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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 nanomaterials 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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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 α-helix and β-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).  

 

 

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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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 (Mtm-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-Mtm+1-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). 

 

 

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 

quantum 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-Fe3O4 core‒shell nanorods templated by cellulose-g-(P4VP-b-PtBA-b-PS). 
P4VP, 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. 



Introduction  Chapter 1 

~  12  ~ 

 

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]. 

 

 

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. 



Introduction  Chapter 1 

~  14  ~ 

 

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 

Waals 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]. 

 

 

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 β-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. 
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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 λ > 310 nm (Figure 1-9C). This transition was partially reversible after 

exposing the generated SCPNs to UV light at λ < 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 (CB[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 SCPNs, 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 α-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 β-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 α-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 PSm-b-PAAn 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/a0lc, where v is the volume of the hydrophobic block, a0 is the 

area of the head group, and lc 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, 

HHHs, 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 amphiphilic 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-TMSPMA32); (b, e) PEG114-b-P(MMA290-co-TMSPMA111); and (c, f) PEG114-b-
P(MMA381-co-TMSPMA124). Reproduced with permission from [155]. Copyright 2014 American 
Chemical Society. (B) Comparison of the self-assembly behaviors of linear and cyclic PEG-b-PCL 
in water. Reproduced with permission from [158]. Copyright 2013 American Chemical Society. 
(C) Synthesis of macrocyclic brush copolymers and their self-assembly into supramolecular 
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(III) 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 67Ga, 
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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 µg mL-1 [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(I)-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 aqueous 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   

 

 

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 nanomaterials. 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 

WSC02 that targets C-X-C chemokine receptor type 4 (CXCR4), were conjugated to 

the copolymer. The functional polymer―WSC02 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 
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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. 
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Chapter 2 Unfolding of Natural Macromolecules for the 
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2.1 Precision anisotropic brush polymers grafted from unfolded proteins 

 

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. Ionic 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-1. 

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 (Đ = 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 34th 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 

 

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 HAuCl4/–NH2 
molar ratios. (F) Plots of ln(A0/At) 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 nanoparticles to afford 

long-term stable and well-dispersed nanoparticles [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 nanoparticles [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 (HAuCl4) 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 × 10−2 L s−1 mg−1. 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 

 

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 –NH2/HAuCl4 molar ratio of 
6:1 at 23 °C for 2h. (C) Thermo-responsiveness of PNIPAM-AuNFs (–NH2/HAuCl4 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 (AuCl4–) 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 AuCl4– (Figure 2-3A). In a typical process for one-pot 

synthesis of polymer-grafted AuNFs, the macroinitiator, the monomer NIPAM, the 

HAuCl4 aqueous solution, and the CuIIBr2-containing catalyst complex were dissolved 

in deionized water. After removing oxygen, the solution was further stirred for one hour 

ensuring the complexation of AuCl4– 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 AuCl4–. After polymerization, the product was easily 

purified via centrifugation to remove unreacted monomers. 

Three factors including the –NH2/HAuCl4 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 HAuCl4 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/HAuCl4 molar ratio to 1:1 resulted in irregular 

AuNFs which was, most likely, caused by the insufficient template that can hardly bind 

all AuCl4– 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/HAuCl4 

molar ratio of 3:1, the average diameter of AuNFs 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 (Rh) of the hybrid nanostructure was tracked during temperature increase from 

20 °C to 60 °C. When the temperature was below 30 °C, the Rh 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 × 10–3 s–1 was recorded when an extremely low gold 

concentration of 1.52 mg L–1 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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Chapter 3 Folding of Synthetic Polymers for the 

Preparation of Biomimetic Hierarchical Structures 
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3.1 Peptide-functionalized poly(bis-sulfone) copolymers for regulating HIV‑1 

entry and cancer stem cell migration 

 

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 WSC02, yielding the bioactive conjugate Poly-WSC02 (6) (B) TEM image of assemblies 
formed by Poly-WSC02. (C) Simulation snapshot showing the self-folding of an analogue of Poly-
WSC02, 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-WSC02 (6) in (D) X4-tropic and in (E) R5-tropic cells. (F-G) Impact of native WSC02 and 
Poly-WSC02 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, I 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–1 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 WSC02, were attached to the bis-sulfone copolymer 5. Among 

them, WSC02 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-WSC02) 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-WSC02, 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-WSC02 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 

CCR5 [15]. As shown in Figure 3-1D, Poly-WSC02 revealed an enhanced antiviral 

activity (IC50 = 150 ± 60 nM) than the native WSC02 (IC50 = 360 ± 70 nM). In contrast, 

both WSC02 and Poly-WSC02 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 WSC02 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, WSC02 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 

 

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 l-PHEMA10-Br, l-PHEMA10-N3, and f-PHEMA10. (E) Digital images showing the self-
assembly solutions of linear polymer l-PHEMA10-Br and folded ring polymer f-PHEMA10 after 
dialysis against deionized water for 1 h. (F) TEM images showing the formation of wormlike 
structures via self-assembly of f-PHEMA10.  
 

In section 3.1, I 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 α-helix and β-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 (l-PHEMA10-Br, l-

PHEMA15-Br, and l-PHEMA25-Br) via ATRP (Figure 3-2A). These polymers were 

characterized by proton nuclear magnetic resonance (1H 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-1, 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 1H 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-1, 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-1, 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 1H NMR 

measurements of folded polymers in a series of solvent mixtures of MeOD and D2O. 

The peaks of the methylene groups in the side chains gradually shift when the amount 

of D2O 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-1, discrete structures were 

obtained. When the concentration increased to 0.4 mg mL-1, 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, I 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 aqueous 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, I 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, I 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 nanoparticles 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. I 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 
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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, I 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. 

 

 

Figure 4-1 | Outlook of the biomolecule-inspired strategies for preparing more complex and 
precise nanoarchitectures. 
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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 (l-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 1H nuclear magnetic resonance (NMR) spectra as 1670 g mol-1 (n = 11), 

2120 g mol-1 (n = 15), and 3040 g mol-1 (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-1 in the Fourier-transform infrared (FTIR) spectra of the product (l-

PHEMAn-N3) (Fig. 1C and fig. S4). 

 

Fig. 1. Synthesis and folding of PHEMA. (A) Scheme of the synthesis of l-PHEMAn-Br and 

its azidation and folding into the cyclic topology. (B) GPC curves (eluent: DMF; standard: 

PMMA) of l-PHEMAn-Br with different repeating units. (C) FTIR spectra, and (D) GPC curves 

of l-PHEMA15-Br, l-PHEMA15-N3, and f-PHEMA15. (E) The top and bottom panels show a 

simulation snapshot and the time evolution of Rg of a single f-PHEMA15 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 l-PHEMAn-N3 was added into the catalyst solution at a slow speed of 0.16 mL h-1 

via a syringe pump. As shown in Fig. 1C, the asymmetric stretching peak of the azide group at 

2121 cm-1 vanished after this step. This indicates that the click reaction between azide and 

alkyne groups was successful, which was also proven by 1H NMR (figs. S5–S7). We also 

proved the structure for all the products in each step by 2D 1H,1H correlation spectroscopy and 

2D 1H,1H nuclear Overhauser effect spectroscopy methods (figs. S8–S16). 

The obtained polymers were further characterized by GPC (Fig. 1D and fig. S17) and 

1H 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-

PHEMA15 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-PHEMA15 

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-1) 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 l-PHEMA15-Br and f-

PHEMA15 after dialysis against deionized water for one hour. (B) TEM images showing the 

assemblies of f-PHEMA11, f-PHEMA15, and f-PHEMA22. (C) Relaxation functions C(q,t) for 

the translation motion of f-PHEMA11, f-PHEMA15, and f-PHEMA22 in water at 1 mg mL-1 and 

293 K at a scattering angle of 90° corresponding to scattering wave vector q = 0.0187 nm-1. 

Upper inset: The translation diffusion coefficient, D as a function of q2 with the solid line 

indicating a virtually q independent D. Lower inset: 1/I(q) as a function of q2. (D) 1H NMR 

spectra (850 MHz, 298.3 K) of f-PHEMA15 in mixtures of MeOD and D2O 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-PHEMAn 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-PHEMA15 with a middle ring size formed the smallest assemblies. 

The hydrodynamic radius Rh for assemblies of f-PHEMA11, f-PHEMA15, and f-PHEMA22 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-PHEMA11 and f-PHEMA22 assemblies was confirmed by their 

measurable Rg in the Ornstein-Zernike, I(q)-1 vs q2 (lower inset to Fig. 2C): I(q) of the smaller 

f-PHEMA15 case is virtually q independent (25). The calculated Rg = 50 nm (59 nm) for the f-

PHEMA11 (f-PHEMA22) assemblies are very similar to the values of Rh 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 mL-1) are lower than that of many 

amphiphilic polymers (0.02~0.2 mg mL-1) (24, 26), showing the strong assembly trend of 

folded polymers. Furthermore, we performed NMR measurements for f-PHEMAn in solvent 

mixtures of methanol-d4 (MeOD) and deuterium oxide (D2O) with gradually tuned 

compositions (Fig. 2D and fig. S34). When the amount of D2O 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-PHEMAn 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  and time . 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-PHEMA15 (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 kinetics, we note that the sizes of the largest 

aggregates stabilize after a time t ~ 104 in both cases. We find that the length (L), diameter (d), 

and Rg of the largest aggregates are L ~33.5σ, d ~ 3.3σ and Rg ~ 9.9 for n = 9, and L ~14.2σ, d 

~ 4.1σ and Rg ~ 5.0 for n = 15. Furthermore, from L and d values of n = 9 and the analytical 

expression (30), we have estimated Rh ~ 10.7. 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-PHEMA22 (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 Ɖ 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-1 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-1 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-1 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-1 (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 (fPAA) 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-1 (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-1, 

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 fPAA. 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 c = 0.0002-3, 

discrete oligomers are observed attaining a maximum size of ~8.5σ (Fig. 4A) that is smaller 

than the model f-PHEMA9 (Fig. 2E). Moreover, for c = 0.0009-3, 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, c = 0.0002-3 (A) and 0.0009-3 (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 α-bromoisobutyrate (EBIB, 98%), α-

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 

(tBA, 98%, Sigma-Aldrich) were passed through basic Al2O3 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 

 

2.1 Synthesis of l-PHEMAn-Br via atom transfer radical polymerization 

In a typical procedure for the synthesis of l-PHEMA22-Br, PBIB (310 μL, 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(II) 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 l-PHEMAn-N3 via azidation of l-PHEMAn-Br  

In a typical procedure for the synthesis of l-PHEMA22-N3, sodium azide (2.44 g, 37.5 mmol) 

was added to a round-bottom flask containing l-PHEMA22-Br (2.4 g, 0.79 mmol) dissolved in 

mix solvent of DMF/H2O (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 f-PHEMAn by folding l-PHEMAn-N3 via click chemistry 

Folded PHEMA (f-PHEMAn) with a cyclic secondary structure was synthesized by folding 

linear polymer l-PHEMAn-N3 via the azide-alkyne Huisgen cycloaddition under high dilution 

conditions. In a typical procedure for the folding of l-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 l-PHEMA22-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-

1. 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-1. 

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-1 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-1 to 1 × 10-4 mg mL-1. Nile Red solution 

in acetone (15 μL, 0.02 mg mL-1) 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 × 10-4 mg mL-1. 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 

 

4.1 Synthesis of PSx-Br via atom transfer radical polymerization 

In order to synthesize PS40-Br, EBIB (29.4 μL, 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 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. 

 

4.2 Synthesis of block copolymer PSx-b-PtBAy via ATRP 

In a typical procedure for the synthesis of block polymer PS40-b-PtBA12, PS40-Br (172 mg, 0.04 

mmol initiation sites), tBA (2.34 mL, 16 mmol), and PMDETA (36 µL, 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 PS40-b-PAA12, 40 mg of PS40-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. 

 

 

 

 

 



Chapter 5   Publications 

~  219  ~ 
 

5. Synthesis of linear brush polymers with amphiphilic block side chains 

 

5.1 Synthesis of linear macroinitiator l-P(HEMA-Br)22 

Linear macroinitiator l-P(HEMA-Br)22 was synthesized by esterification of l-PHEMA22-N3 

with α-bromoisobutyryl bromide. Briefly, l-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, α-

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 l-P(HEMA-g-PSx-Br)22 

In order to synthesize linear brush polymer l-P(HEMA-g-PS40-Br)22, l-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 l-P(HEMA-g-PSx-b-PtBAy)22 

In a typical procedure for the synthesis of linear brush polymer l-P(HEMA-g-PS40-b-PtBA7)22, 

l-P(HEMA-g-PS40-Br)22 (150 mg), tBA (1.97 mL, 13.5 mmol), and PMDETA (31 µL, 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 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. 

 

5.4 Synthesis of amphiphilic linear brush polymer l-P(HEMA-g-PSx-b-PAAy)22 

In a typical step for the synthesis of l-P(HEMA-g-PS40-b-PtBA7)22, 60 mg of l-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 

 

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 α-

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, α-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-PS40-Br)22, 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 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. 

 

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 µL, 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 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. 

 

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-PS40-b-PtBAy)22 was dissolved in 8 mL CH2Cl2 

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 min-1. 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-1 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/15N probe equipped with a z-gradient on a 300 MHz, 700 MHz, or 850 MHz Bruker 

AVANCE III system.  

For a proton spectrum, 128 transients were used with a 9.5 µs 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 13C-nuclei coupled to 1H to determine number of attached protons 

(definition up (positive): C and CH2, down (negative): CH and CH3) with decoupling during 

acquisition. 

The temperature was regulated at 298.3 K and calibrated with a standard 1H 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 1H,1H correlation spectroscopy (COSY) and 2D 
1H,1H 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 1H,13C-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 CH3 and black cross peaks are CH2) 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 (q-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-III 850 NMR Spectrometer. The 

gradient strength of probes was calibrated by analysis of a sample of 2H2O/1H2O at a defined 

temperature and compared with the theoretical diffusion coefficient of 2H2O/1H2O (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 T1-

relaxation. The calculation of the diffusion value was automatically calculated with the mono 

exponential function (34): 
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ln (
𝐼(𝐺)

𝐼(0)
) = −𝛾2𝛿2𝐺2 (∆ −

𝛿

3
)𝐷, 

where I(G) and I(0) are the intensities of the signals with and without gradient,  the 

gyromagnetic ratio of the nucleus (1H in this measurements), G is the gradient strength,  the 

duration of the pulse field gradient (PFG), D the diffusion value in m2/s and  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 

II spectrometer or a Bruker Vertex 70 spectrometer at room temperature in the range of 4000 

to 400 cm−1. 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−1. 

 

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-

1. 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 λ = 633 nm with a power of 194 mW. The intensity 

autocorrelation function G(q,t) was recorded at different scattering wave vectors, 𝑞 =
4π𝑛

𝜆
sin

𝜃

2
 

with n being the solvent refractive index was varied by changing the scattering angle θ between 

15° ~ 150°, for water at 293 K, n = 1.333. The desired relaxation function, C(q,t)=[G(q,t)-1]1/2, 

was analyzed by an inverse Laplace transformation (CONTIN algorithm).  

 

8.5 Transmission electron microscopy (TEM) 

TEM samples were prepared by adding 4 μL 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-PHEMA15 (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 δt 

= 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 21/6σ and a 

finitely extensible nonlinear elastic (FENE) potential. The results are presented in the unit of 

LJ energy ε, LJ distance σ 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 Δt = 0.01τ for 108 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 γ = 1τ−1 and T = 1ε/kB, where kB 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 2.5σ, while the hydrophilic monomers are 
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modelled using a repulsive 6-12 LJ potential with a cut-off of 21/6σ. The size of all monomers 

is taken as 1σ and the interaction energy are taken as 1ε. All other cross-monomer interactions 

are chosen to be repulsive 6-12 LJ potential with a cut-off of 21/6σ. 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 c = 0.0002-3, 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, c = 0.0002-3, 0.00035-3, 

0.0005-3, 0.0009-3, and 0.0017-3. 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. 1H NMR spectrum (850 MHz, 298.3 K) of l-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-1 (n = 11). 
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Fig. S2. 1H NMR spectrum (850 MHz, 298.3 K) of l-PHEMA15-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-1 

(n = 15). 
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Fig. S3. 1H NMR spectrum (850 MHz, 298.3 K) of l-PHEMA22-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-1 

(n = 22). 
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Fig. S4. (A) FTIR spectra of l-PHEMA11-Br, l-PHEMA11-N3, and f-PHEMA11. (B) FTIR 

spectra of l-PHEMA22-Br, l-PHEMA22-N3, and f-PHEMA22. 
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Fig. S5. Comparison of 1H NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA11-N3 and 

f-PHEMA11. 
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Fig. S6. Comparison of 1H NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA15-N3 and 

f-PHEMA15. 
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Fig. S7. Comparison of 1H NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA22-N3 and 

f-PHEMA22. 
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Fig. S8. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of l-

PHEMA11-Br in MeOD. 
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Fig. S9. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of l-

PHEMA15-Br in MeOD. 
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Fig. S10. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of l-

PHEMA22-Br in MeOD. 
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Fig. S11. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of l-

PHEMA11-N3 in MeOD. 
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Fig. S12. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of l-

PHEMA15-N3 in MeOD. 
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Fig. S13. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of l-

PHEMA22-N3 in MeOD. 
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Fig. S14. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of f-

PHEMA11 in MeOD. 
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Fig. S15. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of f-

PHEMA15 in MeOD. 
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Fig. S16. 2D 1H,1H COSY and 2D 1H,1H NOESY NMR spectra (850 MHz, 298.3 K) of f-

PHEMA22 in MeOD. 
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Fig. S17. (A) GPC elution curves of l-PHEMA11-Br, l-PHEMA11-N3, and f-PHEMA11. (B) GPC 

curves of l-PHEMA22-Br, l-PHEMA22-N3, and f-PHEMA22. (C) Comparison of the GPC elution 

curves of l-PHEMAn-N3 with different repeating units. (D) Comparison of the GPC elution 

curves of folded polymers f-PHEMAn with different ring sizes. DMF was used as the eluent 

and PMMA standards were employed for calibration. 
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Fig. S18. 1H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA11-Br, l-PHEMA15-

Br, and l-PHEMA22-Br showing their gradually increased hydrodynamic size. 
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Fig. S19. 1H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA11-N3, l-PHEMA15-

N3, and l-PHEMA22-N3 showing their gradually increased hydrodynamic size. 
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Fig. S20. 1H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of f-PHEMA11, f-PHEMA15, 

and f-PHEMA22 showing their gradually increased hydrodynamic size. 
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Fig. S21. 1H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA11-Br, l-PHEMA11-

N3, and f-PHEMA11. The folded polymer f-PHEMA11 diffuses faster than its linear counterparts, 

indicating a decreased hydrodynamic size after molecular folding. 
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Fig. S22. 1H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA15-Br, l-PHEMA15-

N3, and f-PHEMA15. The folded polymer f-PHEMA15 diffuses faster than its linear counterparts, 

indicating a decreased hydrodynamic size after molecular folding. 
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Fig. S23. 1H DOSY NMR spectra (850 MHz, MeOD, 298.3 K) of l-PHEMA22-Br, l-PHEMA22-

N3, and f-PHEMA22. The folded polymer f-PHEMA22 diffuses faster than its linear counterparts, 

indicating a decreased hydrodynamic size after molecular folding. 
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Fig. S24. Molecular structures of f-PHEMA11, f-PHEMA15, and f-PHEMA22. 
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Fig. S25. Calculation of the lengths for the two major axes of a single f-PHEMA15 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. Self-assembly solutions of linear polymers l-PHEMAn-Br and folded polymers f-

PHEMAn 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-PHEMA11 and (D) linear polymer l-PHEMA11-Br. 
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Fig. S28. TEM images for comparing the self-assembly morphologies of (A-C) folded polymer 

f-PHEMA15 and (D) linear polymer l-PHEMA15-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 l-PHEMA22-Br. 
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Fig. S30. Relaxation functions C(q,t) for the translation motion of f-PHEMA11 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 q = 0.011 nm-1, q = 0.0187 nm-1,  q 

= 0.024 nm-1, respectively. Inset: D(q = 0) = 4.34 × 10-8 cm2/sec; Rh = 54 ± 2 nm. 
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Fig. S31. Relaxation functions C(q,t) for the translation motion of f-PHEMA15 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 q = 0.011 nm-1, q = 0.0187 nm-1,  q 

= 0.024 nm-1, respectively. Inset: D(q = 0) = 6.75×10-8 cm2/sec; Rh = 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 q = 0.011 nm-1, q = 0.0187 nm-1,  q 

= 0.024 nm-1, respectively. Inset: D(q = 0) = 4.21×10-8 cm2/sec; Rh = 58 ± 3 nm. 
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Fig. S33. (A) Fluorescence emission spectra of f-PHEMA11 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-1, indicating that Nile Red molecules were dispersed in an aqueous 

environment. If the concentration is high, for example 0.5 mg mL-1, 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 f-PHEMA11 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-1, indicating that f-PHEMA11 

starts to assemble and form some hydrophobic internal microenvironments at this concentration. 

(C) Fluorescence emission spectra of f-PHEMA15 assemblies of varying concentrations after 

loading with Nile Red. (D) Determination of the CAC of f-PHEMA15. (E) Fluorescence 

emission spectra of f-PHEMA22 assemblies of varying concentrations after loading with Nile 

Red. (F) Determination of the CAC of f-PHEMA22. 
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Fig. S34. (A) 1H NMR spectra (850 MHz, 298.3 K) of f-PHEMA11 in mixture solvents of 

MeOD and D2O with gradually tuned volume ratios. (B) 1H NMR spectra (850 MHz, 298.3 K) 

of f-PHEMA22 in mixture solvents of MeOD and D2O with gradually tuned volume ratios. 

Tetramethylsilane was used as an internal standard for calibrating the chemical shifts. 
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Fig. S35. Characterizations of linear macroinitiator l-P(HEMA-Br)22. (A) 1H NMR spectrum 

(300 MHz, 298.3 K) in DMSO-d6. 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 f-P(HEMA-Br)22. (A) 1H NMR spectrum 

(300 MHz, 298.3 K) in DMSO-d6. 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) 1H NMR spectrum (300 MHz, 298.3 K) in CDCl3-

d. The integral ratio of signal g and signal f was used to calculated the repeating number (x) and 

the molecular weight (Mn,NMR). (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 l-P(HEMA-g-PS40-Br)22. (A) 1H NMR spectrum (700 MHz, 

298.3 K) in CDCl3-d. The integral ratio of signal g and signal f was used to calculated the 

repeating number (x) and the molecular weight (Mn,NMR). (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) 1H NMR spectrum (300 MHz, 

298.3 K) in CDCl3-d. The integral ratio of signal g and signal f was used to calculated the 

repeating number (x) and the molecular weight (Mn,NMR). (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-PS40-Br)22. (A) 1H NMR spectrum (300 MHz, 

298.3 K) in CDCl3-d. The integral ratio of signal g and signal f was used to calculated the 

repeating number (x) and the molecular weight (Mn,NMR). (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-PS42-Br)22. (A) 1H NMR spectrum (700 MHz, 

298.3 K) in CDCl3-d. The integral ratio of signal g and signal f was used to calculated the 

repeating number (x) and the molecular weight (Mn,NMR). (B) FTIR spectrum. (C) GPC curve 

measured using DMF as the eluent with PS standards for calibration. 
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Fig. S42. 1H NMR spectrum (700 MHz, 298.3 K) of PS40-b-PAA12 (BC) 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. S43. 1H NMR spectrum (700 MHz, 298.3 K) of l-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. 1H 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. 

 

 

 

  



Publications   Chapter 5 

~  270  ~ 

 

 

Fig. S45. 1H 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. 
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Fig. S46. 1H NMR spectrum (700 MHz, 298.3 K) of f-P(HEMA-g-PS40-b-PAA8)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. 1H NMR spectrum (700 MHz, 298.3 K) of f-P(HEMA-g-PS42-b-PAA5)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. 
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Fig. S48. GPC elution curves of block copolymer PS40-b-PAA12 (BC), linear brush polymer l-

P(HEMA-g-PS40-b-PAA11)22 (LB), and four cyclic brush polymers: f-P(HEMA-g-PS22-b-

PAA7)22 (CB-1), f-P(HEMA-g-PS40-b-PAA12)22 (CB-2), f-P(HEMA-g-PS40-b-PAA8)22 (CB-3), 

and f-P(HEMA-g-PS42-b-PAA5)22 (CB-4). DMF was used as the eluent and PS standards were 

employed for calibration. 
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Fig. S49. FTIR spectra of (A) PS40-b-PAA12 (BC); (B) l-P(HEMA-g-PS40-b-PAA11)22 (LB); (C) 

f-P(HEMA-g-PS22-b-PAA7)22 (CB-1); (D) f-P(HEMA-g-PS40-b-PAA12)22 (CB-2); (E) f-

P(HEMA-g-PS40-b-PAA8)22 (CB-3); and (F) f-P(HEMA-g-PS42-b-PAA5)22 (CB-4). 
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Fig. S50. TEM and AFM images showing the self-assembly of PS40-b-PAA12 (BC) in H2O at 

0.1 mg mL-1 (A-C) and 0.4 mg mL-1 (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-1. When the concentration increased to 0.4 mg mL-1, 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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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-1, (B) 0.4 mg 

mL-1. 
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Fig. S52. TEM images showing the formation of irregular aggregates from l-P(HEMA-g-PS40-

b-PAA11)22 (LB) in H2O at 0.1 mg mL-1 (A and B) and 0.4 mg mL-1 (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 H2O at 0.1 mg mL-1. (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-PS40-b-PAA12)22 (CB-2) in H2O at 0.1 mg mL-1. (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. 

  



Publications   Chapter 5 

~  280  ~ 

 

 

Fig. S55. (A and B) TEM and (C and D) AFM images showing the self-assembly of f-P(HEMA-

g-PS40-b-PAA8)22 (CB-3) in H2O at 0.1 mg mL-1. (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-PS42-b-PAA5)22 (CB-4) in H2O at 0.1 mg mL-1. (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 H2O at 0.4 mg mL-1. (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-PS40-b-PAA12)22 (CB-2) in H2O at 0.4 mg mL-1. (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-PS40-b-PAA8)22 (CB-3) in H2O at 0.4 mg mL-1. (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-PS42-b-PAA5)22 (CB-4) in H2O at 0.4 mg mL-1. (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, 

c = 0.0002-3 (A), 0.00035-3 (B), 0.0005-3 (C), 0.0009-3 (D), and 0.0017-3 (E).  



Chapter 5   Publications 

~  287  ~ 
 

Table S1. Characteristics of linear and folded PHEMA samples. 

Entry 
Mn, design 

(g mol-1) 

Mn,NMR 
a) 

(g mol-1) 

Mn,GPC
b) 

(g mol-1) 

Mw
 b) 

(g mol-1) 

Vp
 b) 

 (mL) 

Đ b) 

(Mw/Mn) 

l-PHEMA11-Br 1500 1670 6400 8800 28.30 1.39 

l-PHEMA11-N3 / / 5700 8800 28.21 1.54 

f-PHEMA11 / / 4500 6000 29.16 1.33 

l-PHEMA15-Br 2150 2120 8300 11300 27.62 1.36 

l-PHEMA15-N3 / / 8600 12800 27.35 1.49 

f-PHEMA15 / / 5000 7400 28.73 1.47 

l-PHEMA22-Br 3450 3040 11400 15900 26.80 1.39 

l-PHEMA22-N3 / / 10900 15900 26.77 1.45 

f-PHEMA22 / / 6800 7900 28.09 1.17 

 a) Determined by 1H NMR. b) Determined by GPC using DMF as eluent and PMMA as 

standards. 
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Table S2. Synthesis and characterization of linear and cyclic macroinitiators. 

Entry 
Mn,NMR 

a) 

(g mol-1) 

Mn,GPC 
b) 

(g mol-1) 

Mw
 b) 

(g mol-1) 

Mp
 b) 

(g mol-1) 

Vp
 b)

 

(mL) 

Đ b) 

(Mw/Mn) 

l-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 

a) Determined by 1H NMR. b) 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 a) 

I/C/L/M 
Entry 

Mn,NMR
 b) 

(g mol-1) 

Mn,GPC
 c) 

(g mol-1) 

Mw
 c) 

(g mol-1) 

Mp
 c) 

(g mol-1) 

Vp
 c)

 

(mL) 

Đ c) 

(Mw/Mn) 

1:1:2:400 PS40-Br 4400 3700 5000 4300 29.51 1.34 

1:1:2:600 
l-P(HEMA-g-PS40-

Br)22 
98000 80300 99200 92900 22.74 1.24 

1:1:2:600 
f-P(HEMA-g-PS22-

Br)22 
56700 45600 63200 52700 23.77 1.39 

1:1:2:600 
f-P(HEMA-g-PS40-

Br)22 
98000 59000 79600 71000 23.17 1.35 

1:1:2:600 
f-P(HEMA-g-PS42-

Br)22 
102500 63300 80800 67700 23.21 1.28 

a) Molar ratio of initiator/catalyst/ligand/monomer. b) Determined by 1H NMR. c) 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 a) 

I/C/L/M 
Entry 

Mn,NMR
b) 

(g/mol) 

fPAA 

(wt%) 

Mn,GPC
c) 

(g/mol) 

Mw
 c) 

(g/mol) 

Mp
 c) 

(g/mol) 

Vp
 c) 

(mL) 

Đ c) 

(Mw/Mn) 

1:2:4:400 PS40-b-PAA12 (BC) 5300 16.3 3800 5400 4500 29.41 1.42 

1:2:4:400 
l-P(HEMA-g-PS40-b-

PAA11)22 (LB) 
115400 15.1 151900 225500 180300 21.33 1.48 

1:2:4:400 
f-P(HEMA-g-PS22-b-

PAA7)22 (CB-1) 
67800 16.4 76200 92800 81200 23.04 1.22 

1:2:4:400 

f-P(HEMA-g-PS40-b-

PAA12)22  

(CB-2) 

117000 16.3 96400 113300 93600 22.73 1.18 

1:2:4:400 
f-P(HEMA-g-PS40-b-

PAA8)22 (CB-3) 
110700 11.5 91000 106200 90800 22.79 1.17 

1:2:8:800 
f-P(HEMA-g-PS42-b-

PAA5)22 (CB-4) 
110400 7.2 129300 191600 169700 21.45 1.48 

a) Molar ratio of initiator/catalyst/ligand/monomer. b) Determined by 1H NMR. c) 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 c = 0.0002-3. This animation shows only the hydrophobic cyclic backbones. 

 

Movie S2. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.0002-3. This animation shows the full molecules. 

 

Movie S3. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.00035-3. This animation shows only the hydrophobic cyclic backbones. 

 

Movie S4. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.00035-3. This animation shows the full molecules. 

 

Movie S5. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.0005-3. This animation shows only the hydrophobic cyclic backbones. 

 

Movie S6. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.0005-3. This animation shows the full molecules. 

 

Movie S7. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.0009-3. This animation shows only the hydrophobic cyclic backbones. 

 

Movie S8. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.0009-3. This animation shows the full molecules. 

 

Movie S9. Molecular simulation animation showing the self-assembly of cyclic brush polymers 

at c = 0.0017-3. This animation shows only the hydrophobic cyclic backbones. 

 

Movie S10. Molecular simulation animation showing the self-assembly of cyclic brush 

polymers at c = 0.0017-3. This animation shows the full molecules.  
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