HAuCl,) is selected as the metal
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Table 1 Synthesis of PNIPAM-AuNFs under different conditions

Entry Molar ratio of -NH,/HAuCl, T°(°C) ¢’ (h) Diameter’ (nm)

1 6:1 23 2 148 + 16
2 3:1 23 2 219 + 21
3 1:1 23 2 179 + 88
4 3:1 40 2 61+9
5 3:1 23 1 217 + 18
& 3:1 23 4 214 £ 21

“ Reaction temperature. * Reaction time. © Average diameter deter-
mined from TEM images using Image] software.

source and N-isopropylacrylamide {NIPAM) as monomer to
impart a thermal-responsive polymer. In a typical process, the
substrate PEG-dcHSA-Br, the monomer NIPAM, the HAuCl,
solution, and the stock solution of copper{u) bromide/tris-
{2-pyridylmethyl)amine {Cu"Br,/TPMA) are first dissolved in
deionized water. Oxygen is removed through three freeze-pump-
thaw cycles, and the solution is stirred at room temperature for
one hour to allow the complexation of AuCl, by the amino groups
of the peptide chains. Degassed ascorbic acid solution is added via
a syringe pump at a slow speed of 0.6 pL min *, and the reaction
proceeds at predetermined time and temperature. Purification of
the polymer-grafted AuNFs proceeds by simple centrifugation to
remove unreacted monomers. As summarized in Table 1, six
reaction conditions have been applied to study the impact of the
-NH,/HAuCl, molar ratio {-NH, refers to total amount of amino
groups from PEG-dcHSA-Br in the reaction solution which is
300 nmol), reaction temperature and reaction time on the sizes
and morphologies of the formed PNIPAM-AuNFs. The obtained
AuNFs were imaged by transmission electron microscopy {TEM)
and the results are shown in Fig. 2 and Fig. 86-511 (ESIt).

As shown in Fig. 2A-D, AuNFs with rough surfaces are formed,
and the enlarged TEM images in Fig. 2 and Fig. 86-§11 {ESIt)
even capture the polymer shells surrounding the AuNFs. Next, the
impact of the -NH,/HAuCl, molar ratio on the size and shape of
PNIPAM-AuNFs is analyzed. By increasing the amount of HAuCl,
in the reaction mixture, the -NH,/HAuCl, molar ratio changes
from 6:1 {entry 1) to 3:1 {entry 2), and to 1:1 {entry 3) {Table 1,
23 °C, 2 h reaction time). The diameter of the AuNFs increased
from 148 4+ 16 nm to 219 £ 21 nm by varving the molar ratio
from 6:1 to 3:1. At equimolar ratio of -NH,/HAuCl, {entry 3),
irregular AuNFs with more dispersed shapes are observed
(Fig. 2C and Fig. S8, ESIf). Here, most likely, the number of
primary amines from the template is not sufficient to complex
the available AuCl, in solution and the biopolymer is not able to
stabilize the resulting AuNFs well.

The reaction temperature also plays a crucial role for the
formation of PNIPAM-AuNFs. At -NH,/HAuCl, molar ratio of
3:1, a temperature shift from 23 °C to 40 °C results in the
formation of much smaller AuNFs with an average diameter of
only 61 + 9 nm {Fig. 2D-F and Fig. S9, ESI{) compared to 219 +
21 nm at 23 °C. The temperature-controlled AuNF growth is
attributed to the thermal-responsive characteristics of the PNIPAM
shell at the AuNFs surface. Below 23 °C, PNIPAM remains well
soluble in water. Therefore, gold ions and nanoclusters can
penetrate the PNIPAM shell, aggregate and form larger gold

This journal is®© The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 2 TEM characterization of PNIPAM-AuNFs prepared under different
conditions: (A) —=NH2/HAUCLl, 6: 1, 23 °C, 2 h; (B) =NH2/HAuCl, 3:1, 23°C,
2 h; 1IQ) —NHz/HAUCL, 1:1, 23 °C, 2 h; (D) —NH2/HAuCl, 3:1, 40 °C, 2 h;
(E) size distribution of PNIPAM-AUNFs (entry 4); (F) the average diameters
of PNIPAM-AuNFs (entries 1-6, Table 1).

nanoparticles. However, when the temperature is increased
above the lower critical solution temperature (LGST) of PNIPAM,
ie. to 40 °C, the PNIPAM chains collapse and form a dense
shell preventing further growth of the AuNFs. Therefore, AuNF
formation can be controlled iz situ during the polymerization
process by simply adjusting the temperature.

Varying the reaction time from 1 h to 2 h and 4 h does not
affect the size and morphology of AuNFs and only a slight
impact on the thickness of the PNIPAM shell is observed as
depicted in the TEM images in Fig. §10 and $11 (ESIT). In these
experiments, a -NH,/HAuCl, molar ratio of 3:1 and a reaction
ternperature of 23 °C are selected indicating that AuNF formation is
already completed within 1 h reaction time.

The thermo-responsiveness of the PNIPAM-AuNFs is studied
by dynamie light scattering {DLS). The hydrodynamic radius of
PNIPAM-AuNFs is monitored during temperature increase from
20 °C to 60 °C with 5 °C increments (Fig. 3 and Table S1, ESIT).
When the temperature is kept below 30 °C, the hydrodynamic
radius {Ry) of PNIPAM-AuNFs remains constant within the
range of 52-60 nm. However, Ry, reveals a pronounced drop
to less than 30 nm when the temperature increases from 30 °C
to 35 °C. The sizes of PNIPAM-AuNFs above 30 °C correlate to
the dimensions measured by TEM as depicted in Fig. 2D. Also,
the transition temperature is consistent with the LCST of
PNIPAM (32 °C) reported in the literature.”®*** During the
experiment, the solution tums slightly turbid when the terperature
increases above the LCST, indicating the formation of some minor
aggregates of PNIPAM-AuNFs. This is probably the reason for the
size increase when the temperature rises from 40 °C to 60 °C (Fig. 3).
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Fig. 3 Hydrodynamic radius of PNIPAM-AuUNFs (entry 4) determined by
DLS at increased temperature from 20 °C to 60 °C.

However, the nanchybrids can be easily re-dispersed by shaking
at room temperature and the solution becomes transparent
again.

PNIPAM-AuNFs with rough surfaces and a thermo-responsive
polymer shell could serve as smart catalysts. As a proof of concept,
the catalytic performance of PNIPAM-AuNFs is analyzed at different
temperatures for the well-known hydrogenation reaction of
pnitrophenol to p-aminophenol.®>*® This reaction allows
monitoring the catalytic activity of noble metal-based nano-
materials by UV-vis spectroscopy.”’*® Fig. 4 compares the catalytic
properties of PNIPAM-AuNFs {entry 4) for the reduction of
p-nitrophenol in the presence of NaBH, at different temperatures.
At 23 °C, after PNIPAM-AuNFs have been added to the reaction
solution, the characteristic peak of p-nitrophenol decreases
gradually within 50 min reaction time (Fig. 4A). During this
process, the solution changes from yellow to colorless. As a control,
no absorption changes are observed after mixing NaBH, and
p-nitrophenol for 2 h in the absence of PNIPAM-AuNFs {Fig. 513,
ESIt). These results support that the PNIPAM-AuNFs possess
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Fig. 4 Temperature-controlled catalysis by PNIPAM-AUNFs. (A and B)
UV-vis spectra of the reaction solution for the hydrogenation of p-nitro-
phenol at 23 °C (A) and 40 °C (B). (C) Plots of In(Ay/A) at 400 nm versus
reaction time. (D) Scheme for the hydrogenation reaction catalyzed by
PNIPAM-AuNFs at different termperatures.
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catalytic activity for the hydrogenation reaction. In contrast, the
characteristic peak of p-nitrophenol only decreases slightly
within 50 min in the presence of PNIPAM-AuNFs at 40 °C
(Fig. 4B). In{4,/A,) at 400 nm is plotted against to the reaction
time for both temperatures, where 4, and 4, are the absorbance
at time 0 and ¢. Interestingly, an induction time {t,) is observed
in the initial phase, which is ascribed to the diffusion time of
p-nitrophenol through the PNIPAM shell®® After the induction
time, In{A,/4,) has a linear relationship to the reaction time,
indicating that the reduction follows first-order kinetics.*” At an
extremely low gold concentration of 1.52 mg I. * in the catalytic
reaction solution, the PNIPAM-AuNFs show an apparent rate
constant (k,pp) 0f 1.02 x 10 * s *at 23 °C, which is among the
best performing nanocatalysts ever reported (see Table 52, ESIT).
In contrast, by increasing the temperature to 40 °C, a significant
drop in the rate constant down to about 10% is observed, as
indicated by a k.pp, 0f 1.04 x 10 *s ' (Fig. 4C). Obviocusly, the
PNIPAM shell serves as a diffusion barrier for p-nitrophenol
in the collapsed form resulting in a significant reduction in
catalytic activity {Fig. 4D). It is worthy of note that the polymer
coating could also have an adverse impact on the catalytic
performance as it acts as a physical barrier restricting the
access of p-nitrophenol to the AuNFs.*' There is potential to
further optimize the thickness of the PNIPAM coating to
increase catalytic performance while retaining high stability
and stimulus-responsiveness of the nanohybrids. In addition,
the nanocatalyst could be easily recycled by centrifugation
but then, a slight decrease of the catalytic activity is observed
{Fig. 815, ESI%).

In summaty, we have reported a convenient one-pot strategy
for the preparation of PNIPAM-coated AuNF catalysts by combining
ARGET ATRP and the reduction of metal ions. The chloroauric
anion binding capacity of cationized HSA in combination with
the attached ATRP initiators provide an HSA-based macro-
initiator allowing polymer growth and nanoparticle formation
in a one-step reaction. The sizes and shapes of the resulting
AuNFs have been controlled by varying the temperature as
well as the molar ratio of the free amino groups from the
biopolymer template to the chloroauric anions. The thickness
of polymer shell has been adjusted by varving the reaction time.
More importantly, the PNIPAM-AuNFs serve as water-soluble
and temperature-responsive catalyst for the hydrogenation of
p-nitrophenol.

The in situ reduction of metal ions and ARGET ATRP has not
been combined before for the preparation of polymer-metal
nanocomposites. Compared with conventional methods that
involve nanoparticle synthesis, purification and post-modification,
in situ growth allows the convenient synthesis of polymer-coated
metal catalysts without tedious reaction and purification pro-
cedures. More significantly, smart polymers formed during the
polymerization process provide additional in sitx control over
the formation of metal nanostructures, which has not been
achieved yet. We believe the novel strategy could be expanded
to construct other polymer-metal hybrid materials for various
applications such as sensing, catalysis, controlled drug delivery,
and photothermal therapy.
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I. EXPERIMENTAL

1.1 Materials

Human serum albumin (HSA, 96%), tris(2-carboxyethyl) phosphine hydrochloride (TCEP,
>98%), 2-bromoisobutanoic acid N-hydroxysuccinimide ester (NHS-BiB, 98%), O-[(V-
succinimidylsuccinyl-aminoethyl]-O-methylpolyethylene glycol (NHS-PEG, A4, ~2000), N-
(2-aminoethyl)maleimide trifluoroacetate salt (MI-NH,, 95%), N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC-HCI, =98%), tris(2-pyridylmethyl)amine (TPMA,
98%), copper(Il) bromide (CuBr;, 99%), p-nitrophenol (>99%), and L.-ascorbic acid (>99%)
were purchased from Sigma-Aldrich and used without further treatment. Chloroauric acid
(HAuCly, >99.5%) was obtained from Carl Roth. Ethylendiamine (>99%), urea (99.5%) and
ethylenediaminetetraacetic acid (EDTA, 98%) were purchased from Acros Organics and used
as received. N-isopropylacrylamide (NIPAM, >98%) was bought from TCI. Sodium
borohydride (NaBH,, >95%) was obtained from Fisher Chemical. All other solvents and salts

were obtained from commercial suppliers and used as received.

1.2 Preparation of cationic HSA (¢cHSA) [

HSA (150 mg, 2.26 umol) was dissolved in 15 mL of degassed ethylenediamine solution (2.5
M) and the pH was tuned to 4.75 with HCL. After adding EDC-HCI (4 mmol, 766 mg) and
stirring for two hours at room temperature, acetate buffer (1 mIL, 4 M, pH 4.75) was added to
terminate the reaction. The obtained reaction solution was purified twice with acetate buffer
(100 mM, pH 4.75) and three times with deionized water by ultracentrifugation using a
Vivaspin 20 concentrator (MWCO 30 kDa). The resulting solution was lyophilized to afford
the product as a white fluffy solid (154 mg, vield: 94%, MALDI-ToF MS: 72.3 kDa).

1.3 Preparation of PEGylated cHSA (PEG-cHSA) 1
First, cHSA (100 mg, 1.4 umol) was  dissoleved in degassed phosphate buffer (30 mL, 50

mM, pH 8.0). NHS-PEG (105 mg, 52.4 umol) was dissolved in 0.4 mL of DMSO and then
added to the cHSA solution. After stirring at room temperature for four hours, the reaction

solution was purified five times with deionized water by ultracentrifugation using a Vivaspin
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20 concentrator (MWCO 30 kDa). The resulting solution was lvophilized to obtain the product
as a white fluffy solid (151 mg, yield: 80 %). The MALDI-ToF MS indicated a molecular
weight of 136.6 kDa which means on average 32 PEG chains were conjugated to each cHSA
backbone.

1.4 Synthesis of denatured PEG-cHSA (PEG-dcHSA) @

Preparation of the urea-phosphate buffer (urea-PB)

Urea (150.15 g, 2.5 mol), EDTA (292.24 mg, 1 mmol), Na,HPO,7H,0 (5.4276 g, 25 mmol)
and NaH,PO, (0.5699 g, 25 mmol) were dissolved in 0.5 L of deionized water. The urea-PB
with 50 mM phosphate buffer, 5 M urea and 2 mM EDTA was then obtained by adjusting the

pHto 7.4.

Svnthesis of PEG-dcHSA

To a 30 mL flask, 20 mL of urea-PB was added and then degassed via bubbling for five minutes.
Followed PEG-cHSA (27.2 mg, 200 nmol) was dissolved and further stirred for 15 min. TCEP
(0.58 mg, 2 pmol) was added and stirred for 30 min under argon flow. Lastly, MI-NH, (15.24
mg, 60 umol) was added and stirred overnight under argon protection. The obtained reaction
solution was purified three times with urea-PB and five times with deionized water by
ultracentrifugation using a Vivaspin 20 concentrator (MWCO 30 kDa). The resulting solution
was lyophilized to afford the product as a white fluffy solid (24.1 mg, yield: 86%, MALDI-ToF
MS: 140.4 kDa).

1.5 Synthesis of macroinitiator PEG-dcHSA-Br

PEG-dcHSA-Br was synthesized by attaching ATRP initiators to PEG-dcHSA. In a typical
procedure, PEG-dcHSA (20 mg, 145 nmol) was dissolved in 20 mL of NaHCO, (0.1 M, pH
8.5). NHS-BiB (218 mg, 0.826 mmol) dissolved in 2.18 mL of DMSO was then added dropwise
into the PEG-dcHSA solution. The reaction solution was stirred overnight at room temperature
and purified eight times with deionized water by ultracentrifugation using a Vivaspin 20
concentrator (MWCO 50 kDa). The product was obtained as a white fluffy solid after

Iyophilizing (11.1 mg, yield: 51%, MALDI-ToF MS: 149.5 kDa).
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1.6 Preparation of PNIPAM-AuNFs

Preparation of the stock solution of CuBryTPMA catalvst

CuBr; (4.47 mg, 0.02 mmol) and TPMA (46.5 mg, 0.16 mmol) was dissolved in 1 mL mixed
solution of water:DMF (1:1 v/v) and stored at 4 °C prior to use. Therefore, the concentration of

the effective Cu?" in the stock solution was 20 nmol uL!,

Preparation of the ascorbic acid solution

To a 10 mL Schlenk flask, L-ascorbic acid (4.4 mg, 25 umol) was firstly added under argon
flow. Degassed deionized water (5 mL) was then added to dissolve L-ascorbic acid. The solution
was then stirred under argon flow for 40 min. Therefore, the concentration of L-ascorbic acid

was 5 nmol pl !,

Svathesis of PNIPAM-AulNFs

In a typical procedure for the synthesis of PNIPAM-AuNFs (Entry 1 in Table 1), the protein-
derived substrate and macroinitiator PEG-dcHSA-Br (0.449 mg, 3 nmol with ~300 nmol of
amino groups and 183 nmol of ATRP initiation sites) was first dissolved in Milli-Q water with
a concentration of 1 mg mL'! and then added into a 5 mL Schlenk tube. Followed HAuCI,
solution (25 pl, 2 mM in Milli-Q water), the monomer NIPAM (41.4 mg, 366 umol), the stock
solution of CuBry/TPMA catalyst (11 uL, 220 nmol of Cu?"), and 0.55 mL of Milli-Q water
were added. Oxygen in the mixture was then removed through three freeze-pump-thaw cycles
and the solution was stirred at room temperature for one hour for the gold ions to absorb to the
amino groups of PEG-dcHS A-Br. Ascorbic acid solution was then added via a syringe pump at
a slow speed of 0.6 pl. min’l, the reaction was proceeded for 2 h at room temperature (23 °C).
The final product was purified by centrifugation to remove the unreacted monomers and other
impurities. For Entry 2 and 3, the molar ratio of amino groups from PEG-deHSA-Brto HAuCl,
was tuned by increasing the added amount of HAuCl,. For other reaction conditions (Entry 4-

6), the reaction temperature and time were changed respectively.
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1.7 Catalytic reduction of p-nitrophenol
1 mL of NaBH, aqueous solution (50 mM dissolved in Milli-Q water) and 0.2 mL of freshly
prepare p-nitrophenol aqueous solution (1 mM, pH = 12) were added to a 2 mL cuvette and
mixed. The cuvette was placed in a water bath at a determined temperature. Then, 0.1 mL of
PNIPAM-AuNFs solution with 0.01 umol (1.97 ug) Au was quickly injected into the reaction
cuvette and the reaction was monitored by UV-vis spectrometer. The absorbance at 400 nm was
subtracted from that at 500 nm to correct for background absorption and then used to calculate
the conversion and apparent rate constant (f,pp). The conversion (C) was calculated using the
following equation

Ay-A

t
C=

x 100%
0

where 4y and 4; are the absorbance at time 0 and t. The apparent rate constant was determined

as the slope of In{4y/4,) at 400 nm against to the reaction time.
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II. CHARACTERIZATION

2.1 Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry

MALDI time-of-flight (MALDI-ToF) mass spectrometry was performed on Bruker rapifleX
spectrometer. Saturated solution of sinapinic acid dissolved in a 50:50 water/acetonitrile with

0.2% TFA (trifluoroacetic acid) was used as the matrix solution.

2.2 Transmission electron microscopy (TEM)

TEM samples were prepared by adding 4 pl. of the PNIPAM-AuNFs solution onto a carbon-
coated copper grid. After drying in air for 10 min, the remained solution was removed by a
filter paper and the grid was then dried in air. The measurement was conducted on a JEOL
JEM-1400 TEM operating at an accelerating voltage of 120 kV. ImageJ software was used for

the analysis of the size of PNIPAM-AuNFs samples.

2.3 Dynamic light scattering (DLS)

The aqueous solution of PNIPAM-AuNFs was filtered through a 0.5 um filter (Millipore LCR)
into a cylindrical quartz cuvette (18 mm diameter, Hellma, Germany) after cleaning it in an
acetone fountain to remove dust. The experiment was performed on an ALV spectrometer
(ALV-GmbH, Germany) equipped with an He-Ne laser (1 = 632.8 nm). For temperature-
controlled measurements, the light scattering instrument was equipped with a thermostat from
Julabo. All experiments were performed as a triplicate measurement. Data analysis was

performed using AL V5000 software.

2.4 UV-vis spectroscopy

The samples were added in a Greiner 96 flat transparent plate. UV-vis absorbance spectra were
collected using a TECAN (Spark 20M) microplate reader. The wavelength range was set from
250 to 500 nm. Before measurement, the plate was shaken for three seconds with a shaking

amplitude of 1 mm and frequency of 1440 rpm.
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III. SUPPLEMENTARY RESULTS

HSA 66.5 kDa

60000 80000 100000
Mass (m/z)

Fig. S1 MALDI-ToF mass spectrum of HSA.
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cHSA 72.3 kDa
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Mass (m/z)

Fig. S2 MALDI-ToF mass spectrum of cHSA.

PEG-cHSA 136.6 kDa

100000 120000 140000 160000 180000
Mass (m/z)

Fig. S3 MALDI-ToF mass spectrum of PEG-cHSA.
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PEG-dcHSA 140.4 kDa

100000 120000 140000 160000 180000
Mass (m/z)

Fig. S4 MALDI-ToF mass spectrum of PEG-dcHSA.

PEG-dcHSA-Br 149.5 kDa

100000 120000 140000 160000 180000
Mass (m/z)

Fig. S5 MALDI-ToF mass spectrum of PEG-dcHSA-Br.
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Fig. 56 TEM images (A-D) and size distribution (E) of PNIPAM-AuNFs entry 1 in Table 1
prepared with a molar ratio of -NH,/HAuCl, = 6:1 at 23 °Cfor 2 h.
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Fig. S7 TEM images (A-D) and size distribution (E) of PNIPAM-AuNFs entry 2 in Table 1
prepared with a molar ratio of -NH,/HAuCI, = 3:1 at 23 °Cfor 2 h.
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Fig. S8 TEM images (A-D) and size distribution (E) of PNIPAM-AuNFs entry 3 in Table 1

prepared with a molar ratio of -NH,/HAuCl, = 1:1 at 23 °Cfor 2 h.
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Fig. S9 TEM images (A-D) and size distribution (E) of PNIPAM-AuNFs entry 4 in Table 1
prepared with a molar ratio of -NH,/HAuCl, = 3:1 at 40 °C for 2 h.
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Fig. $10 TEM images (A-D) and size distribution (E) of PNIPAM-AuNFs entry 5 in Table 1

prepared with a molar ratio of -NH,/HAuUCl, = 3:1 at 23 °Cfor 1 h.
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Fig. S11 TEM images (A-D) and size distribution (E) of PNIPAM-AuNFs entry 6 in Table 1
prepared with a molar ratio of -NH,/HAuUCI, = 3:1 at 23 °Cfor 4 h.
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Fig. S12 DLS measurement of PNIPAM-AuUNFs (entry 4 prepared under 40 °C) by tuning the

temperature from 20 °C to 60 °C with a step of 5 °C.
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Fig. $13 UV-vis spectrum for the mixture of NaBH, and p-nitrophenol aqueaus solution

without adding PNIPAM-AuNFs after mixing 2 h.
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Fig. $14 Conversion versus reaction time for the reduction of p-nitrophenal using PNIPAM-

AUNFs as the catalyst at different temperatures.
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Fig. 515 Catalytic performance of recycled PNIPAM-AuNFs (entry 4) for the hydrogenation
reaction. (A) UV-vis spectra of the reaction solution for the hydrogenation of p-nitrophenol at

different time points at room temperature. (B) Conversion versus reaction time for the

reduction reaction catalyzed by the recycled PNIPAM-AuNFs.
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Table S1 Sizes of PNIPAM-AuNFs {entry 4) at different temperatures determined by DLS.
temperature {°C) 20 25 30 35 40 45 50 55 60

Ry {nm) 586 567 515 256 28 296 311 326 371
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Table $2 Comparison of catalytic activities of various gold catalysts for the reduction of p-

nitrophenol.
Au-based (e May Kapa/May May Kapp/May activity refs
catalysts {x 103 571 (s1g?) {mg L) {x 102 L s mg?) tunability
1.97 thi
PNIPAM-AUNFs  1.02 518 152 067 YES "
Lg work
A R
L meso / / 1.56 / / NO 3]
flowers
0.2
AuNFs 0.65 3.25 62.5 0.01 NO [4]
mg
Spongy Au
2.1 6 mg 0.35 2000 0.001 NO [5]
nanocrystals
Au sponges 5.0 Img 1.67 274 0.018 NO [6]
Hollow AuNFs 24.4 / / 8 3.05 NO [7]
A
X / / / / 0.462 NO [7]
nancspheres
Au
1.75
NPs@ porous 6.3 " 3.6 88 0.072 NO [8]
films §
Au NPs@fiber 6-8 0.43 14.0- 8.6 0.70-0.93 NO [3]
mg 18.6
AU 11 12 91.7 3.87 0.28 YES [10]
NPs@ hydrogel ' g ' ' '
Flower-like Au 0.2
. 0.783 3.82 62.5 0.013 NO [11]
nancchains mg

kapp: apparent rate constant
mu,. amount of Au
M.,,: concentration of Au

/ = not mentioned
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ABSTRACT: Peptide—polymer conjugates have been regarded as primary strong-
hold in biohybrid nanomedicine, which has seen extensive development due to its
intrinsic property to provide complementary functions of both the peptide material
and the synthetic polymer platform. Here we present an advanced macromolecular
therapeutic that targets two exclusive classes of important diseases (namely, the HIV
and cancer) that are implicated by extremely different causative agents. Using a facile
thiol-reactive monomer, the eventual polymer facilitates multivalent conjugation of an
endogenous peptide WSCO2 that targets the CXCR4 chemokine receptor. The
biohybrid material demonstrated both potent antiviral effects against HIV-1 as well as
inhibiting cancer stem cell migration thus establishing the foundation for multimodal
nanotherapeutics that simultaneously target more than one class of disease
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implications.

@

ince the inception of bioactive polymeric materials, these

hybrid macromolecules have been viewed as prospective
candidates for the next generation of therapeutics." The rapid
expansion of the field stems from the enhanced physical,
chemical and pharmacokinetic properties as well as the limitless
space for chemical design that a polymer platform offers.
Subsequent postfunctionalization of the polymer backbone
with bioactive molecules (i.e., peptides, proteins, nucleic acids,
drugs, imaging agents) provides the resultant multivalent
polymers that are mdely studied as contemporary nano-
medicine for cancer,” inflammatory,” and infectious diseases.”
Intuitively, it is therefore critical that the bioconjugation
chemistry involved in polymer postfunctionalization remains
an important focus due to the stringent reaction conditions
necessary for the associated biomolecules.

The frontier in thiol-based bioconjugation involves reactions
with a,f unsaturated carbonyls without the necessity to apply
metal catalysts occurring under mild conditions as well as being
efficient, reliable, selective, and rapid.s'!’b In this regard,
thiol-halogeno, thiol—ene, thiol—yne, thiol—vinylsulfone,
thiol—parafluoro, and thiol—pyridyl disulfide reactions have
been extensively used to address a broad variety of material and
biological app]ications.s" However, the chemistry has been
widely established for small molecules and only a few number
of these techniques are suitable for the site-directed
bioconjugation of pH- and temperature-sensitive peptides or
macromolecules. Likewise, there are also limited studies that

‘W ACS Publications  © 2017 American Chemical Society

24

have been published on the controlled radical polymerization of
monomers containing thiol pro-reactive side chains,” since vinyl
monomers with additional pendant sp* carbons are prone to
cross-linking. In this context, either a furan-protected,
maleimide functionalized methacrylate was polymerized and
deprotected by a thermally induced retro Diels—Alder reaction
at elevated temperatures (>120 °C) to unmask the thiol-
reactive maleimide functionality”™" or lipophilic pentafluor-
ophenyl groups were polymerized followed by substitution of a
thiol-containing molecule such as a carbohydrate.™ To the best
of our knowledge, no sterically demanding polypeptides have
been conjugated to such thiol-reactive polymers. However,
polypeptides are an emerging class of macromolecular systems
with diverse bioactivities often displaying high selectivities
toward their protein targets. We have shown previously that the
bis-sulfone functionality acts efficiently as a protected thiol
reactive moiety that facilitates controlled conjugation of
peptides or proteins’ cleanly under mild conditions with the
preservation of structural integrity and activity of the protein or
peptide of choice.® In contrast to the aforementioned thiol-
reactive polymers, a single bis-sulfone can be functionalized
with two different or similar thiol-containing peptides in a
stepwise, orthogonal fashion,” thus, providing high peptide
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Figure 1. Synthesis of a bis-sulfide monomer, its polymerization with OEGMA by ATRP, subsequent oxidation, and thiol ligation to the peptide

‘WSCO02. The resulting multivalent copolymers binds efficiently to the chemokine membrane receptor CXCR4 and antagonizes this receptor thus
inhibiting HIV-1 infection and cancer cell migration.
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Figure 2. Synthesis of the water-soluble and thiol-reactive pn]y(bisfsu]f(me) mfo]ign(cthylcnc g]ycnl) methacrylate (OEGMA) copolymer (s)
Polymeric scaffold was postfunctionalized with the thiol-containing peptide WSC02, yielding bioactive Poly-WSC02 {6).

loading densities under ambient conditions, that is, at room
temperature and at neutral pH in water.

Therefore, we envisioned the creation of a novel macro-
molecular bis-sulfone copolymer platform that offers distinct
features such as (a) narrow dispersities, (b) solubility in
aqueous media, and (c) high loading capacity of bulky
polypeptides that provide high specificity for their respective

membrane receptor target. The resultant polypeptide-copoly-
mer should display a broad range of bioactivities by interfering
with major diseases such as virus infections and cancer. The C-
X-C chemokine receptor type 4 (CXCR4), a G-protein coupled
transmembrane receptor, is an excellent drug target'” as it plays
a crucial role in several important diseases such as chronic
inflammatory and cardiovascular disorders, cancer progression

242 DOI: 10.1021/acsmacralett.7b00030
ACS Macro Lett. 2017, 6, 241-246
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Figure 3. (A} Representative TEM image of Poly-WSCO02 (6). {B) Simulation snapshot showing the aggregation of an analogue of Poly-WSC02,
where each chain consist of a hydrecarbon (red sphcrcs) backbone with tri(uthy]unu)g]ycn] (gruen bonds) side chains. (C) Determination of the
sphere size in water by DLS. {D) HIV infection assay of copolymer (5}, native WSC02, and Poly-WSC02 {6) in X4-tropic and in (E) RS-tropic cells.
(F) Cell Titer-Glo assay to TZM-bl cells up to a concentration of 5 yM. Concentrations are given with respect to the molecular weight of Poly-

WSC02, Polymer, and WSCO02, respectively.

and metastasis, stem cell homing and meobilization, immuno-
deficiencies, HIV and ATDS, or pulmonary fibrosis.'' CXCR4
prevents viral infections such as HIV-1 as it inhibits membrane
fusion and intracellular delivery of the viral payload'” and due
to its [ocalization at the host cell, resistance development of the
virus is unlikely. The small molecule CXCR4 antagonist
AMD3100 is currently used in the clinics. However, due to
adverse effects it administered over prolonged periods of time,
it has only been approved in conjunction with G-CSF to
mobilize hematopoietic stem cells to peripheral blood for
certain cancer patients requiring bone marrow translplanta-
tion."> First polymer—CXCR4 antagonist conjugates'® that
bind to the extracellular domain of CXCR4 have just been
reported, but they reveal certain disadvantages such as off-target
effects of the attached drug molecules.

We have recently identified an endogenous fragment of
serum albumin as a novel inhibitor of CXCR4."® This 16-mer
peptide binds CXCR4 with an ECgy ~ 10 yM and prevents
signaling via the chemokine ligand CXCL12. Furthermore, it
also offers many interesting properties for clinical development
since it () prevents inflammatory cell infiltration in vivo, (b) is
not immunogenic and not cytotoxic, (c) is an inverse agonist
that provides (d) high CXCR# specificity, since it does not bind
to CXCR?7, suggesting less off-target effects, and (e) in contrast
to AMD3100, it does not affect mitochondrial function. This
initial peptide has been further optimized and the 12-mer
peptide termed 4081-419 WSCO02 (named WSCO02 hereafter)
with an ECy, at ~300 nM has been identified recently in our
group."” However, like most peptide drugs, WSCD2 reveals
only low plasma stability,'® thus, impeding its therapeutic
application. As a consequent strategy, we envisaged combining
the optimized polypeptide WSCO02 with an appropriate thiol-
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reactive polymer scaffold to improve the inverse agonist activity
of WSC02. By complementing the activity regulation of
CXCR4 with the macromolecular advantages on a polymer
scaffold, we will demonstrate herein new avenues to efficiently
prevent both HIV-1 infection and cancer metastasis within the
same macromolecular scaffold (Figure 1).

Qur chemical design focused on the synthesis of a novel
copolymer scaffold providing high loading of bulky polypep-
tides under mild conditions, solubility and biocompatibility.
The carboxylic acid of literature-known bis-sulfide'® (1) was
activated into an NHS-ester and selectively reacted with a 2-(2-
aminoethoxy)ethanol spacer to afford the highly soluble bis-
sulfideamide (2), as depicted in Figure 2. In an esterification
reaction, methacryloyl chloride was attached to the terminal
alcohol to create the bis-sulfide monomer BSFI (3), which was
characterized with MALDI-TOF MS (Supporting Information)
and NMR (Figure $1). In the next step, water-soluble
oligo(ethylene glycol)methacrylate (OEGMA) was copolymer-
ized with BSFI via ATRP. The ratio of BSFI to OEGMA was
designed as 1:9 to sterically accommodate the attachment of
two sterically demanding WSCO02 peptides per thiol reactive
monomer. The resulting copolymer P{(OEGMA-co-BSFI) (4)
was purified by precipitation and characterized by NMR
(Figure $2) and GPC (Figure $4A). In the "H NMR spectrum,
the characteristic signals of the bis-sulfide groups in the
aliphatic and aromatic region are clearly visible, indicating the
successful incorporation of the bis-sulfide monomer into the
polymer backbone. By comparing the areas of the peaks
correlating to BSFI (2.35 ppm) and OEGMA (3.37 ppm), the
ratio of the two monomers in the polymer chain was calculated
as 1:8.9, which fits to the stoichiometric value (SI). The GPC
measurement of P(OEGMA-co-BSF1) (4) revealed a number-
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average molecular weight of the polymer of 15200 g/mol with a
molar mass dispersity of 1.07, indicative of a very narrow
distribution.

Based on the molecular weight and the monomer ratio, on
average, five bis-sulfide monomers were introduced per
polymer chain. In the next step, the bis-sulfide copolymer
P{OEGMA-co-BSFI) (4) was oxidized with oxone to afford
P{OEGMA-co-BSFO) (3). By comparing the 'H NMR spectra
of 4 with 5, the oxidation of the sulfur atoms resulted in a clear
detectable shift of the signals in the aromatic region to higher
ppm {Figure $3}, indicating successful oxidation. The molar-
mass dispersity increased slightly to 1.11 and the molecular
weight remained comparable as before oxidation {GPC results,
Figure $4B). Additionally, MALDI-TOF MS analysis was used
to determine the molecular weight of P{OEGMA-co-BSFO).
The MALDI-TOF MS analysis confirmed the GPC results with
a deviation of only 5% {~14500 Da; Figure S8). Polymer 5
provides around five bis-sulfone monomers per polymer chain
that could undergo Michael reactions with two peptides per bis-
sulfone at maximum, thus, allowing the attachment of up to 10
peptides per polymer. The conjugation of the polymer with an
excess of the thiol-containing CXCR4 antagonist WSC02 was
accomplished by incubating the copolymer in an acetonitrile/
buffer mixture at pH = 7.8. During incubation of (5} in the
solvent mixture at pH 7.8, deprotection of the Michael acceptor
occurs under the formation of the thiol-reactive monosulfone
functionality as shown in Figure 1. This in situ activation of the
bis-sulfone {5} into the monosulfone proceeds quantitatively
and the formed a8 unsaturated carbonyl can now react with
nucleophilic thiols. In the next step, bioconjugation with the
sterically demanding WSC02 was accomplished. To promote
high conversion, 48 h reaction time was chosen. The resulting
bioconjugate Poly-WSCO02 (6) was purified with AKTA-SEC
chromatography system (Figure $7) and analyzed via NMR,
GPC/SEC. The corresponding NMR is shown in Figure S6.
The molecular weight of the resulting bioconjugate {~28000
Da) was determined with MALDI-TOF-MS analysis {Figure
$9). Calculating retrospectively, quantitative bioconjugation
was accomplished with an average of 10 WSCO02 peptides
attached to the multivalent sulfone copolymer yielding Poly-
WSCO02 (6), as depicted in Figure 2. To support the broader
applicability of the polymer conjugation approach, other
polypeptides such as the tripeptide glutathione were also
successfully attached to the in situ activated polymer (3),
yielding a total grafting number of 8-9 glutathiones per
polymer chain (see SI).

Poly-WSC02 (6} revealed water solubility as well as high
tendency for self-organization in aqueous solution. Applying
dynamic light scattering {DLS} and transmission electron
microscopy {TEM), narrowly dispersed spherical aggregates
were found. In water and PBS, the polymeric aggregates
showed narrow size distribution of 44 + 4 nm {Figure 3A) and
28 + 6 nm (see SI). Similar sizes of 33 + 7 nm were detected
by TEM measurements {Figure 3A; statistical evaluation in the
SI). T'o complement the experimentally observed morphology,
we have also performed all atom molecular dynamics
simulations of a simplified analogue of Poly-WSC02. Here,
the polymer consists of a hydrocarbon backbone of 21 repeat
units, with every alternating carbon atom attached to a
tri{ethylene)glycol side chain {simulation details in Supporting
Information). Simulation snapshot reveals that the aggregates
are formed by spontaneous interdigitation of the side chains

(Figure 3B} coupled with a corresponding decrease in the
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number of hydrogen bonds between the ethylene oxide and the
bulk solvent {Figure S10).

In order to assess whether the WSCO02 peptides were
localized at the surface of the aggregates and thus available for
receptor binding, HIV-1 infection assays were conducted and
the cytotoxic properties of both copolymer and Poly-WSC02
(6} were tested using cell viability (Cell Titer-Glo) assays {see
SI). Both copolymers did not display any cytotoxicity to TZM-
bl cells at concentrations of up to § uM (Figure 3F). We have
also investigated the inhibitory effect of Poly-WSC02 (6}
against CXCR4 (X4) and CCRS (RS} tropic HIV-1 infection
using TZM-bl cells. X4-tropic viruses infect cells by specific
interaction with the membrane receptors CXCR4 and CD4,
whereas R§-tropic variants utilize CD4 and CCRS.Y The native
‘WSCO2 peptide, as positive control, inhibited X4-tropic HIV-1
infection of TZM-bl cells in a dose-dependent fashion with a
half-maximal inhibitory activity ICs; of 360 + 70 nM,
respectively {Figure 3D), confirming published data'® Poly-
WSC02 {6) revealed an enhanced antiviral activity, inhibiting
X4 tropic HIV-1 infection at even lower concentrations {ICs; =
150 + 60 nM). As expected, both native WSC-02 and Poly-
WSC02 were receptor specific for X4-tropic HIV infection but
had no effect on RS-tropic virus infection. The copolymer
scaffold {5) without WSCO2 attached did not affect X4 or RS
tropic HIV-1 infection. Therefore, Poly-WSCO02 reveals strong
binding to CXCR4-expressing cells, and the observed enhanced
effect of the multivalent conjugate could be clearly attributed to
the successful attachment and exposure of the WSCO2 peptides
on the polymeric aggregates. CXCR4 represents a key GPCR
not only facilitating HIV-1 entry into cells but it is also involved
in leucocyte trafficking and the metastasis of pancreatic ductal
adenocarcinoma {PDAC).'®

Along these lines, we have shown that a population of
CD133+/CXCR4+ migrating cancer stem cells is exclusively
responsible for metastasis in human PDAC.'® Depletion of
CXCR4+ cells or antagonizing CXCR4 with AMD3100 or with
neutralizing antibodies suppresses migration of primary
pancreatic cancer cells. Furthermore, we were able to
demonstrate that in patients suffering from metastatic disease,
a significantly higher percentage of migrating cancer stem cells
that coexpresses CXCR4 were observed. Due to this out-
standing relevance of CXCR4 for migration/metastasis, we
evaluated whether WSCO02 peptide, Poly-WSC02 or the
polymer scaffold successfully inhibit the migration of primary
PDAC cells isolated from human or mouse tumors (see SI).
Both WSC02 and PolyWSCO02 {6) inhibited human cancer cell
migration by approximately 50%, whereas the copolymer {5}
had no effect (Figure 4A). Interestingly, Poly-WSC02 (6) also
revealed a pronounced effect on mouse cancer cells (Figure
4B); migration was even reduced to ~30%, which is well in line
with higher baseline expression levels of CXCR4 as compared
to human cancer cells (data not shown). For visualization,
representative pictures of migrated and stained cancer cells are
illustrated in Figure 4C. Therefore, Poly-WSCO02 (6) efficiently
suppresses the migration of primary pancreatic cancers cells of
human and mouse origin.

In summary, we have reported the design and synthesis of a
thiol-reactive bis-sulfide precursor monomer for the first time.
Copolymerization of this monomer with OEGMA was
successfully accomplished via ATRP and the resulting oxidized
poly{bis-sulfone} copolymer {5) was isolated with narrow
weight distribution. We have shown the applicability for
efficient thiol ligation by the conjugation of the sterically
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A B

Migration (% Control)
Migration (% Control)

Figure 4. Native WSC02 and Poly-WSC02 (6) affect cancer cell
migration in vitro. Cancer cells were isolated from human (PANC354,
A) and mouse (CHX, B} primary tumors, *p < 0.05. Data is depicted
as % of control. Representative microscope pictures of the migrated
cancer cells after staining with DAPL (C).

demanding polypeptide WSCO02, derived from the first
endogenous CXCR4 antagonist, under mild reaction conditions
in aqueous solution. A high loading of about ten WSCO2
peptides per polymer was achieved and the presence of the
ethylene(glycol) side chains had a positive effect on solubility in
aqueous media. The copolymer assembled into narrowly
dispersed, bioactive aggregates with size of ~43 nm. Enhanced
antiviral activity of the designated copolymer Poly-WSC02 (6)
on X4 tropic HIV-1 infection was found, suggesting a
multivalent action due to the active WSCO2 peptides exposed
at the surface of the spheres. Correspondingly, the second line
of therapy against cancer metastasis was illustrated by the
inhibition on the migration of both human and mouse primary
cancer cells with high efficacy; these results are very promising
and certainly merit further (pre)clinical investigations.
Collectively, the combination of the CXCR4 antagonist
polypeptide WSC02 on a facile macromolecular platform
exhibits a strong framework in creating multimodal drugs that
are molecularly specific, and yet diverse in treatment
applications.
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Synthesis of Peptide-Functionalized Poly(bis-sulfone)
Copolymers Regulating HIV-1 Entry and Cancer Stem Cell
Migration

Andreas Riegger, Chaojian Chen, Onofrio Zirafi, Nora Daiss, Debashish Mukherji,
Karolin Walter, Yu Tokura, Bettina Stéckle, Kurt Kremer, Frank Kirchhoff, David Yuen
Wah Ng, Patrick Christian Hermann, Jan Miinch, and Tanja Weil*

NMR spectra were recorded on a Bruker 400 or 500 MHz NMR spectrometer. The
asterisk indicates the solvent peak. Molecular weights and molecular weight
distributions of the copolymers were determined by GPC using THF as eluent.
Polystyrene standards were utilized for calibration. AKTAPurifier FPLC and Superdex
200 10/300 GL SEC column were used for peptide copolymer analytics using pB-
Buffer 7.4 (pH = 7.4, 100 mM, 50 mM NacCl) as eluent. TEM pictures were optained
from JEOL-1400. DLS was measured on a Malvern Nanosizer (Malvern Ltd.,
Malvern, UK). The MALDI-TOF mass spectra were obtained from Bruker Reflex Il
MALDI-TOF spectrometer. All chemical reagents were obtained from commercial
suppliers and were used without further purification unless otherwise noted. Dialysis
tubings were purchased from Sigma Aldrich. Vivaspin centrifugal concentrators were
purchased from GE healthcare. CellTiter-Glo Luminescent Cell Viability Assay was
obtained from Promega. WSCO02 (IVRWSKKVPCVS) was synthesized with a purity of
95% by ChinaPeptides (Jiangsu, China). The CXCR4 tropic molecular HIV-1 clone
NL4-3 (CXCR4-tropic) and NL4-3_92TH014 (CCRS5-tropic) were generated by
transient transfection of 293T cells with proviral DNA.M" Virus stocks were generated
and quantified as described previously.[zI TZM-bl reporter cells encoding a lacZ gene
under the control of the viral LTR promoter were obtained through the NIH AIDS
Research and Reference Reagent Program and were provided by Dr. John C.

Kappes, Dr. Xiaoyun Wu and Tranzyme Inc.
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Synthesis of 1-(3-[4-Carboxy-phenyl]-3-oxo-propyl)piperidinium HCI™

p-acetylbenzoic acid (10 g, 60.9 mmol), piperidine HCI (7.4 g, 60.9 mmol) and
paraformaldehyde (5.48 g, 183 mmol) were dissolved in 60 mL ethanol. After adding
conc. hydrochloric acid (600 pL, 1.83 mmol) the reaction mixture was refluxed at
105 °C for 4 hours. Then the reaction was cooled to room temperature and a second
portion paraformaldehyde (5.48 g, 183 mmol) was added. After the solution was
further refluxed for 20 h, the solvent was removed under reduced pressure and the
solid white product was washed with aceton (14.7 g, 49.3 mmol, yield 81 %).1H—NMR
(400 MHz, DMSO): & (ppm) = 1.53-1.79 (m, 6H, -N-CH>-CH»-CH3), 3.36 {t, 4H, -N-
CH2-CH,-CH5-), 3.48 (d, 2H, =N-CH,-CH»-C0O-), 3.74 (t, 2H, J = 7.3 Hz, =N-CH>-CH>-
CO-), 8.10 (m, 4H, Ar), 10.75 (s, 1H, -COOH). "*C-NMR (100 MHz, DMSO): & (ppm)
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=214,6225 435, 509,522, 1283, 1349, 139.0, 138.4, 167.6, 197.6. LC-MS m/z:
[M+H]" caled for CisHigNOs, 262.3; found 262,6. Anal. caled for CysHyoCINOs: C
60.50,H6.77, N 4.7; found: C 60.52, H7.01, N 4.71.

Synthesis of Carboxylic acid bis-sulfide (1) !
1-(3-[4-carboxy-phenyl]-3-oxopropyl)piperidinium HCI (2 g, 6.72 mmol) and 4-
methylbenzenethiol (1.68 g, 13.5 mmol) were dissolved in 80 mL ethanol. Piperidine
(280 pL, 2.83 pmol) and 37% (wt/vol) aqueous formaldehyde (2 mL, 54.1 pmol) were
added successive and refluxed for 1 h at 105 °C. After the mixture was cooled down
to room temperature a second portion of 37% (wt/vol) aqueous formaldehyde (2 mL,
541 pmol) was added and further refluxed for 3 h at 105 °C. The solvent was
removed under vacuum after the reaction mixture was cooled down. The residue was
resolved in DCM and afterwards extracted three times with 1 N HCl,q The organic
layer was dried with Na>SO,4. After the DCM was removed under vacuum, the white
solid curde product was purified by column chromatography (silica gel, 2.5%
methanol/DCM - 5% methanol/DCM) (2.43 g, 5.58 mmol, yield 83%). 'H-NMR (400
MHz, CDClsz): & (ppm) = 2.36 (s, 6H, -CH3), 3.14-3.28 (m, 4H, -S-CH>-), 3.77-3.84 (m,
1H, -CO-CH-), 7.05 (d, 4H, Ar), 7.13 (d, 4H, Ar), 7.59 (d, 2H, Ar), 8.03 (d, 2H, Ar).
*C-NMR (100 MHz, CDCls): & (ppm) = 21.3, 36.5, 46.0, 128.5, 130.0, 130.5, 131.2,
131.7, 133.0, 137.4, 140.7, 170.7, 200.6. MALD-TOF MS m/z: [M]" calcd for
C25H2403S,, 436.6; found 436.2, [M+H20]" calcd for CosH2504S5, 454.6; found 454.2,
[M+Na]" calcd for CpsH2403S:Na, 459.6; found 459.2, [M+K]" caled for CpsHz403S:K,
475.7; found 475.2.

Synthesis of 2,5-Dioxopyrrolidin-1-yl bis-sulfide (1a)

N-hydroxysuccinimide (0.760 g, 6.61 mmol) and carboxylic acid bis-sulfide (1) (2.89
g, 6.61 mmol) were dried for 30 min under vacuum. After adding dry DCM (7.5 mL)
the reaction mixture was stirred for 10 min at O °C. Then EDC-HCI (1.52 g, 7.93
mmol) and DMAP (97.0 mg, 0.794 mmol) were added to the mixture and stirred for
1.5 h at room temperature. Afterwards EDC-HCI (145 mg, 0.756 mmol) and DMAP
(97 mg, 0.79 mmol) were added and further stirred for 1.5 h at room temperature.
The mixture was filtered and the filtrate was diluted in DCM (45 mL), washed two
times with water and the organic layer was dried with Na,SO,. Finally the solvent was
removed under vacuum (3.23 g, 6.08 mmal, yield 92%). "H-NMR (400 MHz, CDClI3):
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S (ppm) = 2.35 (s, 6H, -CHj3), 2.92 (s, 4H, -CO-CH»-CH,-C0-),3.13-3.25 (m, 4H, -S-
CHs-), 3.78 (m, 1H, -CO-CH-}, 7.05 (d, 4H, Ar), 7.11 (d, 4H, Ar), 7.58 (d, 2H, Ar), 8.04
(d, 2H, Ar). *C-NMR (100 MHz, CDCls): & (ppm) = 21.2, 25.8, 36.5, 45.9, 1286,
128.9, 130.0, 130.6, 131.0, 131.7, 1375, 141.4, 161.2, 169.1, 200.4. MALD-TOF MS
m/z: [M]" caled for CoagHo7NOsS,, 533.7; found 533.21, [M+HO]" calcd for
CogH29NOgS5, 551.7; found 551.2, [M+Na]" calcd for CogHoNOsS,Na, 556.7; found
556.2, [M+K]" calcd for CagH27NOsS;K, 572.8; found 572.2.

Synthesis of N-(2-(2-Hydroxyethoxy)ethyl) bis-sulfide (2)

The 2,5-dioxopyrrolidin-1-yl bis-sulfide (1a) (3.23 g, 6.05 mmol) was put in a flask and
purged with argon for approximately 1 min. Anhydrous DCM (15 mL) was added and
2-(2-aminoethoxyethanol) (668 L, 6.67 mmol) was added dropwise. The reaction
mixture was stirred over night at room temperature. The solvent was removed under
vacuum. The residue was diluted in ethyl acetate (150 mL) and extracted three times
with water, the last time with a few drops 1 N HCl.q., and finally with brine solution.
The organic layer was dried with Na»S0,, the solvent was removed under vacuum.
The product was purified by chromatography (silica gel, 50% acetone/n-hexane)
(2.74 g, 5.20 mmol, yield 86%). "H-NMR (400 MHz, CDCls): & (ppm) = 2.34 (s, 6H, -
CHs), 3.11-3.26 (m, 4H, -S-CH»-), 3.62 (1, 2H, -NH-CH3), 3.68 (s, 4H, -CH>-CH>-O-
CH2>-CHa-) 3.78 (m, 3H, -CO-CH-, -CH»>-OH), 7.04 (d, 4H, Ar), 7.11 (d, 4H, Ar), 7.57
(d, 2H, An), 7.71 (d, 2H, Ar). >C-NMR (100 MHz, CDCl,): & (ppm) = 21.2, 31.1, 36.5,
400, 45.7, 61.8, 69.8, 72.4, 1274 128.6, 130.0, 131.1, 131.6, 137.2, 138.5, 166.8,
200.5. MALD-TOF MS m/z: [M]" calcd for CagH33NQ4S2, 523.7; found 523.2, [M+Na]*
calcd for CogH33NO4SsNa, 546.7; found 546.2. Anal. calcd for CogH33NO4So: C 66.51,
H 6.35, N 2.67, S 12.25; found: C 66.40, H 6.33, N 2.63, S 11.77.

Synthesis of bis-sulfide-monomer (3)

N-(2-(2-hydroxyethoxy)ethyl) bis-sulfide (2) (370 mg, 0.706 mmol) and triethylamine
(157 pL, 1.13 mmol) were dissolved in dry THF (7.4 mL) and afterwards cooled to
0 °C. A mixture of methacryloyl chloride (117 pL, 1.20 mmol) in dry THF (1.2 mL) was
added dropwise under argon. After the addition of all reagents, the mixture was
stirred at room temperature over night. The solid triethylamine hydrochloride was
removed via filtration and the solvent was evaporated under vacuum. The product

was purified by chromatography (silica gel, n-hexane/acetone 1/1) and a yellow-

4
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orange high viscous product was obtained. (246 mg, 0.417 mmol, yield 59%). 'H-
NMR (400 MHz, CDCI;): 3 (ppm) = 1.89 (s, 3H), 2.35 (s, 6H), 3.14-3.26 (m, 4H),
3.69-3.77 (m, 9H), 4.33-4.35 (m, 2H), 5.53 (t, 1H), 6.08 (s, 1H), 7.04 (d, 4H, Ar), 7.12
(d, 4H, Ar), 7.58 (d, 2H, Ar), 7.72 (d, 2H, Ar). >C-NMR (100 MHz, CDCl): & (ppm) =
18.4,21.2, 31.0, 36.5, 40.0, 45.6, 63.5, 69.2, 69.6, 126.1, 127.3, 128.6, 130.0, 131.2,
131.6, 136.1, 137.3, 138.5, 166.6, 167.5, 200.4. MALD-TOF MS m/z: [M]" calcd for
Ca3H37NOsS,, 591.8; found 591.3.

Synthesis of P(OEGMA-co-BSFI) (4)

P(OEGMA-co-BSFI) was synthesized by atom transfer radical polymerization (ATRP)
of OEGMA and bis-sulfide monomer (3). Briefly, ethyl a-bromoisobutyrate (1.95 mg,
0.01 mmol), bis-sulfide monomer (59.2 mg, 0.1 mmol), OEGMA (257 L, 0.2 mmol ),
CuBr; (2.23 mg, 0.01 mmol) and PMDETA (42 pL, 0.2 mmol) were dissolved in 5 mL
anisole in a 20 mL Schlenk flask under argon flow. Subsequently, the mixture was
degassed through three freeze-pump-thaw cycles before CuBr (14.4 mg, 0.1 mmol)
was added. The flask was then placed in a preheated oil bath and stirred at 60°C for
24 h. The resultant solution was diluted by THF and passed through a neutral Al,O3
column to remove the catalyst. Then the solution was concentrated, P(OEGMA-co-
BSFI) (4) was precipitated using diethyl ether and was dried under high vacuum to

obtain a white powder. Yield 31%.

Synthesis of P(OEGMA-co-BSFO) (5)

P(OEGMA-co-BSF1) (4) (15 mg, 1 pmol) was dissolved in the mixture solution of 1.5
mL ACN and 1.5 mL ethyl acetate. Oxone (25 mg, 0.04 mmol) was dissolved in 0.8
mL deionized water and then added into the copolymer solution. After stirring three
days at room temperature, the organic solvent was removed by evaporation and the
remained solution was dialyzed against water (MWCO = 2 kDa). The final product

was obtained after freeze-drying. Yield: 99%.

Bioconjugation with glutathione
P(OEGMA-co-BSFO) 5 (3.1 mg, 0.2 pmal) was dissolved in 1 mL pB-Buffer (50 mM,
pH 7.8, 10 mM EDTA) and incubated for 30 min. Glutathione (0.74 mg, 2.4 pmol) in 1

mL PB buffer was then added and gently shaken at room temperature for 48 h. The
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aqueous solution was dialyzed against water (MWCO 3.5 kDa) for three days and
lastly freeze-dried. 1.7 mg of a white solid was isolated (94 4 nmol, yield 47 %).
Bioconjugation with WSC02 [6)

11.2 mg of the peptide (7.9 ymol) was dissolved in 1.2 mL pB-Buffer (pH = 7.8, 50
mM). Then P(OEGMA-co-BSFQO) 5 (8 mg, 0.53 pmol in 800 uL AcN) was added to
the peptide solution. The mixture was incubated for 48 h at room temperature. The
clear solution was transferred into an ultracentrifugation tube (vivaspin MWCO =
10000) and washed three times with water. After freeze-drying, the peptide conjugate
6 was obtained as white solid (5.6 mg, 0.2 pmol, 38%).

Preparation of TEM samples

10 uL of the sample solution {10 mg/mL) was spotted onto carbon coated TEM grids
with hydrophilic surface. After 10 minutes of incubation the solvent was removed with
a filter paper. Then the grid was rinsed once with 5 uL MQ water. In sequence, the
samples were stained with 1% uranyl acetate solution for two minutes, washed three
times with MQ water and were dried before the measurement.

Statistical evaluation was conducted by measuring the size of 62 spherical

aggregates, revealing an average size of 33 £ 7 nm.
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DLS measurements

The sample solution (10 mg/mL in H,O/DPBS8 10X) was injected into small volume
cuvette (disposable UV cuvette micro; Brand). Subsequently, the samples were
measured using a Malvern Nanosizer (Malvern Ltd, Malvern, UK).

Autocorrelation functions were analyzed to estimate hydrodynamic diameter. The
hydrodynamic diameter distribution was presented as number distribution. DLS

results are shown in main text (H20) and in PBS buffer:
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Preparation of MALDI samples

The sample solution (5 mg/ml), a matrix sclution (sinapinic acid or DCTB; 10 mg/ml)
and the doping salt solution silver trifluoracetate (0.1 mg/ml) were all dissolved in
THF. The polymer-, matrix- and salt-solutions were mixed in the ratio 5:25:(1) and 0.5

Ml were hand-spotted on a ground steel target plate.

Infection of TZM-bl cells

HIV-1 permissive TZM-bl cells expressing CD4 and CXCR4 and the second HIV-1
coreceptor CCR5 were seeded in 96 wells in 100 ul (5x10° cellsiwell). Next day, the
medium was removed and 70 pl fresh DMEM culture medium added. Serial dilutions
of Polymer, WSC02, and Poly-WSCO02 (8-point dose-response curve up to 5 pM)
were prepared in DPBS. Thereafter, 10 ul were added to the cells and incubated for
1 h at 37°C in a humid atmosphere of 5% CO4/ 95% air. After incubation, 20 pl of
CXCR4 (X4)-trapic or CCRS (R5)-tropic HIV-1 (1 ng p24) were used to infect 80 pl
TZM-bl cells. Three days later infection rates were determined by quantifying B-

galactosidase activities in cellular lysates using the Gal-Screen assay as
7
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recommended by the manufacturer (Applied Biosystem, T1027). Luminescence was
recorded on an Orion microplate luminometer. Values were derived from ftriplicate
measurements. Uninfected and infected cells alone served as controls. For each
compound, ICs values were calculated using the dose-response inhibition model in
GraphPad Prism software (version 5.03). The ICsy values are represented as means

+ standard deviation.

Cell viability assay

TZM-bl cells were seeded in 96 wells in 100 pl (1x104 cells/well). The next day,
medium was removed and 90 I fresh DMEM culture medium added. Serial dilutions
of Polymer, WSC02 and Poly-WSC02 (8-point dose-response curve up to 5 uM)
were prepared in DPBS. Thereafter, 10 ul were added to the cells. Three days later
cell viability was determined using the CellTiter-Glo Luminescent Cell Viability Assay
(PROMEGA, G7571) as recommended by the manufacturer. Luminescence was
recorded on an Orion microplate luminometer. Values were derived from triplicate
measurements. Vitality rates were calculated relative to ATP levels in DPBS (no

peptide) containing cells (100%).

Cancer cell migration assay

Bl maintained as adherent

Primary cells were generated as described previously
cultures on plastic dishes and incubated at 37°C and 5% CO» in RPMI medium
(Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal calf serum (Biochrom,
Berlin, Germany), and a penicillin-streptomycin mixture (Invitrogen). A total of 5x10°
isolated tumor cells were re-suspended in 250 ul of RPMI media. After 30 min of
incubation with the respective inhibitors, cells were seeded in the upper chamber of a
transmigration insert (Cell Culture Insert, 8 um pore size, Corning, NY). The chamber
was placed in a 24-well culture dish containing 500 pl of RPMI media supplemented
with 100 ng/ ml SDF-1 (PeproTech EC). After 24 h of incubation at 37°C, cells that
migrated through the pores of the insert were fixated with 4% paraformaldehyde,
stained with DAPI and the insert was fotographed. The number of transmigrated cells

was counted using ImagedJ.
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Figure S1. "H-NMR spectrum of bis-sulfide-monomer (3) in CDCI; (400 MHz,
298 K).
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Figure S2. "H-NMR spectrum of P(OEGMA-co-BSFI) (4) in CDCl; (400 MHz, 298 K).
The ratio of OEGMA and BSFI can be determined as follows: 8.9* 2.0/ 2.0 =8.9.
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Figure S4. GPC elution peaks of the thiol reactive copolymer before (A) and after
oxidation (B), compounds 4 and 5 respectively. THF was used as solvent,

polystyrene standards were used for calibration.
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Figure S5. "H-NMR spectrum of P(OEGMA-co-BSFO) after post-functionalization

with glutathione in D20 (400 MHz, 298 K).
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Figure S7. AKTA-SEC chromatograms (A = 280 nm) after the bioconjugation to the
antiviral peptide WSCO02 (blue). The excess of native peptide was reduced to ~5 %
(peak area) using ultracentrifugation (MWCO = 10000 g/mol).
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Figure $8. Measured MALDI-TOF spectrum of P(OEGMA-co-BSFO) (matrix: DCTB,
doped with AgTFA).
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Figure S9. Measured MALDI-TOF spectrum of the WSC02-conjugated copolymer

{matrix: sinapinic acid).
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Theoretical Calculations Concerning the Aggregation Behavior

All atom molecular dynamics (MD) simulations are performed using the GROMACS
package.'®! The temperature is set to 298 K using velocity rescaling with a coupling
constant 0.5 ps.”! The electrostatics is treated using Particle Mesh Ewald.”® The
interaction cut-off for non-bonded interactions is chosen as 1.0 nm. The time step for
the simulations is 2 fs and the equations of motion are integrated using the leap-frog

algorithm. LINCS algorithm is used to constraint all bond vibrations.!®!

We have chosen OPLS parameters!'”! to simulate the copolymer in SPC/E water ']
The copolymer is a simulation analogue of Poly-WSC2, which consists of a 21 units
long alkane backbone with a tri(ethylene)glycol attached to every alternating carbon
atom along the backbone. The initial configuration is generated by randomly
distributing 40 copolymers in a solvent box consisting of 40000 water molecules.
Initially 20 ns long MD run is performed in a constant pressure (NpT) ensemble,
where the pressure is set at 1 bar using a Berendsen barostat ' with a coupling time
of 0.5 ps. During this time density equilibration is achieved, leading to a box
dimension of 10.88 nm. This equilibrated configurations was used for a 200 ns long
MD in a constant volume (NVT) ensemble. This simulation trajectory is about two
times larger than the time it takes to form a well-equilibrated aggregation of the

copolymer units (see Fig. S10).
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Figure $10. Time evolution of hydrogen bonds between an ethylene oxide side chain

and the water molecules. For the calculations we have used the standard geometric

arguments implemented in GROMACS,'® which defines a hydrogen bond if donor-

acceptor distance is < 0.35 nm and the accepted-doner hydrogen angle is < 30°.
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Abstract: The creation of synthetic polymer nanoobjects with well-defined hierarchical
structures is important for a wide range of applications such as nanomaterial synthesis,
catalysis, and therapeutics. Inspired by the programmability and precise three-dimensional
architectures of biomolecules, we report the strategy of fabricating controlled hierarchical
structures through self-assembly of folded synthetic polymers. Linear poly(2-hydroxyethyl
methacrylate) of different lengths are folded into cyclic polymers and their self-assembly into
hierarchical structures is elucidated by various experimental techniques and molecular
dynamics simulations. Based on their structural similarity, macrocyclic brush polymers with
amphiphilic block side chains are synthesized, which can self-assemble into wormlike and
higher-ordered structures. Our work points out the vital role of polymer folding in
macromolecular self-assembly and establishes a versatile approach for constructing biomimetic

hierarchical assemblies.

One Sentence Summary: Hierarchical wormlike assemblies and higher-ordered structures can

be obtained via biomimetic folding and assembly of synthetic polymers.
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Precise three-dimensional architectures of biomacromolecules such as proteins and DNA have
stimulated various new developments in macromolecular chemistry (1-4). Intrigued by the
programmability and specificity of intramolecular forces that enable folding of a giant
molecular chain (5, 6), synthetic chemists have taken several approaches to recreate, in part,
notable features that contribute to these unique nanostructures. A simple biomimetic model
typically involves a polymer chain consisting of chemical functions that recognize their
interactive partner further along the chain, such that the main backbone can fold in a predictable
way (7-10). These functions funnel the free energy landscape of chain dynamics into, ideally,
a single conformational region that would otherwise be subjected to randomness and kinetically
trapped states. This led to the inception of single chain nanoparticles (SCNPs) (11), which
focused on how polymers can be programmed to fold in a regular way akin to the chaperones
of proteins (6). The confinement characterized by these SCNPs has discovered newfound
capabilities in catalysis, biomedicine, synthetic biology and when doped, offer interesting bulk

material properties (12, 13).

Despite these advancements, the larger perspective of how folding of a polymer chain
can program higher ordered assemblies remains rare (14, 15). The concept of assembly driven
by the regularity of macromolecules is a critical step for building sophisticated architectures
that mimic the ability of proteins to form cellular nanostructures and compartments (16-19).
Our study focuses on the emergence of structural complexity by folding of polymer chains
forming specific secondary structures capable of controlled assembly into anisotropic
hierarchical structures. Polymers of 2-hydroxyethyl methacrylate (HEMA) are one of the
simplest polymer scaffolds possessing a hydrophobic backbone and a hydrophilic side chain
that promotes inter-chain interactions through van der Waals interactions and hydrogen bonds.
Folding of the polymer is directed by a single copper catalyzed azide-alkyne cycloaddition at
the terminal ends (20). The head-to-tail bite causes the polymer chain, in aqueous solvent, to
adopt a self-propagating structure consisting of a hydrophobic core surrounded by the hydroxyl
groups of HEMA.. The physical properties and the complexity of the propagating structures can
be subsequently customized by growing a secondary block-copolymer on each HEMA side
chain. Depending on the composition of the block-copolymer, higher ordered assembly

morphology between the unfolded and folded form can be programmed.

To demonstrate that synthetic polymers can be folded into specific forms for
constructing higher-ordered structures, polymers of HEMA (PHEMA) were folded into the

cyclic topology, which is a well-established approach to fold polymers (21). Three linear
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PHEMA samples (I-PHEMAn-Br, where n represents the number of repeating units) of different
lengths were synthesized via atom transfer radical polymerization (ATRP) using propargyl 2-
bromoisobutyrate as the initiator (Fig. 1A). Their respective average molecular weights were
calculated from the *H nuclear magnetic resonance (NMR) spectra as 1670 g mol? (n = 11),
2120 g mol (n = 15), and 3040 g mol™ (n = 22), which fit well to the design (figs. S1-S3, table
S1). GPC results show relatively narrow molecular weight distributions of 1.36 ~ 1.39 (Fig.
1B). The apparent molecular weights determined by GPC are higher, which is due to the
different hydrodynamic sizes of poly(methyl methacrylate) (PMMA\) standards and PHEMA in
DMF (22). Next, the bromine ends of these polymers were transformed to azide groups by
reacting with sodium azide, which was confirmed by the appearance of the characteristic peak
of azide at 2121 cm™ in the Fourier-transform infrared (FTIR) spectra of the product (I-
PHEMAGR-N3) (Fig. 1C and fig. S4).
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Fig. 1. Synthesis and folding of PHEMA. (A) Scheme of the synthesis of I-PHEMAn-Br and
its azidation and folding into the cyclic topology. (B) GPC curves (eluent: DMF; standard:
PMMA) of I-PHEMA®-Br with different repeating units. (C) FTIR spectra, and (D) GPC curves
of I-PHEMAs-Br, I-PHEMA15-N3, and f-PHEMAus. (E) The top and bottom panels show a
simulation snapshot and the time evolution of Rg of a single f-PHEMAus in pure water,
respectively.

Subsequently, the heterobifunctional PHEMA with azide and alkyne ends was folded
via Huisgen cycloaddition under high dilution conditions (20). In a typical experiment, CuBr

and 2,2'-bipyridyl (bpy) were added into a Schlenk tube loaded with DMF, which was degassed
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through two freeze-pump-thaw cycles. To avoid intermolecular reactions, the degassed DMF
solution of I-PHEMA-N3 was added into the catalyst solution at a slow speed of 0.16 mL h'
via a syringe pump. As shown in Fig. 1C, the asymmetric stretching peak of the azide group at
2121 cm vanished after this step. This indicates that the click reaction between azide and
alkyne groups was successful, which was also proven by *H NMR (figs. S5-S7). We also
proved the structure for all the products in each step by 2D H,*H correlation spectroscopy and
2D 'H,*H nuclear Overhauser effect spectroscopy methods (figs. S8-S16).

The obtained polymers were further characterized by GPC (Fig. 1D and fig. S17) and
'H diffusion ordered NMR spectroscopy (figs. S18-S23). Both techniques demonstrate that the
hydrodynamic volumes of all three samples decreased after the click reaction, which confirms
that linear PHEMA polymers were intramolecularly folded into the cyclic topology. It should
be mentioned that no shoulder peak in the higher molecular regions was observed in the GPC
curves indicating no linear polymers left or oligomers formed. To investigate if a single f-
PHEMAUs retains its well-defined cyclic structure in pure water, we performed an all-atom
molecular dynamics simulation (fig. S24). In Fig. 1E we show the snapshot of a f-PHEMAs
and the corresponding radius of gyration (Rg). To estimate the degree of sphericity of the cyclic
polymers, we also calculated the lengths of the two major axes of the structure (fig. S25). It can

be appreciated that a ring remains rather stable and symmetrically cyclic in pure water.

Linear PHEMA is generally regarded as a water-swellable polymer (23). Using a
dialysis method (24), we compared the self-assembly behaviors of linear and folded PHEMA.
Briefly, the polymer was dissolved in methanol and then deionized water was added dropwise.
The mixture solution was loaded into a dialysis membrane (MWCO = 1000 g mol?) and
dialyzed against water. As shown in Fig. 2A and fig. S26, solutions of the linear polymers
turned turbid after one hour and some gel-like precipitation was observed three days later.
Surprisingly, solutions of the folded polymers remain clear, a first indication that they can

stabilize themselves in pure water.
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Fig. 2. Self-assembly of linear and folded polymers. (A) Solutions of I-PHEMAs-Br and f-
PHEMAUs after dialysis against deionized water for one hour. (B) TEM images showing the
assemblies of f-PHEMAu11, f-PHEMA1s, and f-PHEMA22. (C) Relaxation functions C(q,t) for
the translation motion of f-PHEMAu1, f-PHEMAs, and f-PHEMA22 in water at 1 mg mL™ and
293 K at a scattering angle of 90=corresponding to scattering wave vector q = 0.0187 nm™.
Upper inset: The translation diffusion coefficient, D as a function of g2 with the solid line
indicating a virtually q independent D. Lower inset: 1/I(g) as a function of g2 (D) *H NMR
spectra (850 MHz, 298.3 K) of f-PHEMA1s in mixtures of MeOD and D20 with gradually tuned
volume ratios. The chemical shifts were calibrated using tetramethylsilane as an internal
standard. (E-F) Molecular dynamic simulation snapshots showing the self-assembly of a model
simulation replica of f-PHEMA\ with different ring sizes, i.e., n =9 (E) and n = 15 (F).

Transmission electron microscopy (TEM) images reveal the formation of wormlike
structures from the folded polymers (Fig. 2B and figs. S27-S29). For linear polymers of the
same molecular weights, only irregular aggregates were observed showing the significant role
of folding on the self-assembly (figs. S27-S29). We further confirmed the generation of stable
assemblies from folded PHEMA by dynamic light scattering (DLS). Interestingly, both TEM
and DLS results suggest f-PHEMAu1s with a middle ring size formed the smallest assemblies.
The hydrodynamic radius Rn for assemblies of f-PHEMAu11, f-PHEMA1s, and f-PHEMA:22 were
determined as 54 2 nm, 36 =2 nm, and 58 +3 nm, respectively (Fig. 2C and figs. S30-S32).
The large size of the f-PHEMA1 and f-PHEMA22 assemblies was confirmed by their
measurable Rq in the Ornstein-Zernike, 1(q)* vs g? (lower inset to Fig. 2C): 1(g) of the smaller
f-PHEMAGs case is virtually g independent (25). The calculated Rg = 50 nm (59 nm) for the f-
PHEMAu (f-PHEMA22) assemblies are very similar to the values of Rn suggesting compact
structures much larger than the single rings (Fig. 1E). For linear PHEMA, DLS experiment

was not possible due to the presence of large aggregates.
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The unique assembly behaviors of cyclic PHEMA can be ascribed to the rearrangement
of the atomic distribution by polymer folding. Nile Red loading experiments indicated the
formation of hydrophobic microenvironments during the assembly (fig. S33). The measured
critical aggregation concentrations of f-PHEMAn (~0.01 mg mLY) are lower than that of many
amphiphilic polymers (0.02~0.2 mg mL™) (24, 26), showing the strong assembly trend of
folded polymers. Furthermore, we performed NMR measurements for f-PHEMA\ in solvent
mixtures of methanol-ds (MeOD) and deuterium oxide (D20) with gradually tuned
compositions (Fig. 2D and fig. S34). When the amount of D20 increased, the signals of the
methyl groups in the backbone did not change. However, the peaks from the methylene groups
(3.77 and 4.03 ppm) in hydroxyethyl side chains shifted. This result indicates that the backbones
of f-PHEMA=\ were packed in the core and the side chains on the surface enabling them to freely

interact with the polar solvent.

To further elucidate the self-assembly, we performed molecular dynamics simulations
of an implicit solvent generic model. In this model, the quantities are expressed in the units of
energy &, length o and time 1. The choice of the generic model parameter of a ring polymer is
inspired by the structural stability and the solubilities of the individual residues in pure water,
as observed for a f-PHEMA1s (Fig. 1E) (27, 28). For this purpose, we investigated two ring
sizes (n = 9 and 15) at the same mass density. The simulation snapshots for n = 9 and 15 show
wormlike micellar structures (Figs. 2E and F). Here, a self-assembled structure is dictated by
the competition between the entropy penalty of forming an aggregate of a particular size from
the homogeneous mixture and the surface energy reduction (29). In our case, while we abstain
from discussing the details of aggregation Kkinetics, we note that the sizes of the largest
aggregates stabilize after a time t ~ 10*t in both cases. We find that the length (L), diameter (d),
and Rq of the largest aggregates are L ~33.5¢, d ~ 3.30and Rg ~ 9.9 forn =9, and L ~14.2¢, d
~4.10 and Ry ~ 5.0c for n = 15. Furthermore, from L and d values of n = 9 and the analytical
expression (30), we have estimated Rn ~ 10.7c. It should be noted that the structures observed
in our simulations reveal the microscopic picture of the single aggregates. Moreover, from the
assembles in Fig. 2B, they typically have a diameter of 10 ~ 20 nm. Therefore, considering that
the estimated diameter of a ring is about 1 nm (fig. S25), each structure in Fig. 2B consist of 10
~ 20 wormlike micelles stacked sideways to form one bundle. The microscopic description of
such stacking in good solvent is rather well established in the case of elongated objects attached

with hydrophilic side chains (31).
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The above results clearly show that even homopolymers with a very simple structure
can assemble into higher-ordered nanostructures after molecular folding. Therefore, we believe,
like polypeptides and nucleic acids, common synthetic polymers can also be programmed into
controlled nanoobjects with multiple levels of defined architectures through folding and
assembly. As a proof-of-concept, we designed macrocyclic brush polymers with amphiphilic
polystyrene-block-poly(acrylic acid) (PS-b-PAA) side chains. PS and PAA were selected
because they are broadly representative of hydrophobic and hydrophilic polymers, and PS-b-
PAA is one of the most intensively studied systems in the field of macromolecular self-

assembly (26).

The cyclic macroinitiator f-P(HEMA-Br)22 was synthesized by attaching ATRP
initiators to hydroxyl groups of f-PHEMA:22 (Fig. 3A). Hydrophobic PS and poly(tert-butyl
acrylate) (PtBA) were consecutively grafted from the cyclic macroinitiator. The PtBA block
was then hydrolyzed by trifluoroacetic acid into PAA, generating cyclic brush polymers with
amphiphilic side chains [f-P(HEMA-g-PSx-b-PAAy)22, where x and y represent the numbers of
repeating units for PS and PAA, respectively]. These cyclic brush polymers can be regarded as
the simplest folded form of the corresponding linear brush polymers. As shown in Fig. 3B and
C, we synthesized four cyclic brush polymers (CB-1 to CB-4). For comparison, a block
copolymer (BC) and a linear brush polymer (LB) with comparable compositions were also
prepared. All products in each step have been systematically characterized by NMR and FTIR
spectroscopies as well as GPC (figs. S35-S49, tables S2-S4). Analysis of cyclic brush polymers
by GPC shows narrow size distributions with D in the range of 1.17 to 1.48, indicating that they

can be used as uniform building blocks.
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Fig. 3. Hierarchical self-assembly of cyclic brush polymers. (A) Scheme for the synthesis of
cyclic brush polymers f-P(HEMA-g-PSx-b-PAAy)n. (B) Schematic illustration and (C)
molecular parameters of block copolymer BC, linear brush polymer LB, and four cyclic brush
polymers (CB-1 to CB-4). (D) TEM image showing the self-assembly of BC at 0.4 mg mL™ in
water. (E) Optical (top) and TEM (bottom) images showing the aggregation of LB in water. (F)
AFM images showing the self-assembly of CB-1 to CB-4 at 0.1 mg mL? in water. (G) AFM
(top) and TEM (bottom) images showing the self-assembly of cyclic brush polymers into 1D
wormlike assemblies and hierarchical structures at 0.4 mg mL™ in water.

Using a similar dialysis method, we investigated the self-assembly behavior of these
amphiphilic cyclic brush polymers (CB-1 to CB-4) in water and compared them with BC and
LB. The polymers were first dissolved in DMF, which is a good solvent for both PS and PAA.

After adding the same amount of deionized water dropwise, the mixture solutions were dialyzed
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against water for three days and then tuned to desired concentrations. As shown in Fig. 3D and
fig. S50, block copolymer BC self-assembled into vesicles and large compound vesicles at
different concentrations due to its high weight fraction of hydrophobic PS. In comparison, the
LB counterpart to the polymerized form of BC could not form ordered structures and

precipitation was observed at 0.4 mg mL™* (Fig. 3E, figs. S51-S52).

Interestingly, cyclic brush polymers with similar compositions but different topologies
demonstrated drastically different self-assembly behaviors. We found that the polymer
concentration and the weight fraction of PAA (fraa) are two important factors on the assembly.
Discrete structures were observed by atomic force microscopy (AFM) and TEM for all samples
when the concentrations were 0.1 mg mL™ (Fig. 3F). The smallest particles in the AFM images
show the same height of about 5 nm (figs. S53-S55), which corresponds with the size of single
cyclic brushes. Other bigger nanoobjects can be ascribed to dimers, trimers, or oligomers of
cyclic brush polymers. Importantly, the boundary between cyclic brush polymers can be
visualized by AFM, which clearly shows the assembly of cyclic brush polymers in a layer-by-
layer manner (Fig. 3F and figs. S53-S56). When the concentrations increased to 0.4 mg mL™,
wormlike assemblies and hierarchical structures were obtained (Fig. 3G and figs. S57-S60).
Unlike simple diblock copolymers that form wormlike micelles only in a narrow window of
hydrophobic-hydrophilic ratios, folded polymers with a broad range of compositions can
assemble into wormlike structures. More importantly, these wormlike structures are generated
via stepwise folding and modular assembly, allowing the modulation of the internal structure
and overall dimension in each step. For cyclic brush polymers with similar side chain lengths
(CB-2 to CB-4), the assemblies became longer with the decrease of fraa. By customizing the

block constituents, proportion and length, the architectural outcome can be tuned.

To investigate these interesting structures, we also performed a set of generic
simulations of a replica of the cyclic brush polymers for five different concentrations (c). The
data for two concentrations is shown in Fig. 4A-B and the complete data is shown in fig. S61
and movies S1-S10. Here, the side chains greatly hinder the self-assembly. For ¢ = 0.0002c73,
discrete oligomers are observed attaining a maximum size of ~8.5¢ (Fig. 4A) that is smaller
than the model f-PHEMAg (Fig. 2E). Moreover, for ¢ = 0.0009c73, the side chains can
interdigitate and thus form small assemblies that are joined via the relatively large side chains
(Fig. 4B). These observations are consistent with the trends observed in the AFM and SEM

measurements.
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Fig. 4. Emergence of structural complexity by self-assembly of cyclic brush polymers. (A-
B) Molecular simulation results showing the self-assembly of cyclic brush polymers for the two
different concentrations, ¢ = 0.000263 (A) and 0.00096°2 (B). The left panels show only the
hydrophobic backbones and the right panels illustrate the full molecules. (C) Formation of
hierarchical structures by synthetic polymers via biomimetic folding and self-assembly.

We have therefore established a biomimetic strategy for the construction of hierarchical
nanostructures via self-assembly of folded polymers. By rearranging atomic distribution of
polymers to form specific preliminary structures, this modular approach is particularly powerful
for preparing wormlike assemblies from synthetic polymers including common homopolymers
and block copolymers. Various parameters including the polymer composition, molecular
weight and primary structure can be used to manipulate the overall structure of the assemblies.
The self-assembly pathway for the hierarchical structures is a versatile and stage-distinct
platform to mimic the increasing complexity in the folding of polypeptides into 3D precise
protein structures (Fig. 4C). The combination of polymer folding and self-assembly can
therefore serve as a novel avenue for fabricating the next-generation hierarchical structures of

unprecedentedly complex shapes which cannot be achieved by traditional methods.
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Materials and Methods

1. Materials

Propargyl 2-bromoisobutyrate (PBIB, >97%), ethyl a-bromoisobutyrate (EBIB, 98%), o-
bromoisobutyryl bromide (98%), copper(I) chloride (CuCl, 99.995%), copper(I) bromide
(CuBr, 99.999%), N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA, 99%), 2,2'-
bipyridyl (bpy, >99%), methyl ethyl ketone (MEK, 99.5%) and Nile Red (technical grade) were
purchased from Sigma-Aldrich and used without further treatment. Sodium azide (NaN3, 99%)
was purchased from Applichem and used as received. Trifluoroacetic acid (TFA, >99.9%) was
obtained from Carl Roth. 2-Hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, 97%, <250
ppm monomethyl ether hydroquinone), styrene (99%, Sigma-Aldrich), and tert-butyl acrylate
(rBA, 98%, Sigma-Aldrich) were passed through basic Al203 column to remove inhibitors
before use. All other solvents were obtained from commercial suppliers and used as received.

2. Synthesis and folding of linear PHEMA

~

=) Br
{ “heon” ol Y NaN, A pect CuBr,bpy
7 =\o 3" > b b > §\o i
DMF DMF, high dilution
OH Br
A § S S 9 §
// HO HO HO HO HO HO
HEMA I-PHEMA. -Br I-PHEMA -N, f-PHEMA,

2.1 Synthesis of -PHEMA-Br via atom transfer radical polymerization
In a typical procedure for the synthesis of /-PHEMA2-Br, PBIB (310 puL, 2 mmol), HEMA
(6.06 mL, 50 mmol) and bpy (781 mg, 5 mmol) were dissolved in 6 mL methanol in a 15 mL

Schlenk flask under argon flow. Followed the mixture was degassed through three freeze-pump-
thaw cycles and CuCl (238 mg, 2.4 mmol) was added to start the polymerization. After stirring
at 24 °C for 5 h, the reaction mixture was quenched by exposing the reaction solution to air,
followed by dilution with methanol. The solution was stirred until the color turned to blue. Then
the Cu(Il) catalyst was removed by passing through a silica column. The solution was
concentrated and precipitated into diethyl ether. The procedure of dissolution with methanol
and precipitation in diethyl ether was repeated twice. The product was obtained as a white solid
after drying under high vacuum.

2.2 Synthesis of -PHEMAx-N3 via azidation of /-PHEMAx-Br

In a typical procedure for the synthesis of /-PHEMA22-N3, sodium azide (2.44 g, 37.5 mmol)
was added to a round-bottom flask containing -PHEMA22-Br (2.4 g, 0.79 mmol) dissolved in
mix solvent of DMF/H20 (60 mL, 4:1 v/v). The reaction mixture was stirred at 50 °C for two
days and then cooled down to room temperature. After removing most of the solvents at reduced

pressure, the remaining portion was diluted with ethanol. The solid salt was removed by
centrifugation. The solution was loaded into a dialysis membrane (MWCO ~ 1000 Da) and
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extensively dialyzed against deionized water and methanol for two days. The product was
obtained as a white solid after precipitation in diethyl ether and drying under high vacuum.

2.3 Synthesis of ~PHEMA, by folding /-PHEMAx-N3 via click chemistry

Folded PHEMA (f~PHEMA) with a cyclic secondary structure was synthesized by folding
linear polymer /-PHEMAn-N3 via the azide-alkyne Huisgen cycloaddition under high dilution
conditions. In a typical procedure for the folding of -PHEMA22-N3, DMF (1 L) was added to a
2.5 L round bottomed flask and then degassed by two freeze-pump-thaw cycles. CuBr (0.86 g,
6 mmol) and bpy (1.87 g, 12 mmol) were added to the frozen DMF. The flask was resealed,
evacuated, and refilled with argon. A separate flask containing 0.5 g of /-PHEMA2-N3

dissolved in 10 mL of DMF was degassed by three freeze-pump-thaw cycles. This solution was
then added to the catalyst reaction solution at 120 °C via a syringe pump at a rate of 0.16 mL h
!, Once the polymer was finished adding to the catalyst solution, the reaction was allowed to
proceed at 120 °C for additional 24 h before cooling to room temperature. Most solvent of the
reaction solution was removed under reduced pressure and the remained portion was diluted
with methanol and stirred until the color changed to blue. The Cu(II) catalyst was removed by
passing through a silica column. The solution was concentrated and precipitated into diethyl
ether. The product was finally obtained after drying under high vacuum.

3. Self-assembly of linear and folded PHEMA

3.1 Self-assembly of linear and folded PHEMA

A dialysis method was used to prepare assemblies of folded polymers. In a typical process, 21
mg of folded PHEMA was dissolved in 7 mL of methanol at room temperature. The solution
was vigorously stirred and 7 mL of deionized water was added with a speed of 0.2 mL min™.
After stirring for another 2 h, the solution was loaded into a dialysis membrane (MWCO ~ 1000
Da) and dialyzed against deionized water for three days to completely remove the solvent
methanol. The final concentration of polymers was tuned to 1 mg mL* by adding water. For
the self-assembly of linear polymers, the same procedure was employed and precipitation was
observed.

3.2 Nile Red loading and the determination of critical aggregation concentration (CAC)

The CAC of micelles was determined using Nile Red as a fluorescence probe. The
concentration of polymers was varied from 1 mg mL™ to 1 x10“ mg mL. Nile Red solution
in acetone (15 pL, 0.02 mg mL™?) was then added to 1 mL of each polymer solution. After
sonication for 30 min, acetone was evaporated and the final concentration of Nile Red in each
sample was therefore fixed at 3 <10“ mg mL™. Fluorescence spectra were recorded using a
TECAN system (Spark 20M) at room temperature. The excitation wavelength was set as 550
nm and the emission wavelength was monitored from 590 nm to 720 nm. Excitation and
emission bandwidths were both maintained at 20 nm and the emission wavelength step size was
2 nm.
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4. Synthesis of amphiphilic block copolymer PS-b-PAA

Lo
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Br o
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Br CuBr TFA Br
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Q X PMDETA __CHLlL 2 O
>
OH
CuBr, bpy tBA MEK RT 36 h
90 °C 50 °C

Styrene PS,-Br PSx-b-PtBAy PS,-b-PAA,

4.1 Synthesis of PSx-Br via atom transfer radical polymerization

In order to synthesize PS40-Br, EBIB (29.4 pL, 0.2 mmol), styrene (9.17 mL, 80 mmol), and
bpy (62.4 mg, 0.4 mmol) were added into a 50 mL Schlenk flask and the mixture was degassed
through three freeze-pump-thaw cycles. CuBr (28.6 mg, 0.2 mmol) was then added under argon
flow and the polymerization was proceeded at 90 <C. After reaction for 3 h, the polymerization
was stopped after putting the flask into liquid nitrogen. THF was added and the reaction mixture
was then passed through a short column filled with neutral Al203 to remove the copper catalyst.
The crude product was precipitated in cold methanol. The procedure of dissolution with THF
and precipitation in methanol was repeated twice and the product was obtained after drying
under high vacuum.

4.2 Synthesis of block copolymer PSx-b-PtBAy via ATRP

In a typical procedure for the synthesis of block polymer PSao-b-PtBA12, PS40-Br (172 mg, 0.04
mmol initiation sites), tBA (2.34 mL, 16 mmol), and PMDETA (36 pL, 0.16 mmol) were
dissolved in 2.34 mL MEK in a Schlenk flask and the mixture was degassed through three
freeze-pump-thaw cycles. CuBr (11.5 mg, 0.08 mmol) was then added under argon flow and
the polymerization was proceeded at 50 <C. After reaction for 20 min, the polymerization was
stopped by putting the flask into liquid nitrogen. Acetone was added and the reaction mixture
was then passed through a short column filled with neutral Al2O3 to remove the copper catalyst.
The crude product was precipitated in methanol/water (v/v=1/1) and used for the next
hydrolysis step.

4.3 Synthesis of PSx-b-PAAy by hydrolysis of tert-butyl ester groups of PtBA block

In a typical step for the synthesis of PSa0-b-PAA12, 40 mg of PS4o-b-PtBA12 was dissolved in 6
mL CH2Cl2 followed by adding 3 mL TFA. The solution was stirred at room temperature for
36 h. After removing the solvent by evaporation, the product was dissolved in minimum amount
of DMF and dialyzed against acetone and DI water (MWCO ~ 1000 Da). The final product was
obtained after freeze drying.
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5. Synthesis of linear brush polymers with amphiphilic block side chains
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5.1 Synthesis of linear macroinitiator I-P(HEMA-Br)2.

Linear macroinitiator I-P(HEMA-Br)22 was synthesized by esterification of I-PHEMA22-Ns
with a-bromoisobutyryl bromide. Briefly, I-PHEMA22-N3 (400 mg) was dissolved in 10 mL
anhydrous pyridine in a 25 mL flask. After cooling to 0 <C in an ice-water bath, a-
bromoisobutyryl bromide (2 mL, 15.4 mmol) was added dropwise during 1 h. The solution was
further stirred at 0 <C for 1 h, and then at room temperature for 24 h. The reaction mixture was
precipitated in 100 mL cold water and then separated by centrifugation. The collected product
was dissolved in a small amount of THF and reprecipitated in water. After repeating the process
for two cycles, the product was obtained after drying under high vacuum.

5.2 Synthesis of linear brush polymer I-P(HEMA-g-PSx-Br)22

In order to synthesize linear brush polymer I-P(HEMA-g-PSa40-Br)22, I-P(HEMA-Br)22 (20 mg,
0.072 mmol initiation sites), styrene (5 mL, 43.6 mmol), and bpy (22.5 mg, 0.144 mmol) were
added into a 15 mL Schlenk flask and the mixture was degassed through three freeze-pump-
thaw cycles. CuBr (10.3 mg, 0.072 mmol) was then added under argon flow and the
polymerization was proceeded at 90 <C. After reaction for a determined time, the
polymerization was stopped after putting the flask into liquid nitrogen. THF was added and the
reaction mixture was then passed through a short column filled with neutral Al2O3 to remove
the copper catalyst. The crude product was precipitated in cold methanol. The procedure of
dissolution with THF and precipitation in methanol was repeated twice and the product was
obtained after drying under high vacuum.
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5.3 Synthesis of linear brush polymer I-P(HEMA-g-PSx-b-PtBAy)22

In a typical procedure for the synthesis of linear brush polymer I-P(HEMA-g-PSa0-b-PtBA7)22,
I-P(HEMA-g-PS40-Br)22 (150 mg), tBA (1.97 mL, 13.5 mmol), and PMDETA (31 |, 0.135
mmol) were dissolved in 1.97 mL MEK in a Schlenk flask and the mixture was degassed
through three freeze-pump-thaw cycles. CuBr (10 mg, 0.067 mmol) was then added under argon
flow and the polymerization was proceeded at 50 <C. After reaction for 30 min, the
polymerization was stopped by putting the flask into liquid nitrogen. Acetone was added and
the reaction mixture was then passed through a short column filled with neutral Al203 to remove
the copper catalyst. The crude product was precipitated in methanol/water (v/v=1/1) and used
for the next hydrolysis step.

5.4 Synthesis of amphiphilic linear brush polymer I-P(HEMA-g-PSx-b-PAAy)22

In a typical step for the synthesis of I-P(HEMA-g-PS40-b-PtBA7)22, 60 mg of I-P(HEMA-g-
PS40-b-PtBA7)22 was dissolved in 8 mL CH2Cl2 followed by adding 4 mL TFA. The solution
was stirred at room temperature for 40 h. After removing the solvent by evaporation, the product
was dissolved in minimum amount of DMF and dialyzed against acetone and DI water. The
final product was obtained after freeze drying.

6. Synthesis of cyclic brush polymers with amphiphilic block side chains
N N N

A S IS TS s
(0]

/ /

N r o N N

97 22 CuBr, bpy 22
o} > 0 >

02 pyridine, 24 h 02 styrene, 90 °C 02
OH O\")LBr ©
0
f-PHEMA,, f-P(HEMA-Br),, P(HEMA-g-PS,-Br),,
N N

O/\&\\N o O/\E‘\/N

/
o N N
TFA
CuBr, PMDETA
5 220 CH,CI,
\I/ %

tBA, MEK, 50 °C Q RT 36 h o]
{ ot 2
(@) o)
Br
o) X y
f-P(HEMA-g-PS,-b-PtBA,),, P(HEMA-g-PS,-b-PAA,),,

6.1 Synthesis of cyclic macroinitiator f-P(HEMA-Br)22

Cyclic macroinitiator f-P(HEMA-Br)22 was synthesized by esterification of f-PHEMA22 with a-
bromoisobutyryl bromide according to the literature (32). Briefly, f-PHEMA22 (80 mg, ~ 0.6
mmol —OH) was dissolved in 3 mL anhydrous pyridine in a 10 mL flask. After cooling to 0 °C
in an ice-water bath, a-bromoisobutyryl bromide (0.5 mL, 3.85 mmol) was added dropwise
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during 20 min. The solution was further stirred at 0 <C for 1 h and then at room temperature for
24 h. The reaction mixture was precipitated in 50 mL cold water and separated by
centrifugation. The collected product was dissolved in a small amount of THF and
reprecipitated in water. After repeating the process for two cycles, the product was obtained
after drying under high vacuum.

6.2 Synthesis of cyclic brush polymers f-P(HEMA-g-PSx-Br)22

In a typical procedure for the synthesis of cyclic brush polymer f-P(HEMA-g-PSa40-Br)zz, f-
P(HEMA-Br)22 (20 mg, 0.07 mmol initiation sites), styrene (5 mL, 43.6 mmol), and bpy (22.5
mg, 0.144 mmol) were added into a 15 mL Schlenk flask and the mixture was degassed through
three freeze-pump-thaw cycles. CuBr (10.3 mg, 0.072 mmol) was then added under argon flow
and the polymerization was proceeded at 90 <C. After reaction for a determined time, the
polymerization was stopped after putting the flask into liquid nitrogen. THF was added and the
reaction mixture was then passed through a short column filled with neutral Al203 to remove
the copper catalyst. The crude product was precipitated in cold methanol. The procedure of
dissolution with THF and precipitation in methanol was repeated twice and the product was
obtained after drying under high vacuum.

6.3 Synthesis of cyclic brush polymers f-P(HEMA-g-PSx-b-PtBAy)22

In a typical procedure for the synthesis of cyclic brush polymer f-P(HEMA-g-PS40-b-PtBAy)22,
f-P(HEMA-g-PS40-Br)22 (100 mg), tBA (1.17 mL, 8 mmol), and PMDETA (14.3 pi, 0.064
mmol) were dissolved in 1.17 mL MEK in a Schlenk flask and the mixture was degassed
through three freeze-pump-thaw cycles. CuBr (2.3 mg, 0.016 mmol) was then added under
argon flow and the polymerization was proceeded at 50 <C. After reaction for 30 min, the
polymerization was stopped by putting the flask into liquid nitrogen. Acetone was added and
the reaction mixture was then passed through a short column filled with neutral Al2Os to remove
the copper catalyst. The crude product was precipitated in methanol/water (v/v=1/1) and used
for the next hydrolysis step.

6.4 Synthesis of amphiphilic cyclic brush polymers f-P(HEMA-g-PSx-b-PAAy)22

In a typical step, 60 mg of f-P(HEMA-g-PSa0-b-PtBAy)22 was dissolved in 8 mL CHzCl2
followed by adding 4 mL TFA. The solution was stirred at room temperature for 36 h. After
removing the solvent by evaporation, the product was dissolved in minimum amount of DMF
and dialyzed against acetone and DI water. The final product was obtained after freeze drying.

7. Self-assembly of block copolymers, linear and cyclic brush polymers

A dialysis method was used to prepare assemblies of block copolymers, as well as linear and
cyclic brush polymers with block side chains. In a typical process, 8 mg of polymer was
dissolved in 5 mL of DMF at room temperature. The solution was vigorously stirred and 5 mL
of deionized water was then added with a speed of 0.2 mL mint. After stirring for another 2 h,
the solution was loaded to into a dialysis membrane (MWCO ~ 1000 Da for block copolymers,
MWCO ~ 3500 Da for linear and cyclic brush polymers) and dialyzed against deionized water
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for three days to completely remove the solvent DMF. The final concentration of polymers was
tuned to 0.4 mg mL* by adding water.

8. Characterization

8.1 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectra were measured with a 5 mm triple resonance TXI
1H/13C/™N probe equipped with a z-gradient on a 300 MHz, 700 MHz, or 850 MHz Bruker
AVANCE Il system.

For a proton spectrum, 128 transients were used with a 9.5 s long 90 “pulse and a 17600
Hz spectral width together with a recycling delay of 5 s. The used carbon experiment was a J-
modulated spin-echo for **C-nuclei coupled to *H to determine number of attached protons
(definition up (positive): C and CHz, down (negative): CH and CHs) with decoupling during
acquisition.

The temperature was regulated at 298.3 K and calibrated with a standard *H methanol
NMR sample using the Topspin 3.1 software (Bruker). The control of the temperature was
realized with a VTU (variable temperature unit) and an accuracy of +/— 0.1K.

The structure prove was realized by 2D *H,*H correlation spectroscopy (COSY) and 2D
'H,'H nuclear Overhauser effect spectroscopy (NOESY) methods. The spectroscopic widths of
the homonuclear 2D-COSY and 2D-NOESY experiments were typically 14500 Hz in both
dimension (f1 and f2) and the relaxation delay 2 s. The chosen mixing time for the NOESY
experiment was 300 ms.

All the 2D 'H,*3C-HSQC-edited (heteronuclear single quantum correlations via double
inept transfer and phase sensitive using Echo/Antiecho-TPPI gradient selection with decoupling
during acquisition, red cross peaks are CH or CHs and black cross peaks are CHz) experiments
run with 2048 points in f2 (8500 Hz) and 512 points in f1 (42700 Hz) dimension. Before Fourier
transformation, the data were zero filled to 1024 points in f1 and multiplied by a window
function (g-sine bell or sine bell) in both dimensions.

Diffusion ordered NMR spectroscopy (DOSY NMR) experiments were performed with a
gradient strength of 5,350 [G/mm] on a Bruker Avance-111 850 NMR Spectrometer. The
gradient strength of probes was calibrated by analysis of a sample of 2H20/*H20 at a defined
temperature and compared with the theoretical diffusion coefficient of 2H20/*H20 (values taken
from Bruker diffusion manual) at 298.3 K.

In this work, the diffusion time (d20) was optimized for the TXI probe to 60ms while the
gradient pulse length was kept at 1.8 ms. The optimization was realized by comparing the
remaining intensity of the signals at 2% and 95% gradient strength. The intensity loss of the
echo was in the range of 90 %.

The diffusion measurements were done with a 2D DOSY sequence (33) by incrementing
in 32 linear steps from 2% to 100% with the TXI and the QXI probe. The 2D NMR sequences
for measuring diffusion coefficient used echoes for convection compensation and longitudinal
eddy current delays to store the magnetization in the z-axis, and only be dependent on Ti-
relaxation. The calculation of the diffusion value was automatically calculated with the mono
exponential function (34):
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In (%) = —y252G*? (A —g)D,

where 1(G) and 1(0) are the intensities of the signals with and without gradient, y the
gyromagnetic ratio of the nucleus (*H in this measurements), G is the gradient strength, & the
duration of the pulse field gradient (PFG), D the diffusion value in m?/s and A the “diffusion
time” between the beginning of the two gradient pulses. The relaxation delay between the scans
was 3 s.

The 2D sequence for diffusion measurement used double stimulated echo with three spoil
gradients for convection compensation and with an eddy current delay of 5 ms for reduction
(35) (acronym Bruker pulse program: dstebpgp3s).

8.2 Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy spectra were recorded on a Bruker TENSOR
Il spectrometer or a Bruker Vertex 70 spectrometer at room temperature in the range of 4000
to 400 cm™2. For the former, the samples were measured directly. For the latter instrument, the
solid samples were thoroughly mixed with KBr and pressed into a flaky form. The spectra were
collected over 32 scans with a spectral resolution of 4 cm™.

8.3 Gel permeation chromatography (GPC)
GPC was used to determine the molecular weight and molecular weight distribution. The
temperature was set at 60 C. DMF was used as eluent and the flow rate was set as 1 mL min-
! Poly(methyl methacrylate) (PMMA) or polystyrene (PS) standards were used for calibration
and refractive index (RI) detector was used.

8.4 Dynamic light scattering (DLS)
Folded PHEMA homopolymers were diluted to a concentration of 1 mg/mL in MilliQ water
and filtered through a 450 nm filter (Millipore HA). DLS was performed on an ALV5000 setup

using a coherent solid state cw laser at 1 = 633 nm with a power of 194 mW. The intensity
0
2
with n being the solvent refractive index was varied by changing the scattering angle 9 between
15°=~ 150< for water at 293 K, n = 1.333. The desired relaxation function, C(q,t)=[G(q,t)-1]*?,

was analyzed by an inverse Laplace transformation (CONTIN algorithm).

autocorrelation function G(q,t) was recorded at different scattering wave vectors, g = 4T[Tnsin

8.5 Transmission electron microscopy (TEM)

TEM samples were prepared by adding 4 pL of the polymer self-assembly solution onto a
carbon-coated copper grid. After drying in air for 10 min, the remained solution was removed
by a filter paper. The measurement was conducted on a JEOL JEM-1400 TEM operating at an
accelerating voltage of 120 kV.

8.6 Atomic force microscopy (AFM)
Imaging was performed with a Bruker Dimension FastScan Bio AFM equipped with the
ScanAsyst mode. The sample solution was deposited onto freshly cleaved mica surface, and
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left for 5 min at room temperature. The sample was scanned with the scan rates between 1 and
3 Hz. Several AFM images were acquired at different areas of the mica surface to ensure the
reproducibility of the results. All images were analyzed by using the Gwyddion 2.48 software.

Supplementary Text

1. All-atom molecular dynamics simulations

To investigate the structural stability of an isolated cyclic molecule in pure water, we have
performed all-atom molecular dynamics simulation of a f-PHEMA1s (Fig. 1E). For this
purpose, we have the same structure as in the experiment, without the linker used in the
synthesis (fig. S24).

All-atom simulations are performed using the GROMACS molecular dynamics package
(36) in an isobaric ensemble (NPT), where N is the number of particles, P is the isotropic
pressure, and T is the temperature. T = 300 K is set using a velocity rescaling thermostat with
a coupling constant of 0.1 ps (37). Pressure is kept at 1 bar using the Parrinello-Rahman barostat
with a coupling constant of 2 ps (38). Electrostatics are treated with the particle mesh ewald
(PME) method (39). The interaction cutoff for the non-bonded interactions is chosen as 1.0 nm
and the equations of motions are integrated using the leap-frog integrator with a time step of ot
= 1 fs. The simulation is performed for 20 ns.

For the simulation of a PHEMA ring with n = 15, the united atom GROMOS force field
(40) is used. Water is described using the SPC/E model (41). For this simulation, we have used
one molecule solvated in 7000 water molecules.

2. Generic molecular dynamics simulations

Generic simulations are performed using the bead spring polymer model for both systems
presented in the main text (42). In this model, individual bonded monomers interact with each
other via a combination of 6—12 Lennard-Jones potential with a cutoff distance 2Y°c and a
finitely extensible nonlinear elastic (FENE) potential. The results are presented in the unit of
LJ energy ¢, LJ distance ¢ and mass m of the individual monomers.

The nonbonded interactions between the both hydrophobic and hydrophilic residues are
also modelled using the LJ potential. The simulation is performed under the canonical ensemble
with a time step of At = 0.01t for 102 MD time steps. The equations of motion are integrated
using the velocity Verlet algorithm. The system is thermalized via a Langevin thermostat with
a damping constant y = 1t % and T = 1¢/ks, where ks is the Boltzmann constant. The generic
simulations are performed by using the LAMMPS molecular dynamics packages (43).

2.1 Molecular dynamics simulations for the self-assembly of folded PHEMA

For the simulation of folded PHEMA, we have used a model molecule that consists of a
hydrophobic backbone and one hydrophilic molecule attached to each backbone monomer. A
representative structure is shown in Fig. 1A and fig. S24. The hydrophobic monomers interact
with an attractive 6-12 LJ potential with a cut-off of 2.5c, while the hydrophilic monomers are
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modelled using a repulsive 6-12 LJ potential with a cut-off of 2Y8s. The size of all monomers
is taken as 1o and the interaction energy are taken as 1. All other cross-monomer interactions
are chosen to be repulsive 6-12 LJ potential with a cut-off of 2Y%s. For these simulations, we
have chosen three different backbone lengths, namely n = 9 and 15. Here, the concentration of
n =9 system is taken as ¢ = 0.0002c3, with c is calculated as the number of molecules per unit
volume. The concentrations are adjusted such that the total mass density (or monomer number
density). To keep the backbone structure flat, we have employed an additional dihedral
interaction. Note that in this generic model one monomer is not equivalent of one monomer of
the all atom or the experimental system.

2.2 Molecular dynamics simulations for the self-assembly of cyclic brush polymers

The system of cyclic brush polymers is similar to the above PHEMA system with a short
amphiphilic block copolymer attached to each hydrophilic side monomer (Fig. 3A). An
amphiphilic side chain consists of a 3 hydrophobic and 2 hydrophilic monomers. Like the
section 2.1, the hydrophilic and the hydrophobic interactions are again modelled using a
repulsive and an attractive LJ interaction, respectively. The simulations are performed for a
system consists with n = 9 and for the five different concentrations, ¢ = 0.0002c3, 0.000355°3,
0.000563, 0.00095°3, and 0.001753. For these simulations we have used 125 molecules in a
cubic box of different box dimensions. Each amphiphilic side chain consists of a flexible
generic chain (42).
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Fig. S1. 'H NMR spectrum (850 MHz, 298.3 K) of /-PHEMA11-Br in methanol-d4 (MeOD).
By comparing integrals of the methyl group near the bromine end (0.99 ppm) to methylene
groups (3.77 ppm and 4.03 ppm) in the side chains, the average molecular weight was calculated
as 1670 g mol™! (n = 11).
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Fig. S2. 'H NMR spectrum (850 MHz, 298.3 K) of /-PHEMA s5-Br in MeOD. By comparing
integrals of the methyl group near the bromine end (0.99 ppm) to methylene groups (3.78 ppm

and 4.03 ppm) in the side chains, the average molecular weight was calculated as 2120 g mol™!

(n=15).
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Fig. S3. 'H NMR spectrum (850 MHz, 298.3 K) of I-PHEMA2-Br in MeOD. By comparing
integrals of the methyl group near the bromine end (0.99 ppm) to methylene groups (3.78 ppm
and 4.03 ppm) in the side chains, the average molecular weight was calculated as 3040 g mol™!

(n=22).
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Fig. S4. (A) FTIR spectra of -PHEMA11-Br, -PHEMA1-N3, and ~-PHEMA1. (B) FTIR
spectra of -PHEMA22-Br, [-PHEMA22-N3, and ~-PHEMA2>.
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Fig. S6. Comparison of 'H NMR spectra (850 MHz, MeOD, 298.3 K) of /-PHEMA15-N3 and
f-PHEMA 5.
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f-PHEMA22.
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Fig. S17. (A) GPC elution curves of -PHEMA 11-Br, [-PHEMA11-N3, and f~PHEMA11. (B) GPC
curves of -PHEMA22-Br, [-PHEMA22-N3, and f~PHEMA22. (C) Comparison of the GPC elution
curves of -PHEMAn-N3 with different repeating units. (D) Comparison of the GPC elution
curves of folded polymers /~PHEMA. with different ring sizes. DMF was used as the eluent
and PMMA standards were employed for calibration.
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Fig. S18. 'TH DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of -PHEMA11-Br, [-PHEMA 15-
Br, and I-PHEMA22-Br showing their gradually increased hydrodynamic size.
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Fig. S19. 'H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of -PHEMA 11-N3, [-PHEMA 5-
N3, and /-PHEMAQ22-N3 showing their gradually increased hydrodynamic size.
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Fig. S20. '"H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of f~PHEMA1, /~PHEMA s,
and ~-PHEMA:2 showing their gradually increased hydrodynamic size.
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Fig. S21. '"H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of [-PHEMA 11-Br, -PHEMA -
N3, and f~-PHEMA 1. The folded polymer /~PHEMA 11 diffuses faster than its linear counterparts,
indicating a decreased hydrodynamic size after molecular folding.
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Fig. S22. 'TH DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of -PHEMA 5-Br, [-PHEMA s-
N3, and f~PHEMA 5. The folded polymer ~PHEMA s diffuses faster than its linear counterparts,

indicating a decreased hydrodynamic size after molecular folding.
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Fig. S23. 'TH DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of -PHEMA2-Br, [-PHEMA2-
N3, and f~-PHEMA 2. The folded polymer ~-PHEM A2 diffuses faster than its linear counterparts,
indicating a decreased hydrodynamic size after molecular folding.
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Fig. S24. Molecular structures of f-PHEMAu11, f-PHEMAu5, and f-PHEMA22.
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Fig. S25. Calculation of the lengths for the two major axes of a single f-PHEMAs structure in
Fig. 1E of the main text. The distances are calculated between 1 and n/2 monomers for one axis
and between n/4 and 3n/4 monomers for the second axis. These numbers are very similar over
20 ns, except for some fluctuations within the time window of 12 ~14 ns. It is another evidence
that the structure indeed remains rather cyclic.
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Fig. S26. Sclf-assembly solutions of linear polymers I-PHEMAn-Br and folded polymers f-
PHEMA after dialysis against deionized water for 1 h.
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Fig. S27. TEM images for comparing the self-assembly morphologies of (A-C) folded polymer
f~PHEMAI and (D) linear polymer /-PHEMA 1:-Br.
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Fig. S28. TEM images for comparing the self-assembly morphologies of (A-C) folded polymer
f-PHEMAs and (D) linear polymer /-PHEMA s-Br.
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Fig. S29. TEM images for comparing the self-assembly morphologies of (A-C) folded polymer
f-PHEMA22 and (D) linear polymer /-PHEMA22-Br.
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Fig. S30. Relaxation functions C(q,t) for the translation motion of f-PHEMAu11 in water at 1
mg/mL and 293 K at different scattering angles [50<(red squares), 90 <(blue circles), and 130°
(green triangles)] corresponding to scattering wave vector g = 0.011 nm™, g = 0.0187 nm?, q
=0.024 nm?, respectively. Inset: D(q = 0) = 4.34 <10 cm?/sec; Rnh = 54 2 nm.
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Fig. S31. Relaxation functions C(q,t) for the translation motion of f-PHEMA1s in water at 1
mg/mL and 293 K at different scattering angles [50 <(red squares), 90(blue circles), and 130°
(green triangles)] corresponding to scattering wave vector g = 0.011 nm™, g = 0.0187 nm?, q
= 0.024 nm?, respectively. Inset: D(q = 0) = 6.75x10® cm?/sec; Rnh = 36 =2 nm.
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Fig. S32. Relaxation functions C(q,t) for the translation motion of f-PHEMA22 in water at 1
mg/mL and 293 K at different scattering angles [50<(red squares), 90(blue circles), and 130°
(green triangles)] corresponding to scattering wave vector g = 0.011 nm™, g = 0.0187 nm?, q
= 0.024 nm?, respectively. Inset: D(q = 0) = 4.21x10® cm?/sec; Rn = 58 =3 nm.
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Fig. S33. (A) Fluorescence emission spectra of f~PHEMAI assemblies of varying
concentrations after loading with Nile Red. Nile Red in aqueous solution shows low
fluorescence emission intensity after excitation with 550 nm light. However, the intensity
increases significantly if the probe is encapsulated into a hydrophobic environment. As shown
in this figure, the fluorescence emission intensity is very weak when the assembly concentration
is low such as 0.001 mg mL"!, indicating that Nile Red molecules were dispersed in an aqueous
environment. If the concentration is high, for example 0.5 mg mL!, the characteristic emission
peak of Nile Red can be clearly observed, showing the encapsulation of the fluorescent probe
in a hydrophobic environment. (B) Determination of the CAC of ~PHEMAI1 by plotting the
emission intensity at 654 nm over the concentration of the assemblies. The dots can be divided
into two groups connected by two straight lines based on the slope. The CAC was therefore
determined from the intersection of the two lines as 0.008 mg mL"!, indicating that ~PHEMA 11
starts to assemble and form some hydrophobic internal microenvironments at this concentration.
(C) Fluorescence emission spectra of ~PHEMA s assemblies of varying concentrations after
loading with Nile Red. (D) Determination of the CAC of f~PHEMAIs. (E) Fluorescence
emission spectra of /~PHEMA22 assemblies of varying concentrations after loading with Nile
Red. (F) Determination of the CAC of f~PHEMA2>.
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Fig. S34. (A) 'H NMR spectra (850 MHz, 298.3 K) of f-PHEMAu11 in mixture solvents of
MeOD and D20 with gradually tuned volume ratios. (B) *H NMR spectra (850 MHz, 298.3 K)
of f-PHEMA:22 in mixture solvents of MeOD and D20 with gradually tuned volume ratios.
Tetramethylsilane was used as an internal standard for calibrating the chemical shifts.

~ 259 ~



Publications Chapter 5

A -P(HEMA-Br),, ‘

098~
» 100~

T - - T . T T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5
Chem Shift (ppm)

oo
o

B (02

- ““\/ﬁvﬁ —— FP(HEMA-Br)22

8 7

© 8

e 2

s ‘»

= S

& E

S x

£ | —— FP(HEMA-B),,

4000 3000 2000 1000 12 15 18 21 24 27 30
Wavenumber (cm™) Elution Volume (mL)

Fig. S35. Characterizations of linear macroinitiator /-P(HEMA-Br)2. (A) 'H NMR spectrum
(300 MHz, 298.3 K) in DMSO-ds. The integral ratio of signals a plus b and signals f plus d is
approximately 2:4, which confirms the full conversion of hydroxyls to initiation groups. (B)
FTIR spectrum. (C) GPC curve measured using DMF as the eluent with PMMA standards for

calibration.
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Fig. S36. Characterizations of cyclic macroinitiator ~P(HEMA-Br)22. (A) 'H NMR spectrum
(300 MHz, 298.3 K) in DMSO-ds. The integral ratio of signals a plus b and signals f plus d is
approximately 2:4, which confirms the full conversion of hydroxyls to initiation groups. (B)
FTIR spectrum. (C) GPC curve measured using DMF as the eluent with PMMA standards for

calibration.
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Fig. S37. Characterizations of PS40-Br. (A) 'H NMR spectrum (300 MHz, 298.3 K) in CDCl:-
d. The integral ratio of signal g and signal f was used to calculated the repeating number (x) and
the molecular weight (Mnxmr). (B) FTIR spectrum. (C) GPC curve measured using DMF as
the eluent with PS standards for calibration.
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Fig. S38. Characterizations of I-P(HEMA-g-PS40-Br)22. (A) 'H NMR spectrum (700 MHz,
298.3 K) in CDCls-d. The integral ratio of signal g and signal f was used to calculated the
repeating number (x) and the molecular weight (MaNwmr). (B) FTIR spectrum. (C) GPC curve
measured using DMF as the eluent with PS standards for calibration.
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Fig. S39. Characterizations of f-P(HEMA-g-PS22-Br)22. (A) 'H NMR spectrum (300 MHz,
298.3 K) in CDCls-d. The integral ratio of signal g and signal f was used to calculated the
repeating number (x) and the molecular weight (MnNxmr). (B) FTIR spectrum. (C) GPC curve
measured using DMF as the eluent with PS standards for calibration.
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Fig. S40. Characterizations of f-P(HEMA-g-PS0-Br)22. (A) 'H NMR spectrum (300 MHz,
298.3 K) in CDCIls-d. The integral ratio of signal g and signal f was used to calculated the
repeating number (x) and the molecular weight (MnNmr). (B) FTIR spectrum. (C) GPC curve
measured using DMF as the eluent with PS standards for calibration.
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Fig. S41. Characterizations of f-P(HEMA-g-PSs2-Br)22. (A) 'H NMR spectrum (700 MHz,
298.3 K) in CDCls-d. The integral ratio of signal g and signal f was used to calculated the
repeating number (x) and the molecular weight (MaNmr). (B) FTIR spectrum. (C) GPC curve
measured using DMF as the eluent with PS standards for calibration.
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Fig. S42. 'H NMR spectrum (700 MHz, 298.3 K) of PS40-b-PAA12 (BC) in DMF-d7. The
repeating number of the PAA block (v) was calculated by comparing the integral ratio of signal

f with signals a, d, e, g, h, i, and j.

~ 267 ~



Publications Chapter 5

I-P(HEMA-g-PS,-b-PAA,)),,

| j h |
|\y J \"
' BN |

1
| RV
|

[
I“ ‘ H Jike ] \ .
AR L
....u.-/ L‘u.v/ - - A J ,U‘J ‘u/’w gl

5.00—

® ~
N 5
) -

r T T T T T T T T T T T T T 1
8.5 8.0 7.5 70 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5
Chem Shift (ppm)

Fig. S43. 'H NMR spectrum (700 MHz, 298.3 K) of I-P(HEMA-g-PS40-b-PAA11)22 (LB) in

DMF-d7. The repeating number of the PAA block (y) was calculated by comparing the integral
ratio of signal f with signals a, d, e, g, h, i, and j.
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Fig. S44. 'H NMR spectrum (700 MHz, 298.3 K) of f-P(HEMA-g-PS22-b-PAA7)22 (CB-1) in
DMF-d7. The repeating number of the PAA block (y) was calculated by comparing the integral
ratio of signal f with signals a, d, e, g, h, i, and j.
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Fig. S45. 'H NMR spectrum (700 MHz, 298.3 K) of f-P(HEMA-g-PS40-b-PAA12)22 (CB-2) in
DMF-d7. The repeating number of the PAA block (y) was calculated by comparing the integral
ratio of signal f with signals a, d, e, g, h, i, and j.

~ 270 ~



Chapter 5 Publications

f-P(HEMA-g-PS.,-b-PAA, ),

N

1

a /\

. =

i Q OH OH

| 2 e o O

| 0.

| € Br
d ]

1’ ‘ o x ‘9 y-1

o
o
[
@
=

I . ‘b_,_.\__/ \Ih .J\

020
345+

r T T T T T T T T T T T T T T T 1
8.5 8.0 7.5 70 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5
Chem Shift (ppm)

Fig. S46. 'H NMR spectrum (700 MHz, 298.3 K) of f-P(HEMA-g-PS40-b-PAAs)22 (CB-3) in
DMF-d7. The repeating number of the PAA block (y) was calculated by comparing the integral
ratio of signal f with signals a, d, e, g, h, i, and j.
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Fig. S47. 'H NMR spectrum (700 MHz, 298.3 K) of f-P(HEMA-g-PS42-b-PAAs)22 (CB-4) in
DMF-d7. The repeating number of the PAA block (y) was calculated by comparing the integral
ratio of signal f with signals a, d, e, g, h, i, and j.

~ 272 ~



Chapter 5 Publications

Rl Intensity (a.u.)

15 20 25 30
Elution Volume (mL)

Fig. S48. GPC elution curves of block copolymer PS40-6-PAA12 (BC), linear brush polymer I-
P(HEMA-g-PSa0-b-PAA11)22 (LB), and four cyclic brush polymers: f-P(HEMA-g-PSz2-b-
PAA7)22 (CB-1), f-P(HEMA-g-PS40-b-PAA12)22 (CB-2), f-P(HEMA-g-PSa40-b-PAAs)22 (CB-3),
and f-P(HEMA-g-PS42-b-PAAs)22 (CB-4). DMF was used as the eluent and PS standards were
employed for calibration.

~ 273 ~



Publications

A

s

Q

O

c

8

=

(7]

c

O | — PS,-b-PAA,,

l—

4000 3000 2000 1000

Wavenumber (cm™)

C

=

5

d [V
(3]

c

8
£

@

8 | — FP(HEMA-g-PS,,-b-PAA,),,
-

4000 3000 2000 1000

Wavenumber (cm™)

E| B i
;: \V\UN \"/ Wf f/\/\_‘M ﬂ‘ (Vl[ “\i 'ﬁ m i
é V v | [ \9‘
) |
@ |
c
s
IS

2

8 | — FP(HEMA-g-PS,,-b-PAA,),,
-

4000 3000 2000 1000

Wavenumber (cm™)

Chapter 5

B

2

Q

Q

[

8

=

g

8 | — IP(HEMA-g-PS,;-b-PAA,,),,

l—

4000 3000 2000 1000
Wavenumber (cm'1)

D

E

©

= ik

Q

[

8

=

2

8 | — £P(HEMA-g-PS,-b-PAA, ,),,

l—

4000 3000 2000 1000
Wavenumber (cm™)

F

5

s

Q

Q

c

8

€

2

8 | — FP(HEMA-g-PS,,-b-PAA,),,

-

3000 2000 1000

Wavenumber (cm™)

4000

Fig. S49. FTIR spectra of (A) PS40-6-PAA12 (BC); (B) I-P(HEMA-g-PSao-b-PAA11)22 (LB); (C)
f-P(HEMA-g-PS22-b-PAA7)22 (CB-1); (D) f-P(HEMA-g-PSa0-b-PAA12)22 (CB-2); (E) f-
P(HEMA-g-PSa0-b-PAAsg)22 (CB-3); and (F) f-P(HEMA-g-PS42-b-PAAs)22 (CB-4).
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Fig. S50. TEM and AFM images showing the self-assembly of PS40-6-PAA12 (BC) in H20 at
0.1 mg mL™! (A-C) and 0.4 mg mL™! (D-F). Due to its high weight fraction of hydrophobic PS,
the block copolymer mainly self-assembled into lamellae (flat or curved bilayers) and vesicles

at 0.1 mg mL"!. When the concentration increased to 0.4 mg mL"!, flower-like large compound
vesicles formed by aggregation of simple vesicles were obtained. This observation fits with the

results reported by other groups in the literature (26).
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A BC LB CB-1 CB-2 CB-3 CB-4

B BC LB CB-1 CB-2 CB-3 CB-4

Precipitate

Fig. S51. Self-assembly solutions of block copolymer BC, linear brush polymer LB, and four
cyclic brush polymers CB-1 to CB-4 at different concentrations: (A) 0.1 mg mL!, (B) 0.4 mg
mL™.
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Fig. S52. TEM images showing the formation of irregular aggregates from I-P(HEMA-g-PSao-
b-PAA11)22 (LB) in H20 at 0.1 mg mL™! (A and B) and 0.4 mg mL"! (C and D).
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Fig. S53. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-

g-PS22-b-PAA7)22 (CB-1) in H20 at 0.1 mg mL!. (E) The height profiles of the three lines in

(D). Profile 1 indicates two single cyclic brushes. Profile 2 and profile 3 are two dimers. (F)

Statistical analysis for the number of cyclic brushes in assemblies based on more than 100
nanoobjects in AFM images.
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Fig. S54. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-
g-PSa0-b-PAA12)22 (CB-2) in H20 at 0.1 mg mL!. (E) The height profiles of the three lines in
(D). Profile 3 indicates a single cyclic brush polymer and profile 1 indicates a trimer. (F)
Statistical analysis for the number of cyclic brushes in assemblies based on more than 100
nanoobjects in AFM images.
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Fig. S55. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-
g-PSa0-b-PAAs)22 (CB-3) in H20 at 0.1 mg mL!. (E) The height profiles of the three lines in
(D). Profile 3 indicates a single cyclic brush polymer and profile 2 indicates a dimer. (F)

Statistical analysis for the number of cyclic brushes in assemblies based on more than 100
nanoobjects in AFM images.
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Fig. S56. (A and B) TEM and (C and D) AFM images showing the wormlike structures self-
assembled from f-P(HEMA-g-PSa2-b-PAAs)22 (CB-4) in H20 at 0.1 mg mL™'. (E) The height
profiles of the two lines in (D). (F) Statistical analysis for the number of cyclic brushes in
assemblies based on more than 100 nanoobjects in AFM images. The results show that more
than 36% of nanoobjects are long wormlike structures assembled by > 10 cyclic brushes.
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Fig. S57. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-
g-PS22-b-PAA7)22 (CB-1) in H20 at 0.4 mg mL"". (E) The height profiles of the two lines in (D).
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Fig. S58. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-
g-PSa0-b-PAA12)22 (CB-2) in H20 at 0.4 mg mL™". (E) The height profiles of the two lines in

(D).
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Fig. S59. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-
g-PSa0-b-PAAs)22 (CB-3) in H20 at 0.4 mg mL"". (E) The height profiles of the two lines in (D).
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Fig. S60. (A and B) TEM and (C and D) AFM images showing the networks self-assembled
from f-P(HEMA-g-PSa2-b-PAAs)22 (CB-4) in H20 at 0.4 mg mL™". (E) The height profiles of
the two lines in (D).
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Fig. S61. Molecular simulation snapshots showing the self-assembly of cyclic brush polymers
at gradually increased concentrations. The left snapshots show only the hydrophobic cyclic
backbones and right the full molecules. The data is shown for the five different concentrations,
¢ =0.000263 (A), 0.0003552 (B), 0.000552 (C), 0.000952 (D), and 0.0017572 (E).
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Table S1. Characteristics of linear and folded PHEMA samples.

Entry Mh, desi_gln Mn,NMR_ 1a) Mn,GPCj) My b).1 Vp® Db
(gmol’) (gmol’) (gmol’) (gmol’) (mL)  (Mw/Mhn)

[-PHEMA11-Br 1500 1670 6400 8800 28.30 1.39
[-PHEMA11-N3 / / 5700 8800 28.21 1.54
f~PHEMA1 / / 4500 6000 29.16 1.33
[-PHEMA5-Br 2150 2120 8300 11300 27.62 1.36
[-PHEMA15-N3 / / 8600 12800 27.35 1.49
f-PHEMA 15 / / 5000 7400 28.73 1.47
[-PHEMA22-Br 3450 3040 11400 15900 26.80 1.39
[-PHEMA22-N3 / / 10900 15900 26.77 1.45
f~PHEMA2» / / 6800 7900 28.09 1.17

2) Determined by 1H NMR. b) Determined by GPC using DMF as eluent and PMMA as
Yy g
standards.
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Table S2. Synthesis and characterization of linear and cyclic macroinitiators.

Entr Manmr @ Mn,cpc? Muw ® M, ® Vp? Db

y (g mol?) (g mol?) (g mol) (g molh) (mL) (Mw/Mn)
I-P(HEMA-Br)22 6300 8700 15200 13200 27.11 1.75
f-P(HEMA-Br)22 6300 8800 13000 7400 27.95 1.47

9 Determined by 'H NMR. ® Determined by GPC using DMF as eluent and PMMA as

standards.
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Table S3. Synthesis and characterization of PS as well as linear and cyclic brush polymers with
PS side chains.

Ratio @ Entr Mn MR ® Mn.cpc© My © Mp© Vp PO
1/C/L/IM y (gmolY)  (gmol?) (g mol?) (gmol’y)  (mL) (Mw/Mn)
1:1:2:400 PS40-Br 4400 3700 5000 4300 29.51 1.34
I-P(HEMA-g-PSa0-
1:1:2:600 ( Br) g0 98000 80300 99200 92900 22.74 1.24
22
1:1:2:600 f'P(HE'E\;Ar?"g'PSZZ' 56700 45600 63200 52700 23.77 1.39
22
1:1:2:600 f'P(HE:\S/'r')A"g'PS“‘" 98000 59000 79600 71000 23.17 1.35
22
1:1:2:600 [ THEMAG-PSe-0o0hg 63300 80800 67700 23.21 1.28

Bl')zz

% Molar ratio of initiator/catalyst/ligand/monomer. ® Determined by 'H NMR. © Determined
by GPC using DMF as eluent and PS as standards.
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Table S4. Synthesis and characterization of block copolymer as well as linear and cyclic brush
polymers with PS-b-PAA side chains.

Ratio? Entr Mnanvr®  feaa Mngpc®  Mu© Mp© Vp© PO
I/CIL/IM y (g/mol)  (Wt%) (g/mol) (g/mol) (g/mol) (mL) (Mw/Mn)

1:2:4:400 PS40-b-PAAL, (BC) 5300 16.3 3800 5400 4500 2941 1.42

|-P(H EMA-g-PS4o-b-

1:2:4:400
PAA11)2, (LB)

115400 151 151900 225500 180300 21.33 1.48

f-P(HEMA-g-PS-b-

1:2:4:400
PAA7)2 (CB-1)

67800 16.4 76200 92800 81200 23.04 1.22

f-P(HEMA-g-PS4o-b-
1:2:4:400 PAAL)2 117000 163 96400 113300 93600 22.73  1.18
(CB-2)

f-P(HEMA-g-PS4o-b-

1:2:4:400
PAAg)22 (CB-3)

110700 115 91000 106200 90800 22.79 1.17

f-P(HEMA-g-PS4,-b-

1:2:8:800
PAAGs)2 (CB-4)

110400 7.2 129300 191600 169700 21.45 1.48

% Molar ratio of initiator/catalyst/ligand/monomer. ® Determined by 'H NMR. © Determined
by GPC using DMF as eluent and PS as standards.
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Movie S1. Molecular simulation animation showing the self-assembly of cyclic brush polymers

at ¢ = 0.000253. This animation shows only the hydrophobic cyclic backbones.

Movie S2. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.00026. This animation shows the full molecules.

Movie S3. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.000355°3. This animation shows only the hydrophobic cyclic backbones.

Movie S4. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.0003563. This animation shows the full molecules.

Movie S5. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.000553. This animation shows only the hydrophobic cyclic backbones.

Movie S6. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.00056. This animation shows the full molecules.

Movie S7. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.0009c3. This animation shows only the hydrophobic cyclic backbones.

Movie S8. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.0009c. This animation shows the full molecules.

Movie S9. Molecular simulation animation showing the self-assembly of cyclic brush polymers
at ¢ = 0.0017c3. This animation shows only the hydrophobic cyclic backbones.

Movie S10. Molecular simulation animation showing the self-assembly of cyclic brush
polymers at ¢ = 0.0017c3. This animation shows the full molecules.
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1. Introduction

Since the seminal work of Hermann Staudinger published in
1920 [1], polymer science has arguably created significant impact
on society in various areas with around 400 million tons of plas-
tics produced annually worldwide since 2015 [2]. The emphasis
within the field has also significantly evolved over the past 100
years: starting from the creation of these now ubiquitous plastic
materials, their tunable properties in improving the standards of
living to the present global concern of plastic contamination in
the environment. Objectively, these paradigm shifts have brought
scientists back to the drawing board to achieve greater under-
standing towards these materials and rethink strategies aided by
modern synthesis technologies unavailable in the past. As the
knowledge within polymer science deepens, the molecular con-
sequences how each individual monomer is arranged along the
chain, which also has an impact on their spatial organization,
become much more apparent and crucial for the design of macro-
molecules that exhibit complex programmable behavior. Here, the
first connection between synthetic polymer chemistry and Nature’s
macromolecules was made in order to bridge their differences and
to find potential synergistic properties.

Molecular precision is the central hallmark among biomacro-
molecules, i.e. proteins and nucleic acids, where their sequence is
coded elegantly serving both as their unique identity and func-
tion. This unique feature, alone, accounts for the vast disparity
between synthetic polymers and biomolecules in most of their
macromolecular properties. Each biomacromolecule has a defined
surface contour within a rigid architecture, where each amino acid
residue (for proteins) or nucleotide [for deoxyribonucleic acids
{DNAs)] has a precise three-dimensional (3D) coordinate within the
folded structure, which is a prerequisite to their biological function.

[n contrast, the position of monomers within a synthetic polymer is
largely governed by a statistical distribution, which can be tailored,
only to a limited extent, by controlled polymerization techniques
[3-5]. Therefore, the inter- and intramolecular interactions within
each polymer chain vary from one to the other, producing irregular
nanostructures. As a result, on a molecular level, there is a limit in
resolution to accurately determine structure-activity relationships
for an observed outcome.

Although biomolecules are often perfect in their molecular con-
struction, they do not possess the breadth in chemical design that
polymer science allows. The flexibility in monomer synthesis and
the repertoire of polymerization technologies available to syn-
thesize novel materials is unquestionable and has demonstrated
its solid potential throughout the decades. From this perspective,
the community intuitively realized that the properties of polymer
chemistry naturally complement the capabilities of biomolecules
and vice versa, leading to the first inception of polymer biocon-
jugates in the 1970s [6,7]. In 1977, Davis et al. reported the first
example of poly(ethylene glycol) (PEG) conjugation to a protein
[8]. Since the late 1980s, Hoffman and Stayton et al. have inten-
sively studied the conjugation of temperature-responsive polymers
to random and specific sites of protein surfaces [9-13]. After that,
functional polymer bioconjugates have developed rapidly for broad
disciplines, ranging from therapeutics, nanotechnology, biophysics
and materials science (Fig. 1). In this regard, several comprehensive
reviews have been consolidated summarizing the progress in each
theme [14-16].

While the benefits of these conjugates towards application
driven areas are unambiguous, there has been a focus in recent
years to investigate how biomolecules and synthetic polymers can
influence each other on a fundamental level. Some of the raised
questions include the possibility of using sequence information
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of biomolecules to guide the precise arrangement of monomers
along a synthetic polymer chain, which could not be achieved
by state-of-the-art polymer chemistry [17]. Correspondingly, by
appending a synthetic polymer onto a biomolecule using modern
bioconjugation methods, the stability, bioactivity profile, and self-
assembly behavior can be modified and controlled to a large extent
by the polymer chain [18]. Within each major class of biomolecules
(nucleic acids, proteins/peptides, carbohydrates and lipids), the
synthesis strategies to achieve bioconjugates and the impact of the
attached synthetic polymer differs greatly as they have different
molecular constituents as well as intrinsic 3D structure.

At the molecular level, nucleotides, amino acids, and monosac-
charides have their characteristic features that translate separately
into the diverse architectures found in Nature. For nucleotides and
amino acids, the transformation of these molecules into a defined
3D nano-object is dictated by a set of specific interactions that is
predefined among the library of building blocks. Here, the machina-
tions of biology are typically involved in the synthesis, orientation
and folding process in away that the system is funneled and guided
through the energy landscape, eventually reaching a precisely
defined nano-object. Therefore, it is intriguing for the community
whether biomimetic strategies or even biomolecules themselves
can be programmed to create the next generation polymeric mate-
rials with higher structural definition. Hence, this review provides
only a brief background of the synthesis as well as each category
of biomolecules while mainly focusing on research highlights that
would possibly inspire the development of polymer-bioconjugates
in the future.

2. Synthetic approaches for well-defined polymer
bioconjugates

The conjugation of synthetic polymers to various biomolecules
such as proteins, peptides, and nucleic acids can be realized using
one of three synthetic strategies: grafting to, grafting from and
grafting through [19,20]. Briefly, grafting to is the coupling of a
pre-synthesized polymer with a biomolecule, while grafting from
refers to in situ growth of a polymer from a biomolecule or
alternatively the synthesis of a biomacromolecule using a pre-
formed polymer as the initiator. These two strategies are more
frequently used than grafting through, which is a strategy to poly-
merize biomolecule-containing monomers yielding bioconjugates
with multiple biofunctional groups along the polymer backbone.

Conventional conjugation of polymers to biomolecules using
these strategies may encounter some limitations. For example,
the preparation of protein-polymer conjugates through coupling
to abundantly presented amines on protein surfaces generates a
heterogeneous product mixture with random numbers of poly-
mer chains introduced at arbitrary positions causing significantly
reduced biological activity [ 19]. Theisolation and purification of the
resultant mixture, including positional isomers, would be daunt-
ing and extremely difficult to achieve [21]. In addition, polymers
synthesized by traditional polymerization techniques may lack of
control over their structure and distribution. Therefore, it is highly
desirable to synthesize well-defined polymer bioconjugates, which
possess at least the following two characteristics: First, a deter-
mined number of polymers are conjugated to specific sites of
biomolecules, and second, the polymer chain should have a narrow
distribution as well as defined length and architecture.

This chapter aims to summarize the various attempts to meet
these two requirements. First, current chemical and biological
techniques, such as chemoselective ligations and genetic engineer-
ing facilitate the preparation of site-specific and stoichiometric
polymer bioconjugates [22,23]. The second requirement has been
largely addressed by the rapid development of polymerization

techniques including atom transfer radical polymerization (ATRP)
[24,25], radical addition-fragmentation chain transfer (RAFT)
polymerization [26], nitroxide-mediated polymerization (NMP)
[27,28], iniferter radical polymerization [29], ring-opening poly-
merization (ROP) [30], ring-opening metathesis polymerization
(ROMP) [31], and living anionicfcationic polymerization [32,33].
The two most popularly used techniques, ATRP and RAFT poly-
merization, are discussed in detail in the second section of this
chapter. The architecture of polymer bioconjugates is very impor-
tant for their features and consequent applications. Therefore, an
overview of the structural regulation of polymer bioconjugates at
the monomer, polymer and conjugate levels is provided in the third
section.

2.1. Site-specific polymer confugation of biomolecules

Due to the large number of lysine residues on the surface of
biomolecules, the first-generation methods of polymer conjuga-
tion based on the coupling to amines are nonspecific. This type of
modification has allowed to reduce the immunogenicity of protein
therapeutics as well as increase the stability and circulation time
[19]. However, the benefits of preparing site-specific and stoichio-
metric polymer bioconjugates areobvious, i.e. to purify the product,
to provide precise and reproducible control over many properties,
particularly their bioactivity [34]. Moreover, well-defined poly-
mer bioconjugates can further be used as precision templates and
building blocks for preparing advanced materials with controlled
structures.

In order to prepare site-specific polymer bioconjugates,
polymers can be directly conjugated to desired locations of
biomolecules using various chemoselective interactions. Neverthe-
less, this strategy often results in low efficiency and conversion
due to slow reaction kinetics and the steric effect to connect these
high-molecular-weight and sterically demanding macromolecules.
Therefore, introduction of functional small molecules in a site-
specific manner has been an alternative approach. These small
molecules include chemical handles that enable high-efficiency
coupling using bioorthogonal chemistries and initiating groups
which allowinsitu polymer growth with controlled polymerization
techniques. The site-specific conjugation of polymers and func-
tional small molecules to biomolecules can be achieved through
rapidly expanded chemical and bioengineering techniques [35,36].

An effective approach to prepare site-specific polymer bioccon-
jugates is to target specific functional groups at the surface of
biomolecule which are less common [19]. For instance, cysteine
residues often form disulfide bonds inside the protein structure,
and only a limited number of cysteines are accessible provid-
ing free thiols on the surface of polypeptides. Therefore, many
chemistries, such as disulfide exchange with a pyridyl disulfide and
addition reactions with alkenes, alkynes, maleimides or vinyl sul-
fones to form thioethers, have been employed to target free thiol
groups [37]. Among these reactions, the thiol-maleimide interac-
tion under acidic or neutral conditions is one of the most widely
used chemistries for preparing site-specific polymer bioconju-
gates. In addition, disulfide bridges exposed on the surface have
also been used as specific sites for the incorporation of polymers
[38-42]. Brocchini and Shaunak et al. reported site-specific PEGy-
lation of native disulfide bonds using a bis-thiol alkylating reagent
to form a three-carbon bridge [43,44]. Inspired by this work, our
group has reported a versatile toolbox of bis-alkylation reagents
that re-bridge disulfide bonds of peptides and proteins [45-47].
Tyrosine, which is present in many peptides and proteins repre-
sents another possible conjugation site. It reacts with diazonium
salts [48] and allows functionalization through a three-component
Mannich-type reaction [49]. Due to the lower pK; than that of
amines from lysine, the N-terminal amine is more reactive and can
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therefore also be used for site-specific attachment of polymers and
functional small molecules [50-52]. Chilkoti et al. reported the con-
jugation of an ATRP initiator to myoglobin via N-terminal selective
transamination, which was further applied for in situ ATRP growth
of polymers [53]. More examples of the above-mentioned and other
natural amino acids for site-specific polymer conjugation are sum-
marized in Fig, 2A and can also be found in other excellent reviews
[19,23,54].

In addition to intrinsic reactive groups of native biomolecules,
both canonical and non-canonical amino acids can be incorporated
at the desired location through bioengineering techniques that pro-
vide a platform for site-specific conjugation using chemaoselective
ligations and a wide range of bioorthogonal chemistries (Fig. 2B).
As an cxample of natural amino acids, cysteine has been genct-
ically introduced into interferon o-2 for site-specific PEGylation,
generating well-defined mono-PEGylated proteins with enhanced
circulation half-lives and antitumor properties [55,56]. An oligo-
histidine tag, which binds to a Ni2* complex of nitrilotriacetic
acid can be genetically tagged on the C- and N-termini of pro-
teins [57]. Lee et al. demonstrated the site-specific PEGylation of

a protein based on a hexahistidine tag, and the polymer bioconju-
gate provided excellent stability without compromising bioactivity
[58]. Non-canonical amino acids with orthogonal chemical reac-
tivity to the 20 canonical amino acids represent a huge toolbox
for the preparation of well-defined polymer bioconjugates [59].
For instance, p-azidophenylalanine was site-specifically incorpo-
rated into proteins enabling a copper-medicated Huisgen [3+2]
cycloaddition with alkyne end-capped PEG [G0]. Matyjaszewski
and coworkers incorporated two azide-containing non-canonical
amino acids to amine acid residues 134 and 150 on the surface of
green fluorescent protein (GFP) by site-directed mutagenesis [G1].
These modified proteins were then linked into linear oligomeric
strands by PEG with two alkyne ends. A ketone-containing amino
acid, p-acctylphenylalanine, was also developed for site-specific
conjugation of PEG and an aminooxy-derivatized cationic block
copolymer to human growth hormone [62] and antibodies [63],
respectively. Some reviews have summarized the advances of non-
natural amino acids that enable various orthogonal chemistries for
site-specific polymer bioconjugation [59,64-66].
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Small-molecule initiating groups, which allow in situ growth
of polymers have also been introduced site-specifically to
biomolecules by various techniques. For example, Chilkoti et al.
reported two genetic engineering approaches, intein-medicated
initiator installation [67] and sortase-catalyzed initiator attach-
ment [68], to introduce an ATRP initiator solely at the C-terminus
of proteins and peptides. The sortase-catalyzed initiator attach-
ment was further employed by Gao and coworkers to prepare
site-specific protein conjugates with improved stability for cancer
therapy [69,70]. Mehl et al. designed the non-canonical amino acid
4-(2'-bromoisobutyramido)phenylalanine, which was used as an
initiator for ATRP [71]. It can be genetically engineered at desired
sites and therefore represents a general approach to quantitatively
encode ATRP initiators to the protein backbone.

Most reported polymer bioconjugates are based on irreversible
covalent interactions. However, the conjugation of synthetic
polymers and biomolecules with cleavable linkers may provide
additional advantages such as more spatiotemporal control over
the conjugates and on-demand release of biomolecules [72-75].
By combining enzymatic and chemical bicorthogonal coupling
strategies, Meinel et al. demonstrated the site-specific PEGylation
of insulin-like growth factor 1 with a protease-sensitive peptide
linker [76]. The growth factor could be released after exposure
of the PEGylated conjugate to activated matrix metalloproteinases
in inflamed tissues, resulting in the recovery of its bioactivities.
In addition, reversible non-covalent interactions such as biotin-
streptavidin recognition [/7] and host-guest interactions [78,79],
have also been used for site-specific polymer conjugation. Ander-
son and coworkers reported the supramolecular PEGylation of
insulin through strong non-covalent binding of cucurbit| 7 Juril to its
N-terminal phenylalanine residue [80]. In comparison to covalent
conjugation, this supramolecular approach holds a unique advan-
tage that the authentic therapeutic entity remains unmodified.

Above, we have introduced various strategies for the site-
specific polymer conjugation of proteins and peptides. Although
many chemical and bioengineering techniques have been estab-
lished for the site-specific labeling of DNA and ribonucleic acid
(RNA)with functional small molecules [81-85], current approaches
for polymer conjugation to nucleic acids mainly proceed at the ter-
minus of the oligonucleotide sequence, which results in nucleic
acid-containing block copolymers [86,87]. Generally, these meth-
ods can be categorized into solution conjugation chemistry and
solid-phase synthesis. As amino- and thiol-terminated oligonu-
cleotides are commercially available, functional small molecules
and hydrophilic polymers can be easily introduced via the for-
mation of an amide or disulfide bond in solution [88-90]. For
example, Weil et al. prepared two RAFT agent-terminated single-
stranded DNA (ssDNA) sequences via N-hydroxysuccinimide
(NHS) or pentafluorophenyl ester coupling, which were used for
photoinduced RAFT polymerization to synthesize well-defined
DNA-polymer conjugates [91]. In addition, Michael addition [92]
and the copper-catalyzed azide-alkyne cycloaddition {CUAAC) [93]
are also popular reactions for the highly efficient conjugation
of polymers to nucleic acids. Due to their different solubilities,
the coupling efficiencies of hydrophobic polymers with nucleic
acids in solution are often much lower. Therefore, solid-phase
synthesis approaches were developed. In this regard, the use of
2-cyanoethyl-N,N-diisopropylphosphoramidite groups is a com-
monly applied method to introduce functional groups to the 5/-end
of oligonucleotides via solid-phase synthesis [94]. Particularly,
fully automated solid-phase synthesis of DNA conjugates based on
hydrophobic polymers such as poly(propyleneoxide) in DNA syn-
thesizers is now available [86]. Recently, Matyjaszewski, Das and
coworkers reported the automated synthesis of DNA-polymer con-
jugates by photomediated ATRP using a DNA synthesizer [95]. n
addition, molecular biology techniques such as polymerase chain

reactions (PCR) have also been successfully used for polymer con-
jugation to nucleic acids [96]. Previously, two excellent reviews
have been published that deliver a comprehensive overview on
DNA-containing amphiphilic block copolymers [86,87].

Other small biomolecules such as lipids, monosaccharides,
and oligosaccharides could be also connected to polymers in
a site-specific fashion. The obtained biohybrids can serve as
precision building blocks for the construction of hierarchical
structures. For instance, Akiyoshi et al. synthesized amphiphilic
carbohydrate-conjugated poly({2-oxzoline)s using a small molecule
maltotriose-containing initiator enabling the preparation of
polymer vesicles with molecular permeability [97]. Additional
examples will be discussed within each class of polymer biocon-
jugates in chapter 5.

2.2. Controlled radical polymerizations for polymer
bioconjugation

2.2.1. Atom transfer radical polymerization

ATRP is a powerful controlled radical polymerization technique,
which enables precise synthesis of functional polymers with deter-
mined molecular weight and narrow molecular weight distribution
[98]. Due to its applicability to various monomers, solvents, cat-
alysts, and reaction conditions, ATRP has been employed for the
preparation of a broad range of advanced polymeric materials with
controlled architecture and functionality [5,99]. Because it can be
carried out at room temperature in aqueous solution, ATRP is par-
ticularly useful for the conjugation of polymer chains to biological
entities such as proteins, peptides, nucleic acids, viruses, and even
live cells. Fig. 3A shows representative ATRP initiators reported in
the literature for the synthesis of polymer bioconjugates by ATRP
using either grafting to or grafting from approach.

Maynard et al. reported the preparation of thiol-reactive poly-
mers by ATRP using an initiator functionalized with a pyridyl
disulfide group, which were then selectively grafted to the sin-
gle surface-exposed cysteine group of bovine serum albumin (BSA)
[100]. However, the grafting to approach often encounters low
coupling efficiency especially for high molecular weight polymers
due to their steric demand and the challenging removal of unre-
acted polymers and biomacromolecules. To avoid these limitations,
the grafting from strategy has become a more popular procedure
because ATRP initiators can be easily attached to biomolecules
using both chemical means and genetic engineering. As illus-
trated in Fig. 3B, Maynard et al. reported the first example of
in situ ATRP synthesis of protein-polymer conjugates using mod-
ified streptavidin as a macroinitiator in 2005 [77]. Streptavidin
is an intensively studied protein that binds four biotin ligands.
Poly(N-isopropylacrylamide) { PNIPAM) chains were quantitatively
conjugated to the protein at the biotin binding sites only, and the
bioactivity of streptavidin remained unaffected. This straightfor-
ward approach was also extended by the same group to other
proteins including BSA and the enzyme lysozyme [101]. Similarly,
chymotrypsin modified with 2-bromoisobutyramide was also used
to initiate ATRP of nonionic, cationic, and anionic monomers for
the synthesis of near-uniform protein-polymer conjugates while
retaining 50-86% of the original enzyme activity [102]. Chilkoti
et al. demonstrated the insitu ATRP growth of a brush-like polymer,
poly[oligo(ethylene glycolymethyl ether methacrylate] (POEGMA),
with narrow distribution and high yield, solely from the N-terminus
of myoglobin or C-terminus of GFP [53,67]. The resulted site-
specific and stoichiometric bioconjugates showed significantly
improved pharmacological profiles such as increased blood expo-
sure compared to those unmodified proteins.

With the rapid expansion of different monomers and
biomolecules, ATRP as a versatile tool to prepare polymer bio-
conjugates has also greatly evolved especially under biologically
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relevant conditions [5]. For example, new ATRP techniques benign polymerization conditions. Russell et al. demonstrated
such as activators regenerated by eclectron transfer (ARGET) the solid-phase synthesis of protein-polymer conjugates by ATRP
ATRP [103-105], initiators for continuous activator regeneration from protein macroinitiators reversibly immobilized on modified
(ICAR) ATRP [106,107], electrochemically mediated ATRP (eATRP) agarose beads (Fig. 3C) [114]. This effective and simple method
[108-110], and photoinitiated ATRP (photo-ATRP) [111-113] have is readily automated and therefore could dramatically reduce
been developed by continuous regeneration of active catalysts the time for the synthesis and purification of protein-polymer
with various external stimuli, which allow the preparation of conjugates, Matyjaszewski, Das and coworkers also reported a
polymer conjugates with low catalyst loading under biologically straightforward method for the solid-phase incorporation of an
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ATRP initiator onto a DNA strand, allowing the direct preparation
of DNA-polymer conjugates on the solid support [115]. Although
ATRP has been successfully employed to grow polymers from
biomolecules under aqueous conditions, its oxygen sensitivity is
still a vexing challenge. Inspired by aerobic respiration of cells,
Matyjaszewski et al. recently demonstrated a fully oxygen tolerant
well-controlled ATRP, which used glucose oxidase (GOx) to contin-
uously catalyze the conversion of oxygen to carbon dioxide in the
presence of glucose and sodium pyruvate [116]. This “green” ATRP
procedure could be conducted under air exposure and it was suc-
cessfully used for the synthesis of well-defined protein-polymer
conjugates. Based on the exciting new development, they fur-
ther reported an “oxygen-fueled” ATRP using a biocatalytic systemn
composed of GOx and horseradish peroxidase with ppm level of
Cu catalyst [117]. This enzymatic cascade polymerization, which
requires continuous oxygen supply to generate radicals, was used
to prepare BSA-POEGMA and DNA-POEGMA bicconjugates.

2.2.2. Reversible addition—fragmentation chain transfer
polymerization

RAFT polymerization is another controlled radical polymer-
ization, which has been popularly used for the preparation of
well-defined polymer bioconjugates [118,119]. It tolerates var-
ious chemical groups and is applicable for a broad range of
solvents and monomers [120]. Similar to ATRP, RAFT polymer-
ization has been employed to synthesize functional polymers of
determined molecular weight, low polydispersity, as well as pre-
cisely designed architecture and functionality [121]. One distinct
advantage of the RAFT approach is that metal catalysts are not
needed. Instead, chain-transfer agents (CTAs) such as dithioesters,
dithiocarbamates, trithiocarbonates, and xanthates are required
because polymers are generated via equilibrium between a grow-
ing radical and the RAFT CTA [122]. Therefore, the structure of the
CTA is of great significance for the controlled growth of polymers.
Fig. 3D displays selected RAFT CTAs for the synthesis of polymer
bioconjugates.

Similar to ATRP-based systems, polymer bioconjugates can also
be prepared by RAFT polymerization using both grafting from and
grafting to approaches [123-128]. For instance, a-chymotrypsin,
an enzyme that digests other proteins, was conjugated to well-
defined polymers made by RAFT polymerization [129]. These
conjugates were able to significantly improve the stability of the
protease without affecting its bioactivity. Maynard et al. con-
ducted RAFT copolymerization of cyclic ketene acetal monomer
with poly(ethylene glycol methyl ether methacrylate) yielding
functional polymers, which were subsequently conjugated to
lysozyme through a reducible disulfide linkage [130]. As illus-
trated in Fig. 3E, the polymer is backbone degradable and also
could be easily cleaved off from the lysozyme-polymer conju-
gate in a reducing environment. For the grafting from approach,
Borner et al. demonstrated the RAFT polymerization for the
synthesis of bioactive oligopeptide-polymer conjugates using a
trithiocarbonate-based peptide-CTA [131]. DNA-polymer conju-
gates on a planar solid support were prepared by covalently
attaching CTAs to ends of surface-immobilized oligonucleotides
and then initiating RAFT polymerization [132]. The first example
of RAFT-mediated in situ formation of protein—polymer conjugates
was reported by Bulmus, Davis, and coworkers [133]. They syn-
thesized site-specific BSA-poly(PEG acrylate) (PPEGA) conjugates
via gamma-radiation-initiated RAFT polymerization using a mix-
ture of water and N,N-dimethylformamide as the solvent. However,
the gamma radiation source may cause structural damage on some
biological molecules. To avoid this detrimental effect and also the
usage of organic solvents, a room temperature azo-initiator and
a new water-soluble RAFT CTA were used for the in situ gen-
eration of well-defined BSA-PNIPAM and BSA-poly(hydroxyethyl

acrylate) conjugates in completely aqueous solutions [134]. Impor-
tantly, the structural integrity and esterase-like activity of BSA
were retained under the polymerization conditions, showing the
general applicability of this RAFT approach for the preparation
of bioactive protein-polymer conjugates. In these two systems,
both RAFT CTAs [general formula Z—C(=S)S—R] were attached to
BSA through the “Z-group”. As shown in Fig. 3F, the Sumerlin
group synthesized a new type of macroCTA by conjugating BSA
to the “R-group” of the CTA with thiol-maleimide coupling, which
was subsequently applied for room temperature RAFT polymer-
ization of NIPAM in aqueous media [135]. This design provides
better polymerization control due to reduced steric hindrance
and the labile thiocarbonylthio moiety at the free chain end
could be potentially used for further functionalization. In addi-
tion, they also prepared well-defined block copolymer conjugates
of BSA-PNIPAM-b-poly( N,N-dimethylacrylamide) by two consecu-
tive grafting from RAFT polymerizations using this macroCTA[136].
Apart from these two conventional strategies, Thang et al. have
recently reported the grafting through RAFT polymerization of a
methacrylamide monomer containing a pending RGD peptide to
afford well-defined peptide-polymer conjugates that were used for
enhanced cell adhesion [137].

2.3. Structural design of polymer bioconjugates

2.3.1. Variation of the polymer chain

The conjugation of PEG to peptides and proteins, known as
PEGylation, has been widely used in therapeutic fields to improve
the stability and biopharmaceutical performance [138]. PEG is
regarded as safe and there are many PEGylated protein drugs which
have been approved by US Food and Drug Administration (FDA) in
the market [ 139]. However, PEG can also impose a negative impact
on the biomolecule such as reduced bioactivity, non-degradability,
and immunological responses [ 140]. Therefore, a variety of alterna-
tive functional polymers have been developed for the conjugation
of different biomolecules. For example, poly(quaternary ammo-
nium) was grafted from the chymotrypsin surface to afford a
dense cationic shell for the modulation of substrate specificity and
inhibitor binding [141]. A series of polymers of varying function-
ality and length was conjugated to lysozyme to investigate the
impact of the respective polymer on enzyme stability and activity
[142]. Russell, Whitehead and coworkers prepared BSA-polymer
conjugates with a phenylpiperazine-containing polymer, which
selectively facilitated transepithelial protein transport [143]. Gao
et al. have grafted poly{ NN -dimethylamino-2-ethyl methacrylate)
site-specifically from the N-terminus of GOx to modulate H;09
generation for cancer starvation and Hy0; therapy [144]. Reac-
tive water-soluble, azlactone-containing copolymers synthesized
by RAFT polymerization were conjugated to holo-transferrin and
ovotransferrin forming protein bioconjugates that were internal-
ized by cells viareceptor-mediated endocytosis [ 145].

Biomimetic polymers inspired by biological components found
in Nature have also been designed for bioconjugation. Biocom-
patible, zwitterionic polymers with cell membrane-mimicking
characteristics were employed to construct biomaterials mini-
mizing the interactions with proteins and cells [146-151]. Jiang
et al. reported the conjugation of zwitterionic poly( carboxybetaine)
(PCB) (Fig. 4A) using a-chymotrypsin as a model protein and
PCB was found to protect proteins from chemical and thermal
denaturation [152]. Remarkably, the PCB conjugates demon-
strated superior stability in comparison to the corresponding
PEG conjugates of similar molecular weights (Fig. 4B) and sim-
ilar hydrodynamic size (Fig. 4C). More importantly, enhanced
binding affinity with a peptide-based substrate was observed for
PCB conjugates which could be attributed to differences on how
PEG and PCB affected substrate binding affinities: PEG reduces
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enzyme-substrate hydrophobic-hydrophobic interactions due to
its amphiphilic features while super-hydrophilic PCB promotes
these interactions and the binding affinity through strong ionic
structuring of water molecules (Fig. 4D). Recently, PCB was also
conjugated to insulin via amine-NHS ester conjugation and the
conjugate showed increased ability to lower in vivo glucose com-
pared with native insulin[153]. Gao et al. presented the conjugation
of zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine)
to the C-terminus of interferon-«, and the resulting polymer bio-
conjugates showed significantly improved in vitro antiproliferative
bioactivity and in vivo antitumor efficacy compared to those of
PEGylated interferon-o [154). Inspired by the natural disaccha-
ride trehalose, which protects proteins and cells in many plants
and animals, well-defined glycolpolymers with pendant trehalose
side chains were prepared for stabilization of protein bioconjugates
to environmental stressors [155]. Similarly, a heparin-mimicking

polymer consisting of styrene sulfonate units and PEG methyl
methacrylate units was covalently conjugated to basic fibroblast
growth factor (bFGF) [156]. As shown in Fig. 4E, the obtained bio-
conjugate exhibited significantly improved stability against heat,
mild and harsh acidic conditions, storage and proteolytic degrada-
tion compared to native and PEGylated bFGFs.

The conjugation of smart polymers, which can respond to var-
ious stimuli such as pH, temperature, and light to biomolecules,
may allow on-demand regulation of solubility, stability and bioac-
tivity of the resulting conjugate [157]. For instance, light was
successfully used to tune enzyme catalytic activity when an
azobenzene-containing copolymer was conjugated to a distinct
location near the catalytically active site [ 158]. Thermo-responsive
PNIPAM is one of the most famous smart polymers, which has been
attached to various biomolecules such as proteins, peptides, nucleic
acids, and polysaccharides through different conjugation strate-
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gies [159]. Haddleton et al. reported the conjugation of PNIPAM to
BSA, lysozyme, bovine hemoglobin, salmon calcitonin, and insulin
by aqueous single electron-transfer living radical polymerization
[160]. PNIPAM-DNA conjugates were also synthesized and used
for preparation of pH and temperature dual-responsive hydrogels,
which could find potential applications for sensing and smart drug
release [161]. For more examples on the conjugation of stimuli-
responsive polymers to biomolecules, the reader can refer to other
reviews [157,159].

Because nondegradable polymers may accumulate in biological
systems or persist in the environment, the design and synthesis
of degradable polymers has received great significance especially
for therapeutic applications. For instance, acid-degradable PEG
chains were synthesized by introducing a cleavable acetaldehyde
acetal into the backbone, which were employed for BSA conju-
gation [162]. Well-defined and water-soluble polyphosphoesters
prepared by living anionic polymerization with chain-end func-
tionalization have also been used for protein conjugation [163]. The
resulting bioconjugates exhibited comparable bioactivities com-
pared to PEGylated proteins, and the polymer shell degradation
at physiological conditions was proved by online triple detection
size exclusion chromatography and gel electrophoresis. Recently,
the Maynard group has developed a powerful strategy to pre-
pare a series of degradable polycaprolactones with different side
groups including trehalose, lactose, glucose, carboxybetaine, and
oligo(ethylene glycol), by combining ROP and thiol-ene post-
modification [164]. These degradable polymers were conjugated
to protein granulocyte colony-stimulating factor offering enhanced
stability against storage and heat stressors.

2.3.2, Alteration of the polymer topology

In addition to functionality and degradability, the polymer
topology is also an important factor, which could have a pro-
found influence on the biomolecule and the unique properties
of the resulting polymer bioconjugates [139]. This part highlights
representative examples on the bioconjugation of synthetic poly-
mers with various controlled topologies such as block copolymers,
hyperbranched polymers and dendrimers. Although biomolecule-
conjugated polymer networks, particularly hydrogels, have broad
applications in the biomedical fields [165,166], these works have
not beenincluded because their resulting structures are not clearly
defined.

Beside linear homopolymers, functional random and block
copolymers have been extensively used for bioconjugation
[167,168]. For example, Stayton et al. modulated the activity and
aggregation properties of the conjugate of streptavidin with a dual
stimuli-responsive block copolymer PNIPAM-b-poly(acrylic acid)
(PNIPAM-b-PAA) [169]. Through two consecutive grafting from
reactions via RAFT polymerization, Sumerlin et al. prepared block
copolymer conjugates of BSA [136] and lysozyme [170]. Moreover,
block copolymer conjugates of lysozyme were also prepared by
combining the grafting to and grafting from strategies [171].

Synthetic polymers of brush-like, hyperbranched, and dendritic
topologies have been widely reported for biomedical applications
demonstrating some unique features in comparison to their lin-
ear counterparts [172-178]. The conjugation of branched polymers
to biomolecules has therefore emerged as an exciting new area to
achieve bioconjugates with improved stability and prolonged cir-
culation times in vive [140,179-183]. In order to investigate the
impact of the polymer architecture on bioconjugate activity, three
polymers with similar molecular weights but different topologies
ranging from linear, loosely branched, to densely branched were
conjugated to osteoprotegerin (OPG), a protein that can be used
for inhibition of bone resorption [184]. The cbtained bioconju-
gates were nontoxic, and in vive studies indicated an increase in
the bone mineral density of rats treated by the loosely branched

polymer—OPG bioconjugate. Klok et al. reported squaric acid medi-
ated synthesis of functional polymers with varying architectures
including linear, midfunctional, hyperbranched, and linear-block-
hyperbranched polyglycerol copolymers, which yielded a broad
range of BSA and lysozyme polymer bioconjugates [185]. Bioactiv-
ity of conjugates made from high molecular weight midfunctional
polyglycerol copolymers was obviously higher than that of lin-
ear polymers of similar molecular weights. Brush-like polymer
POEGMA has been demonstrated to significantly improve the cir-
culation time and antitumor effect of myoglobin and GFP [53,67].
Exendin-4, a peptide drug for type 2 diabetes mellitus, was also
conjugated by POEGMA site-specifically at the C-terminus, and the
resulting bioconjugate demonstrated reduced blood glucose for up
to 120h in fed mice with one single subcutaneous injection [186].
Importantly, the reactivity to anti-PEG antibodies could be com-
pletely eliminated by optimizing the length of PEG side chains,
showing distinct advantages of these novel bioconjugates com-
pared to those based on linear PEG polymers.

Dendrimers and dendrons are highly branched molecules,
which allow the preparation of precisely defined polymer bio-
conjugates [187,188]. For example, our group demonstrated the
dynamic covalent attachment of a positively charged polyami-
doamine (PAMAM ) dendron todifferent enzymesincluding trypsin,
papain, and DNase [ via the pH-responsive interaction between
salicyl hydroxamate and boronic acid (Fig. 5A) [189]. The forma-
tion of dendronized enzyme constructs was first confirmed by a
fluorescence assay, which demonstrated the stoichiometric sub-
stitution of fluorogenic Alizarin Red S by the salicyl hydroxamate
containing PAMAM dendron(Fig. 5B). AtpH 7.4, the functional den-
dron formed a protective shell on the surface of active enzymes
blocking the catalytic sites. Due to the positive charges of the
conjugated PAMAM dendrons, these enzyme-dendron conjugates
could be efficiently internalized by A549 cells and colocalized
in the acidic intracellular compartments (Fig. 5C). The enzyme
activity was then recovered causing cytotoxicity and these smart
conjugates can therefore serve as structurally defined biothera-
peutics. Leroux et al. reported a polycationic dendronized polymer
poly]|3,5-bis(3-aminopropoxy)benzyl methacrylate] (PG1) for the
stabilization of orally administered enzymes in the gastrointestinal
tract through covalent conjugation [190]. Specifically, they com-
pared the retention and stabilizing effect of four polymers with
different architectures and functional groups (Fig. 5D). Enzymes
conjugated to the positively charged dendronized polymer PG1
showed prolonged retention due to the strong mucoadhesive inter-
actions with mucin on the stomach wall (Fig. 5E). In addition,
this dendronized polymer could also stabilize the enzyme for over
three hours in the stomach of rats while the other three polymers,
including c-poly(p-lysine) (PDL), methoxy PEG (mPEG) and PAA,
provided little or no retention/protection.

2.3.3. Manipulation of the conjugate architecture

The structural control of polymer bioconjugates is not only
focused on the polymer part. Due to the flexibility of using various
synthetic tools, the conjugate architecture can also be programmed
yielding innovative constructs with superior properties for spe-
cificapplications [191]. Tomimic protein dimerization occurring in
Nature, well-defined linear PNIPAM produced by RAFT polymeriza-
tion was functionalized with protein-reactive maleimide groups at
both ends to synthesize homodimeric protein-polymer conjugates
using a V131C mutant T4 lysozyme as the model protein [192].
The maleimide-thiol coupling was able to prepare the homodimers
in 21% yield after 16 h. To increase the conjugation efficiency, the
rapid tetrazine-trans-cyclooctene ligation was applied to afford the
respective dimersin 38% yield within 1 h[193]. Recently, Bodeetal.
reported that potassium 2-pyridyl acyltrifluoroborates can be used
to construct homodimeric protein-polymer conjugates under near
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cquimolar conditions with a good yicld of 82% [194]. Apart from
these examples, heterodimeric protein-polymer conjugates have
also been prepared by linking two different proteins with heterot-
clechelic polymers [195-198].

The conjugation of one polymer with multiple biomolecules,
particularly functional peptides, forming multivalent systems is
proven to be a successful strategy for enhancing specific molecular
recognition in biological systems [199]. As an example, Klok et al.
synthesized a series of multivalent side chain peptide-polymer
conjugates to inhibit HIV-1 entry into a host cell and improved
antiviral activity was achieved by midsized polymer conjugates
[200]. To enhance targeting of integrin-expressing cells, a new type
of “polymultivalent” polymer-cyclic RGD peptide cluster conju-
gates with two levels of multivalency were introduced and up to

~2 orders of magnitude potency enhancement was observed in a
competitive cell adhesion assay [201].

The architecture of bioconjugate has significant effects on
its properties and applications [202-204]. Based on a one-pot,
two-step polymerization process, Lu et al. reported the easy syn-
thesis of heterotelechelic poly(amino acid)s offering rapid access
to protein-poly(amino acid) conjugates with various topologies
(knot-like, dumbbell-like, and circular) under mild conditions
[205]. This approach was based on two orthogonal chemical han-
dles, including a thioester for native chemical ligation and a
polyglycine for sortase A-mediated ligation, which were in situ
installed at the C- and N-termini of substrate poly(amino acid)s.
Notably, the head-to-tail cyclic conjugates using therapeutic
interferon-o as a model protein exhibited dramatically improved

~ 306 ~



Chapter 5

Publications

12 C. Chen, D.YW. Ng and T. Weil / Progress in Polymer Science 105 (2020) 101241

protease resistance and thermostability. In a recent study, they
further investigated the antitumor pharmacological activity of the
cyclic conjugate in comparison to its linear counterparts [206].
In vitro and in vive experiments revealed distinct advantages of
the cyclic conjugate in antiproliferative activity, circulation time,
tumor retention and penetration, as well as antitumor efficacy.

3. Protein/peptide-polymer conjugates

Peptides and proteins are oligomers and polymers com-
posed of amino acids, which often possess hierarchical structures
and specific biological functions. Through conjugation of syn-
thetic polymers, a novel class of soft hybrid materials, namely
“protein/peptide-polymer conjugates™ can be obtained combing
the unique advantages of both natural and synthetic polymers
[18,19,191]. One of the most attractive features of natural building
blocks is their structure precision in view of sequence, molecu-
lar weight, 3D structure and supramolecular complex formation
based on precisely defined intra- and intermolecular interactions.
In chapter 2, we have discussed the site-specific polymer conjuga-
tion at the surface of individual native proteins. The main focus of
this chapter is to discuss important advances for the preparation of
peptide/protein-polymer conjugates, which have, to some extent,
well-defined architectures.

In the first section, we introduce the conjugation of synthetic
polymers to precision templates derived from native proteins,
focusing on denatured proteins and protein cages. Thereafter,
self-assembly of proteinfpeptide—polymer conjugates into defined
architectures such as spherical nanoparticles, fibers, vesicles,
and nanotubes are summarized. Moreover, the formation of
well-defined structures on surfaces including the covalent immo-
bilization of biomolecules by polymer brushes to gain spatial
control over the respective biological activities are also dis-
cussed. This wide spectrum of well-defined structures based on
protein{peptide-polymer conjugates enables various applications
in both biomedical and non-biological areas, ranging from cancer
treatment, antibacterial, and antivirus to artificial membrane chan-
nels, enzymatic catalysis, and soft actuators. In the last section of
this chapter, we highlight selected examples of the most excit-
ing applications, in which structural precision and well-defined
structure formation play critical roles for enabling the specific
application.

3.1. Proteins as precision templates for pelymer conjugation

Proteins are the main components in most biological pro-
cesses enabling, for example, structure formation, catalysis and
transport. These unique features are based on their defined
monomer sequence and precise 3D structures. In addition, some
proteins are able to form well-defined higher order superstruc-
tures under specific conditions [207]. Therefore, proteins represent
ideal building blocks to construct well-defined nanomaterials by
providing precise structure information at different levels. Here,
we highlight recent advances on the construction of well-defined
nano-architectures based on protein-derived templates such as the
monodisperse polypeptide backbone of denatured proteins as well
as highly symmetrical and ordered protein cages.

3.1.1. Precision nanomaterials based on denatured proteins
Globular proteins can be denatured by external stress such as
solvents, inorganic salts, exposure to acids or bases, and by heat,
which alters their secondary and tertiary structures but retains
the peptide bonds of the primary structure between the amino
acids [208]. Since all structural levels of the protein determine
its function, the protein is usually no longer bioactive once it has
been denatured. However, unfolded proteins could be regarded

as monodispersed biopolymers providing well-defined contour
length and various functional groups at determined positions along
the main chain. In 2003, Whitesides et al. pioneered an approach
for preparing linear polymers with determined chain lengths and
functional groups at defined locations along the chain by acyla-
tion of denatured proteins [209]. In the past decade, our group
has explored denatured proteins as a unique polymer platform
for the construction of defined nano-architectures and nanoma-
terials for various applications [210]. For protein denaturation,
protein aggregation during the denaturation process needs to be
strictly avoided as it is very challenging to disaggregate the protein
agglomerates once they have precipitated, which reduces yields
and makes purification more difficult. Typically, chaotropic agents
such as urea to break hydrogen bonds and other supramolecular
forces and mild reducing agents such as tris(2-carboxyethyl) phos-
phine (TCEP) are added. Stabilizing hydrophilic polymer chains
can be attached to the polypeptide backbone before or after
the denaturation step to prevent aggregation of the denatured
polypeptide chains [210]. In our design, PEG chains of different
molecular weights (2000-5000 Da) have been covalently linked
through either thiol-maleimide chemistry or amine-NHS ester
chemistry. PEG chains provide sufficient stability under the dena-
turing conditions as well as biocompatibility and they alter the
hydrophilic-hydrophobic balance of the denatured polypeptide
chain consisting of hydrophilic and lipophilic sequence patterns
preventing undesirable supramolecular interactions within the
chains also due to the steric effect [211]. Fig. 6A shows a typi-
cal procedure for PEG conjugation followed by unfolding of the
blood plasma protein human serum albumin (HSA, 66kDa) by
5M urea-phosphate buffer (PB) in the presence of TCEP. Thiol
groups of the unpaired cysteines and reduced disulfide bonds are
typically exposed during the denaturation step and they can be
capped by different maleimides such as PEG-maleimide and N-
(2-aminoethyl)maleimide to avoid reformation of disulfide bonds.
Noteworthy, the optimal denaturing conditions need to be care-
fully identified as each protein has a different inherent stability
based onits folding as well as the number and location of the disul-
fide bridges. In this way, hen egg white lysozyme with a molecular
weight of 14 kDarequires moredrastic denaturation conditions, i.e.,
8 M guanidine and excess of the reducing agent dithiothreitol (DTT)
for denaturation compared to HSA [212]. By reacting single acces-
sible thiol groups of BSA with PEG-bismaleimide to synthesize a
protein-dimer precursor, a giant polypeptide-PEG-polypeptide tri-
block copolymer of defined structure, composition and a very high
molecular weight of about 400 kDa has also been reported via the
PEGylation and denaturation strategy [213].

The denatured protein-PEG conjugates synthesized by the con-
venient approach provide several attractive characteristics: (1)
biocompatibility; (2) biodegradability by proteases; (3) defined
peptide sequence; (4) the final polymers offer narrow molecular
weight distributions that can be characterized by mass spec-
trometry ensuring the quality control of products; (5) various
functionalities in specific positions which allow the realization
of complex tasks such as cellular uptake and intracellular deliv-
ery; and (6) tunable transition between globular, collapsed and
extended architectures. In addition, the PEG side chains could
reduce protein binding and provide “stealth properties” by shield-
ing the immunogenic recognition sites (epitopes) [214]. Therefore,
polypeptide-PEG conjugates based on denatured proteins pro-
vide various attractive features for biomedical applications and as
precision substrates for templated synthesis of well-defined nano-
materials (Fig. 6).

Because of their unique optical properties, quantum dots (QDs)
and fluorescent nanodiamonds (FNDs) are two highly promising
probes for tracking biological processes i.e. with super-resolution
microscopy and drug delivery applications [215,216]. However,
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applications of the “bare” nanoparticles are severely limited by
their poor solubility in various biological environments. In addi-
tion, other challenges include the toxicity of QDs [217] and
the surface modification of FNDs that provide undefined surface
functionalities with high batch-to-batch variations [218]. Dena-
tured protein-PEG conjugates serve as attractive nanoparticle
coatings due to the availabilities of many reactive amino-, car-
boxylic acid and thiol groups that could interact with various
nanoparticle surfaces though electrostatic interactions or hydro-

gen bonds as well as the presence of hydrophobic amino acids
that bind hydrophobic surfaces by van der Waals interactions. For
example, denatured HSA-PEG conjugates functionalized with mul-
tivalent thioctic acid groups stabilize the surface of CdSe-CdZnS
QDs [219]. The coated QDs gain improved water-solubility and
unique pH-responsiveness, which was attributed to conforma-
tional rearrangements of the polypeptide coating at different pH.
This could alter the capacity of the polymer to efficiently passi-
vate and protect the nanoparticle surface. Based on this strategy, a
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polycationic polypeptide-PEG conjugate based on denatured BSA
was achieved that encapsulated QDs and enabled their cellular
uptake and allowed DNA complexation [220]. In these systems,
the QD core served as an in situt reporter for pH changes, DNA
complexation and ultimately even DNA transfection because its
photoluminescence dropped significantly with increasing quanti-
ties of complexed DNA. Similarly, the cationized and denatured
protein-PEG conjugates could also offer excellent colloidal stability
to FNDs so that they remained stable even in the presence of high
ionic strength buffers required for DNA origami folding (Fig. 6B).
In this way, the first DNA origami-assembled FND nanostructures
were formed, which is a critical step to study the coherent coupling
of ordered spin arrays [221]. Moreover, the biopolymer-coated
FNDs remained stable even after encapsulating high amounts of
hydrophobic doxorubicin drug molecules and revealed high uptake
into human lung adenocarcinoma A549 cells and in vivo efficacy
attractive for cancer therapy [222].

In comparison to synthetic polymers, the most prominent
advantages of denatured proteins are their monodisperse lengths
and defined amino acid sequences. Therefore, the denatured
protein-PEG conjugates can be used as precision templates for
the preparation of various structurally defined nanomaterials. Very
recently, Weil et al. have reported the construction of preci-
sion brush polymers using denatured proteins as a monodisperse
macromolecular backbone (Fig. 6C) [223]. By introducing ATRP
initiators to denatured HSA-PEG conjugates, anisotropic brush
polymers with monodisperse contour lengths and narrow dis-
tributions were obtained by grafting polymer side chain from
the backbone. The size and anisotropy of the brush polymers
were tuned by varying polymerization conditions and the initia-
tor density on the polypeptide backbone. Particularly, a distinct
functionality can be introduced onto an absolute position located
asymmetrically along the polypeptide backbone of these brush
polymers. By combining this site-specific functionalization strategy
with biotin-streptavidin interactions, various functional entities
such as a single fluorescent dye, a gold nanoparticle, the hor-
mone somatostatin, and a model antibody were introduced via
site-specific assembly to fabricate novel higher ordered con-
structs, which may find potential applications in both biomedicine
and nanoscience [223]. As shown in the confocal laser scanning
microscopy image of Fig. 6C, biotin-containing brush polymers self-
assemble with biotin-functionalized somatostatin in the presence
of streptavidin and the formed construct revealed somatostatin-
mediated uptake into cancer cells.

Due to the presence of abundant amino groups in the back-
bone, denatured protein-PEG conjugates possess strong capability
to bind metal ions. Therefore, the biopolymer providing high water
solubility was used as an ideal substrate for templated synthe-
sis of metal nanoparticles. For instance, our group has reported
a denatured HSA-PEG conjugate functionalized with TAT peptide,
and mitochondria targeting triphenyl-phosphonium groups for the
synthesis of ultrasmall gold nanoparticles with good biocompati-
bility and high stability [224]. Recently, the denatured HSA-PEG
conjugate has been employed as a precision template for the prepa-
ration of polymer-grafted gold nanoflowers by combining ARGET
ATRP and metal reductionin aone-potfashion [225]. The cationized
biopolymer with immobilized ATRP initiators serves both asa plat-
form to bind chloroauric anions and as a macroinitiator for ARGET
ATRP. Ascorbic acid was then added continuously into the system
to activate ATRP catalyst precursors and to reduce gold ions in par-
allel (Fig. 6D). PNIPAM-grafted gold nanoflowers of controllable
sizes, shapes and thermo-responsiveness have been achieved and
applied as smart nanoparticle catalysts for the hydrogenation of p-
nitrophenol to p-aminophenol. This convenient approach based on
protein-derived templates could be expanded to other functional
polymers and noble metal nanoparticles, providing access to var-

ious polymer-coated metal nanostructures for broad applications
in catalysis, sensing, and biomedicine [225].

The architecture of denatured protein-PEG conjugates responds
to changes of the balance of hydrophilic and groups along the
polypeptide backbone. These changes could either be lipophilic
functionalities that are covalently attached or the presence of
hydrophobic guest moieties that interact with the lipophilic amino
acid side chains vie supramolecular interactions. In this way,
well-defined core-shell nanostructures were formed suitable for
catalysis and delivery of lipophilic molecules into cells. When the
cationized and denatured BSA-PEG conjugate was modified with
just a few hydrophobic groups such as alkynes, stable nano-sized
micelles were formed spontaneously [ 226]. Complexation with the
hydrophobic chromophore perylenetetracarboxydiimide, a dena-
tured HSA-PEG conjugate functionalized with folic acid groups, has
been shown to form globular micelles, which were uptaken into
cells via receptor-mediated endocytosis [227]. The lipophilic drug
doxorubicin has also been encapsulated into these micelles by com-
plexation [228] or covalent conjugation [226] and efficient delivery
into various cancer cells has been shown. To achieve selectivity and
better control over the drug release profile, a pH-responsive hydra-
zone linker has been introduced to conjugate doxorubicin to the
denatured protein backbone that potentially allows release in the
acidic microenvironments of tumor tissue as well as in acidic endo-
somal vesicle [229]. The sophisticated core—shell delivery system
composed of a polypeptide core with doxorubicin drug molecules
and a PEG shell adopts a two-step drug release based on prote-
olytic degradation of the backbone and acid-induced drug release.
Invitro test of the drug-loaded micelles revealed very high cytotox-
icities against Hela cells and leukemia cell lines. More importantly,
100% survival rates of mice that received ex vivo transplantation of
engrafted leukemic tumor cells after 12 weeks were demonstrated
[229].

In combination with various crosslinking chemistries, the
denatured protein-PEG conjugate served as biocompatible and
biodegradable high molecular weight scaffold to prepare injectable
hybrid hydrogels. As crosslinkers, multi-arm DNA [230] as well
as self-assembling peptide sequences [231] have been applied.
Denatured HSA-PEG conjugates were functionalized with ssDNA
sequences that could hybridize with complementary Y-shaped
DNA [230]. The formed hydrogel was used to immobilize active
proteins including GFP and YFP, which were released by proteases
as well as nucleases independently (Fig. 6E). Furthermore, con-
jugation of a recombinant Rho-inhibiting C3 toxin that inhibits
growth and migration of bone degrading osteoclast cells to the
multi-arm DNA linker allows the toxin-loaded hydrogel to reduce
osteoclast formation and bone resorption without affecting dif-
ferentiation and mineralization of bone forming osteoblast cells
[232]. In another example, self-assembling peptides that sponta-
neously form cross B-sheet fibrillary structures were grafted to
the backbone of denatured HSA-PEG conjugate. To control fibril
formation of the peptides, they were masked as depsi-precursor
peptides. The depsi peptide sequences do not aggregate at acidic
pH until an intramolecular O,N-acyl shift occurs at higher pH val-
ues affording the formation of peptide nanofibers, which served as
pH-responsive gelators (Fig. 6E). The obtained hydrogels are cyto-
compatible, biodegradable, reveal rapid self-healing abilities and
cells migrated into this porous matrix, rendering them attractive
for 3D tissue engineering [231].

3.1.2. Protein cages for grafting synthetic polymers

Protein denaturation destroys the 3D structure of native pro-
teins so that nanostructures are mainly formed within the polymer
chain by external guests or stimuli. [n another class of nanostruc-
tures, the self-organizing features of proteins are retained so that
distinct and large protein nanostructures are formed. Protein cages
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of different sizes are widely formed in Nature, such as mammalian
ferritins with a diameter of 12 nm and virus-derived icosahedral
protein cages with diameters from approximately 28 nm (brome
mosaic virus and cowpea chlorotic mottle virus) to 95 nm (human
adenovirus) and more than 500 nm (megavirus chilensis) (Fig. 7A).
These well-defined 3D hollow architectures with symmetric shapes
and uniform sizes are formed via the self-assembly of individ-
ual protein subunits [233]. They have received rapidly growing
interests of the materials science community due to their broad
applications as nanoscale reactors, as scaffolds for nanomaterial
synthesis, and as versatile vehicles to deliver a broad range of
drugs, genes, and imaging agents [233,234]. In addition, the sub-
units of protein cages can be chemically or genetically modified at
specific locations, allowing the conjugation of functional moieties

within the interior cavity and/or on the exterior surface in a site-
selective manner [235]. Polymer conjugation of protein cages give
them entirely new properties and expand the range of applications.
Forinstance, PEGylation of protein cagesis a very popular and effec-
tive strategy to reduce the immunogenic response facilitating their
usage for biomedicine [236-238]. In addition, surface engineer-
ing with functional polymers offers stimuli-responsiveness [239],
increased stability [240,241], and solubility in organic solvents
[242,243].

Based on the well-established chemistries to prepare
peptide-polymer conjugates, the grafting to approach using
reactive groups at the surface of these cages is a relatively
straightforward modification strategy to decorate protein cages
with synthetic polymers. For example, Finn et al. have attached
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poly(2-oxazoline)s to the exterior surface of bacteriophage Qf via
the CUAAC click reaction [240]. They used a multiple-point conju-
gation strategy and the polymer-conjugated protein cages showed
significantly enhanced thermal stability, surviving at temperatures
higher than 100 °C. Thermo-responsive smart polymer PNIPAM has
also been conjugated to the surface of vault, a recombinant protein
cage with a size of 41 x 41 x 72.5nm, by coupling the thiol group
at N-terminus of the major vault protein [239]. The obtained vault
nanoparticles exhibited reversible aggregation behaviors that can
be controlled by temperature. Pokorski et al. have attached water-
soluble polynorbornene (PNB) chains, which were synthesized by
ROMP, to the outer surface of bacteriophage QB [244]. Significantly,
PNB with brush-like architectures demonstrated better shielding
effect from antibody recognition than PEG for the protein cages
[245]. In general, the direct conjugation of polymer chains to the
interior surface of protein cages is considered more challenging to
achieve due to the steric effect. In this regard, dendritic PAMAM
has been conjugated into the protein cage thermosome, a group
I chaperonin that possesses a large pore size of 7nm [246]. The
thermosome-PAMAM conjugate was successfully used for small
interfering ribonucleic acid (siRNA) delivery [246] and templated
synthesis of gold nanoparticles inside of the protein cage [247].

In contrast to the grafting to approach, it has become a recent
trend to conjugate polymers to protein cages via the grafting
from approach [248], which should generate polymer conjugates
with better-defined structures. By modifying the exterior sur-
face of horse spleen ferritin nanocage with an ATRP initiator,
the polymerization of 2-methacryloyloxyethyl phosphorylcholine
and PEG methacrylate has been realized by Russell, Emrick and
coworkers [249]. Antibody recognition experiments revealed the
“stealth” properties of these hydrophilic coatings. Boker et al. have
reported the copolymerization of NIPAM and photo-crosslinkable
2-(dimethyl maleinimido)-N-ethyl-acrylamide from the surface
of the same protein cage [250]. These bioconjugates have been
shown to stabilize emulsions, which allows the formation of
thermo-responsive capsules for controlled drug delivery after
cross-linking. Finn et al. have polymerized an azido-functionalized
oligo(ethylene glycol) methacrylate from the exterior surface of
the bacteriophage QP by ATRP [251]. This monomer even facil-
itated post-functionalization of the protein cage via the CuAAC
reaction, which was demonstrated by conjugation with an alkyne-
substituted Alexa Fluor 488 dye, a gadolinium complex (Gd-DOTA)
contrast agent for magnetic resonance imaging (MRI), as well as
a pH-sensitive and clickable doxorubicin derivative for anticancer
therapy.

In addition to the functionalization of the outer surface, Douglas
and coworkers pioneered the site-specific growth of both branched
[252] and linear [253] polymers from the interior surface of protein
cages. They showed stepwise synthesis of a dendritic polymer from
heat shock protein (HSP), whose interior cavity has a diameter of
6.5nm [252]. Here, cysteine reactive sites genetically introduced
to the inner side of the protein cage served as the initiation sites.
By sequential conjugation of azide and alkyne monomers using
click chemistry, the polymer grew to generation 2.5, which formed
fully cross-linked network across the protein subunits, render-
ing the protein cage thermally stable even at 120°C. In addition,
a large number of free amines has been incorporated into the
branched polymer chains, which further offers addressable sites
to load additional functional components. In their following con-
tributions, the Gd-diethylene triamine pentaacetic acid (Gd-DTPA)
contrast agent was attached to the reactive amines of the polymer
network [254]. Each protein cage was shown to incorporate up to a
maximum of 159 Gd, and the functionalized protein cages demon-
strated aper particle relaxivity of 4200 mM~1 s~1 which was among
the highest reported values for protein cage-Gd MRI contrast
agents. This strategy was further extended to construct a branched

iron-phenanthroline based coordination polymer within the pro-
tein cage of HSP [255]. However, the stepwise growth method
involves tedious reaction steps, and it is very challenging to achieve
polymers with high molecular weights and high densities within
the protein cage. To address this issue, the same group has reported
the first example of site-specific ATRP growth from the inside cavity
of amutant of the bacteriophage P22 capsid [253]. This P22 protein
cage consists of 420 subunits with an interior diameter of 54 nm.
ATRP initiators were attached to the only addressable cysteine of
each protein subunit, which was mutated to be exposed within the
inner cavity, in a near-quantitative manner (Fig. 7B). By copolymer-
ization of 2-aminoethyl methacrylate (AEMA) and bisacrylamide
using standard ATRP conditions, cross-linked polymer networks
were formed in the interior of the protein cage. Importantly, the
reactive primary amines of the polymer chains were still accessi-
ble, as confirmed by post-functionalization with small molecules
such as fluorescein isothiocyanate (FITC), Gd-DTPA, a photosensi-
tizer (Eosin-Y), and a cobaloxime catalyst [253,256]. Notably, the
obtained polymer-conjugated protein cages revealed a high loading
capacity of 9100 + 800 Gd per cage, affording an ultrahigh per parti-
cle relaxivity of 200,000mM~1s-L, In order to obtain nanoreactors
for photocatalytic applications, AEMA was also copolymerized
with [ruthenium( 5-methacrylamido-phenanthroline)z |2* from the
inner surtace of the P22 capsid [257]. A similar approach have also
been demonstrated by Finn and coworkers to polymerize a pos-
itively charged monomer N,N-dimethylaminoethyl methacrylate
from the interior surface of Qf for the delivery of siRNA [258].

Collectively, protein cages constitute well-defined templates for
grafting synthetic polymers with defined inner holes and outer
surfaces and they receive emerging interest for drug delivery and
bioimaging. It should be noted that protein cages can also be com-
bined with synthetic polymers by many other interactions such as
electrostatic complexation or non-covalent encapsulation of syn-
thetic polymers into protein cages [233]. For example, the protein
corona on adenovirus 5 (Ad5), one of the main vectors in gene
therapy, has been mimicked by polyphenylene dendrimers with
a distinct amphiphilic surface pattern [259]. These dendrimers
coated the surface of Ad5 by distinct non-covalent interactions,
which abolished binding of blood coagulation factor X, facilitated
uptake into receptor negative cells, which was not possible for Ad5
alone. The dendrimer corona had a significant impact on Ad5 in
vive trafficking and the Ad5-dendrimer complexes revealed a new
bioactivity profile, which could be attractive to broaden the ther-
apeutic applications of Ad5. In addition, some attention has been
paid to the self-assembly of protein-polymer conjugates into pro-
tein cages and protein cage-mimicking nanostructures, which are
discussed in greater details in section 3.2.2.

3.2. Assemblies of protein/peptide-polymnier conjugates

3.2.1. Polymier conjugates based on self-assembling peptides
Polypeptides have been frequently used as building blocks for
the preparation of amphiphilic block copolymers. In contrast to
proteins, peptides provide shorter chain lengths, lower molecu-
lar weights and less complex tertiary structures. In the past two
decades, self-assembly of polypeptide-based block copolymers into
micelles and vesicles has been intensively explored, particularly for
applications in catalysis and drug delivery [260-264]. In contrast
to conventional synthetic polymers, peptide sequences can inter-
act with each other via different supramolecular interactions such
as hydrogen bonding, w-m stacking, and metal ion coordination
to form well-defined secondary structures and superstructures.
This attractive characteristic offers additional opportunities to
control the self-assembly of polypeptide-based copolymers and
many unique structures have been achieved [265,265]. For exam-
ple, Hawker, Knight and coworkers reported the self-assembly of
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peptide-polymer conjugates based on metal ion coordination of
peptides [267]. As shown in Fig. 8A, the amphiphile oSt(His); con-
sists a hydrophobic polystyrene block and a hydrophilic block,
hexahistidine, which can coordinate with divalent transition metal
ions to form dimers. In the absence of metal ions, oSt(His)s spon-
taneously self-assembled into vesicles in a noncoordinating buffer
(HEPES, 100 mM, pH 7). When different metal ions [Mn(II), Co(Il),
Ni(II), Cu(II), Zn(II), and Cd(II)] were added during the self-assembly
process, the conjugate formed a wide range of new structures
including micelles [Ni(II), Cd(II}], aggregated micelles [Zn(II), Co(II),
Cu(1I)], and multilamellar vesicles [Mn(II)].

Long fibrous structures can be obtained through self-assembly
of sequence-controlled oligopeptides that have a tendency to
form PR-sheet structures [268-270]. Not surprisingly, introducing

B-sheet forming peptides into the structure may allow peptide-
guided self-assembly of polymer conjugates into well-defined
fiber-like structures. For instance, Bérner et al. reported the forma-
tion of fibers with a maximum length of up to 1 m by conjugating
PEO chains to template pre-organized oligopeptides [271]. These
oligopeptides exhibited a high tendency to form 3-sheet motifs due
to the restriction of conformation freedom. Chen and coworkers
investigated the self-assembly behaviors of a series of amphiphilic
brush polymers with dendronized oligosaccharide and oligopheny-
lalanine as side chains [272]. Depending on different ratios of sugar
units to the oligopeptide, various self-assembled morphologies
including compound micelles, nanowires, and nanoribbons were
observed. Interestingly, the nanowire was formed via a hierarchical
self-assembly process driven by the carbohydrate-carbohydrate
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interaction of the sugar units and the B-sheet forming tendency
of oligophenylalanine.

In biological systems, peptides are dynamic materials and their
conformations and biological activities are often regulated by
changes in their direct surrounding. Synthetically, the introduc-
tion of switchable peptides into polymer bioconjugates would offer
vast opportunities for the structural control over their assem-
blies. The Bdmer group reported a PEO-peptide conjugate based
on a peptide sequence with five repeats of alternating valine and
phosphorylated threonine [273]. This conjugate was soluble in
aqueous solution. However, fiber formation was triggered by the
enzymatic dephosphorylation of the peptide block due to con-
formation changes of the peptides into B-sheet structures [273].
Recently, in situ construction and shape transformation of peptide-
based assemblies in specific physiological environments have been
demonstrated as promising strategies for biomedical applications
[274-277]. Wang, Qiao and coworkers reported reactive oxy-
gen species [ROS)-responsive polymer-peptide conjugates, which
undergo morphology changes inside tumor cells [278]. Possessing a
mitochondria-targeting peptide KIAK and a B-sheet forming pep-
tide KLVFF conjugated with PEG through a ROS-cleavable linker
as side chains, these conjugates were able to self-assemble into
spherical nanoparticles and target mitochondria after entering cells
(Fig. 8B). Due to the high ROS concentration around mitochon-
dria, PEG chains were detached, which induced in situ formation of
nanofibers with exposure of KLAK peptides. This shape transforma-
tion enhanced the multivalent cooperative interactions between
KLAK and mitochondria, leading to improved anticancer effects
in vitro and in vive.

In addition to linear peptides, B-sheet forming cyclic peptides
that can self-assemble into well-defined nanotubes have received
special attention in recent years. Polymer conjugation offers many
advantages to these nanotubes such as improved solubility, a wide
spectrum of functionalities, and additional control over the tube
length [279]. This does not only allow for a better understanding
of the self-assembly mechanism, but also significantly broadens
applications of these nanotubes. Basically, polymer strands can be
attached to peptide nanotubes both before and after assembly via
either the grafting to or grafting from approach [280-282]. In 2005,
Biesalski et al. reported the first example of growing polymer chains
from surface-immobilized initiators of cyclic peptide nanotubes via
ATRP [283]. In addition, they demonstrated that length and diam-
eter of the polymer-peptide nanotubes are highly affected by the
molecular weight of grafted polymers [284]. Since the early stud-
ies, Perrier and collaborators have made significant contributionsin
this field by elucidating the tube structure [285,286], tracking their
assembly processes [287,288], as well as exploring a wide variety
of applications [289-291].

In order to control the self-assembly behavior and tube
length, Perrier et al. have introduced different stimuli-responsive
polymers to cyclic peptide nanotubes. For example, poly(2-ethyl-2-
oxazolin) was successfully used to realize temperature-controlled
reversible transformation from nanotubes to microparticles [292].
In addition, a series of pH-responsive polymers including PAA
[293], poly{dimethylamino ethyl methacrylate) [294], poly[2-
(diisopropylamino)ethyl methacrylate] [295] have also been
conjugated into cyclic peptide nanotubes, which allow modula-
tion of their self-assembly upon pH changes. Recently, host-guest
interactions were also employed to switch the self-assembly of a
cyclic peptide-PEG conjugate [296]. In this system, two pheny-
lalanine groups as binding sites of cucurbit[7]uril were attached
to the cyclic peptide, and the nanotube formation could be tuned
by reversibly incorporating two bulky cucurbit[7]uril moieties via
host-guest chemistry.

Cyclic peptide-polymer nanotubes have also been used as
building blocks to construct well-defined higher order struc-

tures. For instance, Jolliffe et al. reported that hydrophobic
cyclic peptide-polymer nanotubes with a Janus corona were
able to self-assemble in artificial phospholipid bilayers and form
transmembrane channels for a dye [297]. In collaboration with
the Perrier group, they further designed an asymmetric cyclic
peptide-polymer conjugate (PBA-CP-PPEGA) with a hydrophilic
PPEGA chain on one side and on the opposite side, a hydrophobic
poly(n-butyl acrylate) (PBA) chain [298]. This amphiphilic conju-
gate demonstrated a hierarchical self-assembly in agueous solution
by first forming amphiphilic Janus nanotubes via hydrogen bonds
and then generating a superstructure, called tubisome based on
terms liposome and polymersome, driven by the hydrophobic
interactions (Fig. 8C). These tubisomes were able to fuse into the
lipid bilayer of lysosomes in cells forming artificial pores. To iden-
tify the key factors to obtain tubisomes, a more detailed study
was conducted with varied hydrophilic-hydrophobic ratios of the
PBA-CP-PPEGA conjugate [299].

3.2.2. Self-assembly of protein-polymer conjugates

As a unique class of polypeptides with fully folded structures
and globular shapes, proteins in most cases provide biological func-
tions to protein-polymer conjugates. When hydrophobic polymers
are attached to water-soluble proteins, the amphiphilic conju-
gates self-assemble in a manner similar to that of low molecular
weight surfactants and synthetic block copolymers in aqueous
solution. Therefore, these protein-based amphiphiles can also serve
as building blocks for the construction of a wide range of solution
nanostructures. Early examples reported by Nolte and coworkers
have demonstrated the self-assembly of protein-polymer conju-
gates into fibers [300], vesicles [301], and toroids [302]. In recent
years, self-assembled nanoparticles based on protein-polymer
conjugates have been intensively explored as carriers for deliv-
ery of anticancer drugs [303-306]. Due to the presence of proteins,
these self-assembled nanostructures possess the special advantage
of built-in bioactivity. For example, Thordarson et al. conjugated a
maleimide-capped PNIPAM chain to the free cysteine residue of a
GFP variant (amilFP497) [307]. The resulting conjugate PNIPAM-
b-amilFP497 assembled into vesicles in aqueous solution upon
heating to 37°C. Fluorescent characteristics of amilFP497 were
not affected during polymer conjugation, which allowed direct
observation of vesicle formation using confocal microscopy. These
vesicles were used as carriers to encapsulate doxorubicin and a
fluorescent light-harvesting protein phycoerythrin 545 (PE545)
[307]. Importantly, the location of payloads could be determined by
combining fluorescence lifetime imaging microscopy and Forster
resonance energy transfer (FRET), showing PE545 protein primar-
ily located inside the vesicle membrane whereas doxorubicin was
found both in the core and membrane.

Recently, in situ growth of an insoluble polymer block from
solvophilic polymers in solution to generate self-assembled
nanostructures has become a new trend in macromolecular
self-assembly [308-311]. This technique, termed polymerization-
induced self-assembly (PISA), has also been expanded to the field
of protein-polymer conjugates. As a proof-of-concept experiment,
Gao et al. site-specifically attached an ATRP initiator to the only free
cysteine group (Cysteine 34) of HSA and then polymerized water-
soluble 2-hydroxypropyl methacrylate (HPMA) from the initiator
via ATRP [312]. The resulting amphiphilic conjugate HSA-poly(2-
hydroxypropyl methacrylate) (PHPMA) could self-assemble to
well-defined nanostructures with tunable morphologies including
micelles, wormlike micelles, and vesicles ( Fig. 9A). In order to con-
struct a tumor microenvironment-responsive fluorescence probe,
this approach has been used to prepare pH-responsive micelles by
polymerizing 2-(diisopropylamino)ethyl methacrylate from HSA
[313]. In a similar way, Huang, Liu and coworkers reported pho-
toinitiated RAFT PISA to generate protein-polymer micelles via
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polymerization of HPMA from a multi-RAFT agent modified BSA
[314].

As mentioned earlier, protein cages are monodispersed and
highly organized protein architectures, which are formed based
on the specific and directional interactions between protein sub-
units. Well-defined protein-based nanostructures can therefore be
generated by an alternative approach using interactions between
proteins to drive the self-assembly of protein-polymer conjugates.
Nallani, Liedberg and coworkers designed and synthesized two
oppositely charged [3-lactoglobulin A-PEG (BLG A-PEG) conjugates
and investigated their co-assembly behaviors [315]. As shown in
Fig. 9B, the positively and negatively charged conjugates were
obtained by amination or succinylation of LG A followed by PEGy-
lation via photoinduced click chemistry. Driven by electrostatic and
hydrophobic interactions between the proteins, spherical capsules
with a diameter of 80-100 nm and a narrow size distribution could
be obtained by mixing the two charged protein—-polymer conju-
gates at equimolar ratio. These capsules were able to accommodate
GFP and FITC-labelled dextran in their interior. On the other hand,
the connection between proteins in protein-polymer conjugates

could also be created and strengthened by a third component. For
example, Cornelissen et al. observed an irreversible dissociation of
cowpea chlorotic mottle virus capsids when they were conjugated
with PEG chains [316]. However, the resulting protein subunit-PEG
conjugates could then reassemble into much more stable virus-like
particles in the presence of polystyrene sulfonate (PSS), due to the
electrostatic interactions between PSS and the positively charged
protein subunits.

In addition to self-assembly in aqueous solution, amphiphilic
protein-polymer conjugates have also been reported to organize
at water/oil interfaces for emulsion stabilization [250,317,318].
As shown in Fig. 9C, Mann et al. prepared hollow protein
capsules termed proteinosomes by interfacial assembly of a
protein—-polymer conjugate [319]. The conjugate BSA-PNIPAM
was synthesized by coupling mercaptothiazoline-capped PNIPAM
chains with cationized BSA-NH,. By emulsifying an aqueous solu-
tion of the conjugate in 2-ethyl-1-hexanol, a closely packed and
continuous monolayer of protein-polymer conjugates could form
at the interface generating proteinosomes with diameters in the
range of 20-50 pwm. The proteinosomes were stable in oil and were
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transferable to aqueous solution after crosslinking, which facili-
tates their application for guest molecule encapsulation, selective
permeability, and as stimuli-responsive micro-reactors.

Owing to their potential applications in biosensors and hetero-
geneous catalysis, solid-state materials based on protein-polymer
conjugates with well-defined nanostructures have attracted much
interest in recent years [320,321]. By solvent evaporation from
concentrated solutions, protein-polymer conjugates have been
observed by Olsen and coworkers to form ordered nanostructures
including lamellae, perforated lamellae, and hexagonally packed
cylinders [322,323]. Particularly, they have intensively studied
effects of various factors such as the chemistry of the polymer
block [323,324], protein surface charges [325,326], and molecu-
lar topology of the conjugates [327] on the self-assembly behavior.
For instance, the electrostatic repulsion of supercharged proteins
has been found to severely affect the nanostructure formation
and the degree of ordering was reduced in the self-assembled
structures [326]. These studies expand our understanding on the
bioconjugate self-assembly and may allow the structural control of
protein-polymer conjugates in the solid state.

3.3 Well-defined protein/peptide—polymer confugates on
surfaces

Due to their robustness, versatility, and good processability,
synthetic polymers have been used extensively to immobilize
biomolecules including peptides and enzymes on various sur-
faces, which could find potential applications in biosensors,
biotechnology, and biomedical devices [328,329]. These functional
surfaces with attractive biological activities such as antibacte-
rial [330] and cell adhesion properties [331], can be constructed
by either direct deposition of polymer bioconjugates or step-
wise immobilization of polymers and biomolecules on surfaces.
For example, Maynard et al. designed and synthesized a het-
erotelechelic biotin-maleimide polymer by RAFT polymerization,
which site-specifically conjugated proteins and immobilized them
onto streptavidin- or neutravidin-functionalized surfaces [197].
Due to the presence of a cleavable disulfide bond in the polymer, the
protein—polymer conjugate could be detached from the surfaces
under mild reducing conditions.

Similar to those studies in solution and in bulk, surface-
deposited protein/peptide-polymer conjugates are able to self-
assemble to well-defined nanostructures, forming novel materials
combining unique features and bioactivities of polymers and
biomolecules, respectively. Early example by Jenekhe et al. showed
the self-assembly of triblock copolymers containing a central -
conjugated polymer and two polypeptide end blocks into spherical
and fibrillar nanostructures [332]. He et al. reported the hier-
archical self-assembly of block copolymers containing PEG and
polypeptides with alkyl side chains on graphite [333]. Depend-
ing on the block copolymer concentration, diverse morphologies
from island-like aggregates and monolayers to monolayers with
larger nanorods or ring-shaped aggregates were observed. The self-
assembly of globular protein-polymer conjugates into cylindrical
nanostructures has been demonstrated by Olsen and coworkers
[334]. The conjugate containing fluorescent protein mCherry and
poly(oligoethylene glycol acrylate), was flow coated into thin films
on PEG-grafted siliconsurfaces. Long-range order could be achieved
under high humidity in surrounding air with a high coating speed.
Polymer bioconjugates can also be co-assembled with synthetic
block copolymers leading to hierarchically structured functional
biomaterials [335]. Xuet al. reported the simultaneous co-assembly
of a PEO-conjugated heme protein and an amphiphilic diblock
copolymers, polystyrene-b-poly(ethylene oxide) (PS-b-PEO), into
thin films with macroscale lateral ordering and regular nanoscale

morphologies. Importantly, the protein structure and function
were not affected during the film processing [335].

In addition to direct deposition of polymer bioconjugates
on surfaces, proteins and peptides can be covalently immobi-
lized onto polymer substrates via a wide range of conjugation
chemistries [336,337]. Polymer brushes, polymer chains covalently
anchored to surfaces, are ideal substrates to precisely immobi-
lize biomolecules because they can provide exceptional control
over surface properties and functionalities [338]. Various func-
tional groups of polymer brushes such as epoxide, carboxylic acid,
hydroxyl, aldehyde and amine groups have been employed to
immobilize different biomolecules including peptides, proteins,
and enzymes [329]. For instance, Popik, Locklin and cowork-
ers reported functional polymer brushes containing photoreactive
3-(hydroxymethyl)naphthalene-2-ol (NQMP) moieties on silicon
oxide surfaces [339]. Upon irradiation with 300 or 350 nm light,
NQMP converts efficiently to o-naphthoquinone methide, allow-
ing very fast Diels-Alder addition to vinyl ethers such as vinyl
ether-biotin conjugate. FITC-functionalized avidin could then be
immobilized to the polymer brushes with a significantly higher
protein loading amount than that of self-assembled monolayer-
based systems. Recently, antifouling polymer brushes containing
alkene functional groups have also been used to immobilize cell
adhesive peptides via thiol-ene radical coupling for the design of
cell microarrays [340].

Very important is that patterned polymer brushes [341-344]
can be easily prepared by emerging surface patterning techniques
including photolithography, colloidal lithography, microcontact
printing (wCP), electron-beam lithography (EBL), and scanning
probe lithography (SPL), serving as a powerful platform to create
well-defined surfaces and biochips with spatial control of biological
functions. For example, lCP was successfully used to prepare pat-
terned protein-resistant polymer brushes with nitrilotriacetic acid
(NTA) groups that can selectively immobilize histidine-tagged pro-
teins [345]. The protein resistance of NTA-functionalized POEGMA
brushes was retained, which allowed the preparation of well-
defined binary protein patterns. Yang et al. fabricated protein
nanopatterns with different shapes including nanodot arrays, ellip-
tical rings, microdiscs, triangles, and microgrids, by covalently
conjugating proteins on hierarchical polymer brush patterns pre-
pared by combining colloidal lithography and photolithography
[346-348]. These protein patterns could promote cell adhesion
and cell location. In contrast to wCP and colloidal lithography,
EBL and SPL are writing techniques that can be used to fabri-
cate arbitrary patterns at the nanometer scale. Maynard et al.
employed EBL for the nanoscale arrangement of multicompo-
nent two-dimensional (2D) single-layer or 3D multi-layer protein
patterns [349]. Eight-arm PEGs modified with biotin, maleimide,
aminooxy, or nitrilotriacetic acid were cross-linked onto Si sur-
faces using electron beams to form polymer patterns, which could
be further used to site-specifically bind proteins with different
functional moieties. Dip-pen nanodisplacement lithography (DNL)
is a high resolution and program controllable SPL that is par-
ticularly suitable for constructing 2D and 3D patterned polymer
brushes [350-352]. Zheng et al. employed DNL to create biomim-
icking nano-micro binary polymer brushes consisting poly(glycidyl
methacrylate) (PGMA) and PNIPAM [353]. Gelatin was conjugated
to PGMA brush nanolines, which offers the capability to regulate
cell orientation.

3.4. Emerging applications based on the well-defined structure

By combining the precision structure and evolved func-
tionality of biomolecules as well as the synthetic flexibil-
ity and stimuli-responsiveness of polymers in one platform,
protein{peptide-polymer conjugates have demonstrated great
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potential for numerous applications particularly in biomedical
fields. In addition, these hybrids with well-defined structures are
also very promising from a materials perspective [18]. While some
examples have been presented during the discussion on synthetic
approaches and various structures, we highlight here representa-
tive systems in which the conjugate structure plays a critical role
for their applications.

3.4.1. Biomedical applications

Protein/peptide-polymer conjugates have been intensively
investigated and widely used for therapeutic applications. On
one hand, polymer conjugation often imparts increased stabil-
ity, tunable activity, and prolonged blood circulation time of
the therapeutic proteins and peptides [76,354]. For these sys-
tems, structural factors including conjugation site, grafting density,
and length of polymers may have impact on the bioactivity
and therapeutic effects of conjugates [355]. On the other hand,
protein-polymer conjugates and their assemblies have also been
used as delivery vehicles or coatings for various therapeutic agents
and nanoparticles [356-360]. In these cases, the well-defined
and hierarchical structure of polymer conjugates is the basis for
their respective applications. Alexander et al. synthesized differ-
ent conjugates of transferrin by grafting polymers either from
specific cysteine residues of recombinant transferrin variants or
from random amine sites on the surface of native proteins [361].
The self-assembly behavior of these conjugates and their ability
to deliver anticancer drugs were investigated. In comparison to
the hybrids prepared by nonselective conjugation, the engineered
transferrin-polymer conjugates could form better-defined assemn-
blies with enhanced performance in paclitaxel delivery. Inaddition,
the self-assembled nanostructures of the protein—polymer conju-
gates were found as a key factor to achieve high delivery efficacy.
As discussed earlier, PISA has been successfully used to prepare
various assemblies from protein-polymer conjugates. To apply
this approach for therapy, Gao et al. grafted an amphiphilic block
copolymer site-specifically from the C-terminus of a therapeutic
protein interferon-ct (IFN) (Fig. 10A) [362]. The obtained con-
jugate IFN-POEGMA-PHPMA could self-assemble into spherical
micelles with a diameter of 112 + 23 nm. Very importantly, these
micelles (IFN-micelle) demonstrated significantly enhanced in vitro
bioactivity and in vive half-life than that of FDA-approved PEGy-
lated [FN (PEGASYS). Moreover, IFN-micelle also showed superior
tumor accumulation compared to IFN conjugates modified with
hydrophilic PEG or POEGMA chains [362]. Remarkably, tumor
growth could be fully inhibited by IFN-micelle and 100% ani-
mal survival was achieved after four months in a mouse model
of ovarian cancer (Fig. 10A). This example clearly reveals the
advantages of self-assembled nanostructures as future therapeu-
tics.

Itis well understood that the sizes and shapes of self-assembled
nanoparticles are important structural features affecting their
pharmacokinetics [363]. Especially, nanostructures with elongated
shapes often display longer circulation times in the body and are
internalized by cells through different uptake pathways [363,364].
In this regard, Perrier et al. synthesized PHPMA-based cyclic
peptide—polymer conjugates, which can self-assemble into well-
defined nanotubes as anticancer carriers [365]. By introducing a
pyridine-containing comonomer into the polymer, the conjugates
could be functionalized with an organoiridium anticancer com-
plex. Compared to free drugs and non-assembling drug-loaded
polymers, drug-bearing nanotubes demonstrated higher toxicity
toward human ovarian cancer cells. Moreover, cellular accumula-
tion studies indicated that the increased activity could be ascribed
to a more efficient action mode of the nanotube through a different
drug partitioning profile into the cell organelles. To further explore
cyclic peptide-PHPMA nanotubes as an effective drug delivery

system, in vivoexperiments were performed to compare their phar-
macokinetics and biodistribution with non-assembling polymers
[366]. After intravenous administration of samples to rats, nano-
tubes were found to circulate for more than 10h and the plasma
exposurewas 3-fold higher than that of the polymer control. Impor-
tantly, the conjugates could be ultimately cleared from the systemic
circulation, which is likely due to the slow disassembly of nano-
tubes into small entities, making them a promising vector for in vive
drug delivery.

Apart from protein and drug delivery for tumor therapy,
proteinfpeptide-polymer conjugates with well-defined structures
have also been applied in the construction of other biomateri-
als such as fluorescence nanoprobes [367-369] and cell matrices
[370]. Moreover, proteins and peptides provide a rich library of
biofunctions, for example, cell targeting [371,372] and antibacte-
rial properties [373-375], to polymer bioconjugates broadening
their application in countless fields. [t is well-known that some
intractable human diseases, including Parkinson's disease, are
associated with the assembly of amyloid B peptides into fibrils.
Moore et al. reported multivalent polymer-peptide conjugates as
inhibitors toredirect the formation of amyloid 3 fibrils into discrete
nanostructures through specific peptide interactions and multiva-
lent effect [377]. Furthermore, they found that these conjugates
of high molecular weights (166-224 kDa) could efficiently break
down existing amyloid fibrils [378].

We have introduced above the on-site morphology transforma-
tionofnano-assemblies as anovel strategy for i vivo tumor therapy
[276-278]. This strategy has also been used for bacterial infection
treatment. Wang et al. reported shape-transformable nanostruc-
tures based on polymer-peptide conjugates containing a chitosan
backbone and two peptide side chains, i.e. an antibacterial pep-
tide and a PEG-terminated enzyme-cleavable peptide [379]. This
conjugate self-assembled into spherical nanoparticles with diam-
eter of 34 4 5 nm. After exposure at the bacterial infection site, the
nanoparticles underwent morphology transition spontaneously
into nanofibers in the presence of gelatinase (Fig. 10B). During this
process, the protecting PEG corona was removed through cutting
off the cleavable peptide linker and the antibacterial peptide was
exposed to the surface, leading to the multisite cooperative elec-
trostatic binding to bacterial membranes. In addition, enhanced
accumulation and retention of nanomaterials were demonstrated
by in vive experiments, which were ascribed to the formation of
fibrous structures. Collectively, the chitosan-peptide conjugates
exhibited highly efficient antibacterial activity [379]. In order to
address infections caused by multidrug-resistant Gram-negative
bacteria, novel well-defined antimicrobial agents with a dendrimer
core and determined numbers of peptide side chains have been
reported by Qiao, Reynolds and coworkers [380]. These star-shaped
nanomaterials, termed “structurally nanoengineered antimicrobial
peptide polymers”, were synthesized via ROP of lysine and valine
N-carboxyanhydrides from the terminal amines of second- and
third-generation PAMAM dendrimers. Remarkably, they exhibited
sub-pM antibacterial activity against all tested Gram-negative bac-
teria and displayed selectivity towards pathogens over mammalian
cells.

Well-defined peptide-polymer conjugates were also used as
multivalent platforms for virus inhibition. Our group has designed
and synthesized a thiol-reactive poly(bis-sulfone) copolymer,
which allowed multiple conjugation of an endogenous peptide
that targets the C-X-C chemokine receptor type 4 [381]. The resul-
tant polymer-peptide conjugate could self-assemble into narrowly
dispersed nanoparticles and demonstrated enhanced antiviral
activity on HIV infection. Herrmann and coworkers reported
peptide-polymer conjugates based on a dendritic polyglycerol
scaffold as non-toxic and high affinity multivalent inhibitors for the
influenza A virus [382]. As illustrated in Fig. 10C, the conjugate was
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synthesized by CuAAC coupling of alkyne-containing peptides to conjugate with virus was directly observed by cryo-TEM (Fig. 10C).
an azido-polyglycerol. In vitro experiments demonstrated that the More importantly, in vivo experiments demonstrated that the con-
viral infection was significantly reduced by increasing the size of jugate provides the ability to efficiently protect mice from virus
polyglycerol scaffold and tuning the peptide density. Binding of the infection.
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3.4.2. Non-biological applications

Because of their well-defined structures, protein/peptide—
polymer conjugates and their assemblies have attracted rapidly
growing interest in the materials community for non-bioclogical
applications such as nanomaterial synthesis, molecular separation
and catalysis [18]. For instance, we have presented that PEG-
conjugated denatured proteins can be used for templated synthesis
of spherical and flower-like gold nanoparticle catalysts [224,225].
Self-assembled PEG-oligopeptide conjugates have also been used
as template for the controlled growth of silver nanoparticle arrays
with high particle density [383]. In Nature, the internal interfaces of
hierarchical composites are often regulated through peptide-based
interface active molecules. Inspired by this, Borner et al. reported
the application of peptide-PEG conjugates as specific compatibi-
lizers for a model composite consisting of Mgk, nanoparticles and
PEO matrix, which offers enhanced composite stiffness and tough-
ness at the same time [384]. In addition, Sharma et al. reported
BSA-polymer conjugates as a water-less and universal solvent for
various dry solutes of different sizes and surface chemistries even
including micrometer-sized polystyrene beads [385].

When protein/peptide-polymer conjugates are self-assembled
into membranes, they can form specific pores with controlled
sizes and shapes for the separation of molecules and particles.
Using interfacial self-assembly, Boker et al. fabricated ultra-thin
membranes of protein—-polymer conjugates with the cage protein
ferritin immobilized in the polymer matrix as a sacrificial tem-
plate [386]. After removal of ferritin by denaturation, uniform
pores formed and their diameter was dependent on the protein
size. This membrane with a thickness of 7nm showed good sta-
bility when a transmembrane pressure up to 50 mbar was used.
Importantly, the membrane was found to have a preferred per-
meability for gold nanoparticles below 20 nm. As discussed earlier,
cyclic peptide-polymer conjugates formed well-defined nanotubes
via self-assembly. These nanotubes were also introduced into dif-
ferent membranes for the selective transport of small molecules.
For example, Xu et al. reported the co-assembly of block copoly-
mers and cyclic peptide—polymer nanotubes forming porous thin
films with high-density arrays of channels at the sub-nanometer
scale for gas separation [ 387]. Furthermore, they performed a more
detailed study on the kinetic pathway of the co-assembly process
pointing out the key factors to increase the membrane quality
[388]. Perrier, Jolliffe and coworkers reported the self-assembly
of cyclic peptide-polymer conjugates in the phospholipid bilayer
of large unilamellar vesicles to form artificial channels (Fig. 10D)
[289]. Through synthesis of a series of conjugates based on dif-
ferent hydrophilic and hydrophobic polymers, the channel type
and structure-channel formation relationship were elucidated and
lipophilicity of the polymer block was found to be important for
the formation of unimeric channels. Because the lipophilicity of
PNIPAM can be tuned by temperature, thermoresponsive cyclic
peptide-PNIPAM conjugates were synthesized for the on-demand
control over transbilayer channel formation (Fig. 10D). These trans-
membrane channels were used to transport cargoes between the
cytosol and the extracellular media mimicking natural phospho-
lipid membranes. In their subsequent work, a simple protocol to
directly observe proton transport across the bilayer membrane
has been developed [290]. Very recently, Perrier et al. reported
the synthesis of cyclic peptide-polymer conjugates connected by a
cleavable linker between peptide and polymer [291]. These con-
jugates could prevent undesired and unspecific interactions of
self-assembled cyclic peptide-polymer nanotubes with lipid mem-
branes, allowing the on-demand formation of membrane channels
triggered by a stimulus in the environment.

Because of its efficiency and selectivity, enzymatic catalysis has
been used for industrial productions in many areas such food,
medicine, biofuel synthesis and biomass transformation [389].

However, the high cost of enzymes is often a barrier, which
restricts the development of these fields. Polymer conjugation is a
promising strategy to reduce enzyme costs by providing enhanced
activity and recyclability to enzymes [320,390,391]. For exam-
ple, Mackenzie and Francis reported a library of thermoresponsive
polymer-endoglucanase bioconjugates as recoverable catalysts for
hydrolysis of cellulose [392]. As shown in Fig. 10E, the bioconjugate
is soluble in solution below the lower critical solution tempera-
ture (LCST) and can be used for the hydrolysis of cellulose. After
the catalytic reaction, the bioconjugate is precipitated out when
the temperature is increased above the LCST. By removing the
oligosaccharide product and tuning back the temperature, the bio-
conjugate can be recovered and reused for several cycles of the
catalytic depolymerization. Importantly, the authors have demon-
strated the easy regulation of the material’s LCST in the range of
20-60°C through polymer structure design, enabling the applica-
tion and recovery of enzymes at different temperatures.

More complex, hierarchical structures based on self-assembled
peptide amphiphile fibers have also been developed by Stupp and
coworkers showing interesting actuating properties and potential
applications [393]. They firstly fabricated a macroscopic hydrogel
tube by circumferentially aligning the supramolecular nanofibers
within a tubular mold using weak shear forces, and then grafted
thermoresponsive polymer chains from the tube surfaces by ATRP
(Fig. 10F). These hybrid supramolecular tubes with different lev-
els of ordered structures exhibited anisotropic contraction along
the length of the tube upon heating. Macroscopic alignment of the
supramolecular nanofibers and the covalent attachment of polymer
chains were identified as two key factors for the anisotropic actua-
tion. This work demonstrates the great opportunities to build smart
soft actuators responsive to external stimuli based on well-defined
peptide-polymer conjugates to realize complex applications.

4. Nucleic acid-based polymer conjugates

Nucleic acids represent the other class of precision biopolymers,
which Nature has evolved specifically as the blueprint of life. In
comparison to peptides and proteins, the interaction between the
nucleotide pairs (A-T, G-C) are more streamlined in a way where
theinter- and intramolecularforces are well-correlated in 3D space.
Recognizing this as a powerful tool from the field of biotechnology
to guide the structure of polymers and polymeric assemblies, the
role of nucleic acids inmodern polymer chemistry has recently seen
arising impact.

The combination of nucleic acids and synthetic polymers has
shown distinct benefits based on the unique structural features
oligonucleotides provide. The first involves the principle of com-
plementarity of nucleic acid hybridization, where any sequence is
programmed to recognize its complementary strand selectively.
This allows any polymeric or self-assembled structure appended
with ssDNA/RNA to possess an intrinsic bio-orthogonal handle
coupled with sequence recognition. Secondly, nucleic acids can
be bioactive in different forms (i.e. DNAzymes, aptamers, siRNA,
etc.), thus imparting both structural and functional features for the
design for sophisticated biohybrid materials.

4.1. Nucleic acid-templated synthesis of precision polymers

In DNA, the ubiquitous double helical structure is a pervasive
structural component independent of the sequence combination.
On the contrary, the macromolecular structure of polymers largely
depends on the molecular constituents. In an exemplary situation, a
PNIPAM grafted to a DNA oligonucleotide would very likely demon-
strate very similar physical (self-assembly, LCST, etc.) and chemical
behavior using any non-self-complementary sequence of the same
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length. Hence, the flexibility in sequence and the assurance that the
oligonucleotide would possess similar physicochemical properties
have fueled their widespread application ranging from precision
materials, nanorobots, ultrasensitive sensors, molecular comput-
ers, medical diagnostics, and therapeutics.

In spite of these advantages, nucleic acids oftenrequirestringent
conditions to remain stable, with RNA being more susceptible than
DNA to hydrolysis due to intramolecular nucleophilic cleavage.
For biomedical applications, oligonucleotides have poor pharma-
cokinetics and in vive stability thus making them unattractive
candidates as therapeutics [394]. Similarly, nucleic acids are like-
wise challenging to be used in materials science due to their limited
scalability. However, likewise in protein-polymer conjugates, sev-
eral of these drawbacks can be addressed by synthetic methods
and even made to surpass their individual capabilities within the
field of application. Hence, in recent years, nucleic acid bioconju-
gates have played an emerging role in nanotechnology due to their
unique sequence programming capabilities.

The methodologies to link oligonucleotides to polymeric mate-
rials have been summarized in Chapter 2 as well as in many
excellent reviews [395,396]. Hence, this section adopts a differ-
ent perspective involving detailed considerations about the special
role of oligonucleotides in macromolecular science by guiding
precise assemblies at length scales ranging from molecular to
nano-objects. On a molecular level, by exploiting the complemen-
tary interactions between base pairs, synthetic molecules can be
arranged in a sequence specific fashion, coded by the oligonu-
cleotide template. The first examples of this approach using DNA
or peptide nucleic acids (PNAs) templates were shown by Liu’s
and Lynn’s groups, respectively [397-399]. Short sequences of
DNA/PNA were synthesized to investigate the capabilities of a step-
growth oligomerization process that was guided by a continuous
DNA template. By selecting the reductive amination as a distance-
dependent reaction, these short sequences were shown to ligate
spontaneously programmed by the code of the templates. Intro-
duction of errors and mismatch sequences afford only minimal
products, demonstrating the regio- and sequence specificity of the
concept. In this first proof of concept, the extent of polymeriza-
tion was accomplished up to a 40-base template, affording a PNA
oligomer with a molecular weight of ~10,000.

In addition to sequence precision, oligonucleotides also provide
distinct spatial 3D arrangements of two target functionalities to
control their interactions. These reactions can take place within
the grooves of the DNA double helix or in a micellar system formed
by a DNA-b-PPO copolymer system [400,401]. Within the minor
groove of the double helix, polyamide hairpins find themselves
arranged by the “pairing rules”, which is presented as the exposed
Watson-Crick base pairs for hydrogen bonding (Fig. 11A). This
allows the hairpins to be arranged non-covalently according to
the sequence of the DNA template, where subsequent click reac-
tions with copper catalyzed azide-alkyne cycloaddition allowed
these hairpins to be ligated [400]. While the internal features of
the double helix are an attractive avenue to orient the formation
of chemical bonds across large oligomeric molecules, spatial pro-
gramming canbe achieved simply by DNA hybridization. The 5/-end
of the template strand and 3'-end of the complementary strand are
brought in close vicinity, allowing a fluorogenic isoindole reaction
to specifically take place [401].

By exploiting how DNA can position interacting molecules in
space, one of the first examples using DNA to control synthetic
polymer chemistry was reported by the group of O’Reilly [402].
In this seminal work, synthetic analogue of thymine (vinylben-
zyl thymine, VBT) was block co-polymerized with styrene (St) to
form the template PStqq5-b-PVBTqg (Fig. 11B). This allowed the sol-
ubility of the block template in chloroform and thereby promoting
the H-bond interaction between the thymine of the template with

the target adenine. With the block template, vinylbenzyl adenine
(VBA), which was insoluble in chloroform, became soluble through
the formation of complementary interactions. Free radical poly-
merization was conducted on the pre-assembled VBA initiated by
azobisisobutyronitrile {AIBN) to form the daughter polymer PVBA.
Interestingly, monomodal high molecular daughter PVBA can be
formed from just 18 units of PVBT in the block template. The
resultis a “hopping” feature where propagation of radicals between
adjacent strands occurred within the micellar core of the block
copolymer template. In contrast, polymerization without the tem-
plate produced ill-defined, low molecular weight polymers, clearly
demonstrating the potential of using DNA based interactions, albeit
as a synthetic variant, to direct polymerization processes in a con-
trollable fashion.

While the above methodology provides an elegant approach
towards polymer synthesis, it is challenging to incorporate
sequence information within the framework. In this respect, Liu’s
group encoded PEG, a-peptides, and B-peptides onto a “codon”
defined by a sequence and arrangement of penta-nucleotide
analogues [403]. Using a 5 hairpin as the DNA template, comple-
mentarity allows each codon to hybridize against the template ina
sequence specific manner (Fig. 11C). The close vicinity of the codons
subsequently facilitates the covalent coupling of the encoded syn-
thetic fragments together into a polymer, preserving the sequence
information. The release of the afforded polymer was achieved
by installing a stimulus responsive linker, in this case a disulfide,
between the coding region and the fragment. Liu’s group further
refined this strategy to utilize DNA ligase to catalyze the formation
of up to 50 consecutive codes along a DNA template, accomplish-
ing a biosynthetic pathway to form a fully customizable nucleic
acid based polymeric scaffold [404,405]. On a molecular level, the
DNA code can act as a guide to direct polymerization reactions
where, as a consequence, confer this information onto the newly
created synthetic macromolecule. In another semninal methodol-
ogy established by the Sleiman group, sequence identity from DNA
can be imprinted into polymeric nanoparticles, creating a unique
code that programs their assembly [406]. Using a DNA cube scaffold
as a template with DNA-polymer amphiphiles flanking the sides,
an internal hydrophobic pocket customized by the nature of the
polymer can be cross-linked to form an imprinted nanoparticle.
Upon hydrolysis of the template, a characteristic polymeric struc-
ture comprising of a DNA code ranging from divalent to hexavalent
can be precisely constructed. With these coded nanoparticles, self-
assembly into various geometries can be exactly defined where
features such as interparticle distances, angles and particle junc-
tions are manipulated in a facile way. As a result, nanostructures
with identities conferred by the particles were created likewise
within a sequence but on a different length scale.

4.2. Precision polymer nanostructures programmed by DNA

While the complementarity and recognition of DNA has enabled
programmable features involving the orienting chemical motifs
in molecular space, its capabilities extents even further into
the nanoscale. DNA sequences can be manipulated to form any
arbitrary wire-frame structures as well as continuously folded
nanoarchitectures, a collective concept spearheaded by Seeman
and Rothemund et al. known as DNA origami [407-409]. The assort-
ments of different DNA shapes and sizes have exponentially grown
over the past decade and have since proven to be the pinnacle
of synthetic nanotechnology due to its customization potential.
Therefore, the sheer possibility of “on-demand” customization and
positioning of nanomaterials onto a singular precision platform
have brought about new concepts in biophysics, nanomedicine and
polymer synthesis.
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The arrangement of DNA sequences in the assembly of these
complex structures is inspired and derived from the way Nature
recombines and shuffles genetic information in cells through the
formation of Holliday junctions [410]. These junctions are inter-
locking multi-arm DNA forming the immobile and thus stable
connections within most, if not all, DNA-based architectures. As

these junctions are rigid with defined distances between each arm,
positioning of nanomaterials in 3D space can be accomplished with
great precision. At this length scale, the inclusion of polymers into
DNA to confer hydrophobicity, stimulus responsiveness and/or syn-
thetic functions within a defined 3D scaffold offers exciting new
prospects in nanoscience.
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In this context, Sleiman’s group constructed minimalistic
wire-frame DNA prisms and cubes appended with different hex-
aethylene glycol units to promote a controlled aggregation process
[411,412]. Micellar assemblies containing specific number of cubes
and prisms can be tailored according to the polymer length and
shape of the initial wire-frame DNA. Superscale assemblies rang-
ing from 1 to 10 pm, containing micelles from these two different
shapes, can also be achieved. This strategy was further developed
to include hydrophobic 1,12-dodecanediol in both block and alter-
nating format with hexaethylene glycol to better understand the
motivation of assembly both inter- and intramolecularly [413].
Using this methodology, a new range of DNA nanostructures can
be accessed from the same precursors but with sequence varia-
tion of the appended polymeric segment. Separately, the approach
of constructing superlattices of DNA to orientate macromolecular
objects was further demonstrated by combining different shapes
into a three-layer architecture where inter-object distances can be
tuned in both nanometer and micrometer scale [414].

As DNA controls structure formation through sequence regu-
larity and specific interconnections into nanometer size objects,
its templating effect on the molecular order of synthetic poly-
mers reaches another paradigm. In a seminal study, Gothelf's group
demonstrates that a conjugated brush polymer, 2,5-dialkoxy-p-
phenylene vinylene, can be routed individually on designated
patterns of a DNA origami tile [415]. This was achieved through
the attachment of ssDNA along the side chains of the polymer,
which is complementary to the different patterns (i.e. S-shaped,
U-shaped, O-shaped) extending out of the origami tile. The routing
procedure was also demonstrated in 3D, by wrapping the single
strand polymer around a cylindrical origami. Optical properties
were investigated using polyfluorene as an energy transfer donor
to poly(p-phenylene vinylene), which were both routed in close
proximity onto the same origami tile [416]. Efficient inter-polymer
energy transfer was observed only upon successful attachment
whereas the introduction of a 4-(dimethylaminoazo)benzene-
4-carboxylic acid (DABCYL) quencher would block the optical
communication between the two polymer strands. Using DNA
toehold displacement technology, the alignment of polymers
along the origami tile was switched reversibly to form differ-
ently oriented tracks [417]. The kinetics of the nanomechanical
switching was characterized by time-dependent FRET studies and
shown that the complete transformation was achieved in about
30 min.

Beyond directing the conformation changes of synthetic poly-
mers, DNA nanoscale structures can provide an opportunity to
guide polymerization reactions to transfer the precise shape profile
of DNA onto synthetic polymers. Our group arranged ATRP radical
initiators in various shapes (i.e. lines, squares, crosses etc.) on DNA
origami tiles, where polymers can subsequently be grafted from
[418]. The polymerization reaction includes bis-acrylate cross-
linkers to ensure that the growing polymer chains from the origami
scaffold were stabilized through the interconnections (Fig. 12A).
Degradation of the sensitive origami template was achieved toyield
the patterned polymeric structures. The methodology was subse-
quently expanded to pattern catalytic DNA structures, known as
DNAzymes, from which the controlled polymerization of dopamine
can be promoted (Fig. 12B) [419]. As polydopamine has a strong
propensity to adhere to any neighboring material, it aggregates
directly at the catalytic sites and thus takes the shape aspect
of the designated pattern. In this way, distinct polydopamine
nanostructures were formed at the DNA template. In addition,
both polymerization methods were subsequently conducted in
sequence on 3D tube origamis to form polymers orthogonally
located at the internal and external surfaces of the tube (Fig. 12C)

[420]. This opens interesting prospects for cross-sectional engi-
neering of nanoscale objects with synthetic polymers.

4.3. Applications of well-defined nucleic acid-polymer conjugates

Beyond its sequence identity, DNA is a functional molecule
from both chemical and biological perspective. Chemically, the
complementarity of DNA is essentially a bioorthogonal handle
where molecules or materials of interest have been shown to lig-
ate seamlessly [421-423]. This aspect has been exploited liberally
in all variations of DNA nanotechnology and applications ranging
from photonics, therapeutics, sensing, and nanomaterials. Compar-
atively, the biological relevance of DNA is more self-explanatory,
as nucleic acids often are used to affect genetic information
or mediate biological functions through single-stranded DNA or
RNA sequences that bind to specific target molecules known as
aptamers. The attachment of polymers to such sequences typically
takes the stage of increasing the stability of DNA within the biolog-
ical system, acting as a vehicle to cross cellular membranes and/or
as a combinatorial platform for multimodal medical applications
[424,425].

Recent advances in this area generally attempt to integrate
multiple functions (i.e. stimulus and temporal control, targeting
etc.) onto a polymeric scaffold to enhance the bioactivity of DNA
and its pharmacological properties. In this respect, the groups of
Sumerlin and Tan demonstrated the grafting of DNA aptamers onto
a hyperbranched PEG using photo-responsive chemistry [426].
Loaded with the chemotherapeutic, doxorubicin, the drug deliv-
ery system exhibited aptamer mediated targeting simultaneously
with photo-dependent release (Fig. 13A). Other than aptamers,
different classes of biologically attractive nucleic acid sequences
such as siRNA have found similar avenues within polymer science.
Although RNA is intrinsically more hydrolytically labile, both graft-
ing to [427] and grafting from [428] strategies work well to form
the desired bioconjugates. The groups of Albertazzi and Dankers
expanded the possibilities by integrating siRNA into a multicompo-
nent supramolecular polymer platform [429]. The supramolecular
polymer is built upon using a 1,3,5-benzenetricarboxamide (BTA)
derivative into nanofibrillar architectures (Fig. 13B). By function-
alizing the BTA end groups with positively charged amines, siRNA
can be complexed along the fiber axis while the hydrophobic core
of the fiber provides the possibility to load small organic molecules
of interest. The resultant polymeric construct facilitates both intra-
cellular transport and up to 41% gene silencing capabilities against
ELAV1, an RNA-binding protein, messenger RNA expression of
HK-2 cells after 48 h. Other examples of functionally active DNA
include spherical nucleic acids (SNAs) in which the self-assembly
into a core-shell architecture is driven by the attachment of a
diblock copolymer onto an oligonucleotide [430]. Using different
sequences for the SNA formation, cellular internalization, traffick-
ing and gene knockdown effects were elucidated, demonstrating
that these assemblies remain highly bioactive through their self-
assembly processes.

In certain cases, the interest does not solely lie on the bioac-
tivity of nucleic acids but rather the use of DNA interactions to
enhance polymer derived functions i.e. fluorescence, optoelec-
tronics. By conjugating oligonucleotides onto a semi-conducting
polymer derivatized from polythiophene, the amphiphilicity of
the DNA-polymer conjugate was the driving force for the
observed vesicular assembly, and nanoribbons were formed by co-
assembly with a PEGylated polythiophene [431]. This concept was
also similarly demonstrated in light harvesting polymers where
hydrophobic chromophore stacks containing oligo(p-phenylene-
ethynylene) can be directed by DNA interactions to form fibrillar
architectures [432]. Bringing such concepts into optoelectronic
devices, Wagenknecht’s group found that mixed arrays of pyrene
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The 3D AFM image on the bottom right shows a cross-linked polymer structure extracted from the DNA origami template; (B) Schematic illustration of the process for
constructing defined polydopamine nanostructures on DNA origami; (C) A 3D DNA tube transformed from a 2D DNA tile was used as a precise nanotemplate for ATRP from
the surface and polydopamine formation in the interior cavity. The rightmost figure shows the kinetics of dopamine polymerization in the DNA-polymer hybrid tube. (A)
[418], Copyright 2016, Reproduced with permission from John Wiley and Sons Inc. (B) [119], Copyright 2018. Reproduced with permission from John Wiley and Sons Inc. (C)
[420], Copyright 2018. Reproduced with permission from the Royal Society of Chemistry.

and Nile red can be templated along a fullerene functionalized
oligonucleotide consisting of 20 repeats of deoxyadenosine [433].
With various pyrene and Nile red ratios, exciton dissociation by
electron transfer to the fullerene were manipulated to different
extents (Fig. 13C). In addition, the three-component system was
incorporated as a photoactive layer in solar cells and charge-carrier
generation of the material was demonstrated.

5. Polymer conjugates based on other biotemplates
5.1. Carbohydrate-polymer conjugates
Carbohydrates, also known as saccharides, are composed of

monosaccharides, disaccharides, oligosaccharides, and polysaccha-
rides. In contrast to the biomolecules discussed so far, saccharides

often reveal complex branching structures, and they interact with
various biological target structures. Carbohydrates play many
critical roles in living organisms including energy storage and
as structural components. Due to their unique features such as
biocompatibility, biodegradability, and multifunctionality, carbo-
hydrates have attracted great interest in biomedical and materials
fields. The conjugation of functional polymers to carbohydrates
is an effective strategy to improve their properties and broaden
the applications. For example, cellulose, which is a polysaccharide
and the most abundant biopolymer on earth, has been modified
by many modern polymerization techniques [434-437]. Malm-
strom et al. conducted ATRP of methyl acrylate from cellulose
fibers at ambient temperature, which is the first example of con-
trolled radical polymerizations for polymer growth from cellulose
[438]. Using hydroxyl groups on cellulose as initiators, biodegrad-
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a fullerene-DNA conjugate scaffold forming ordered and mixed assemblies, which wer

mployed as a photo-active layer in solar cells. The right figure shows the broad

spectral absorption of the photoactive layer and respective external quantum efficiency (EQE) of a typical solar cell. (A) [426], Copyright 2018, Reproduced with permission
from John Wiley and Sons Inc. (B) [429]. Copyright 2016. Reproduced with permission from the American Chemical Society. (C) [433], Copyright 2016, Reproduced with
permission from John Wiley and Sons Inc. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

able polymers such as poly(L-lactic acid) and poly(g-caprolactone)
can also be conjugated via ROP [439]. Other carbohydrates includ-
ing chitosan, pullulan, dextran, starch, and hyaluronan have also
been modified by these polymerization methods, yielding func-
tional materials for a variety of applications such as drug and
gene delivery [440,441]. Unlike proteins and nucleic acids with
absolute structures, most polysaccharides have varied molecular

weights and properties. Therefore, this section does not provide
a full overview of all carbohydrate-polymer conjugates but some
examples with well-defined structures are highlighted.
Well-defined carbohydrate-polymer conjugates can be pre-
pared by introducing monosaccharides or oligosaccharides to a
precision polymer scaffold. For instance, functional copolymers
with 2-naphthol groups and a narrow molecular weight distribu-
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tion were synthesized by ATRP, and c-mannoside was conjugated
to the backbone using cucurbit[8]uril-based host-guest inclusion
forming supramolecular glycopolymers [442]. Linhardt and Lee
et al. prepared a series of well-defined conjugates by attaching
6'-sialyllactose (6SL) to different generation PAMAM dendrimers,
which were used to inhibit influenza A viruses [443]. In spherical
generation 4 and 5 scaffolds, the interligand spacing was found to be
amore important factor than the number of ligands for the antivi-
ral effect. Generation 4 6SL-PAMAM conjugates with a spacing of
3nm between 6SL ligands demonstrated the highest binding to a
hemagglutinin trimer and displayed the best effect to block HIN1
infection. The structure-based design of carbohydrate-polymer
conjugates can therefore serve as an effective strategy to improve
the antiviral efficacy of the bioconjugates.

Carbohydrates have also been used as precision templates
to grow polymers with controlled polymerization techniques,
generating carbohydrate-polymer conjugates with well-defined
architectures. B-Cyclodextrin (B-CD) is a cyclic oligosaccharide
consisting of seven D-glucopyranoside units connected by «-1,4-
glucosidic bonds. Each glucopyranoside unit has three hydroxyl
groups, which can be functionalized with ATRP initiators. Lin et al.
prepared a B-CD macroinitiator by esterification of hydroxyl groups
with 2-bromoisobutyryl bromide and pioneered the synthesis of
21-arm, star-like block copolymers using ATRP in combination
with click chemistry [444,445]. These star-like polymers can be
used as unimolecular micelles for inorganic nanoparticle synthe-
sis, as well as drug and gene delivery [446,447]. In particular,
they have demonstrated the preparation of nearly monodisperse
colloidal nanocrystals with precisely controlled dimensions, com-
positions, and architectures by using the well-defined star-like
polymers as nanoreactors [448]. Specifically, metallic, ferroelectric,
magnetic, semiconductor, and luminescent colloidal nanocrystals
with desired sizes and architectures were synthesized follow-
ing this strategy. Because cellulose forms a rigid backbone, the
strategy has been further extended to realize one-dimensional
rod-like nanocrystals using cellulose—polymer conjugates as cylin-
drical unimolecular nanoreactors [449]. As a proof of concept
for the preparation of plain nanorods, amphiphilic cellulose-g-
(PAA-b-PS) {cellulose-graft-| poly(acrylic acid }-block-polystyrene] }
was synthesized (Fig. 14A). The PAA blocks can accommodate
and coordinate a large volume of inorganic precursors, allow-
ing the nucleation and growth of inorganic nanorods (Fig. 14B).
Importantly, the outer PS blocks impart solubility to the obtained
nanorods in organic solvents, which facilitates their processing and
applications. This approach was readily adaptable to more complex
nanostructures such as core-shell nanorods (Fig. 14C and D), and
nanotubes (Fig. 14E and F) through rational design and synthesis
of functional bottlebrush-like bioconjugates with different triblock
copolymer side chains.

5.2. Lipid—polymer conjugates

In addition to proteins, nucleic acids and carbohydrates, lipids
are the last member of the four major classes of biomolecules.
Lipids can be hydrophobic or amphiphilic small molecules. A
famous example are amphiphilic phospholipids, which possess
unique self-assembly characteristics and are a major component
of all cellular membranes. Early studies of lipid—polymer conju-
gates mainly focus on the PEGylation of lipids to enhance the
stability and circulation time of lipid-based drug nanocarriers
[450-452]. For example, Farokhzad and coworkers reported a
lipid-polymer hybrid nanoparticle platform, which was composed
of a biodegradable and hydrophobic polymeric core for drug load-
ing, a lipid monolayer at the interface to promote drug retention,
and a hydrophilic PEG layer that was covalently attached to the
lipid layer to afford stealth properties [453]. The hybrid nanopar-

ticle combines the advantages of polymeric nanoparticles and
liposomes and can be prepared by self-assembly through a single-
step nanoprecipitation method. In order to deliver siRNA, the
same group later reported a hollow core-shell lipid-polymer-lipid
hybrid nanoparticle system consisting of an outer lipid—PEG sur-
face, amiddle hydrophobic polymer layer, and a positively charged
lipid layer generating the inner hollow core [454]. Besides PEG,
a range of other polymers have also been conjugated to lipids
through various chemical strategies. Hennink et al. reported the
attachment of biodegradable polypeptides to lipids for the design
of long-circulating liposomes with drug-targeting capacity [455].
Hawker et al. prepared a variety of lipid-polymer conjugates with
controlled molecular weights and narrow molecular weight distri-
butions by photoelectron transfer RAFT polymerization [456].

Bioengineering techniques have also been developed to pre-
pare well-defined lipid-polymer conjugates. Inspired by the
post-translational modification of proteins in Nature, Chilkoti
et al. reported the high efficiency synthesis of lipid-peptide
polymer hybrids through an eukaryotic post-translation mod-
ification [457]. Myristic acid as a lipid was conjugated to an
elastin-like polypeptide (ELP), and the resulting conjugate self-
assembled into tunable micelles that can be applied to deliver
anticancer drugs. By further introducing a short -sheet-forming
peptide in between of the lipid and the ELP block, three stimuli-
responsive lipid-polypeptide conjugates were prepared, which
exhibited temperature-triggered hierarchical self-assembly [458].
Very recently, this genetically encoded approach has also been
employed to synthesize cholesterol-conjugated peptide polymers
[459].

5.3, Engineering live cells via polymer conjugation

An exciting new research direction in polymer bioconjugation
is direct engineering of living cells with polymers. One could envi-
sion that cell-polymer conjugates could provide improved in vive
compatibility as well as reduced immune responses and enzymatic
degradation can be afforded to modified cells, suggesting entirely
new perspectives for fundamental studies in cell biology as well
as applications in transfusion, cell-based therapeutics, and tissue
engineering [460]. For instance, Scott and coworkers pioneered
the covalent conjugation of PEG to the red blood cell (RBC) mem-
brane via cyanuric chloride coupling [461]. The conjugated polymer
chains could block antibody mediated recognition of RBC surface
antigens. Hyperbranched polyglycerol (HPG) has also been conju-
gated to RBC surfaces via an ester-amide linker and the in vive
circulation in mice indicated that more than half of HPG-grafted
cells were functional and retained a normal circulation behavior
[462]. Although the cell surface modification has been achieved in
some cases, their low conjugation efficiency due to the repulsion
between hydrophilic polymers and cell surfaces represents a major
limitation. To address this issue, Kizhakkedathu et al. developed a
universal technique to significantly improve cell surface modifica-
tion by introducing nonreactive and cell-compatible polymers as
additives [463]. Unprecedented enhanced polymer grafting by up
to 10-fold was demonstrated using four different cell types. Pas-
parakis et al. synthesized two functional copolymers, which were
conjugated to live cells to control cell aggregation behaviors [464].
Recently, Gibson and coworkers reported that telechelic polymers
bearing different functional groups prepared by RAFT polymeriza-
tion can be site-specifically conjugated to metabolic glycans on cell
surfaces using strain-promoted azide-alkyne click cycloaddition
[465,466].

In situ growth of functional polymers from live cell surfaces
by controlled radical polymerizations has also be reported. Choi
and Yang et al. selected ARGET ATRP to grow polymers from liv-
ing cell surfaces because only low concentrations of ATRP catalysts
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were required, and the reaction was conducted in the aqueous
solution under atmospheric conditions [467]. Polydopamine-based
ATRP initiators were firstly attached to yeast cells to prevent rad-
ical attack during ATRP process (Fig. 15A). A water-soluble and
biocompatible monomer, sodium methacrylate (SMA), was then
polymerized for a predetermined time. The successful polymer
growth was confirmed by scanning electron microscopy (SEM,
Fig. 15B) and confocal laser scanning microscopy (Fig. 15C) images.
Moreover, poly(SMA)-coated yeast cells did not aggregate when
they were mixed with Escherichia coli, which indicated that the
binding between E. coli and yeast cells had been blocked by the

polymer layer (Fig. 15D). These results clearly demonstrated that
highly dense polymers can be grafted onto live cell surfaces by
ARGET ATRP using the grafting from strategy. Very recently, the
grafting from ATRP strategy was also applied to attach thermore-
sponsive PNIPAM to specific proteins at the surface of living cells
for isolation and analysis of membrane proteins [468]. Hawker and
coworkers pioneered the in situ polymer growth from live yeast
and mammalian cells via cytocompatible RAFT polymerization
(Fig. 15E) [469]. Specifically, a visible light mediated RAFT process
was developed, which allowed the polymerization of functional
PEG monomers into narrowly distributed polymers (Mw /M, <1.3)
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at room temperature in 5 min. As a proof-of-concept experiment
to introduce functional polymers to the surface of cells, copoly-
merization of methoxy-PEG acrylamide-1k (PEGA-1k) and w-azido
PEG acrylamide with a molar ratio of 9:1 was conducted after
introducing RAFT CTAs to the surface of yeast cells. The obtained
azide-containing yeast cells were further functionalized with a
derivative of Alexa Fluor 647. As shown in Fig. 15F, strong fluores-
cence of Alexa Fluor 647 was only observed at the surface of yeast
cells, indicating the successful surface-initiated growth of reactive
polymers. Furthermore, tannic acid, a compound known to bind
PEG through hydrogen bonding interactions, was added to a sus-
pension of polymer-modified yeast cells. Considerable aggregation
was observed after mild shaking for 1h (Fig. 15G), indicating that
the approach can be used to control cell-cell interactions. These
examples impressively indicate the great potential of modern poly-
merization techniques for directly engineering live cell surfaces. It

should be noted that the radical polymerization of biocompatible
acrylic and methacrylic monomers inside living cells has also been
reported [470]. A light-controlled polymerization method was suc-
cessfully employed to generate polymers in complex intracellular
environments. Therefore, we can expect even more complex and
well-defined polymer bioconjugates prepared by conjugating live
objects inside cells with synthetic polymers in the near future.

6. Summary and outlook

The development of polymer science and its connection to
biology has evolved rapidly in recent years. The field has started
as a concept to provide stability to biomolecules and improve
their application as therapeutics. However, from the success of
the first bioconjugates that moved into clinical phases, the impact
of synthetic polymer bioconjugates became apparent not only in
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application driven research, but also found its place in newly
developed areas of fundamental science such as supramolecu-
lar chemistry, precision polymer synthesis and self-organization.
Specifically, these are instances where biomolecules have helped
to achieve greater heights as well as diversity in macromolecular
science. From polymer synthesis, the appreciation of the enzyme
degassing systermn through glucose oxidasefsodium pyruvate has
granted the access to grafting from controlled radical polymer-
izations at exceedingly low volumes and in ambient conditions.
This important technical progress will enable technologies such as
polymerization-induced self-assembly possible with biomolecules
such as unnatural peptides or DNA, which have limited scalability.
Therefore, itisimportant to recognize that technical breakthroughs
at the synthesis level are essential to provide access to entirely
new biohybrid architectures with designed functionalities. With
the help of sophisticated enzyme design possibly through directed
protein evolution, one could envision that enzymes could be pro-
grammed as synthetic polymerases to build polymers on demand.

While the bioactivity of biomolecules often represents the main
reason for their applications, their perfect structure could be con-
sidered as an equally important feature. There is an emerging
interest in the application of biomolecules to direct or template
polymer syntheses and assemblies. In this context, the application
of DNA has been the main focus where its complementary recog-
nition has an unrivalled specificity. Significant efforts have been
made to use DNA base pairs and to arrange a sequence order for
synthetic oligomeric or polymeric fragments. While these tech-
nologies have already proven success, they are still quite laborious
and costly given the quantities that can be fabricated. However,
should these templated syntheses achieve directed amplification
akin to the polymerase chain reaction, it would immensely broaden
the applications DNA-polymer conjugates. To our mind, we are
just at the beginning to apply Natures polymers as templates for
precision polymer bioconjugates and hybrid materials. Meanwhile,
the hierarchical self-assembly of polypeptides into defined nanos-
tructures will create fast access tailored functional nanomaterials
by supramolecular copolymerization. In addition, there is also an
enormous potential to elucidate the structure of polypeptides and
proteins at different levels of order, i.e. in the globular ordered,
intrinsically disordered or denatured states. These studies could
give entirely new insights into the structures and functions of
intrinsically disordered proteins that are just being explored and
one could already appreciate many similarities to the behavior of
polymers.

Nonetheless, the mainstream applications of biomolecule-
polymer conjugates in medicine will remain and we foresee
significant developments in the future where treatments and diag-
nostics may become personalized. As there is typically very limited
chemical space available at the target biomolecule, a conjugated
polymeric component could impart new features such as enhanced
specificity or pharmacokinetics that could be tailored for the
individual patient to maximize in vivo efficacy. Here, there have
been already important discoveries that incorporated synergistic
combinations of stimulus responsive chemistry and dynamic self-
assemblies to optimize the biological profile of the bioconjugate.
We foresee that the evolution of these conjugates moves towards
higher complexity and “intelligence” and, at certain stages, show
semblance of primitive autonomous behavior. With the advent of
modern chemical tools, it would be highly attractive to furnish an
autonomous bioconjugate, where it can seemingly decide for itself
to solve a targeted biological problem.

Collectively, every aspect of chemistry, from the synthetic
tools that enable the bioconjugates to higher ordered assem-
blies have each found a new lease of life. Every bond formed
and its significance will undoubtedly be increasingly featured in
the coming years as the community unravels novel possibilities

to create greater control of structures and structural complexity.
While comparisons to Nature’s capabilities are often discussed in
the literature, one must not forget that the breadth of synthetic
macromolecular chemistry far exceeds those found in the biology.
However, what makes Nature unique and seemingly intelligent is
the vast network of macromolecules working and communicating
within a highly regulated self-sustaining system. Here, although
the myriad of conjugates produced by synthetic chemistry has been
consistently innovative, relationships between these novel macro-
molecules are rarely put together and studied within an artificially
controlled environment. It could be envisioned that the future of
synthetic bioconjugates would greatlylie in establishing the molec-
ular principle of how these macromolecules can be customized to
the extent of how an engineer builds a robot.
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